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EXECUTIVE SUMMARY

Earth Satellite Corporation has tested its previously developed
épring Wheat Yield Model System over the hard red spring wheat regions
of North Dakota, South Dakota, Montana and Minnesota in 1975. The
system is directed to future applications of dynamic -simulation models.
The present "System" employs ground meteorological observations from
first order observing stations and meteoroiogica] satellite cloud
observations to derive daily estimates of the weather environment of the
wheat plant. Soils, plant physiology, and local soil water tb plant
relationships are explicitly included in the "System". The daily oper-
ational 1mp1eméntation of the model is driven by a phenology "clock"
which activates plant canopy cover estimates of crop albedo, derives
.rooting structure and initiates water extraction coefficienfs. Yield is
derived from phenology interval accumulations of daily plant stress
through a regression equation which inciudes a technology trend estimate.

The "System" is largely computerized and operates on a two-level
geobased grid and cell structure which has been developed from the
National Meteorology Center's sFandard Numerical Prediction grid mesh.

Significant items which have been derived from the 1975 test of the
"System" include:

(a) The brecipitation estimation sub-element of the "System"
provides dally estimates accﬁrate to within 3 mm. 72% of the
time and 7 mm. 90% of the time. There is a distinct tendency
to overstate 1ight precipitation events (less than 12.5 mm.)

and understate heavy precipitation events (greater than 12.5 mm.).

ES-1



(b)

(c)

(d)

(e)

Estimates for larger areas (greater than the 25 n.m grid
mesh), e.g. CRD or for longer time intervals up to one week
show greater accuracy. {These results were prepared using
cooperative observing network data as ground "truth" data.
These stations were not a part of our 1975 operational data
base.)

The potential evapotranspiration (ETP) sub-element of the
"System" produced estimates during the 1975 test that were
within + 2 mm. of Class A pan measurements 68% of the time.
Correlation coefficients for three test stations range from
0.74 at Fargo, 0.66 at Sioux Falls and .57 at Pickstown.
These results are in line with previous comparisons between

the Penman {ETP) and Class A evaporation pan data.

Solar radiation estimates, compared with a Timited number of
reasonably good pyranometer data, show a positive bias of
approximately +55 Langleys/day and a random error of 80 Langleys/
day. o

The growth stage "clock" was tested at seven USDA test site

locations in Montana, North Dakota, South Dak?ta, and Minnesota.
The results show a generally positive bias, i.e. the predicted
growth stage'appears to have a tendency to be early. The
absolute error averages 3.4 days for all three stages that

wére evaluated, i.e. jointing (BMT=2), heading (BMT=3), and
soft dough (BMT=4).

Evapotranspiration (ET) estimates using the moisture release
function whereby soil moisture is restricted after approxi-
mately 70% of maximum profile crop available moisture is too
restrictive. The observed errors for seven day intervals were

approximately -25 mm., i.e. the model estimated 25 mm. Tess ET
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(f)

“than actuaﬁ1y was observed at the neutron profile sites.

Substitution of a moisture.felease curve that j§ non-res-
trictive to 35% of éapacjty seems to reduce the error to -8 mm.
Tests of a, sandy 5011, totally non;restrictive'moisture
release curve produced errors of +10 mm., i.e. the model
estimated more ET than actually was observéd:'

Yield forecasts prepared during the opeﬁatiénal test period
using a North Dakota model with North Dakota trends showed
errors of?gpﬁroxfmate]y +2% in North Dakota, -12% in Montana,
~7% in Minnesota and +30% in South Dakota. An acreage weighted
fdur state aggregate shﬁwed errors of less than +4%." Re-
evaluation of the T-A trends for each CRD produced, state level
errors of -8% for Montana, +4% in North Dakota, -6% in South

Dakota,'and +8% in Minnesota. The four state aggregate error

"is aporoximately +2%.

Correlation coeffients of yield estimated at the CRD
Tevel for Montana, North Dakota and Minnesota are approxi-
mately .75, At the county level in Montana and North Dakota
correlation coefficients aﬁé’approximate]y .45 and .55 respect-
ively.

Spatial variance in yields is well described by the model
at thé two to three county aggregate Tevel. The size of the
area over which real variance is described seéms to vary with
the soil moisture level. Areas with high levels of soil
moisture seem to show real variance at a 50 mile mesh Tevel.
Areas with low soil moisture and significant soils variance

appeav to show variances at the two-cell aggregate Tevel.
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All yield éomparisons were with SRS data made available
to the Project on either 1 December 1975 (State) or 10 March,
1976 (CRD and county).

The "system" implemented over the upper Great Plain in 1975 has
been fully documented in Appendix IV of this report. The 1975 impTé—
mentation is reasonably efficient in all areas except the initial ground
data and satellite data entry and error checking. This was done in a
manual manner in 1975,

Future plans for the NOAA TIROS-N program include the development
of cloud state parameters on a routine basis, i.e. cloud type and amount.
As soon as this is available, the full system could be operational on
the NMC data base, assuming a decision was made to use the NMC system to
supply agricultural data. In this configuration the "System" would be
fully automated. The estimated added incremental operating cost for the
AGMET System would be equal to one hour of CPU time per week for the
entire 30,000 12.5 x 12.5 n.m cells that are estimated to encompass all
the wheat areas of the world, For a 360/50 system, costs would be in
the $500/week range. Personnel costs for evaluation and debugging would
be relatively small but would necessarily increase the $500 cost.

The "System" is fully suitable for the operation of currently
availabTle simulation physiology models. Such models show poténtia1
accuracies on the order of 10%. The major benefits to be achieved with
such models would be an improved understanding of plant physiological
processes gver large areas. Observations from remote sensing systems
such as LANDSAT could be used over the Targe area to assess model

descriptive performance and thereby permit adjustments of the model
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inputs. The use of'phys%o1ogical models in'a hierarchical mode with
"middie" models such as héve been used in the 1975 test would prove a
signi%icant benefit to production estimation, and agricu1ﬁura1 research.

‘ The "Systen" has demonstrated an overall skill not heretofore
available to agricultural weﬁther related activities. The systematic
évaluation and organization of agronomic data provide the potenfia1 for‘

" infinite applications. Some recommendations for further such applications
include:

(a) Testing of existing corn, soy bean and cotton physiological
simulation models over a large area concurrent with LANDSAT
coverage.

(b) Testing of the daily stress yield adjusted model at selected
‘Topations in fofeign ﬁroducing areas using gub-sections of the
tctal grid mesh in% sampling mode.

(c) Test%ng the use of the soil moisture BMT and stress outputs as
an aid in signature extensﬁon for LANDSAT multispectral analysis.

(d} Develop the basic data fields in precipitation, potential
evapotranspiration, ET, radiation, etc. to permit other invest-
igators to derive new agronomic models.

The- EarthSat "System" is obviously a different approach for an old
problem. The basic approach of a distributive simulation modet approach,
whefeby all computations are prepared on spatial five mesh grid, has
many app1icaticns to agronomy, hydrology, solar energy studies, etc.

’ The relative novelty of the approach, albeit somewhat complex, should

not deter its future use.
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1.0 INTRODUCTION

The United States has made a commitment to begin work on a satellite-
based system to provide global food grain supply information. The
system -proposed will employ the LANDSAT satellite data to estimate area
and to-be-developed techniques to estimate yield. Two yield estimating
techniqueS'weﬁe tested.in thé 1975 crop: year.

The NOAA Center for Climatic and Environmental Assessment (CCFA) at
Columbia, Mo. has developed a set of relatively traditional weather
regression yield estimation models. These models are traditional in the
sense thﬁt they utilize monthly averages .of meteoroTogicai vaﬁféb]es, in
a regression approach that evaluates technology trends and Targe area
avefage weather information in relation to historical yield. Soils and
soil/water relationships are treated implicitly by geographic regional-
ization.

Earth SatelTite Corporation has developed a Spring Wheat Yield
Model .System which is ultimately directed toward a dynamic“simu1ation
yield approach using plant-physiology models. EarthSat's "System” -uses
both ground observations and meteorological satellite cloud.observations
to derive daily estimates of the weather environment of the wheat plant.
Soils, plant physiology, phenology, and Tocal soils/water/plant relationships
are -explicitly included in the "System." Yield is derived from phenoliogy-
interval :aaccumulations of daily plant stress through a regression equation
which also includes technology trend as in the NOAA ‘CCEA approach.

The relatively unique approach of the EarthSat "System" requires a
careful test and evaluation period prior to considerations of any opera-

tional implementation in an advanced LACIE Program. This report presents
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the results of an operational test and subsequent evaluations of that
test which ‘have been conducted for NASA's Lyndon B. Johnson Space Center
under Contract NAS9-14655.

The report presents:

* The résu1ts of an operational test of the EarthSat System
during the period 1 June - 30 August i975 over the spring
whth regions of Nﬁrth.Dakota, South Dakota, and Minnesota.

* Detailed evaluations of the errors associated with each sub-
element of the system.during the operational test.

* DeéaiTed evaluations of the sensitivity of the complete system
and each major functional -sub-element of the éystem to éhe
observed errors.

’ Evaluations and recommendations for future operational users .
of the system includings

- changes in various system sub-elements

.changes in the yield model to affect improved accuracy
- changes in the number of geobased cells needed fﬁ.develop
an accurate aggregated yield estimate
- éhanges associated with the impliementation of future
operational satellites and data processing systems
- detailed system documentation.

The report organization follows the format used in the "Mid-Term
Report" submitted under the contract in October 1975. Appendicés présent
the Geobased File Structure, the Spring Wheat System Daily Operational
. Implementation, the format of ‘the daily computer maps produced by the
METRUN "System®, the Soil Moisture Sub-Contracts and System Sofware

Documentation.
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2.0 SYSTEM OVERVIEW

The EarthSat Spring Wheat Yield "sttgm“ is largely automated; it

operates on a globally-applicable two level geobased cell structure.

The geobased area was limited in the 1975 test to four upper Great

Plains spring wheat producing states. The "System" processes meteorologica’
data from first order ground observational stations and from meteorological
satellites. The objectives of the meteorological diagnosis is to define
the weather influencing plant gtowth with sufficient detail to permit
estimation of growth stage (phenology). from a temperature and day Tength
model (Robertson 1968). The phenology estimates are then utilized to
drive a soil moisture budgeting model (Baier 1966). Plant moisture

stress is then derived on a cell by cell basis for each crop day. Daily
or end of year spring wheat yields are then derived as a function of the
cell by cell stress., Figure 2-1 presents a schematic of_the overall
system.

The "System" is activated after manual entryl/ on a cell by cell
basis, of soil characteristics, i.e., texture related crop available
moisture chatacteristics, starting soil moisture, planting dates, etc.

The processing activities in the system are initiated by entryif of
the meteorological data. Interpolation routines and djagnostic models
transform the %nput data into daily estimates of precipitation and
potential evapotranspiration on a 25 nautical miles I,J grid. Once the
basic plant weather environment has been defined, the system develops
estimates of the daily soil moisture profiles and plant stress at a

12.5 x 12.5 nautical mile "cell" level.

1/ A procedure has been defined to permit entry of the vertices of
~ polygons which outline the homogenous areas to be entergd. This ]
procedure is directly applicable to an interactive terminal operation.

221



Yield forecasts may be prepared from the dgi]y cell by cell stress .
either as a function of the average stress from planting te ripe or as a
daily weighted transform of stress to yield percentage reduction. Both
techniques have been used with good reéults. The yield estimates ére"
prepared at the 12.5 x 12.5.n.m.‘ce11 and then aggregated upward to-'
county, Crop ﬁéporting District, State or Region Tevels using historical
averaged planted acréage data.

The foréc&st procedures applied to estimate'fﬁture weather from a
point in time within the crop year included (a) a simple "pa§t is prologue,”
j.e., the past average stress is equal to the future; and (b) a Monte
Carlo weather ;{mu1ation model approach which incluaes futufe-weather )
sequences ‘as Markov chains iﬁitiates on the ‘basis of the last day of
.acfué] weather. The 1975 test only included "normal" weather statistics
in the Monte Cér]o model. Future applications could include forecasts
and Tong range outlooks by modifying the distributions of weather events,

All data calculated during the crop &ear are accumulated {nto a
-crop seasbn master file for subsequent research and study availability.
Specific site‘déta are reformatted into time sequential files for ease

in subsequent review and display.
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3.0 REGIONAL DATA BASE

3.1 Coordinate Grid

A grid-mesh system which is frequently used in oberational
meteorology was selected for this study as offering a convenient
system in which to manage the computationé and data mgnipuTations.
While some aspects of the grid definition might conveniently have

- been modified for the current apptication, this was not done,
thereby allowing for future expansion to a global scale and remain-
1ng_compatib1e with the format of possible future sources of input
data. ‘

The grid mesh system is rectangular to a polar stereographic
projection of the northern hemisphere (see Figure 3-1). The spacing
between successive grid points at middle latitudes is about 25
nautical miles. The J-axis is parallel to the great circle defined
by 100 degrees east longitude and 80 degrees west longitude. The
north pole is at (I = 257, J = 257). The equations relating latitude

(Lat) and Tongitude (Lon) to I and J are:

I =257 + R cos A
J = 257 + R sin A

" where

| R = 249.635 tan ((90°-Lat}/2)
A =10 - Lon

and Tongitude is defined as positive in the eastern hemisphere and
negative in the western.

This érid mesh defines the points at which the meteorological input
parqmetersiare‘determiped. The: spring wheat region being examined
in ‘this study spans I - values from 206 to 232 and J - values from

335 to 362, a rectangle containing 756 grid points.
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Figure 3-1: I-J coordinate grid on polar stereographic projection
of Northern Hemisphere.
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3.2 Agromet Cells

For calculations of the response of the crop-soil system to
the meteorological inputs, the 25 mile grid is further subdivided
so that four 12.5 mile agromet cells surround each grid point. The
four cells in each group thus receive  identical meteorclogical
input but greater resolution is provided with respect to soil'
class, planting date and Starting soil moisture. The four cells at
each grid. point are each assigned a K-coordinate. The cell lying
in‘the direction -of increasing I and J is assigned K=1; values of 2
through 4 .are then assigned in a clockwise‘direction.

The cells represent the smallest units into which the data
base is partitioned; it therefore became necessary to assign. each
cell to a singTe county and to a single soil category. The assign-
ments were performed by overlaying the cell configuration onto soil
maps of the individual states. County assignments are based on the
county occupyiﬁg the major portion of the cell, while soil assignments
are based on the doﬁinant soil type in the portion of the assigned
county lying within the ¢cell. Three broad categories of soil type
were recognized -for this study, differing in the amount of plant-
available water their profiles can hold. These categories are
designated by the numbers 1, 3 and 4.

Cafegory 1 is typified by deep loamy soils with a maximum
profile plant-available capacity of 175 mm. Category 3 represents
sandy soi1s having a maximum plant-available capacity of 115 mm,
while Category 4 comprises soils of restrictive moisture .availability.
These can be either very shallow soils or soils of‘high salinity
and are assumed tb have a maximum plant-available capacity of

75 mm.
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Figure 3-2 illustrates.the 1562 cells used in this study
overlayed on a map showing the state, crop. reporting district and
county boundaries. The soil category numbers are positioned in
each cell in such a manner as to clearly indicate the:county to
which the ceil has been assigned. The eastern and western Timits
of the cell array were selected based on maps showing the areas in
which spring wheat is érown. Appendix I presents a list of the
1562 ceIis, giving the assigned county, crop reporting disﬁrict,
state and soil class. In Figure 3-3 the different soil classes are
highTighted by shading to illustrate their distribution. Southeastern
Montana is dominated by shaliow, category 4 soils. The location of

the Yellowstone River valley with its deeper (category 1) soils is

apparent.
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4.0 DATA COLLECTION/PROCESSING

4.1 Service €

The Teletype Service C station manual was searched for all
available stations in and around the rectangular I, J grid of the
study area (2065l523?; 335<J<362). Also included, ﬁere the stations
around the two Iysimeter‘sites at Akron, Colorado and Manhattan,
Kansas. Thirty-four 1st order stations (those having régular six-
hour synoptic reports) were found to be available. These thirty-
four statiogs report through five reporting districts on Service (2
Seattle, Indianapolis, St. Louis, ET Paso and the ninth Canadian
district. A list of the thirty-four stations along with their I, J
positions are shown in Figure 4-1. Figure 4-2 shows their locations
overlayaﬁ on the study area.

,The daily Service C Teletype data rolls and six-hourly surface
weather maps were obtained from the World Weather Building }n
Suitland, Md., on a regular schedule. As the Service € data roils
were recéived,‘they were searched and the synoptic data for each
six hour time period (00Z, 06Z, 12Z; 18%) were stripped out.

Technicians extracted the significant synoptic coded data for
the thirty-four stations onto computer coding sheets; visibility,
‘wind direction, pressure and ceiling height were not included.
Unfortunately, erroneous and missing data often hampered this
éffqrt; fo compénsate, the respective synoptic stations were telephoned
bimonthTy.ﬁn

After all aéai1ab1e data were accumulated, it was keypunched
onto cérds: In the extraction and kéypunching process, some unavoid-
able ervors ‘were introduced into the system; in order to eliminate

these errors as well as the original erroneous data, quality controi
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ID STATION LAT LON I J

1 72747 INTERNATIONAL FALLS 486N 93.4HW 235.1 348.7
2 72659 ABERDEEN 45.4N  98.4W  224.7  354.0
3 12655 ST. CLOUD 45.6N  94,2W 232.0  355.9
4 72662 ~ RAPID CITY  44.0N 103.1W 215.5  354.4
5 12654 T HURON " 44,4N  98.2W _224,2  356.8
6 12658 "MINNEAPOLIS _ T45.0N_ 93.3W 233.3  357.7
7 72652 _PICKSTOWN __ 43.1N . 98.5W 222.6  359.8
-8 72557 CTSI0UX CITY | 42.4N " 96.4W 22549 _ 362.7
9. 72651 _ STOUX FALLS __ 43.6N 96.7W 226.2 359.6
10 72650 "SPENCER _ 43.1N_ _95.1W_ 228.8  36l.4
11 72562 _ © 7 NORTH PLATTE _ _ 4l.IN_100.7W _216.9  363.1
12 72775, __ " GREAT FALLS - 47.5N _ 111.4W 206.4 . 340.0
13 7127717 . ... __HAVRE _ 48,5N '109.84 210.1  339.0
14 72768 o TLASGOW 482N .106.6W 214.3 ~ 342.2
15 72767 U T WILLISTON T 48.2N T103.6W 218.80 344.4
16 72764 T T TBISMARCK _ 46.8N _100.8W 221.9  349.5
17 12757 . .. DEVILS LAKE = _ _48.1N 98.9W 226.1  347.4
18 72753 _ T TFARGG. | 46.9N_ 96.8W _228.5  351.4
19 721755 _TTTTTBEMIDJI  47.5N 94.9W _232.1  350.9
20, 72677 _ BILLINGS 45.8N_ _108.5W  208.6 34641
21 72666 " SHERIDAN  &44.8N 107.0W  209.8  349.7
22 72851 PORTAGE LA PRAIRIE _ 49.9N  98.3W  22B.4 343.5
23 72852 7" WINNIPEG | 49.9N 97.2W  230.0 _ 344.0
24 12862 ~ ESTEVAN ~~  49,1N 103.0W 220.6 342.8
25 172863 e T REGINA _  50.4N  104.7W 219.5 _ 338.6
26 72870 7 SWIFT CURRENT _ '50.3N 107.7W _215.1  336.9
27 72812 MEDICINE HAT . 50.0N_ 110.7W _210.6 _ 335.1
28 12874 _ ..LETHBRIDGE 49,6N. 112,84 207.3 334.2
29 72564 ___CHEYENNE = 41.1IN 104,8W 209.%4  359.9
30 72465 . _ __GDODLAND . 39.4N_ 10l.7W  213.3 _366.7
31 72458 . CONCORDIA 39.5N  97.6W.  221.3  3665.1
32 72456 . .__ . TOPEKA 39.1N_  95.6W  225.0  371.5
33 72446 - KANSAS CITY 39.3N_  94.7W_ 226.9 371.4
34 72469 _DENVER 39.8N 104.9W 207.8  363.2
Figure 4-1: - Listing of meteorological stations used in the EarthSat

Daily Weather Diagnosis
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Location of meteorological stations in the study area. This map overlays the computer
produced maps of. the :METRUN subprogram. Stations are keyed to the listing in Figure 4-T
by the last three digits of their WMO identification. Stations Tisted at the bottom left
are outside .of the study area and are used to interpolate meteorological parameters for
the two Tysimeter sites - Manhattan, Kansas and Akron, Colorado, alsc outside the study

The interpolated values for these sites are presented at the bottom left of the

computer-produced maps.
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software was &eve1op¢d and run. This step eliminated obvious

errors such as the low cloud cover amount being greater than the
total amount of‘c]oud.COVer, the dew point being greater than the
temperéture, etc. These errors were either replaced with values
found 6n the surface maps, if they seemed reasonable, or assigned a
minus one to represent missjng data. Meteorologists searched. the
data for guspicious values that did not violate any error conditions
in the goftware. When suspicious values were observed, a11 data
(synoptic & surface maps) were reviewed and changes were made as
approprjaté.

As the data was determined to be accurate, it was assembled,
along with the satellite data for program METRUN. The format in
which the s}noptic data entered program METRUN is presented in
Figure 4—3}‘ Appendix II -presents a discussion of each product
‘produced by METRUN.

The synoptic data enters program METRUN still in its coded
form. Table 4-1 explains. the column headings in Figure 4-3. For
explanationhﬁf the coded-data, reference should be made to the WMO
;ynoptit code manual. Minus one is the number arbitrarily assigned

to missing data points.

4.2 D{scussioh of Satell%te Images and Their Use in the LACIE
' Proéram

Visible and infrared imagery from the Synchronous Meteorologica'l
Satellites SMS-1- and SMS-2 were utilized in the estimation of cloud
cover Tor ETP and rainfall calculations. The gridded SMS images

were received from the Kansas City Field Service Station by mail
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TABLE 4-1

Explanation of Synoptic Abbreviations used in Figures

STA Station Identifier

MODYR - Month, Day, Year

TOT CLD - Amount of total cloud cover in eighths
WND - Wind Speed in knots

TEM - Present temperature in degrees centigrade
LOW CLD - Amount of Tow clouds or middle.clouds

CL - Low cloud type

CM - Middle cloud type

CH - High cloud type

DEW PT - Present dew point in degrees centigrade

Seven GROUP Previous six hour rainfail, in hundreths of an inch

PTus INCH - Inches of rainfall in ones

Nine GROUP - Special phenomena group

Two GROUP - Previous twenty-four hour rainfall in hundréths of an inch
Four GROUP - Maximum and minimum temperature in degrees fahrenheit



after real time acquisition. Only that portion of the %u]l earth
disk SMS images covering the Central U.S. (sector KB-8) was utilized.
The visiﬁ1e and infrared images used had a resolution of approximately
1.5 and 8 miles respectively.

Four images per day, approximately one per each six-hour
interval, were made available. The images were not evenly spaced
in time; Table 4-2 shows the approximate times of the images received,
and how they were assigned to 6-hour time intervals for purposes of

estimating ETP and precipitation.

TABLE 4-2

Time of Occurrence of SMS Images

GMT INTERVAL

APPROX. GMT APPROX. SOLAR TIME TYPE OF IMAGE OF CALCULATION
AT 105 W FOR PREC. FOR ETP

01 6 PM INFRARED 00-06 03-09

07 12 AM INFRARED 06-12 09-15

15 8 AM ‘ VISIBLE ) 12-18 15-21

24 5 PM VISIBLE . - .18-24 21-03

The overriding consideration for image assignment was the estimation

of the 6-hour precipitation at 06, 12, 18 and 24 GMT to coincide

with thg_precipitation observations. Each image was therefore

assigned Fb the time interval of precipitation estimation in which

they occurrad. The 01 GMT image was used to estimate 6-hour precipitation
ending at 06 GMT, etc. Sugh an assignment caused a misalignment

with the ETP caicu1ations which are done for 6 hour interva{s

centered at observation times (06, 12, 18, 00 GMT) and summed for
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24 hours. The misaligmient does not cause problems because: 1).it
occurs host1y during the nighttime hours when ETP vg]ues are near
zero; and 2) since ETP is summed féf 24 hours an erroneous estimation
of cloud cover in one six-hour interval would most Tikely be compensated
in the following periods.

Figures 4-4 and 4-5 show examples of visible and infrared SMS
images. The following discussion of the cloud cover analysis
procedures will refer to these two images. Cloud cover analysis
was done by technicians who visually extracted the information from
the images and encode it on computer forms. A transparent overlay
such as shown in Figure 4-6 and 4-7 is placed upon the images on a
1ight table. The analyst then defined polygons enclosing uniform
or nearly-uniform cloud types in the Qisible images, and cloud
brightness in the infrared images. For each polygon the analyst
determined cloud types and amounts in eighths and'the latitude-
Jong%tude vertices of the polygon. Seven cioud types were identified
in the visible images: cumulonimbus, nimbostratus, cumulus congestus,
stratus, stratocumulus, cumulus humilis, and cirrus. Two classes’
of brightness were jdentified in the infrared images: ‘1) bright,
having a gray-white appearance; and 2) very bright, having a white
appearance.

Figures 4-6 and 4-7 include the corresponding computer 1istings
of the encdded~cloud-po1ygon information contained in the SMS
images shown in Figures 4-4 and 4-5. Each Tine represents data for
one po]xg&n. For example, the first line at the bottom of Figure
4-4 shows the analysis for the polygon covering northwestern North

Dakota. The data were for day 181 (June 30) at 23:45 GMT. The



T 23843 30JNPS J2A-1 01221 2.:591 HEB

Figure 4-4: An example of a Synchronous Meteorological Satellite (SMS) image in the visible,
used for cloud cover estimation. The image was taken at 23:34 GMT, 30 June 1975.
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An example of Synchronous Meteorological Satellite (SMS) image in the infrared

used for cloud cover estimation. The image was taken at 0145 GMT, 30 June 1975.
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Shown on the overlay is the polygon cloud cover analysis for the SMS visible image
presented in Figure 4-4, At the bottom is the corresponding computer 1istings of the
encoded cloud-polygon information contained in the SMS image.
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next seven digits represent the cloud amounts in eighths for each
of the seven cloud types mentioned.- In this example the analyst
estimated two-eighths of cumulus humilis. The next two digits
represéﬁt eighths of very bright and bright areas in the infrared
images,-and are used only for infrared image analyses.. The last
digit in this group is the number of vertices in the pofygon; threeé
in this example.

The nexthet of numbers are latitude-longitudes of the cloud
polygon vertices, which are used to determine the I, J met cells in
the polygon. The cloud amounts arid types determined for a polygon
are assigned to each of the I, J cells in the po]ygon.énd\used by
the MEfRUN subprogram with ground station daéa to catculate ETP and
precipitation for each cell. The procedures‘for these calculations

will be discussed in Section 6.

4.3 Historical and Ciimatological Data

A variety of historical and climatological data has been
co]]ected’aﬁd processed during the study. This data is in five
basic forms: 1) station weather observations at 3-hour intervals,
2) station daily temperature extremes and precipitation, 3) station
daily class A pan evaporation, 4) monthly temperature.and precipitation
for climatic divisions, and 5) county énnual summaries of épring

wheat planted and harvested acreage and total production.
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4.3.1 “Station 3-hourly Dbservafions

Weather Observations at 3-hour intervals were obtained
on magnetic tape covering the months April through September
for the years 1950 through 1974. These data were for five
s£at§ons:

Fargo, North Dakota
Great Falls, Montana
Huron, South Dakota
Pierre, South Dakota
Williston, North Dakota

The data consist; of a cgmp]ete synoptic‘report each .
'thrée‘hours; the data actually used for our purposes were
teﬁperatUﬁe, dew point, wind speed, and cloud types and amounts
at six-hour intervals. These quantities are used to calculate
daily values of evapotranspiration potential (ETP). The
method used.for ETP calculation is that of Penman discussed in
detail in Section 6. No.ETP calcutations could belmade for
Pierre, S.D. due to the lack of cioud type information in the
data base.

The twenty-five years of ETP values were used in two
applications. One was the calculation of daily soil moisture

and plant stress to support the yield model evaluations.

The other was to support the weather simulation analyses.

4.3.2 Station Daily Weather Summaries

Daily values of maximum and minimum temperature and

total precipitation were obtained on magnetic tape covering



the months April.through September beginning in 1950. Data
for fourteen stations were acquired:

St. Cloud, Minnesota
Bil1lings, Montana
Glasgow, Montana

Great Falls, Montana
Havre, Montana

Miles City, Montana
Bismarck; North Dakota
Fargo, North Dakotfa
Williston, North Dakota
Aberdeen, South Dakota
Huron, South Dakota
Rapid City., South Dakota
Sioux Falls, South Dakota’
Sheridan, Wyoming

These data have been in ETP calculations and in the
calculation of daily soil moisture and plant stress and in the
weather simuiation analyses. Historical yield estimates were

prepared from these -overall analyses.

4.3.3 Daily Evaporation Data

ZBai¥y valugs,of reported Class A Pan evaporation data
WE?e.obtained in hard copy format in the NOAA publication
“Climatological Data™ for each of the four states for the
month§ April through September of 1850-1974. The number of
reporting stations varies from year to year within the states,
but in-general, 3 to 10 stations report each ménth in each
state. These data were used to verify the calculation technique
for ETP and to facilitate spreading of the four-point ETP
ca]cuiations tﬁfoughout the region. Figﬁre 4-8 shows the

distribution of average daily pan evaporation for the decade
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Figure 4-8: Average daily evaporation (1950-1974) for the ten-day period
July 10 to July 19.




Jd1y 10-19. Circled values are calculated ETP avergges for the

same decade.

4.3.4 Dijvisional Climatic Data

These dataiare in the form of a computer Tisting and
con%ains, for each of the 34 crop reporting districts in the
four sfates, month-by-month average femperatures and precipitation
total for the years 1931-1974. These data have been used in
several evaluations, primarily in the formu]atioﬁ‘énd use of
é]gorithms to estiméte historical planting dates and initial
soil moisture content needed for the historical soil moisture/stress
calculations. Using planting date information from Nuttonson
(1955), a set of 60 data points w%s established. for various
years between 1934 and 1952 at five locations distributed
through the region. Four predictive parameters were selected:
1) mean March temperature, é) mean Apr11 temperature, ranking
of the 3) March and 4) Abri] precip%ﬁation totals within the
44-year data set. A subjective approach was derived in which
adyanpes or setbacks in planting date were accumulated as.
these parameters or combinations of them fell within certain
bounds. The weiéhting factors weré iteratively tuned to bring
as many as possible of the pre@icted planting dates. within ten
days of the reported. .

' A subjective approach was also used to'estimaie the
moisture content of the soil at the start of each historical

growing season. The input parameters were the summed departures
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from normal rainfall in the previous growing season and the
fota] Tate summer and fall rainfall which followed the previous

growing season.

4.,3.5 Spring Wheat Acreagé and Production

This information consists of a magnetic tape and hard
cdp}-]?sting of spring wheat acreage planted, acreage harvested
and total production at the cognty Tevel for North Dakota
(192§—1973), South Dakota (1926-1974) and Montana {1919-1974).
For Minnesota (1921-1973), data is at the érop reporting
district level and no planted acreage is .given. This information
is used to calculate yields and to examine techno1ogy‘adoptation
trends. Table 4-3 is an example of processed output for the
state of South Dakota. The area shown is the harvested arga
_and js the basis for tﬁe yield calculation. The percent abandonment
giges the -percentage of p]anted'area that was not harvested,
and points out three particuﬁar]y disastrous years: 1933,
1934.and 1936. Figure 4-9 is a visual display of this same
data, where the numbers plotted indicate abandonment to. the
nearest ten peréent (i.e., 1 = 10%, 2 = 20%, ..., x = 100%).

A rough cyclical pattern is observed: Tow yields in the 30's,
higher yields in the 40's, low yields in the 50's and improving
yields. through the 60's as agricultural praeticeézwere refined.
This cyclical pattern is observed to an extent th}oughout the

spring wheat region.



TABLE 4-3: * Historical spring wheat data (from NOAA CCEA).

SOUTH DAKOTA

YEAR AREA _ PRODUCTION YIFLD
(1000 ACRES) _ {1000 BUSHELS) {RU/A}
1926 2231.0 13294, . 5,96
1927 " 3084.0 45751, ) 14.83 .
1928 3550.0 .36719. 10.34
1929 3508.0 33734, Qeh2
1930 354640 41239, 11.50
1931 ZROT.0 16672, 5,94
1432 366040 48153, 13.16
1933 9760 3861 . 3.95
1934 117.0 548, 4468
1935 3033.8 23785, T+ 84
1936 7270 3405, 4.68
1937 26530 14276, 5.38
1938 2971.0 26801, 9.072
1939, 2075.0 17151, R.27
- 1940-  2586.0 25137, G.72
1941  2714.0 33708. 12.42
1942 2502.0 39414, 15,75
1943 27240 PR468. 10445
1944 2854 .0 35010 12.27
1945  29%53.0 45688, 15.47
1946 37280.0 47653, 14453
1947 334940 47079, 14,06
1948 - 3613.0 47237, 13.07
1949 3833.0 249455, T.68
1950 30540 29523, 9.67
1951 3542.0 51726, 14,60
1952 3529.0 26145, Tl
1953 3137.0 26357, Betl
1954 2379.0 22381, 9.41
195% 2077.0 21409, 10.50
1956 - 1394,0 12416, 8.91
1957 ° 161040 29549, - 18.35
1958 I832.0 38472, 21.00
1960 173440 28903, 15.67
1961 = 16B6.0 22213, 13.17
1962 1273.0 24896, 19.56
1963 1498,0 19%83. 13.07
1964 1594,0 22484, 14,07
1965 1634 .0 29058, 17.78
1966 1627.0 24831 15.26
1967 180640 43976, 24435
1968 168440 39571, 23.50
1969 127840 26526. 20,76
1970 1289.0 25188, 19.54
1971 161440 45554, 28.72
1972 12670 30534, 25.30
1973 21845 5095, 23.32
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4.4 Ground Truth

4.4.1 University Subcontracts

A subcontract was negotiated with Montana State University
and an identical one_with Norxﬁ Dakota State University each
pontéining the following statement:

Requirements for the éubcpntract include the following:

{1) Neutron probe soil moisfure profile measurements
in, )
{a) Three so0i1 categories
Fine Textured Loam

> 150 mm Plant Available Moisture

II. Coarse Texture Sandy Loam

- 100-150 mm Plant Available Moisture

IiI. Satine or Other Limited Profile
‘Mixtures with Tess than 100 mm water

available to plant
(b) Depth SFC - 10 cm, 10-40 cm, 40 cm-100

(¢) Timing weekly or at:

Emergence
Jointing
Heading -
Soft -Dough
Ripe
Harvest
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Both Universities chose to acquire additional data on soil
moisture values at greater depths. Appendix III presents the
data acquired by each sub-contract. These data have been used

extensively in evaluations of system elenent performance.

4.4.2 Soil Moisture Data Consiaerations
Severqi 1imitations are to be noted with respect to the
neutron probe data. "Some of these points are presented in the
reports by each of theisubcontract Project Investigators but
they will be presented here for clarity: '
(a) The 1at¢‘award of the primary contract delayed entry
.1nt6 the field tﬂus é]]‘growth stages were not
covered.
(b) Because of the late start, some of the probe access
holes coﬁ]d not be located in the field, rathér’they
‘had to be Tocated on the boundary of the field which
often had a reduced plant density.
(c) Al1 soil textures were not equally present in all
~ sites, Therefore the samples are not all inciusive.
(d)‘vThe Montana sites have some problems regarding the
sTope around the probe access hole. Runoff will be
affected by the micro-siope as well as by evaporation
QUe to aspecf. _
(e)_-GraveT conditions were present in Montanq. These
conditions will influence the moisture hotding

capacity and the soil moisture release characteristics.
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A meeting was held Qith the Project Investigators to
‘discuss these 1imitations in October 1975. The concensus
regaréing the items noted in a-e was that care should be taken
in data evaluation and that an early start is absolutely
required, i.e., first week in May in any futuré program. They
fe1t~£hat the acquired neutron'probe data were acquired as
carefully as possible but there are inherent limitations to
the approach. North Dakota overcame one limitation of the
neutron probe approach, i.e., near surface inaccuracy, by

taken gravimetric measurements for the top 10 cen;imeters.

4.4.3 Description of USDA Ground Truth Data

' There are four types of data coilected for the USDA
Ground Truth program: Inventory, ground observation, rainfall,
apd yie]d. Inventory data is generally collected at the
beginning of the season and contains information such as crop
type and field size which should remain constant throughout
the season.

" Ground observations are taken for a subset of fields in

a test site and are scheduled every 18 days to coincide with
the ERTS pass. Ground observation data contains information
pertaining to the current crop condition’suchias plant height,
grqwth stage, yield detraétants, stand quality, etc. Rainfall
déta]may be collected several times between ground observations
and an-indiviﬁua1 rainfall data card apﬁears for each occurrence
of %aip. A cumulative total of the amount of rain between
ground observations is included on the ground observation

card.
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Yield data is co]1ected-f0r‘wheat fields only.

Forty-two test sites aré'inc]uded in the USDA Ground
Truth program,:however, only 10 Tie within the region of
interest. Only 9 of the 10 sites have reports. The following
information was extracted from fhese 9 reporting test sites:

1. Growth Stage

2. Stand Quality

3. Rainfall data for all fields

4. Weed Growth

5.-Y1e1d Detractahts

6; Field Operations

7. Surface Moisture

8. Ground Cover

Software was developed to read the USDA master tape;
edit and produce a listing of all pertinent data entries, keep
a summarization table, indexed by crop type (spring vs. winter
wheat) and observation date, of growth stage, stand quality,
ground covéer, surface moisture, weed growth, field optns.. and
yield detractants for each site.

There are two "super sites” in the USDA program where
ground observations are taken roughly every 9 days. One of
these, Williams County, N.D. is in the region of interest.

The Williams site contains no winter wheat fields but
has at-the present reported observations for’spring wheat
fields on the following dates: 5-27-73, 6-3-75, 6-4-75, 6-13-75,
6-24-75, 7-1-75, 7-2-75, 7-9-75, 7-10-75, 7-17-75, 7-18-75,
7-28-75, 7-29-75, 8-5-75, 8-6-75, 8-14-75, 8-15-75. It

424



should be noted that dates occufring in consecutive pairs
(1.e., 7-1-75 and 7-2-75) are considered the same observation,
with part of the site réporting on the Tirst date and the
remaining part on the second. For each date, a separate
summary. sheet is printed.

Looking at the summary (Figure 4-10) it can be found
that 325 fields (9428 acres) were reported by inventory cards
td be planted in spring wheat. Of these 325 only 55 (2107
acres) were included in the ground observation data. FEach of
the seven crop variables is listed followed by its corresponding
Tist of numerical values and a brief description of the meaning
of these values. Beside the 1is§ of values is a list of the
number of acres and the percentage of total acres to which
each value was assigned on that particular date. For exampie,
on 6-2-75 165 acres (7.8%) were in Growth Stage #2 (planted -
no emergenée) and 1942 acres (92.2%) were in Growth Stage #3
(emergence}. In this case the total percentage equals 100 but
if some fields had neglected to report growth stage the total
percentage would reflect this. When viewed consecutively
(Figure 4-11) the summary sheets provide a chronological crop

history for each test site. (Figure 4-11 graph of USDA.data).
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DATE
&) 37751154)

LAND USE CODE & CROP TYPE
100 SPRING WHEAT

GROUND OBSERVATIDNS REPORTED FOR 55 FIELDS (17X)
GROUND OBSERVATIUONS REPORTED FOR 2107. ACRES (22%)

325 FIELDS PLANTED WITH
3428. ACRES PLANTED WITH

SPRING WHEAT
SPRING WHEAT

GROUND ACREAGE IN SURFACE MDISTURE ACREAGE IN YEED GROWTH ACREAGE IN
COVERI®) CATEGDRY CONDI TIONS CATEGORY . CATEGORY
1 0-19 1957.0( 92.9%) 1-BRY 2107.01100.0%} 1-NEGLIGIBLF 2107.0(100.0%)
2 20- 39 0.0t 0.0%) 2-DanMp 0.0{ 0.0%) 2=SLIGHT 0.0( 0.03)
3 40~ 59 0.00 0.0%) 3-MWFT 0.0{ 0.08) 3-MODERATE 0.00 0.0%}
4 60~ 79 0.0( D0.0%) 4~STANDING WATER 0.0( 0.0%) 4—HEAVY 0.0{ 0.0%}
5 80-100 0.0 0.0%}
GaNWTH STAGES . ACREAGE IN STAND ACREAGE IN
CATEGORY QUALITY CATEGORY
01-NCT PLANTED 0.0( 0.0%) 1~POOR g.00 0:02)
02-PLANTED NO EMERGEMCE 165.0( 7.82) 2-BELOW AVERAGE 275.0( 13.13)
03-EMERGENCE 1942.0{ 92.2%) 3-AVERLGE 1303.0{ 61.8%)
04-TILLERING,PREBOOT,, PREBUD 0.0( 0.0%} 4-:BOVE AVERAGE 257.00 12.2%)
05-BOOTED OR BUDDED 0.00 0.0%) 5—EXCELLENT 0.0( 0.0%)
06-BEGINNING TO HEAD DR FLOWER 0.0 0.03) 6~D0ES NOT APPLY 165.0( 7.8%)
07-FULLY HEADED OR FLOWERED 0.0( 0.03)
0B-BEGINNING TO RIPEN 0.0( 0.0%} )
Q9-RIPE MATURE 0.0{ 0.0%}
10-HARVESTED 0.0( 0.0%)
11-DBES NOT APPLY 0.0{ 0.0%)
FIELD OPERATIDNS ACREAGE IN GROWTH/YIELD ACREAGE IN
CATEGORY DETRACTANTS CATEGDRY
01-BARE GROUND 0.0( 0.0%} 01-SALINITY 0.0{ 0.03}
02~BARE DISKED/CUL TIVATED 0.0{ 0.0%) 02-INSECTS 0.0{ 0.08}
03-BARE PLOWED 0.00 D.0%) 03-DISEASE 0.0 0.03%)
04~-BARE SEEDED 1981.00 94.0%) 04-DROUGHT 0.0( 0.0%)
05-STANDING STUBBLE 0.0( 0.0%) 05-MOISTURE 0.0( 0.0%)
06=-STUBBLE OISKED/CULTIVATED 0.0t 0.0%) 06-WIND 0.0( 0.0%)
07-STUBBLE PLOWED 0.00 0.0%) O7-HAIL G.00 0.03%)
08-STUBBLE SEFDED 126.0{ 6.0%) 08-FROST 0.0t 0.0%)
09-BURNED 0.0{ 0.0%) 09-81RDS 0.0{ 0.0%)
10-GRAZED 0.0( 0.0%) 10-POT HOLES 0.0l 0.0%)
11-WINDROWED OR SWATHED 0.0( 0.0%) 11-UNEVEN STAND 0,00 -0.0%)
12-MOWED OR COMBINED 0.0{ 0.0%} 12—-WEEDS 0.0 0.0%)
13-STACKED OR BALED 0.0{ 0.0%) 13-WINTERKILL 0.0( 0.0%)
14~0THFR 0.0 0.0%) 14-LDDGING D.00 0.0%)
15-NOT REPORTED 0.0( 0.0%] 15-0THER 0.0 0.0%)
16-NCNE 2107.0(100.0%}

Figure 4-10:

Summary of ground observation data

for test site #6 Williams, N.D.
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5.0 "SYSTEM" TEST OVERVIEW DISCUSSION

The EarthSat Spring Wheat Yield Model System was implemented and
test run over the hard red spring wheat regions of Montana, N. Dakota,
S. Dakota and western Minnesota during the period 1 June - 30 August
1975, This per%od included crop phenologies from approximately jointing
to ripe in the southern counties of S. Dakota and Minnesota and near
planting to ripe over the northern counties of $. Dakota, all of N. Dakota
and Montana. The discussions in the remaining sections of Section 5,
and in Sections 6, 7 and 8 will provide; {a) an agronomic reyiew of the
1975 Spring Wheat Growing Season, (b) describe the "System" functional
elements and internal data flow (c) define operating costs, (d) discuss
in detail the performance, i.e., errors and sensitivities of each of the

"System" functional elements.

5.1 Agronomic Review of 1975 Spring Wheat Growing Season

The spring wheat planting season was Tate in all areas due to
cool wet conditions. Normally late planting of spring wheat results
in Tower than normal yields, however the effect of the late planting

" during the 1975 season varied from state to state. In Montana, the
planting season was completed approximately by the middle of.June,
which is two to. three weeks Tater than normal. During the growing
season, Montana had above normal levels of soil moisture, Table 5-1
presenfs temperature and precipitation averages by state and CRD for
1975, Moreover, the fall season remained warmer than normal with
the result that production was much better than normal.

In South Dakota, the planting started later than normal but
harvest started at the normal time. South Dakota experieﬁced good

growing conditions after planting through the end of June. Starting
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TABLE 5-1

JUNE o JuLY AUGUST
: 1975 AVERAGE 1975 AVERAGE 1975 AVERAGE
State/CRD Temp. Precip. . lemp.  Precip. Temp. Precip. Temp. Precip. Temp Precip. Temp, Precip,
Montana 16 108 16 70 24 83 20 34 20 44 _ 19 31
N.C. 16 109 23 100 20 55
N.E. 17 100 24 88 20 39
c 16 104 24 92 21 54
s.C. 16 105 24 81 21 34
S.E. _ 16 122 . 24 52 ‘ 21 37 .
S. Dakota 19 152 - 20 9] . 26 44 24 56 24 61 _2_g' 50
N.HW. 18 141 24 41 23 52
N.C. 19 157 26 43 24 45
N.E. 20 143 26 41 23 45
W.C. 18 150 25 45 24 65
¢ 20 157 27 43 24 62
E.C. 20 135 27 30 24 67
S.M., 17 145 24 67 24 82
S.C. 19 191 26 51 25 &7
S.E. 20 . 149 27 25 24 70
N. Dakota 18 135 18 80 24 47 21 64 21 41 20 54
N.W. 17 102 23 54 20 53
N.C. 17 129 24 44 20 26
N.E. 18 145 23 49 20 34
W.C. 17 118 24 53 20 a7
¢ 18 138 24 37 21 34
E.C. 18 M 24 35 21 43
S.H. 17 129 24 49 21 48
s.C. 18 129 24 49 22 a4
S.E. 19 171 25 - 43 22 39
Minnesota 19 157 19 103" 24 47 22 87 21 39 . 21 ... 84 .
owm N 18 168 24 62 21 37
w_% N.C. 18 151 23 74 21 31
Bl W.C. 19 164 25 45 21, 39
%g c 19 165 24 39 21. 32
B S.H. 0 126 26 30 23 60
T s 20 147 _ 25 23 22 40.
= -
i =
o &
=
o
o 3
S
ot
=



with the first week in June dry winds reduced soil moisture. More-
over, high temperatures occurring during the first, third, and

fourth weeks in July increased the rate of ripening. The enhanced
ripening rate influenced head filling significantly thereby re-
ducing yields in southern South Dakota. The western and northwestern
parts of the state escaped severe drying effects. The hot dry

winds extended into the south central zone of North Dakota but the
effects were not as severe as in South Dakota.

Except for the south central region of North Dakota, the
growing conditions of the spring wheat were better than normal in
the northwest and the northeast corners of the state. Like Montana,
the northern tier of counties in North Dakota had a warm fall so
that no difficulty was experienced during the ripening stages in
the harvest of the crop. Minﬁesota had also a late start in planting
but finished at approximately a normal time.

In general, the late plantings of spring wheat suffered more
from the effects of hot dry winds than did the earlier plantings.
During Mid July, on lighter soils, some of the leaves died back.

Some abortion of spiklets within the head were observed in S. Dakota.
Montana had an excellent year in spite of the poor prospects normaily
associated with late planting in that state due to the combination

of unusually high soil moisture through the season and warm fall.

In North and South Dakota below average rainfall during July was
compounded in S. Dakota by the occurrence of unusual durations of

hot dry winds.
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5.2 "System" Functional Elements and Data Flow Discussion

The EarthSat "System" consist§ of three main functional
elements.

ta) The Plant Environment Diagnostic element

(b) _The Plant Growth/Moisture Stress Diagnostic element

(c) The Phenology/Stress Yield Predict. element

Figure 5-1 presents the overall data flow structure within the
- system and identifies the various report volumes (maps and/or
listings) that are produced by the current system. Appendix II
presents a discussion of the operational daily implementation of
fhe "System". Appendix"IV provides. detailed software documentatiPn.
The test system is currently constrained to IBM 360/370 series

systems that have capabilities egual to or greater than the IBM

360/50.

5.2.1. Data Flow and Error Checking

The overall data flow into and through the system is
largely automated. The initial processing phases of the
satellite data, ground weather observations, soils data,
1ni£ia1 soil moisture, growth stage, etc. have, in this 1975
test year utilized manual processes to transform raw hard copy
data into digital formats. The processes employed in this
manﬁal phase are documented in Section 4 and portions of
Section 5. Detailed documentation of the error check software
is in Appendix IV. A series of both internal and external
logical error checking routines have been introduced into the

initial processing modules.
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5.2.2 Internal Data Flow

The process of storing data on-tape or disc for subsequent
use constitutes the majority of internal data flow problems.
The‘E;rﬁhSat AGMET “"System" uses data <internally in either I, d
or 1, J, K formats. The logical handiing of these‘data requires
_éff1c1ent file manipulation techniques.

The system files 1nc1ude two historic and two current
arch%va files. The historic-f11es are only read and are
therefore nevef updatea;‘the current archive files are contin-
u6u51y updateq to reflect current I, J- or I, Jd, K status.

The historic files contain soil type, planting data, Tocation,
etc. while the current archives contain soil moisture, growth
stage, etc.

The major'1ogica1 processing elementé shown 1in Figure

5-2 use various historical or archive files.. Diagnostic I
uses the meteorological historical file in an I, J format, the
61d‘meteorologica1 archive file in I, J format and p%oduceS'a

new I, J format meteorological file. The Stress Diagnostic

uses the new meteoro]ogica] archive in I, J format, the Agronomic
historical arch1ve in I, J, K format and produces a new I, J,

K format Agronom1c archive file. The Pred1ct Y1e1d processor

utilizes the I, Jd, K fofmat‘Agronom1c historic and Agronomic
archive ana.produces printer outpuf. No data file is created.
The speed of process1ng 1n the EarthSat "System“ was a
maaor consideration because of the large amounts of data in
the system. -An ana]ysis ear]y in. the study program indicated

that the use of Assembler I/0 rather than FORTRAN would increase



the system speed dramatically. The decision was made to

rewrite the file handling into Assembler and an increase in speed
by a factor of 2-20 was achieved for both wall clock time and

CPUY time as compared with the original FORTRAN version. IBM

ASSEMBLER F was the primary language used.

5.2.3. Hard Copy Output

The EarthSat AGMET System produces a large amount at
printed output. Section 5.4 will discuss the overall data

base generated by the 1975 spring wheat test program.

5.3 Test Region Characteristics

The test region which was selected to provide a relatively
wide range of latitudes, soils, climates, and farm technologies.
The data to be presented in later sections generally show that the

selected area was a good one.

5.4 System Test Data Base Discussion

The project objective was to "test EarthSat's Spring Wheat
Yield Model System." The test data base for the “System" and each
sub-element was developed by daily operations of the full “"system"
over the four states which contain 29 USDA Crop Reporting Districts
{CRD's}, 216 counties and approximately 1560 of the 12.5 X 12.5 n.m.
cells used in the diagnostic elements of the system. The "System"
component elements and the test data base which has been generated

for 1975 are included in the following sections,
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5.4.1 Plant Environment Diagnostic Data

The plant environmént diagnostic element of the "System®
has provided the following basic and derived_data on a daily
basi§.f0r the periéd 1 June - 1 September. The data base
developed by this diagnostic element is on the 26 n.m. 1, d
grid mesh which covers the test states, the boundary regions
of the test states and two selected lysimeter sites al Manhattan,

vansas and Akron, Colorado. The data include:

Basic

(1)1 Temperature (6 hour actuals, maximum and‘min{mum) for 39
first order stations and interpolated to 756 1, Jd's.

.(2) Dew po}nt (6 hour actuals) for 39 first order stations
and interpolated to 756 1, J's.

(3) Wind speed (6 hour actuals) for 39 first order stations

" and interpolated to 756 1, J's.
(4) Cloud amount and type (6 hour actuals).

(5) Ground observed precipitation (6 hour and 24 hour actuals)

Derived

(1) Wheat field albedo (derived from the BMT calculations) at
756 1 d's.

(2) Satellite cloud amount and type estimates, i.e., 7 visible
cloud types and 2 1R brightness types (derived from the
SMS images at 6 hour intervals) for 756 1, d's.

(3) Satellite precipitation estimates (derived statistically
from the cloud data) at all appropriate locations for 6

hours, 24 hours and 7 days total.
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(4) Incoming Solar radiation (RSOL) attenuated by atmospheric
(water content, cloud type and amount (derived from the

éatellite eloud field for daylight hours).at 756 I, J's.

(5) Net radiation (RNET) each 24 hours derived from satellite
cloud data and ground observations at all 1, J's.

(6) Pqﬁentia1 evapotranspiration (ETP) (derived from satellite
and ground data using a modified Penman approach} at 24
hour intervals at 756 1, J's.

(7) Precipitation estimates (derived from the satellite cloud
data and the ground precipitation observation) for each 6

~hours, 24 hours and 7 days.

5.4,2 Plant Growth/Moisture Stress Diagnostic Data

The plant growth/moisture stress diagnostic operates in
the 12.5 X 12.5 nautical mile cells and utilizes as basic
inputs the Precipitation and ETP diagnoses from the Plant
Environment Diagnostic spread equally into the four K cells
which surround .each 25 n.m. I, J‘grid point. The data developed
during the test by this diagnostic element includes:
(1) Total soil moisture and 3 zone soil profiles in each of
the 1560 K cells each 24 hours.
(2)‘ Actual transpiration (ET) in each of the 3 zones derived
from calculations using the Baier ET model and the Robertson
BMT models in each of the 1560 cells at 24 hour intervals.
(3)' Plant growth stage (BMT) derived from the Robertson BMT
models for each cell at 24 hour intervals. (BMT stages
will vary from I, J, K to I, J, K, as the planting date

changes in the K cells).


http:hours).at

ET
4)° Stress der1ved from the -relationship 1- ETP is derived

da11y using the Baier model for ET and the previously
discussed ETP. Stress values are available in the system
for each 24 hours and also for averages over each of the-

five phenology intervals at all the 1560 K cells.

5.4.3 Phenology/Stress Yield Predict Data
" ‘The yield model represents the integration of each of

the data e]ements, basic and derived from each of the other
) funct1ona1 e1ements The y1e1d element provides data which
represents an end of year yield estimate aggregated at severa?
Jevels:

(1) Cells

(2) Countries

(3) Crop Reporting Districts

(4) States

These. Tevels of aggregation (and disaggregation} provide
an ability within the EarthSat system to explain unexpected
yields through ground observation, remote sensing (ERTS), etc.

The data base afforded by the 1975 crop year ‘test ‘
operation is extensive ana provides a substantial basis for
detaiied quantitative analysis of each functional element of
the "System". The: results achieved are the subject of the

following sections of this report.
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5.5 "“System" Cost

The implementation and operation of the EarthSat “system" in
1975 provide a partial basis for estimation of future operating
cost. Estimated total cost for setup and operation of the "system"
was $19,616.00, of- this figure $13,116.00 was labor cost and
$6,500.00 computer cost. A breakdown of the component cosfs of
setup and operation is shown in Table 5-2.

Setup costs are incurred in creating the data bases, season
initialization data files. Costs in this phase of system generation
are labor oriented as shdown in Table 5-2. Assuming that necessary
meteorological and agronomic data are readily available, system
setup is linearly dependent on the geographic area {approximately
1,600 active cells) processed. Therefore, a linear increase of the
setup subtotal (Table 5-2), is a fair estimate of the cost to set
the system up for any geographic area.

Operational costs for day to day operation are clearly dependent
on the area size. During 1975 all meteorologic daily data was
manually prepared and operational 1abor costs- reflect this. The )

operation costs (Table 5-2) given are for the 1,600 cells processed

for 91 days, during the 1975 growing season.


http:6,500.00
http:13,116.00
http:19,616.00

.System Cost Summary

System Setup Costs:

LABOR
Systems analyst ;
@ $8.00 for 200 hours $1.600.00
Meteorologist .
@ $6.00 for 160 hours i $ '960.00
Technician
@ $3.00 for 320 hours $ 960.00
COMPUTER $1,000.00
SETUP Subtotal $4,520.00

System Operation

LABOR
System Analyst .
. @ $8.00 for 208 hours $1-,664.00
Meteorologist '
@ $6.00 for 724 hours- $4,344.00
Technician
@ $3.00 for 1,196 hours $3,588.00
COMPUTER $5,500.00
OPERATIONAL  Subtotal $15,096.00

Total Cost $19,616.00

*Unburdened TABLE 5-2


http:19,616.00
http:5,500.00
http:3,588.00
http:4,344.00
http:1_,664.00

6.0 PLANT ENVIRONMENT DIAGNOSTIC DISCUSSION, ERROR ANALYSIS AND
SENSITIVITY ANALYSES

6.1 Precipitation Diagnoses

.Preciﬁitation reports are available every six hours from about
two dozen stations in the area of interest (see Figure 4-2). These
are uséd in conjunction with cloud cover determined from SMS imagery
to derive precipitation estimates in those I, J cells which do not
'have precipitation reports, The technique employed in estimating
precipitation from cloud cover is based upon "calibration" of ¢loud
types as to their rain potential, and is a refinement, of a tech-
nique used by Follansbee (1973). Follanbee's equation for estimating
24 hour average areal precipitation from cloud cover is:

P (24 hour) = ky Cb + kst + kSCc
where Cb, Ns, and Cc represent percentage of cumulonimbus, nimbo-
stratus, and cumulus congestus clouds and k1, k2, k3 are coeffic-
jents of 24 hour rainfall potential for each of the three rain
producing cloud types.

Our modified Follansbee equation for six-hour precipitation
amount for an I, J cell is:

P (6-hour) = [k]Cb + kNs + kBCC]F- [6~1]

2

where k], kz’ k3 are coefficients for 6~hour rainfall potential.

The initial values for k1, kz, k, were derived from those given by

3
Follansbee for 24 hours scaled down a factor of four for six-hours,
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and scaled down another factor of 2.5 to account for the fact that
air masse§ in the north central U.S. have less moisture than the
subtropical air masses considered in Follansbee analysis. Additionally,
the values of the coefficients are scaled up or down each week by
the ratio of precipitation estimated to precipitation observed at
the 24 stations in the area.

When cloud cover is expressed by a fraction (0 to 1) and
precipitation is in mm/6-hour, the initial values of the coeffic-

ients (used in the first week, 1-6 June, calculations) become:

= 0.507; k_, = 0.042

k = 2.12; 52 3

F is an adjustment factor calculated from precipitation ground
reports and satellite cloud cover at the location of the ground

reports as follows:

n

z P [6-2]
1 .

The numerator is simply the summation of the reported 6-hour pre-
cipitation, PR’ at stations 1 to n. The denowminator is the summation
of the estimated 6-hour precipitation, PE, for the I, J cells of

the stations 1 to n, and is calculated by:

P_.=kCbh+ kNs + kCb -
. 1 ) s 3 [6-3]

F is not allowed to exceed 3 or to be below 1/3. In these cases F
is set equal to 1. These are arbitrary limits meant to exciude

conditions of insufficient cloud cover information or insufficient
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rainfall reports over the ground stations, which would make the
calculation of the factor F unreiiab1e:
When only infrared images are available (00-06 GMT and 06-12

GMT intervals) then the equation used is simply:

P_= 6-
: = [k BIF [6-4]
where B is fraction (0 to 1) of brightest (coldest) area; k4 is an
empirically determined constant, and F is an adjustment factor

calculated by:

n n
=ZIP z B -
F : R/ : k4 0 [6-5]

F is calculated from the §vai1ab1e stations rainfall reports and
the observed infrared brightnesses above these stations. Again, F
is not allowed to exceed 3 or to be below 1/3. In these cases F is
set equal to 1.

An initial value of k4 = 1/3(k] + k2 + k3) = 0.890 was chosen
for the first week (1-6 June 1975 calculations). Each following
week the value of k4 was scaled up or down by the ratio of precip-
itation estimated to precipitation observed at the 24 stations in
the area during the 12 hour period (00-12 GMT) in which infrared
images are used for the precipitation estimates.

Figures 6-1 to 6-3 present samples of the precipitation maps
produced daily by METRUN from the cloud cover analysis and ground
statior reports. Although precipitation is entered once per 24

hours in the AGRUN, it is calculated by METRUN for every 6-hour

interval and then summed for the 24 hours. Figures 6-1 and 6-2 are
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Figure g-2:

Sample computer printout map.of rainfall (in mm x 10) for the period 18-24 GMT, 30 June 1975
produced by Subprogram METRUN. Rainfall values for each I, J cell were calculated as
explained in text from the SMS visible image cloud cover shown -in Figure 4-4., Circled
values are actual rainfall reports for the same time period.
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the computer-produced precipitation maps for June 30, 1975, for 00-
06 GMT and 18-24 GMT, obtained from an analysis of SMS images shown
in Figure 4-4 and 4-5. Values of station observed precipitation
are encircled. Figure 6-3 presents the total precipitation for

30 June.

6.2 Precipitation Error Analysis

In comparing the METRﬁN precipitation estimates with precip-
itation observations to determine how good the METRUN estimates
are, we should be aware that the point precipitation observations
themselves have errors when these are transiated to area averages.
We will, therefore, define the range of these errors before pre-
senting the comparisons with the METRUN estimates.

For the error analysis on the precipitation observqtions we
shall apply results obtained by other researchers that have analyzed
precipitation variability in the Midwest U.S., and results obtained

by our own apalyses,

6.2.1 Metcell Rainfall Analysis

When the point precipitation observations are trans-
Tated to areal averages they yield values which may depart
from the true average by an error E. Huff (1972), using
observatioﬁs from a dense raingquge network in IT11inois, was
able to expréss the summertime areal precipitation error by'

means of the following regression equations:

For monthly rainfall,
Jog E = 11,3132 + 0.72 Tog Pm + 0.73 Tog G
- 0.56 Tog A [6-6]
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For individual storms,
Tog E = -1.5069 + 0.65 log P + 0.82 log G

- 0.22 Tog T - 0.45 Tog A [6-7]

where E is the average sampling error in inches,

P is areal mean precipitation in inches,
G is gauge density in mic (gauge)'],
T is storm duration in hours,

. N -
A is area in ml .

Figure 6-4 illustrates graphically the Huff precip-
itatjon errors expected for an area the size of our I, J cell
(approximately 827 square miles) for one and three obser-
vations per cell for periods of one summer month, and for
three~hour storm duration, the median summer storm duration in
our area of interest, Figure 6-4 may be used only to give an
ordef of magnitude estimation of the error because our ;e]] is
larger than the maximum area (550 square miles) considered by
Huff, and because, as Huff found, there is considerable difference
in the magnitude of the storm sampling errors. Table 6-1
Tists the range of concentration of Cooperative Observers
climatic stations for the Crop Report Districts (CRD) in the
test area. Cooperative stations reports represent the densest
precipitation information available routinely. These can be
obtained from the NOAA Climatic Center a few months after the
fact. Cooperative stations reports range from about one to
three per cell, and from 10 to 57 per Crop Reporting District.

Approximately half take precipitation observations in the

evening hours {5-6 p.m.) the rest at all other times of the
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ERRORS IN ESTIMATING SUMMERTINE
PRECIPITATION FOR A MET CELL (827
SQUARE MILES} wiTH (T) AND WITH

(3) 0BSERVATIONS USING HUFF'S
FORMULAS

- 10

J-HOUR PRECIPITATION-EVENT
- MONTHLY TGTAL

TRUE PRECIPITATION {mm}

o 0,1,

20 100

PERCENTAGE ERROR IN PRECIPITATION ESTIMATE

Figure 6-d: Percentage error in ‘precipitation estimate for a Met Cell
(827 square miles) with one and with three observing stations
using Huff's formulas {1972).
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TABLE 6-1

Range of Concentration of Cooperative Observers Climatic Stations (COCS)
for Crop Reporting Districts (CRD) in the Test Area.

number  mileso/COCS CoCS/celt £0CS/CRO
South Dakota 189 250-664* 3.2-1.2% 12-35+
North Dakota 163 342-551 2.4-1.5 10-27
Eastern Montana 204 467647 1.8-1.3 32-57

‘Western Minnesota 96 437-625 1.9-1.3 12-23

* Figures represent maximum and minimum values for Crop Reporting
© Districts in the State.
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day. Although the observation time difference does not appre-
. c¢iably affect precipitation estimation for periods Tonger than
a few days, it essentially reduces in half the usable reports

on a per day basis.

In our daily rainfall error analysis, we have utilized
only those stations that take observations within one hour of
00 GMT (5-6 p.m., local time). This reduced the number of
usable Metcells to 239 (32% of total), the great majority
(164) having only one report.

Finally, we need to know the range of daily precip-
itation amounts expected in order to estimate the range of
errors on a cell basis. Figure 6-~5 illustrates such daily
precipifation amount for June-August 1975 as a frequency
distribution and as cumulative percentages. A total of 6,399
rain chservations (31% of all observations) from all the
ccoperative stations reporting between 5 and 6 p.m. were used
tc construct Figure 6-5. Thus, we see that approximatiey two-
thirds of the daily rainfall values were below 6 mm (< 1/4")
and 95% were below 25 mm (< 1"). Figure 6-6 presents, in a
similar manner, frequency distributions of monthiy rainfall
observed by all cooperative stations during June-August, 1975.
Table 6-2 presents typical errors in percentage of frue precip-
jtation for a Metcell with one, two, or three observations
covering the range of expected daily (three-hour event) and
monthly amounts. More than 90% of the times errors in areal
rainfall estimates for a cell will fall within the four values
boxed by dashed lines. In the above conclusion we have made

the implicit assumption that the frequency distribution of the
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FREQUENCY DISTRIBUTION OF MONTHLY-PRECIPITATION
FOR JUNE, JULY, AND AUGUST, 1975
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Figure 6-6:

MONTHLY PHECIPITATION | {INCHES)

Frequency distribution of monthly precipitation amounts
for June, July, August 1975, from ali cooperatlve stations

observations in the test area.
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FREQUENCY DISTRIBUTION OF MONTHLY PRECIPITATION
"FOR JUNE, JULY, AND AUGUST, 1975
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TABLE 6-2

?recipitation Errors in percentage of true precipitation of a Met Cell
(827 sq. mites) calculated by means of Huff's Equations.

Reports True Rainfall, 3-hour event True Monthly Precipitation .
per cell {mm) {(mm)
1 5 25 50 100 200 400 )
] Lso 46 \* 26 20 [ 10 . 8‘\* 5
2 53 29 17 13 6 51 . 4
3 35 20 12 9 5 4 3

* Boxed values cover more than 90% of the rainfall events in the Test
area during June-August 1975,



actual Metcell precipitation does not differ greatly from the
estimated distributions {such as presented in Figures 6-5 and
6-6). In the case of the monthly preéiﬁitation, the errors in
the estimates are relatively small (5—10%)-and these should
not affect greatly the distributioﬁ shown 1in Figure 6-3 when
we cdnsider that estimated values in the distribution, if
corrected to the true values, would cause each class. to gaiq
and and losé aboué the same. In the case of theldai1y precip-
itation the errors are much larger, ranging from 29% upwards
to '80% and higher; each c]éss ﬁou]d also gain ahd Jose about
the same.if the estimates were corrected to-their‘true value,
with the exception that some of the cell averages presently in
the no-rain class (not included in Figure 6-5) because‘of
insufficient sampaing within the cell, actually belong to

' pfécipitation classes. .The net effect would be to. increase
phe'tota1 ﬁumber of precipitation events with.tﬁe iow-?a?ue
crasses gaining the most.

‘The percentage of no-rain days for Metcells that-actually
belong to a rain class may Be estimated by comparing the
number of raindays averaged. for cells that have one, two, or
three cooperative stations reporting, shown in Table 6-3.
Tﬂere is a noticeable increase in the number of rain days
registered as the number of reports increase From_one to three
which can hardly be due to chance, -nor to bias due to cell
1oéation.

By comparing the average number of rain days for one-,
two-, and three-stations‘cé11; we may safely deduce that at

Teast 14% and 5% of the no-rain days for cells with one and
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TABLE 6-3

Average Number of Rain Days per Metcell During June-August 1975 as
a function of Cooperative Stations Reports per Metcell

Reports " Number of Average Number of Rain

Per Metcell Metcells Days/Metcell
0 ) 516 -
1 164 q 25.9
2 62 . 32.3 ATl Metcell
3 13 35.8
4 1 44.0
1 62 T 26.7 . ‘Adjacent sets
2 62 o323 " of Metcells*
1 - . 13 26.6. . Adjacent sets
2 13 29.9 of Metcells*
3 13 © 35.8

* To reduée 0 a minimum the possibiiity of bias cauged by location
: we have performed the statistics for sets of Metcells with 1 and
2 reports and 1, 2, and 3 reports which are adjacent to each other.
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two observations respectively, belong to some rain class.
This would add approximately 2,000 to the number of rain
events, mostly in the low value classes shown in Figure 6-5.
Up to this point we have only dea]t with errors assoc-
iated with what we call “ground-truth” ‘precipitation data,
sh0w1ng that when these point precipitation data are trans—
lated to area averages noticeable errors are produced. w1th
the awareness of the magnitude of these errors, we can now
present a comparison between METRUN estimates of precipiiation
-and average cell precipitation estimated from the cooperative
"observers stations. Such comparison for daily rainfél] is
shown in the form of a verification table (Figure 6-7) and a
graph (Figure 6-8), with the percent of METRUN estimates
within a certain departure (in mm) from the cooperative
station average. OF the 20,642 METRUN daily precipitation
esﬁimatés, 45% were within 1 mm (.04") of -thé cooperative
stations average, 72% were within 3 mm (.12"), and 95% were
within 13 mm (.51"). The verification table and the graph in
Figure 6-5 were derived from all cooperative stations that
reported between 5 and 6 p.m. local time (0000-0100 GMT)
during June-August 1975. Only those cells that have at least
one §tation reporting have been considered. The averége
number of stations per cell was 1.3. The vérifigation table
géngra]]y shows that tﬁe METRUN tends to overestimate Tow
precipitation'below 1/2" and to underestimate heavy precip-
itation. Nevertheless, if we consider that about 14% of the
repokted 14,243 no-rain cells actually belong to some ciass,

the .comparison would Took somewhat better at least for the
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Figure 6-7: Verification table of daily METRUN I, J, cell precipitation for June, July, ﬁugust‘TQ?ﬁ.
porting station

Only those cells in the area of interest which contain at least one re

observing at 5 to 6 P.M. are considered. The METRUN estimates are compared with

cooperative stations observations.
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classes of low rainfail. The METRUN estimate of-average total
rain per cell for the entire season is 244 mm, 1?.5% higher
than the‘zga mm obtained from the cooperative stat%ons‘ Our
analysis of reported rainfall days for one-, two-, and three-
station cells indicates that the cooperative statéon natwork
misses at least 14% of the daily precipitation events, and
therefore may undefestimate daily precipitation. -
Né_aiéo performed a comparison of estimated versus
obserée@lweeg1y precipitation for ail the Metcells ‘having at
Teast 6ne'cqaperatiye station reporting. The weekly compar-
json is shown by the verification table of Figure 6-9 and the
graph in.Fisure 6-10. METRUN overestimates weekly precip-
itq;ion béiow 18 mm (< U.Z“) and underestimates prébipitation
above 18 mm. The METRUN weekly estimatéé per céll average
19.3 mm, 15% higher than the observed average of 16.3 mn. The
graph in Figure 6-10, which also contains the daily‘curve of
Figure 6-10 for comparison, shows that about 2/3 of the weekly
estimates are within 12.5 mm {1/2") of the obsefvat%ons. As
expected, the weekly estimates are more accurate pnjé percen-
tage of observed précipitation than the daily esti@ates.
bAnnidea of how well the METRUN spatial preﬁ%pitation
patterns coﬁpare with observed patterns may be o#tained by
comparing Figure 6-11 with Figure 6-12, and F%gure:5-¥3 with
Figure 6—3#. Figures 6-11 and Figure 6-13 are typical daily
and weéki& precipitation maps'praduced by METRUN from satellite
cloud cover and synoptic stations observations. Figures 6-12

and Figure 6~-14 are the corresponding coop-stations observed

daily and weekly. precipitations. Cells with no reports are
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Figure 6-9:

Verification table of weekly METRUN I, J, cells precipitation.for Jung, July,
August 1975. Only those cells containing at least one reporting station ob-
serving at 5 to 6 p.m. are considered.
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Figure 6-10: Percent of METRUN celidaily and weekly rainfall estimates which
depart by less than a certain amount from the cooperative station average.
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designate& by -1. The reason for the many cells with no
reports is that only those stations reporting at 5-6 p.m.
local timé Qere considered. Isohyets were drawn on Figures 6-
12 and 6- 14 (somewhat subjectively because of missing data) to
perm1t a visua] comparison with METRUN. The comparison of
da11y coop-prec1p1tation maps with METRUN maps shows that, 1)
spatial patterns of major rain areas correspond fairly well,
2) METRUN ténds to spread out the major rain areas, 3) METRUN,
as -already stated, underestzmates rainfall above 1/2", and
overestimates Tow rain fa11. and 4) METRUN smooths out the
rainfall dai]y spatial variability. The comparison of weekly
maps shows a better fit of spatial patterns and abﬁolute

rainfall amounts.

6.2.2 Crop Report}ng District Rainfali Analysis‘

Since the.AGMET system uses daily precipitation amounts
on a cef1 basis for the calculation of stress accumulation, ;e
have coné%ntrated our efforts on determining the precipitation
earrors dn'a cell and on a daily basis. We have, nevertheless,
conductéd some additional error analyses for weekly peﬁiods
for Crop Reﬁorting District (CRD) areas. These error analyses
consistéd‘in comparing the average METRUN precipétation with
that obtained from all reporting cooperative observers stations
in the Crop Reporting District.

Eéfore comparing the METRUN estimates to the cooﬁera-
tive stations estimates we proceeded to determine an estimate

of the errors involved in the cooperative stations aﬁerages by

the following technique. We used the daily June-August precipi-
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tation observations in one representative Crop Reporting
District, NW North Dakota, to construct precipitation fre-
quency distributions for Tight, medium, and heavy precip-
itatioﬁ as shown in Figure 6-15. Daily rainfall events were
arbitrarily assigned to Tight, medium, or heavy rain distri-
butions if the 21 stations in the district reported a daily
cumulative total of .05" or less, .05 to 2.0", and g}eater
than 2", respectively. The number of rainfall events in each
c1a§s was scaled up or down to give 1,000 events total for
each of the three distributions. We then proceeded to ran-
domly sahp]e thé distributions t times with n sample sizes,
edach time cbmparing the average of the random sample with the
"trué“ average of the distribution (1,000 events ayérage), and
then calculated the mean percent deviation for each sampie
s%ze. We set t = 1,000 for n = 2, 10, and t = 50 for n = 50,
100,-500, 700, The results are presented in(Figure 6-16. The
tack of smoothness of the graphs is due to the relatively low
number of times (t) n samples were selected, especially in the
small sample range (n < 50). The graphs are, nevertheless,
indicative of the range of precipitation errors due to sampling
in a typical agricuitural district. For éxamp1e, the graphs
show that for the NW N. Dakota district with 21 stations the
mean percent deviation between the true and the estimafed
daily area precipitation for light, medium, and heavy rains
are'SO%; 38%, and 25% of the totals, respectively. These
translate to mean deviations of 0.10 mm, 0.48 mm, and 2.23 mm.
By multiplying the mean-deviations by 1.25 we obtain the

values of the standard deviations of the estimated means:
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Figure 6-15: Frequency distributions for light, medium, and heavy precipitation
for the N.W. North Dakota Crop Reporting District during the summer
~0f'1975. Daily rainfall events were arbitrarily assigned to light,
medium, or heavy rain distributions. if the 21 stations in the District
reported a daily cumulative total of 0.5" or less, 0.5" to 2.0", and
greater and 2", respectively.
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0;125, 0.60, and ‘2.79 mm for light, medium, and heavy raiq.‘
Approximately 2/3 of the times the estimated daily area precip-
itation will be within these Timits.

" An estimate of the errors on a weekly basis can be
obtained by taking the root-mean-square errors of the daily
prgcipitation events. Assuming that light, medium, or heavy
raindays are distributed during one week on the average with
the same frequency as during the season (47, 22, 23),. and
using the values of .the standard deviations derived above as
the errors of the mean we obtained errors of about 4 mm per
week, 8 mm per month, and 13 mm for the entire season; or
respectively, 25, 11, and 6% of the total precipitation..

These are the errors jmplicit in the cooperative statioﬁs
averages which we use as "ground truth,”

We are now ready to consider comparisons'of CRD METRUN
averages and cooperative station averages on a week]y_basisl
Such comparison is shown in the verification table of Figure
6-17 ‘and graphically in Figure 6-18. A total of 338 weekly
aygragés from 26 crop repbrt{ng districts were used. The
verification table in Figure 6-17 does not bring out any clear
cut tendency for METRUN to overestimate or underestimate,
although METRUN does showuless-occurrénces of weekly precip-
jtation below 6 mm (66 versus 110 for the cooperative averages)
and Tess occurrences above 49 mm (18 versus 26)3 Figure 6-18
shows the percent of METRUN and synoptic stations estimates
within a certain departure (in mm) from the cooperative stations
average. Only those districts with at least one.synoptic

station were used in the comparison. Synoptic stations never
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Figure 6-17: Verification table of weekly METRUN precipitation averages
for Crop Reporting Districts in the test area versus
cooperative stations' averages for June, July, August 1975.
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numbered more than two per district. _Figure 6-18 shows that
on a weekly basis the METRUN averages are equal in accuracy to
synoptic station averages, but does not show the fact that the
synoptic stations tend to underestimate the total weekly
precipitation. This 1s brought out in the sequence of plots
in Figure 6-19, which present the running sums of weekly pre-
cipitation as determined by the cooperative stations, METRUN,
and synoptic stations., Table 6-4 shows the totals for the
entire season. On the basis of Figure 6-19 and Table 6-4 we
conclude that the METRUN season totals of precipitation are
closer to the cooperative stations totals than the synoptic
station, although on a weekly basis METRUN seems to equal to

the synoptic stations.

6.3 Potential Evapotranspiration (ETP)

Evapotranspiration is the combined processes by which water is
transferred from the earth's surface the atmosphere; evaporation of
Tiquid or solid water plus transpiration from plants. Potential
evapotranspiration (ETP) is the amount of moisture which, if avail-
able, would be removed from a given land area by evapotranspir-
ation, -expressed in units of water depth.

ETP is a function of temperature, humidity, wind, and net
radiation., From values of ETP one can obtain values of actual
evapotranspiration, ET, which when combined with precipitation,
runoff, soil and plant types, yields soil moisture.

A reliable method of calculating ETP from readily available
meteoroiogical information is needed. The Penman method which

includes the effects of temperature, wind, relative humidity, and
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estimated by METRUN, synoptic
Period of 1 June to 30 August 1975.
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TABLE 6-4

Total June-August 1975 Precipitation for Agricultural Districts
Determined by Cooperative Stations Reports METRUN, and Synoptic
Stations,

Total Precipitation (mm)

Agricultural Cooperative Synoptic
District Stations METRUN Stations
Mont c 223 260 (+43)* 184 (-39)

NC 241 265 (+24) 177 (-64)
SC 147 219 (+72) 103 {-44)
NE 193 230 (+37) 229 (+36)
SD SE 281 i 277 (-4) 288 (+7)
C 177 253 (+76) 135 (-42)
NC 190 258 (+68) 188 (-2)
WC 155 242 (+87) 197 (+4 )
ND SC 204 212 (+8) 193 (- 11)
NE 219 234 (+15) 179 (-40)
EC 226 263 (+37) 378 (-152)
NW 238 206 (-32) 188 (-50)

*Departure from Cooperative Stations Average
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net radiation has demonstrated the necessary accuracy (WMo, 1971).
The following is a description of hSw the EarthSat "System" agro-
meteorological software calculates the ETP utilizing both ground

, observations and satellite cloud cover.

The Penman eguation for potential evapotranspiration is

(Penman, 1948):

+ 0, -
AR T 0.64 F (w)(eS eé)

ETP (mm/time) = [6-8]
A + 0.64
where
RNET is net radiation in ca1/cm2 per time interval,
A is slope of saturation vapor pressure Versus
temperature curve (mb °K”1)
e, is saturation vapor pressure at air temperature {(mb)
ea is vapor pressure at air temperature (mb)
£(w) is the wind effect, a function of the horizontal
“wind velocity.
The wind effect #{w) is given by Penman (1956) as
F(w) = 0.35 (0.5 + w/100) [6-9]

where w is wind movement in miles per 24 hours

In the EarthSat "System" the ETP calculations are performed
for six-hour intervals at each I, J in the area. Daily ETP is
obtained by summing up four six-hour calculations. For six-hour

calculations the wind function becomes:
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£(w) = 0.35 (0.5 + 0.27618 w)/4 [6-10]

where w is a surface wind measurement, in knots, made during the

six-hour interval.

s €, and A are calculated from six-hourly temperatures and dew
point observations by means of psychometric equations presented in
the Smithsonian Meteorolog{ca1 Tables (1966) {(See pp. 350 and 372).
Temperature, dew point, and wind are interpolated for each I,
J cell coordinate from the 34 meteorological stations observations
(see Section 4.1) by means of an inverse-distance weight function.

The interpolated value at I, J, xij’ is

X, =
13

-t 3
-t 3

X, dﬁl - L6111
I
where Xn represents the value of a parameter observed at station n
at a distance dn from the cell coordinates I, J. Only the nearest
three stations (of a total of eight) are considered. A preliminary
discussion of the accuracy of this interpolation scheme and the
overall error effects on ETP is presented in a following subsection.
Net rédiation (RNET) is the net energy gained by the surface
through the processes of insolation and terrestrial radiation
losses to space. RNET is a measure of how much energy is available
for heatiﬁg the ground, and most importantly, for evaporation.
RNET is estimated by means of a combination of surface reports of
temperature and dew point and cloud cover and type determined at
six-hourly interval from SMS satellite imagery (see Section 4.2).
R {s-ca1cu1ated in ca1/cm2 per six-hours, as will be described,

NET

6-45



and is changed into mm of evaporation using the conversion factor
of 58.6 ca]/cm2 to evaporate one mm of water.

The net radiation at the surface, RNET (ca1/cm2), is the
difference between the net solar radiation, RS , and the net long

N

wave or terrestrial radiation, RLN:

Rey - R [6-12]

ReET = Rsn ™ L

Net solar radiation, RSN’ is that portion of the total incoming
clear-sky solar radiation, Rsé’ not attenuated by clouds and not

reflected by the earth's surface:

Rey = (1= A) FR. [6-13]

where A is surface albedo expressed as a decimal from 0 to i.

FS is a solar radiation cloud factor which is a function of
cloud type and amount.

Rsé is the total incoming clear-sky solar radiation which is
the sum of direct clear-sky solar radiation at the earth's
surface, Rg, and the diffuse so]aé radiation, Rd: R ¢ =

sC
R++R ¢
s d

Following is a presentation of the eguations used in calculating
the vafious components of the net solar radiation.

Surface albedo is calculated as a function of the stage of
growth of the wheat crop expressed in terms of Biometeorological

Time, BMT. The equations used are:
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is:

A = 0.10 for bare ground {BMT < 0)
A = 0,10 + 0.47BMT for the period between emergence
and heading (0 < BMT < 3.0)
A = 0.24 for the period between heading and
soft dough (3 < BMT < 4)
A =0.24 - 0.14(BMT-1) for the period between soft

dough and ripe (< 4 BMT < 5)

The above equations represent linear interpolations between average
albedo values of 0.10 for bare ground and 0.24 for the heading to
soft dough stages, and back to .10 from soft dough to ripe. Figure
6-20 schematically illustrates wheat field albedo as a function of
BMT. The solar radiation cloud factors, F ., were estimated with
the aid of values of transmission of solar radiation through clouds
(overcast) presented in the Smithsonian Meteorological Tables
(1966), p. 441. Table 6-5 presents the cloud factors for overcast
conditions adapted from SMT.

The formula used to estimate cloud factor for any given cloud

conditions is:

F =1t .F+1.0-2 6-14
"t Tt " [6-14]

where ng is fraction of given cloud types, and Ft is overcast cloud

factor for given cloud types as shown in Table 6-1.

The direct clear-sky solar radiation at the earth's surface

Ry = [ 9 cos z S€C 2 4t [6-15]
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TABLE 6-5

Solar ‘Radiation Cloud Factors For Overcast Conditions

(Adapted from the Smithsonian Meteoroclogical Tables, 1966)

Cloud Type Cloud Factor, F,
ci 0.84
Cs 0.81
Ac 0. 51
As 0.41
'S¢ 0;34
St 0.25
ﬁs 0.15
?og 0.17
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where J0 = golar constant (2 caT/cmz/min). z = solar zenith angle,
t = atmospheric transmission coefficient, and t = time.
The solar zenith angle is calculated by the following expression

(SMT, p. 417):
cos Z = sin ¢ sin & + cos & cos S cos h [6-16]

where ¢ is latitude, & is the sun's declination, h is the hour
angle of the sun (angular distance of the sun from the meridian of

the observer) and is expressed in degrees by:

h =15t + 8 - 180 [6-17]

where t is Greenwhich Mean Time
6 is Longitude
The sun's declination is well approximated by:

§ = 23.5 sin (2n (D - 80)/365) [6-18]

where D is day of year

The atmospheric transmission coefficient, t, is calculated
using the relationship developed by McDonald (1960) and corrected
for depletion due to dust:

3

= 0,95 - 0.077 u° [6-19]
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where the atmospheric water vapor, u (cm. of precipitable water),
is estimated from the surface vapor pressure, ea, by (McDonald,

1960):
Tog, u = -0.579 + o.'247F_ea [6-20]

The direct solar radiation for six hours is obtained by substi-

tuting h in terms of t in equation [6-16] and integrating equation

[6-157 in steps of half hour intervals for the six-hour period.
The diffuse solar radiation at the earth's surface, R, is

d
estimated. by (SMT, p. 240):

0.9T R+ R¥
= 0 S

R¢ = [6-21]

{
d
2

where RO is the incoming solar radiation at the top of the atmos-

phere and is calculated by:

R =fJ cos zdt [6-22]
0 0

-

where all the symbols are as previously defined, and the inte-
gration is done for a six-hour period.
The net Tong wave radiation, RLN (ca1/cm2), is that portion of

the long wave radiation that is lost to space:

_ 4
RLN = RLE - FL (o Ta - RLE) [6-23]
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where RLE is the clear sky long wave radiation and is calculated by
Geiger's method (1972):

-065e
) - 0.007 (Ta - Tg)} [6-24]

g = o T: (.18 + .25 x 10
where Ta is air temperature

Tg is ground temperature {Tg = Ta in our calculations)

o =8.132X 107" cal/en®/min/deg”

e is vapor pressure at air temperature
F. is the lTong wave radiation cloud féctor calculated for a com-

L
bination of cloud cover and type by:

- 2 -
Fo= (x /W) : [6-251

The above equation is a variant of the long wave cloud factor, sz,
presented by Geiger {1972}, p. 26, which considers cnfy one. cloud
type at a time. Wt is fraction of given d&oud type, and kt is a
constant which depends on the cloud type. Values of kt are as
follows {Geiger, 1972): Ci, 0.04; Cs, 0.08; Ac, 0.17; As, 0.20;
Cu, 0.20; St, 0.24.

SMS images such as shown in Section 4 Figures 4-4 and 4-5 are
ﬁsed to determine cloud cover and type necessary for net radiatibn
calculations. Cloud cover and type are readily determined from the
visible images, When only infrared images are available the two
brightness levels analyzed on the infrared images areg arbitrarily
changed into probable cloud types for purposes of estimating the
ctoud factors, FL and FS. The amount of brightest (whitest or

coldest) area measured is equally divided among the three cloud
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types Cb, Ns, and Cc, which are most 1ikely to appear coldest in
the infrared. The amount of bright (gray-white) area measured is
changed into 2/3 stratus and 1/3 cumulus.

Figure 6-21 summarizes schematically all the parameters involved
in the calculation of ETP. ¥Following are examples of mapped solar,
net radiation, and ETP calculation performed daily by METRUN.

Fﬁgure 6-22 is an example of solar radiation maps produced
daily as an output of METRUN. The map presents values of total
jncoming solar radiation received at the surface for Juﬁe 30, 1975
(day 181). Two SMS images for this.same day are shown iﬁ Figure 4-
4 and 4-5. These solar radiation values will be directly compared
with pyranometer measurements of total solar radiation for sites in
the study area.

The solar radiation values range from about 130-150 ly/day in
the area of eastern North Dakota - northwestern Minnesota, which
the 23:45 GMT (approximately 7:15 PM local solar time) SMS image
shows covered b& thick cumulonimbus clouds, to values in the 800's
ly/day in cloud-free areas.

Figure 6-23 is an example of net radiation maps produced daily
as an output of METRUN. This map also is for June 30, 1975 (day
181). Net radiation is also strongly correlated to cloud cover,
with low values (less than 100 ly/day) occurring in areas of thick
clouds 5nd~high values (greater than 500 ly/day) occurring in

cloud-free areas.

6.3.1 ETP Error Analysis

An estimation of the errors involved in the calculation

of ETP by the Penman equation requires an estimation of the
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errors in each of the parameters in the equation. UWe Wi11;
therefore, first. present a discussion of the errors in temper-
ature, dew point, wind, an@ solar radiation, the major com-

ponents of the Penman Equation,

6.3.1.1 Error Discussion - Temperature, Dew Point dnd

Wind

As was discussed ‘in section 6.2, the available
synoptic stations data are used to assign a temper-
ature, wind speed, and dew point to each I, J cell.
These quantities are calculated by means of .an inverse—'
distance weight function (equation 6-11).

To évaiuate the-ehror in this techniﬁue each
week of synoptic data was examined. For the 24 cells
in_the study area that confain a synoptic station,
estimated-vatues of temperature, dew point, and wind
speed were ca1cu1atéd. These quantities were obtained
by efiminating the station within the cell anq using
the three closest stations around the‘be11u The weight-
ing formula (equation 6-11) was applied, and estimated
quantities of temperature, dew point, and wind speed
were obfained.

The values of the station within the cell are
assumed to be actual cell values.. These ‘actual values
were compared to the estimated values. .Statistical
analysis software was applied to calculate frequency
distributions for each time period and for each station.

An example of the results is presented in Figure 6-24.
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Results show thgt the distance weighting
technique described above 1; acceptabie in most cases.
For the weekly periods in June to August the root-mean-
square error trms)'for temperature and dew points
vanges between 2 and 3°C, averaging 2.3°C for temper-
hature and 2.6°C for dew point. The rms for wind speeds
range from 3.5 to 5.0 knots, averaging 4.2 knots. A'
representative example of the frequency distribution of
the differences between actual and estimateﬁ values is
displayed in Figure 6-25.

Noticeable discrepancies between the actual
quantity and the estimated quantity occur whén: 1) the
distances between the stations become 1arger‘than 150
kilometefs, 2) the three closest stations are all
upstream or downstream from the I, J cell, 3) topo-
graphical variations between stations are abrupt, 4)
frontal situations produce étrong gradients, and 5)
mesoscale, events such as valley fog or air-mass thun-

derstorms are present in the study area.

6.3.1.2 Analysis of.Solar Radiation Estimation by

METRUN

Solar radiation is one of the more important
comﬁonents of the METRUN calculations. It comes into
play in the net radiation‘term of the Penman equation,
and will be a major input to any physiological plant
model. Since no daily measurements of net radiation

are available in our area of interest for comparison to
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our net radiation estimates, we are limited to a com-
parison of the METRUN daily solar radiation éstimates
against solar radiation measured at various stations in
the area. Four stations with hemispheric solar radiation
measurements are Tocated within our areas: these are 1)
Laramie, Wyoming; 2) Brookings, South Dakota; 3) Man-
hattan, Kansas; and 4) Bismarck, North Dakota. Daily
solar radiation for June-July-August 1975 for these
four stations were obtained from NOAA National Climatic
Center, Asheville, North Carolina. The data were
received with the following disclaimer:
"The National Weather Service considers the
accuracy of previously published solar radia-
tion data questionablie; the accuracy of data
being collected currently but not published is
also considered questionable.”
In conversation with NOAR officials at the
National Weather Service, we were told that the main
problems with the pyranometers were their loss of
calibration and deterioration of sensitivity with time.
To obtain a rough check on any gross deter-
ioration that might have occurred in the jnstruments
employed at the four stations we compared‘the average
observed solar radiation on clear days in4Jdune-duly
with values calculated with the aid of tables in the
Smithsonian Meteorological Tables (List 1966, Tables
135, 150}. The comparisons, together with the METRUN

calculations for the same clear days, are shown in

Table 6-6,
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TABLE 6-6

comparison of Clear-Sky Solar Radiation (1y/day) Observed by ground
stations, calculated by METRUN, and with the Smithsonian Meteorological
Tables (SMT, Tables 135, 150)

Observed Average of

Clear days in June-July Calculated by Calculated

Average Range SMT* by METRUN
Manhattan, KA 731 762-703 786 871
Brookings, S.D. 570 634-513 787 859
Laramie, WY 739 768-709 796 878
Bismark, N.D. 715 726-691 784 864

*xCalculations assume an atmospheric transmissivity of 0.8.
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The immediate conclusion apparent from Table
6-6 is that the Brookings observations are too low,
even if we allowed for a lower atmospheric transmis-
sivity and for some cloud contamination. We, therefore,
decided to omit the Brookings observation from our
analysis. Another conclusion is that METRUN over-
estimates clear sky solar radiation by as much as 20%.
| Figures 6-26a, b, and ¢ show scatter diagrams
of observed versus METRUN calculated solar radiation
for Manhattan, Bismarck, and Laramie for all sky con-
ditions during June-August. Table 6-7 summarizes the
average daily solar radiation measured and calculated
by METRUN for these three stations. Figure 6-26 and
Table 6-7 show that the METRUN values are, on an over-
La11 average, 10% higher than the observations. For the
purpose of the Penman equation sensitivity and error
analyses we will consider this a systematic error of
10%, or about 55 ly/day for average cloud conditions,
although it is apparent from the scatter diagrams in °
Figure 6-19 that the error is greater at higher values
(clear to mostly clear conditions) and lower at over-
‘cast conditions. We will, additionally, consider the
presence of a random root—meén—square error which,
after subtraction of the systematic error, we have
calculated to be 80 ly/day for the three stations.
Some of this random error is due to the inherent
difficulty of comparing a point observation to an area

estimate. The satellite c¢loud cover information used
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TABLE 6-7

Average Daily Solar Radiation Measured and Calculated by METRUN during

June~-July-August 1975
MANHATTAN, KA

BISMARCK, ND

LARAMIE, WY

MEASURED METRUN MEASURED  METRUN MEASURED METRUN
JUNE 546 687 (+26%) 5565 601 (+8%) 567 538 (-5%)
JULY 639 738 (+15%) 604 686 (+14%) 600 656 (+9%)

AUGUST 506 547 (+8%)

428
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in the METRUN calculations covers a fairly large area
defined by the cloud po]ygon which may be tens of -
thousands of square miles, whiie the observations are
only affected by the local cloud cover. Part of the
random error is also Que the analysts subjectivity in
determining cloud cover on the satellite images. To
estimate this random error we had one week of satellite
data independently analyzed by three technicians. A
comparison of the solar radiation values obtained from |
the three analysis yielded a root-mean-square error of
30 ly/day. We may safely conclude, therefére, that
about 14% of the variance in the solar radiation ((30/80)2 = .14)
can be explained by the analyst subjectivity in
determining cloud cover.

Although instrument deterioration may account
at the most for 2-5% of the systematic difference
(personal communication with Michael Riches, NWS solar
radiation specialist)}, we believe that the main cause
for the difference is the high values of clear-sky
atmospheric transmission used by METRUN. Figure 6-27
is a plot of transmission versus total atmospheric
water vapor used by METRUN. We aiso believe that the
cloud transmission factors in METRUN are too iow, and
partially compensate for the high atmospheric trans-
mission.

A method developed by Klein (1948) and based
on Kimball's charts of transmission of solar radiation

(SMT, Table 147) was then employed to estimate clear-
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sky solar radation for seven cloudless days at Bismarck
during June-July. Figure 6-28 shows the hour-by-hour
calculations of solar radiation using the Kiein formulas
compared with METRUN and with observations during a
clear day at Bismarck (24 June 1975). The Kiejn

méthod shows a marKed Jimprovement, bringing the clear
day solar radiation to within 2% of that observed in
this example. Such improvement was-found for aill the
seven cloudless days considered. The_rec&]culated.
so1ér radiation averaged 738 ly/day, only 3% higher
than the observed 715 ly/day.

Figure 6-29 is a 'scatter diagram of chserved
versus éa]culated solar radiation for Bismarck, using
the Klein method. The calculation compares better with
the observations (see Figure 6-26b for coﬁparison) at
higher values (> 650 1y/day), but on the'avérage the -
METRUN with the Klein correctidn underestimates solar
radiation for cloudy conditions. We tentatively conclude
that the cloud transmission factors in our model are
too tow by approximately 5-10% per cent, and that most
of the random error is due to: 1) point versus areas
cloud cover differences, 2} differences of cloud thick-
nesﬁes causing variations from any average cloud trans-
miésion factors used, 3) cirrus clouds undetected by
the satellite image, 4) Tocal pollution not considered
by our solar radiation model, and 5) analysts subject-

ivity in satellite cloud cover determination.
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An attempt to determine new cloud transmission
factors from available satellite cloud data and the
observed hourly solar radiation met with only Timited
success because of the limited amounts of hourly solar
data available to us (only Bismarck and Manhattan had
hourly data for most of June and part of July). 1t was
nevertheless evident that in most cases when. overcast-
to-broken cloud conditions were observed on the sateliite
image, the ground stations reported higﬁér_so1ar radia-
tion values than those calculated by METRUN with the
Klein method. It is evident from our error analysis
that estimations of solar radiation can be improved
considerably by using the Klein method which would
eliminate a systematic error of 55 1y/day for average
cloud conditions, and by deriving improved cloud trans-
mission coefficients from satellite cloud information

and solar radiation observations.

6.3.1.3 Sensitivity*and Error Analysis = The Penman

ETP Equation

Having established the errors on temperature
TA’ dew point temperature TD’ and wind W, we can now
determine their effects on the accuracy of the Penman
ETP calculations. Additionally, we will also consider
affects of errors in cloud cover, surface albedo, and
solar radiation whiéh control the net radiation term of

the Penman ETP equation. The scope of our analysis is,

1) to determine the sensitivity of the Penman ETP to
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the many variables involved in its calculation, 2) to
calculate the total error in ETP, by assuming reason-
able errors in these variables, and 3) to compare the
Penman ETP to actual pan evaporation.

The first two tasks can rightly be called part
of a sensitivity analysis of the Penman ETP equation.
lThe third task is the closest one can come to an error
analysis of ETP, since such comparison would not onty
include measurement and/or estimation errors in those
parameters that affect ETP, but would test the validity
of the Penman equation in our area of interest.

To perform a sensitivity analysis on an equation
involving many variables, one would simply find the
partial differentials with respect to each of the
variables and then evaluate these partial differentials
for given conditions. In the case of the Peﬁman equation,
temperature and dew point appear in a fairly complex
way in the calculations of vapor pressures and radia-
tion terms, and therefore it was founq more expeditious
to calculate the partial differentials with respect to
temperature and dew point, graphically from plots of
ETP at given conditions. On the other hand, the partial
differential with respect to net radiation is very
simply:

AETP = v/(y + 0.64) ARN [6-26]

RNET ET
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where v is slope of the satyration vapor pressure
versus temperature curve {mb/°K}, and can be obtained

from the SMT. Equation is evaluated as:

P = 0.5623 AR = 1Q°
AET RNET 623 NET at Tg 10°C
TP = 0.6935 AR t T = 20°C
AE RNET NET 2 A
AETP = 0.7919 AR at T = 30°C
RNET NET it

The available ETP subroutine permitted us to
perform ETP calculations for various combinations of
air temperature TA’ dew point temperature TD, wind W,
albedo A, and cloud cover. From the results, we con-
structed graphs showing the effects of various meteor-
ological parameters on ETP, which allowed us to estimate
reasonable rates of change of ETP. June 271 and 45° N -
105° W were chosen as a representative date and latitude
tongitude for our calculations. Calculations were done
for each 6-hour interval, starting at 00 GMT + 3 hours,
to correspond with the time intervals of the METRUN
calculations.

Figures 6-30 to 6-34 show the results of our
ETP calculations for the normal range of summer condi-
tions present in our area of interest. From these
graphs, we estimated the differentials given in Table
6~8. Since the RNET errors have a systematic and
randem components, and are available to us only on a

daily basis, we shall treat their effects on ETP separ-

ately after we have evajuated the total 24-hour errors
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EFFECT OF AIR TEMPERATURE ON ETP

BAM-2FM

2AM-8 AM
g or
X
@
E
E 2|
o
&
1~ //-/
) —
—3 _
4": 8PM-2 AM
2PM-8PY
1 =
| 1 | E | I l 1
10 12 14 16 18 20 22 24 26 28 30
) TEMPERATURE, °C.
Figure 6-30: Potential Evapotranspiration (mm/6 hours) as a function

of air temperature, calculated by the Penman method, for
clear skies, and the sun-earth geometry of June 21 and
45N-105W. Curve 1 is for a dew point temperature of
10°C; curve 2 is for a dew point 10°C lower than the air
temperature; curve 3 is for saturated conditions (dew
point equal air temperature); curve 4 is for a dew point
of 20°C. Surface albedo and wind are kept constant at
20% and 10 knots respectively.
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EFFECT OF DEW POINT TEMPERATURE ON ETP
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Figure 6-31:- Potential evapotranspiration (mm/6 hours) as a function

of dew point temperature calculated by the Penman method,
for clear skies, and the sun-earth geometry of June 2]
and 45N-1054. Curve 1 is for an air temperature of 30°C;
curve 2 is for an air temperature 10°C higher than dew
point; curve 3 is for saturated conditions (dew point
equal air temperature}; curve 4 is for an air temperature
of 20°C. Surface albedo and wind are kept constant at_
20% and 10 knots respectively.
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EFFECT OF WIND ON ETP
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Figure 6-32: Potential evapotranspiration (mm/6 hours) as a function
of wind caiculated by the Penman method, for clear skies,
and the sun-earth geometry of June 21 and 45N-T054.
Curves 1, 2, and 3 are for dew point temperatures of
10°C, 0°C, and 20°C respectively. Albedo and air temper-
ature are kept constant at 20% and 20°C.
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EFFECT OF CLOUD COVER ON ETP
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Figure 6-33: Potential evapotranspiration (mm/6 hours) as a function

of cloud cover amounts calculated by the Penman method
for the sun-earth geometry of June 21 and 45N-105W.
Cumulonimbus (Cb), stratus or stratocumulus (St or Sc),
and cirrus (ci) clouds attenuation factors are used in
the calculations. Air temperature, dew point, wind and
albedo are kept constant at 20°C, 10°C, 10 knots, and 20%
respectively.
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EFFECT OF ALBEDOC ON ETP

Figure 6-24:

L STRATUS OVERCAST
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Potential evapotranspiration (mm/6 hours) as a function
of surface albedo, calculated by the Penman method for
clear and stratus overcast conditions, and for the sun-
earth geometry of June 271 and 45N-105W. Air temperature,
dew ‘point, and wind are kept constant at 20°C, 10°C and
10 knots.
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TABLE 6-8

Sensitivity of Penman ETP to changes in meteorological parameters.

: AETP AETP A ETP A ETP
AT AT AUind A Albedo A Cloud
AT 105 W air - dev : .
mn - 6hr™1C" mn - 6hr=1C" mm - 6he™ k™! mm - 6hr" 1P mm - 6hr” 1P
Ci St or Sc ‘Cb
03 - 09 GMT 0.065 0.080 .083 0.0 0.0 .005 .005
aPM - 28M
09 - 15 GMT 0.085 0.085 0.083 0.015 0.0 .004 006
2AM - 8AM
15 - 21 GMT 0.150 0.090 0.083 0.067 .007 .032 .039
8AM - 2PM
21 - 03 GMT 0.105 0.090 0.083 0.029 .002 .011 014
.2PM - 8PM
Clear Skies Clear Skies Clear Skies Clear Skies A= 20%
10£Tq <20 10€T, £30 Ta = 20 Tq = 20 Ta = 20
CONDITIONS
A = 20% A = 20% Td = 10 T4 =_}0 Tq = 10
W = 10 Knots W = 10 Knots A = 20% W = 10 Knots W = 10 Knots




due to TAIR’ TDEN’ wind, and albedo. For each Six-hour
period the total error on ETP, excluding effects of

R errors is:
NET

AETP = AV (AETP)2_ + (AETP)? . + (AETP)Z + (aETP)? [6-27]
t - ta td W a

where (AETP)ta, is error caused by an error in air
temperature

(AETP)t , is error caused by an error in dew

d
point
(AETP)W, is error caused by an error in wind

(AETP)a, is error caused by an error in albedo

To evaluate the above equation we have used
the values of the differentials given in Table 6-7 and
the rms errors obtained. in the error analysis of Ta’
Tdew’ and W. Additionally, we assumed a 5% Albedo
error. The errors for each 6-hour interval are shown

in Table 6-9. The total 24-hour ETP error, exciuding

effect of RNET errors is:

)2

2 2
+\/ P + p + P
£V (ETP)] + (ETP)Z + (AETP):,

+ 1.03 mm/day.

AETP + (AETP)(ZB [6-28]

1l

To this *+ 1.03 mm/day we now must add errors caused by
errors in RNET which essentially include cloud cover

determination errors, atmospheric water vapor errors,
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28-9

ERRORS IN METEOR.

TABLE 6- 9

ETP ERRORS FOR 6-HOUR PERIODS (in mm- 6hr‘—]) .
CLOUDLESS AVERAGE CONDITIONS

ERRORS IN ETP FOR 6 - HOUR PERIOD ENDING AT:

PARAMETERS

09 GMT 15 GMT 21 GMT 03 GMT
ATy =2.3°C (&ETP)yp = 0.150 0.195 0.345 0.241
ATy = 2.6 °C (AETP)qp = 0:208 0.221 0.234 0.229
AN = 4.2 Kts (AETP), 0.350 0.350 0. 350 0.350
AR .= 5% (AETP), = 0.0 0.073 0.335 0.145

Total A ETP for 6-hour period
(mm 6hr™ 1) 0.43 0.46 0.64 0.50




and systematic and random errors of cloud and atmos-
pheric transmissivities. We shall assume that RNET
errors are caused only by solar radiation errors and
negiect (because of lack of observations) errors in
terrestrial radiation which may add or subgtract to the
RNET errors. From our previous analysis of solar
radiation, we determined that solar radiation errors,
and therefore net radiation errors, for average condi-
tions in our area consisted of a systematic component
of +55 ly/day due to our overestimation of atmospheric
transmissivities, and a random component of + 80 ly/day.
At 20°C these errors translate to + 0.65 mm/day and

+ 0.94 mm/day in ETP errors respectively. The random
component of the error can be added as a squared term
under the radical in equation [6-28]1, giving a total
random error of + 1.38 mm/day. The systématic ervor of
0.65 mm/day has the net effect of shifting the total
root-mean-square error of ETP to a range of -0.73 to
2.03 mm/day.

The ETP error range of -0.73 to 2.03 mm/day is
the result of our sensitivity analysis of the Penman
equation to average conditions in the area of interest
and to the range of METRUN errors in its component
parameters. If the Penman ETP were the true potential -
evaporation this range would represent true errors in
potential evaporation. But of course the Penman ETP
does have errors because of its simplifying assumptions

and its semiempirical nature. These errors could be
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determined if we had available concurrent potential
evaporation measurement which, within acceptable errors,
could be taken as "ground ﬁruth.“ The only measure-
ments wé have to compare with our ETP are NOAA class A
pan daily evaporations which can not be strictly equated
to ETP. It is generally recognized that the pan evap-

oration measurements (E ) alone are not sufficient

‘pan
for the estimation of evapotranspiration from a vege-

tated surface. The main reasons are:

(1) the pan is located six feet above the
surface -
(2) the heat exchange between the pan and

surroundings does not represent the
actual heat exchanges of the surface
(3) the wind speed at pan level differs from
that at the surface.
The range of errors associated with these problems vary
widely among the sites and a standard range is indeterminable.
In spite of these shortcomings, several researchers
have used CLASS A pan readings summed over monthly
periods to compare with ETP from lysimeter measure-
ments. Stanhill (1958) found that monthly ETP for an
alfalfa plot compared to Eppy by ETP = 70EPAN + 47 (r
= .96). Pruitt and Angus {1961) found that for monthly

averages over rye grass ETP = .79 Ep + .08 {r =.95}

AN

for January through May and ETP = .76 E - .02 {r =

PAN
.91) for July through December. However, it must be

noted that the daily ETP versus EP

AN rel§t1onsth using
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the same data showed a large amount of scatter. An
extensive study (Kohler and others, 1955) of pan evap-
oration errors conducted jointly by the Geological
Survey, Bureau of Reclamation, Navy, and Weather Bureau
at Lake Hefner, Okla., during 1950 - 1951 showed that
appreciable errors arese when using the customary
conversion ETP1ake = 0.7 EPAN’ which does not take 1in
consideration heat transfer through the pan. _The
potential evaporation we seek is of course not over a
Take but over a vegetated surface, nevertheless we can
safely assume that at least similar errors would be
involved if we would straightforwardly convert EPANtO
ETP. The same Lake Hefner study attempted to develop a
universal relation for computing pan evaporation from
meteorological parameters. ETP was calculated by the
Penman equation for 100 days for 20.U.S. stations and
compared to the Pan Evaporation. The aerodynamic term
of the Penman equation which in our treatment of the
Penman equation is 0.35(0.5 + w/]OO)(eS— ea), was
modified in their analysis to (.37 + .004w)(eS - ea)0'88
to best fit lake evaporation data. With the modified
Penman equation they achieved correlation coefficients
wifh pan evaporation ranging from 0.57 to 0.96.

In the METRUN study area, there are over
thirty stations with daily class A pan evaporation.
Observation time is not uniform, approximately half of

the stations take observations at 5 PM, the rest at

various times in the morning. Our initial correlation
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of EPAN to ETP was conducted using first order Weather
Bureau stations which needed no interpolation of meteor-
ological parameters. The three stations available were
Fargo, ND; Sious Falls, SD; and Pickstown, SD.

The pan evaporation observations are made at
6 AM (approximately 1300 GMT) at Fargo and Pickstown,
and at midnight (approximately 0700 GMT) at Sioux
Falls, while the daily METRUN ETP calculations terminate
at 03 GMT (8 PM local time at-105°W). However, this
time misalignment should not cause any problems because
it occurs at night when evaporation is negligible.
Figures 6-35 a, b, ¢ present the comparisons as scatter
diagrams. Approximately 2/3 of the METRUN ETP's are
within +2 mm of the measured pan evaporation. Corvelation
coefficients for Fargo {0.74), Sioux Falls (0.66}, and .
pickstown {0.57) are in line with the co}relations
obtained in the Lake Hefner s£udy, considering that no
effort was made in our ETP method to best-fit the
coefficients of the aerodynamic term of the Penman
equation. Other reasons for the relatively low cor-
relations are:

(1) large random errors due to small samples

(90 days)
(2) non-standard siting and operéting of pans

can lead to significant effects on evaporation
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MEASURED DAILY PAN EVAPORATION {mm}
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Figure 6-35: Comparison of measured daily pan evaporation and
ETP calculated by METRUN during June, July, and
August 1975 at a) Fargo, N. Dakota, b) Sioux Falls, S. Dakota,

and ¢) Pickstown, S. Dakota.
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MEASURED DAILY PAN EVAPORATION {mm)
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Figure 6-35: Continued
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i MEASURED DAILY PAN EVAPORATION {mm)
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(3} pan evaporation is influenced by the
tocal cloud cover, while the METRUN ETP
is calculated using the satellite “"poly-
gon cloud cover” which may span tens of
thousands square miles.

When weekly and monthly pan evaporations are
cﬁmpared to METRUN ETP, there's a corresponding improvement
in the correlation. Table6-10 and Figure 6-36 present
such comparisons. A correlation coefficient of 0.89 is
achieved in the weekly comparisons. Evident in the
weekly comparisons of Figure 6-35 is a tendency for
METRUN to overestimate ETP by about 2 mm per week,
Approximately 2/3 of the weekly METRUN ETP estimates
are within 6.7 mm of the pan measurements.

Correlation analyses of METRUN ETP versus pan
evaporation were also conducted for July for the thirty
stations which required interpolation of meterological
parameters. The majority of the correlations were
between 0.5 to 0.6, slightly lower than the corrélations
obtained for the synoptic stations. The lower corre-
Tations may be explained by the smaller samples {30
days versus 90 days), interpolation of meteorological
parameters, and inaccurate observation times at the
second order c1%matoTogica1 stations.

We then compared the Crop Reporting District

average ETP to the average of E__ , selecting one Crop

PAN
- Reporting District from each of the four states. The

four Districts selected were Nertheast Montana, West
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TABLE 6-10

Comparison of weekiy and monthly pan evaporation and METRUN ETP (in mm)
for the period 1 Jure - 30 August 1975 (Days 152-242).

H

FARGO, ND SIOUX FALLS, SD PICKSTOWN, SD
JULIAN DAYS PAN METRUN PAN METRUN PAN METRUN
152-158 39 49 52 57 47 a8
159-165 24 35 36 36 32 35
166-172 40 38 43 47 46 36
173-179 | a2 42 19 63 56 64
180-186 R * 67 61 62 67
187-193 43 61 58 63 53 55
194-200 60 75 83 83 70 66
201-207 49 ag 60 64 57 54
208-214 63 70 | 63 66 58 59
215-221 55 61 56 65 58 - 58
222-228 44 53 45 a1 42 35
229-235 28 34 37 33 30% 2%
236-242 44 46 42 39 5 40
JUNE 124 163(+13%)| 204 225(+102)| 199 203(+2%)
JULY 231 266(+15%)| 308 304(-1%) | 276 271(-2%)
AUG 184 206(+12%)| 191 188(-2%) | 182 164(~10%)
TOTAL 559 635(+14%)| 703 717(+2%) | 657 638(-3%)

*Week incomplete because of missing pan reports

Because of missing data the following number of days in each month (June,July,
August) were used for each station:

FARGO (27, 30, 30), SIOUX FALLS (30, 30, 30), PICKSTOWN (30, 31, 29)
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MEASURED WEEKLY PAN EVAPORATION {mm}

90 -

80

® SIOUX FALLS,S. D.
O PICKSTOWN, S. D.
m FARGO, N. D.

JUNE, JULY, AUGUST 1375

CORRELATION COEFFICIENT = .089

70 ®
[ ]
| ]
b O
60 - ® |
O .O
- .
Ce
50~ °
O .
O
o n -
® [ ]
. o @
20, a -
@
(8]
30+ C
]
[
20 . T T K] T - T ] ]
20 30 40 50 60 70 80 90

Figure 6-36:

CALCULATED WEEKLY ETP {mm]}

Comparison of measured weekly pan evaporation and ETP
calculated by METRUN during June, July, August 1975,
at Fargo, Sioux Falls, and Pickstown.

6-92



Central North Dakota, Southwest Minnesota and East
Central South Dakota. Running totals of ETP and evaporation
for the entire period of study (90 days) were calculated
and plotted Figure 6-37a, b, ¢, d}. Percent differences
between the estimated ETP and the evaporation observed
were small, both on the weekly level and for the entire
pariod. The differences ranged from less than 1

percent in West Central North Dakota to about 7 percent
in Northeast Montana. Weekly differences were within #
10 percent in all but two cases, both of which contained
one or two missing observations.

METRUN ETP overestimated pan evaporation in
three out of the four caseé. The exception was East
Central South Dakota where reports of extremely high
evaporation were common during the entire summer.

It is evident from our error analysis that
estimations of ETP can .be improved considerably by 1)
improving our estimates of solar radiation using the
Klein method and iwproved cloud transmission coeffi-
cients, and by 2) deriving best-fit coefficients for
the advection term of the Penman equation from available
reports of pan evaporation, surface observations of
wind, air temperature, dew pojnp, and satellite derived

net_radiation.
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COMPARISON OF WEEKLY CROP REPORTING DISTRICT, PENMAN EVAPOTRANSPIRATION,

TOTAL MM.
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Figure 6-37:

AND PAN EVAPORATION TOTALS FOR JUNE - AUGUST, 1975
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COMPARISON OF WEEKLY CROP REPORTING DISTRICT, PENMAN EVAPOTRANSPIRATION
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7.0 PLANT GROWTH/MOISTURE STRESS DIAGNOSTIC

The plant growth/moisture stress .diagnostic operates in the 12.5 x

12.5 nautical mile cells and utilizes the Precipitation and ETP diagnoses

spread equally into the four cells which survound each of the 25 nautical

mile grid mesh points. The key activities performed include:

{a)

{e) .

7.1

Calculation of "percolation” and runoff utilizing various
approximations and models. The output of this step is a three
Tayer soil moisture profile for the specific soil specified in
that cell. '

Calculation of actual transpiration as a function of crop
phenology. These calculations operate on the soil moisture
profile resident in the file from the previous day. The
output from this calculation is the moisture budget account
balance from the start date.

The results of the ETP and ET calculations are ratioed to

provide a "stress" value.

Moisture Budget Discussion

The basic 5011 moisture budget used in the EarthSat "System"

was developed by Baier and Robertson (1966). The so-called "Versatile

Budget (VB)}" divides the total crop available moisture into several

zones. MWater is extracted simultaneously from different depths in

the s011 profile permeated by the wheat plant roots in relation to

the rate of potential evapotranspiration (ETP) and the available

soil moisture in each zone. The general equation for the Versatile

Budgeting model for calculating daily actual transpiration per zone

ig:
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n $'5(i-1) TP
iy I J i
=1 S.
J
where
ET% = actual evapotranspiration for day i ending at the
morning observation of day i + ]
n
z = summation carried out from soil zone 1 to N
J=1
kj = coefficient account for soil and plant

characteristics in the jth zone
S'j(1-1)= available soil moisture in the jth
zone at the end of day i-1, that is,

at the morning observation of day i

Sj = capacity for available water in the
Jjth zone
Zj = adjustment factor for different types

of s0il dryness curves
ETPi = potential evapotranspiration for day i
W = adjustment function accounting for effects
of varying PE rates on the AE:PE ratio
ET = long-term average daily PE for month

Or season.

7.1.1 Standard Zones

The total volume of plant-available soil moisture in

“the soil profile is subdivided into three zones of varying

capacities (Scap)' The subdivision into zones and the amount

of moisture held in each zone are arbitrary, but three "standard



zones"” have been adopted and contain respectively 5.0, 20.0,
75.0% of the total plant-available moisture in the soil profile.
Because the root distribution differs in depth from soil to
soil, the Tocation of the zones also differs but not the
fractional subdivision of the total available soil moisture.
The'adoption of standard zones makes it possible to use one
set of crop coefficients for a particular crop in any type of
$s0i1, because it is assumed that the uptake of available water
by crops always follows a characteristic pattern that depends
on plant rooting habits. Although the model works with standardized
zones, it is possible, and for comparing soil moisture estimates
with measurements it is necessary, to relate these zones to
depths for specific soil types.

Crop coefficients (k) express the amount of water that
is extracted by plant roots from the different zones during
the growing season as a fraction of ETP. To simulate this
water uptake, the k-coefficients change during the growing
season according to crop developing stages or on a biometeorological
time scale basis. Robertson (1968) developed a mathematical
model that relates rate of crop development to photoperiod and
to day and night temperatures. Only standard climatic data of
daily maximum and minimum temperatures and of day length
avai]abie from the METRUN program are required. Allowance is
made for lower and upper critical 1imits and the optimum value
of each of the three environmental factors. Daily rates of
progress toward maturity, calculated by means of the model, is

integrated to give a biometeorological time scale.

7-3



In comparisons between obgerved and estimated soil
moisture under non-irrigated crops, Baier (1969a) found that
during drought periods plant roofg absorbed from the Tower,
relatively moist layers comparatively more water than they did
in a uniformly moist soil profile. This adjustment by plants
1s_simu1ated in the VB by distributiﬁg the k-c?efficients for
the upper zones, wﬁere water is no longer or iess readily
available, over the lower zones, where water is still available
{n proportion to the assumed vertical root distribution. This
adjustment is introduced betwéen emergence and jo{nting. The

adjustment takes the form:

m=j-1 _—
T St (i-1)
'. = k., + k. m=1 1T~ m 7-2
k'y =k + k;m - - [7-2]
. - m
where

'k'j = adjusted k-coefficient for the jth zone
'S’j(i-1)= available s0il water in the jth zone
Sj = capacity for available water in the jth zone

For the purpose of this budget, plant-available soil
moisture is considered to be the amount of moisture over the
range from field capacity (1/3 atm or pF = 2.7) to permanent
wilting 15 atm or pF = 42). Contradictory viewpoints exist on
the avéi]abi]ity of soil moisture over this ranée %or»growth
and transpiration. Recent reviews of literature pertaining to

soil-moisture regime experiments (Baier, 1968) suggested that



the relationship between available moisture in the soil and
the ET:ETP ratio still depends on the physical character of
the soil, even though all other factors such as plant physio-
logical characteristics of water uptake transportation and
transpiration, and atmospheric demand as reflected in the ETP

rate, are taken into account.

7.1.2 Soil "Dry Down" Relationships

Eight general relationships between available soil
moisture and the ET:ETP ratio are shown in Figure 7-1. The
decision as to which curve to use was based on the soil charac-
teristics of the region under study. In the Great Northern
Plain area, 3 predominant soil classes were identified and
dry-down curves associated with each. For soil categories 1,
3, and 4, the assigned dry-down curves were D, A, and D
respectiye]y.

Broad guidelines for the curves used in this project
are given below. Type G, although not used, is included since
most previous EarthSat use with the Baier model used this

curve.

Type A. Water is equally available to plants for evapotranspirafion
over the range from field capacity to permanent wilting.

Viehmeyer and his coworkers (1956) proposed this concept.

This hypothesis is probably acceptable for many sandy soils

that are well permeated with roots and also for soils under

irrigation when a moisture content close to field capacity is
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Fig. 7-1: Various proposals for the relationships between AE:PE ratio and
- available soil moisture (after Baier and Robertson, 1966).
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maintained throughout the growing season.

Iype D. Several researchers have held the view that soil
moisture is almost equally availabie to plants up to a point
where the demand rate for a particular evaporation condition
exceeds the supply of water to plants from the soil. Beyond
this point, the ET:ETP rat%o decreases sharply with decreasing
soil-moisture content. Type D assumes no reduction in the
ET:ETP ratio over the range of available so?i moisture from
100% to 70% (Type D). Beyond these 1imits the ET:ETP ratio
declines rapidly with drying of the soil after an exponential
decay form relationship. When the moisture content is extremely
low, water movement is very slow and takes piace only by
diffusion, mainly from the dry surface layer. The range which
moisture is readily available depends on the moisture release
characteristics of the soil (Holmes and Robertson, 1963). The
relative transpiration rate declines in a clay soil at a
higher available soil-moisture content than in a sandy soil
where the actual transpiration rate is close to the potential
over a huch wider range of soil-moisture content {Gardner,
1960; Gardner and Ehlig, 1963; Mariatt et. al., 1961; Denmead
and Shaw, 1962).

Type G. This relationship assumes no reduction in the ET:ETP
ratio over the range from 100% to 70% available soil moisture
and a 1inear relationship over the range from 70% to 0%. This
type was used -by Fitzpatrick et. al. (1967). From a comparison
of observed soil moisture with estimates obtained from the VB

using five types of relationships, Baier (1960b) concluded
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that Type G would have given best results under the local
experimental conditi?ns where we?l»esta§1éshed grass was grown
in Matilda loam soil. Use of Tyﬁe G is recommended as a first
app?oximat?on in most medium-textured, nonirrigated soils.
’ Stanhill {1957) concluded from his literature review
that the intensity of the evaporating power of the atmosphere
must aiso be considered in analyzing the relationship between
scil—msistére status and plant growth. Several authors have
shown that the effects of the atmospheric demand rate must be
accounted for {Holmes and Robertson, 1963). Denmead and Shaw
'(f962} demonstrated this experimenta11y in container studies
with corn plants. In the VB, the term 9-101w(ETP§—ETR) accounts
for effects of varying daily atmospheric demand rates (ETP%)
on the ET:ETP ratio as'a fﬁnttion of available soil moisture.
From a graph given By‘Shaw (1964} a regression equation was
developed by Baier that estimateg ﬁ%th sufficient accuracy
(r = 0.87) the value of w from the soil-moisture stress occurring
on the preceding day:

$3(i-1)

w= 7.97 - 0.11{ 100, ~———r [7-3]
Sj

To account for water 1gsses through runoff, if applicable,
a simplified fe?ationship between soil moisture in the top
zoﬁe, daily precipitation total, and runoff is included in the
VB. On days with P < 1.00 inch, the total amount of precipitation
is considered to infiltrate into the soil. On days with P>

1.00 inch, runoff is estimated from equation [7-4]:



Runoff; = RR, -1 ' [7-4]

where: I = amount of water infiTtrating into the soil

Sl
= 0.9177 + 1.811 Tog RR; - 0.0097 Tog RR; g!f-ll 100 [7-5]
J
RRy = rainfall in inches for 24 hr. ending the morning of
" day i+
Sj{i-l) .
100" ——— = available soil moisture in percent of
S .
J

capacity (Sj) in the top zone at the end

of day i-1.

Equation [7-5], taken from Linsley, Kohler, and Paulhus
(1949), gives the amount of water infiltrating into the soil
as a function of 24-hr precipitation total and soil-moisture
content in the top zone before the day with precipitation. A
1eve1'soil surface is assumed. Daily runoff is Tisted in the
output of the VB program.

It is assumed in the VB model that the water infiltrating
into the soil recharges the moisture content in the top zone
to its field-capacity value and that the remaining water
infiltrates into the next zone and so forth until either all
infiltration water is used up or all zones are brought to
capacity. Drainage is obtained on days when the precipitation
exceeds the total of ETP, runoff, and the sum of moisture

deficits over all zones.
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7.2 Biometeorological. Time (BMT)

Thé moisture budgeting routine includes by necessity an
estimation of the phgno1ogica1 events,'ile., a crop calendar. The
procedure used by the EarthSat "System" was developed by Robertson
(1968).

The biometeorological time scale {BMT) for wheat -and other
perea]s uses day and night temperatures and photo period. ;The
phenological events estimated by BMT for wheat include:

* Emergence (E) - the date when a specified plant density

can be seen. ’

. Jointing (J) - the earliest date of the first internode
elongation. (This stage usually occurs just prior to the
appearance of the 5th leaf.) '

* Heading (H) - defined as the stage when the base of the
Head reached the same height .as.the base of fhe shot
blade. _

. Soft Dough- (S) - the stage at which the kernel can be
easily deformed but no "milk" or liquid appeared under
pressure. |

.* Ripe (R) - when the kernel can ﬁo Tonger be deformed by
finger pressure, but could still be cut by fingernail
pressure.

Marquis wheat was used in the tests by Robertson which were conducted
over extended periods in Canada and Argentina.

The fing] model is a triquadratic equation which relates the
daily photoperiod and the daily maximum and minimum temperatures to

plant maturity from planting (must be specified):
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where
L is daily photoperiod

T is daily maximum temperature
1

T s daily minimum temperature
2

and a , @ , a , b, etc. are characteristic coefficients.
0 1 2 0

7.3 Initialization for the 1975 Season

Since the system start date was after the normal ptanting
period in most regions, accurate assessment of the status of each
cell; as of the start date, was essential. Three critical parameters
are planting date, soil moisture levels, and estimation of stress -
that had been experienced from planting to the start date of 1
June. Since the model is iterative, initial errors will be propagated
throughout the entire growing season. While the magnitude of these
errors have not been determined, the qualitative effects can be
estimated.

Since planting is a discrete event, it can be aceurate]y
measured. The data used this year were supplied by the U.S. Department
of Agriculture and were in the form of mean planting dates by crop
reporting district. The dates ranged from late April in southern
South Dakota to late May in Montana and North Dakota. On average,
planting was delayed by 2-3 weeks due to heavy spring rainfall.

More difficult to assess is fhe amount of stress experienced
by each cell from planting to 1 June. The yield relationship in

this project defines yield as a function of planting-ripe average
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daily stress. Thus for each cell, esfimates of the dates of
signifibant phenological events were required where these events .
occurred prior to 1 June. In Montana and North Dakota, almost all
areas were at or before emergence. Minnesota was éetimatee to be
between emergence and jointing. For'thenmost part, South Dakota
followed the same pattern as Minnesota, however, the southern crop
districts were past jointing. In order to estimate stress, soil
hoisture-profiles at planting were generated using NOAA soil moisture
measurements. Combining these data w1th observed weather, historical
weather and historical dates of the phenological events, it was °
p0551b1e to estimate changes in the soil moisture profile and,
consequently, derive a stress value for each area. This process
was repeated for each crop reporting district within the study area
and epread to, each cell within the respective crop districts.
Equally imporfént and directly following from the'stress

estimation were assessments of the growth stage of eaEh'ce]1 as of
1 June. Sﬁnce the BMT calculation is of daily change, initial
growth stage errors would cause a shift of the growing season. The
tim%ng of meteorological events with respect to plant growth stage

is critical, and thus a shift of an event, especiaily ehen near a
change in growth stage, can have a large effect. In this project
the average historic Tength of the_interval within which 1 dJune
fell was divided into the number of days from the start of the
interval or growth stage to 1 June given a fraction between 0and 1.
Using the intervals defined in section 7.2, 0 - planting, 1 -

emergence, ..., 5 - ripe, this fraction is added to the value of



the preceeding event. This procedure was repeated for every crop
district, and spread to each cell within the district.

Measurement of the soil moisture profile is a more complex
problem. Soil profiles obtained within the same field will vary
significantly from each other. The source of the data used for
this project was provided by NOAA (Dr. Richard Felch). Data were
provided for starting soil moisture as of April 5th and May 3rd.

As the closest to the model start date of T June, the May data were
used. These data indicated that Minnesota and most of North Dakota
were at capacity in each soil type. The western and central crop
districts appeared to be close to capacity with the remaining areas
at or below 50%. Similarly. South Dakota ranged from about 75% in
the northeastern area to 25% in the southcentral district. = Figure
7-2 presents a map of the starting soil moisture percentages as
assigned to each cell within the district according to local soil
categories. That s, total soil moisture for a cell was obtained
by multiplying the Crop Reporting District's percentage times the
capacity of cell's soil type. The resultant total moisture was
further allocated to each layer on the basis of the 5,20, and 75%

standard zone definition discussed in section 7.1.1. °

7.4 Plant Growth/Moisture Stress Diagnostic Error and Sensitivity

Analyses

Evaluations of the errors and sensitivity associated with
the 1975 operations of the EarthSat “System" Plant Growth/Moisture

Stress functional element requires separate evaluations of the Baier
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VB model and its sub-elements as implemented and the Robertson BMT
model as implemented. The basic mathematical discussions associated
with each of these models has been presented in Sections 7.1 and

7.2 respectively. The following sections will examine the relation-
ship between the ground observational data at the USDA sites including
the neutron probe data acquired under subcontract, USDA gravimetric
data at selected sites, and crop growth stage estimates. The
evaluations of the soil moisture profiles and actual transpiration
(ET) will be limited, in part, by the available ground data and its

inherent lack of representativeness.

7.4.1 Growth Stage (BMT) Evaluations

The Robertson (BMT) model, as described in Sectjon 7.2
and as implemented in the EarthSat "System” in 1975, provides
growth stage estimates in each 12.5 x 12.5 nautical mile cell
for each day of the 1 June - 30 August test period. Growth
stage observations were collected from 7 of the USDA ground
truth sites. The growth scales used were not the same,
however, so we have made an attempt to equate them. "The best
estimate is shown in Table 7-1. Once comparable scales were
estabTished it was a rather straightforward procedure to
evaiuate the errors.

Assuming that our scale match (Table 7-1) is correct we
used the USDA field reports to define the percentage frequency
of fields in each growth stége. The median "site" growth
stage was derived from these distributions. BMT = 2 {Jointing),
BMT = 3 (Heading), and BMT = 4 (Soft Dough) were used for the .

evaiuation since these stages are critical to the soil moisture
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CTABLE 7-1

BMT/USDA GROWTH STAGE COMPARISONS

BMT PLANT
PROCESS

Not Planted -1
Planted - No Emergence 0
Emergence 1 Shoot

: Extension
Jointing -2
Booted (2.5 est.)
Budded
Heading 3
{Flowered) (3.2 est.) Flowering

(Pollination)

Soft Dough 4 Fiiling
Ripe 5
Harvested =1

USDA

W =2

~f w P

O o

Not Planted’
Planted - No Emergence
Emergence

~

Tillering Pre-Boot
Booted

Beginﬁing to Head
Fully Headed or Flowered

Beginning to Ripen
Ripe Mature '
Harvested



budgeting and yield evaluation. The median day was defined
from the Julian days (J-day) of the USDA ground observations.
The comparisons are summarized in Figure 7-3. Interpolation
was used to determine the date of occurrence of the BMT = 2, 3
and 4 J-days. Two sites did not report any spring wheat,
i.e., HiTl and Glacier, while Polk and Hand did not provide
enough reports to estimate each of the three phenology events.
While the small sample size precludes definite conclusions,
two observations can be made about to the BMT model's performance.
First, taken as a group, the error level is well within an
acceptable range with an average absolute error of 3.4 days.
Seconaly, there may well be a systematic error in the model.
Tonle and Liber?y composite values were similar (in terms of
error) throughout the season with the predicted BMT values
ruaning ahead of the observed, i.e., the clock was "fast."
Similarly, the three North Dakota sites (Burke, Williams, and
Divide) had simifar responses initially behind predicted BMT
but eventually were ahead of it. The two observations for
Harid show that the model is behind observed data, i.e., the
clock is "slow" in both cases. An analysis of reported
planting dates does not support attributing the Montana and
South Dakota errors to error in pTantiﬁg date. Additionally,
the relative change observed in the North Dakota sites suggests
that the model may not adequately‘respond to certain temperature
situations. A1l of this presumes, of course, that the reported
observations are "truth" and do represent the growth stage of

the spring wheat test site. Prior tests of the Robertson
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7.5

model over 66 location years of data in North Dakota Feemed to
suggest that BMT = 2, 3 and 4 were +9, +5, and -1 days respectively
from the observed. The Robertson modél does not consider soil
moisture level which does appear to be significant, e.g., some
years with slow growth were moisture deficient, while those
with rapid growth showed a tendency for "normal moisture."

In conclusion, it appears that the model is working
adequately and does give a reasonable estimate of plant growth
stage. The System Sensitivity evaluation for BMT (Section 9}

will examine the model in light of the observed errors.

ET Error Analysis

A critical function of the AGRUN subsystem is the accurate

estimation of daily evapotranspiration (ET) in each I,J.K cell

within the study area. ET serves a dual role in that it measures

the daily change in the plant-available soil moisture profile as

well as being used to assess yield when through a ratio with ETP.

Figure 7-4 shows a schematic of the Plant Growth Model which illustrates

~

the interrelationships between calculated and observed variables.

The feedback nature of the model makes accurate estimation of ET a

necessity since errors will be propagated through time.

7.5.1 Qverview of Analysis

ET can only be evaluated as it relates to changes in
the soil moisture levels since the neutron probe data oniy

provides the net change in soil moisture between measurements.
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The ET calculated by the Baier VB mpde1 in the "System" uses
the METRUN ETP and precipitation estimatés which are area not
point astimates. The calculated soil moisture thus may have
errors associated with the area aggregates. Because of these
uncertainties our ET error analysis emphasized evaluation of
each of the key components of the ET calculation. The basic

equation for ET (discussed in Section 7} is:

.3 W(ETP - ETP)
EfT =z DC; . K; . ETP . @ £7-7]
j=1 11
whére
Dci = Sj(i-1) Z3
5]
It directly follows that
= - + I [7—8]
SM; SM1_1 ET;

where I is the amount of infiltration of rainfall (usually
equal to the rainfall but reduced by runoff in instances of
large rainfall amounts). The ET evaluation thus should best
coﬁsider each component of in equation [7-7]; and include
effects of ETP errors, precipitation/infiltration errors and
starting soil moisture Tevel errors. In order to reduce the
number of variables being examjned and place emphasis on the
most significant ones it was assumed that the random error

associated with ETP would cancel out the impact of the atmospheric
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' -.0Tw{ETP4-ETP)
adjustment factor e i [7-9]

The major terms evaluated therefore -were the crop rooting
coefficients. The neutron. probe -and ‘gravimetric data were
considered "truth" in spite of the known problems with each of

these techniques of soil moisture measurement.

7.5.1.1 Dry Down and K-Coefficient Evaluations on ET

The importance of the dry-down curve component,
DC in equation [7-7] was stressed at the project Mid-
Term review and thus a primary emphasis placed on
evaluating this component. In the 1975 test'the A and
D dry-down curves were used (see Figure 7-1). During
the initial evaluation phase, prior to the interim
report, several comparisons of reported soil moisture
Jevels with predicted levels indicated that the D curve
(used in type 1 and 4 soils as defined in Section 4)
tended to be overly restrictive, i.e., a.greater amount
of moisture predicted less change in total profilé than
observed. As a result of these observations, and the.
discussions held during the interim review, a third new
"dry-down curve was developed in which moistﬁre is freely
available to the 35% capacity Tevel and then is restricted.
This curve lies between the E and F éurves in Figure 7-1
and is referred to as the E-normal curve.
The rooting coefficients, i.e., K-coefficients,
.are an integral element of the VB model retating closely

to the dry down. Several sets have been derived by Baier
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- over the years. Two sets are shown in Table 7-2. The
newest of the set of coefficients were substantially
different from the set used in the 1975 operational
test phase. Consquently, since these coefficients are
very important it was felt that the error analysis of

ET should include an evaluation of each set of coefficients.

7.5.2 Methodology
Upon receipt of the neutron probe final reports from

Montana State University and North Dakota State University, a
data file was constructed which would permit repetitive
processing of the Plant Growth Diagnostic model on each I,J,K
cell containing a repdrting intensive test site. The Agronomic
Season Master File (descéibed,in Section 5) contains, in
addition to the variables describing plant status and history,
the daily weather paraﬁeters used %n the plant model: maximum
and minimum temperatures, potential evapdtranspiration (ETP),
and-ﬁrecipitation.' These variab?es‘werg extracted for each

study cell and merged onto the test site file.

7.5.2.1 Point to Area Precipitation Eva]uétions

Since the neutron prope and gravimetric
ana]ysig are‘point measurements, any error analysis of
ET using these data is meaningless unless the rainfall
at the I,J,K cell level is representative of the actual

rainfall at the probe sife. In an attempt to assure
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STANDARD
ZONE

1
2
3

e

R-P

.60
.20
.00

TABLE 7-2

OLD COEFFICIENTS

E-d

.55
.30
.00

NEW COEFFICIENTS

.40
.33
17

7-24

J-H

.40
.35
.15

.40
.40
.25

45
20

.40

130

S-R

.45
.35
.10

.40
.50
.25



representative rainfall field gauge reports from the
USDA Ground Truth sites were qsed to provide rainfall
estimates at each of the test sites. Five gauged
fields within each test site were selected to provide a
reasonable spatial sample of the test site. The
rainfall amounts for the sample fields numerically
averaged to derive an estimate of precipitation for the
probe hole site. Variations between gauge readings
within a site ran as high as 3mm in a 1ight (<12.5mm)
event and 12.5mm in heavier amounts (>25.5mm}.

Merging the derived site rainfall estimates
into the test site archive file created a data base
which could be repetitively processed using differing
combinations of dry-down curve, k-coefficient, or
rainfall event. In the analyses the soil moisture
budgeting model was initiated on the date of the first
probe measurement in the June 1st to August 30th time
interval using the moisture level observed on that
date. For the neutron probe data, volumetric readings
were available which permitted the estimation of the
1/3 bar to 15 bar moisture capacity at each site.
~ Since the readings gave capacity in layers (0-10cm, 10-
25¢cm, 25-40cm, 40-60cm, 60-100cm) it was possible to
estimate the capacity values in terms of the 3 standard

5011 zones used by the Soil Moisture Budgeting model.
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For each probe site used, the growth model was
run in 12 operating models iqc1ud1ng 3 different.dry-
down curves, 2 sets of k-coefficients, and 2 sets of
precipitation readings. The model operated from the
date of the first probe measurement, using observed
s0i1 moisture readings as a start point, through to
the end of the season. On the dates corresponding to
probe readings subsequent to the first, the two soil'
moisture readings observed and predicted, were obtained.
For each of the 12 modes, an error histogram was constructed
by calculating the differences between observed and .
predicted readings. No corrections were introduced

after model “turn-on."

7.5.3 Analysis of Results

The composite error histograms for all 12 operating
m&des are shown in Figure 7-5; positive errors indicate that
the soil moisture levels measured by the probe were greater
than the model predicted, negative results mean that the soil
moisture levels measured were higher than observed. The
analysis of the histograms was based primarily on the median
error value for two reasons. First, the range of values did
not. substantially vary among modes because two or more soil
types were used for each test site. Sand and loam soils were

included in an effort to find a best or most representative
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Figure 7-5: Comparison of Neutron Probe Measurements against Dry-down Curves.
(Measured-Predicted)
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CURVE

E-NORMAL
D-PROJECT
A-SANDY

dry-down curve for the type 1 soils. (It should be noted that
soil type class 1 was used for all the intensive test sites in
the 4-state study area.) Second, it was felt that the mixture

of soil classes might distort the interpretation of an arithmetic

mean.
TABLE 7-3
MEDIAN ERROR RANGES (IN MM.)
METRUN PREC. FIELD PREC.

OLD K NEW K OLD K NEW K

0 to -5 +5 to +i0 -5 to -10 0 to -5
-20 to -25 -15 to -20 -15 to -20 -10 to -15
+15 to +20 +25 to +30 +i0 to ¥15 +25 to +30

Examination both of the histograms and the median error
ranges (Table 7-3) for each mode indicates that the E-normal
curve is the best general approximation of the 3 curves examined
for both models o% precipitation and k-coefficients. The D
and A curves are restrictive and too free respectively in the
soil moisure budgeting process. It is immediately apparent
that, among the 3 variables tested, the estimation of ET gestimates
are most affected by the dry-down curve. The use of
the new k-coefficients causes a positive shift of the median
error of about 5mm from the old k-coefficients. The field
precipitation estimates appear to cause a negative bmm shift.
The precipitation error analysis indicates that the reason for

this is the METRUN tendency to overestimate small precipitation

7-28



amounts and to estimate Tight rainfall amounts where none was
observad.
Within the 4 analytical modes for the E-normal curve,
it is difficult to determine which set of k-coefficients is
best. The sensitivity of the model to the dry-down curve make
the observed changes due to different k-coefficients statistically
insignificant.
Further analysis of ET was conducted using time series
plcts of model versus probe responses (Figures 7-6 through 7-
105. Of particular interest is the fact that each curve seems
to have a lower limit. That is, for a certain dry-down curve
and set of k-coefficients, there exists an effective lower
1imit to the amount of soil moisture predicted for the profile.
Examples of this can be seen in Figure 7-6 (Burke County),
Figure 7-7 (Liberty County), and Figure 7.9 (Williams County).
The 1imit for the E-normal, D and A curves appears to be 17%,
35%, and 0% of the soil capacity respectively. The limit
obseryed by the neutron probe samples, as for exampie in
Liberty County, Montana (Figure 7-7) should define the type of
dry-down curve for that soil. At the Liberty site a curve
that is 1imiting after 90% might be best.lf
Using the same test criteria, comparisons were made
against the gravimetric analysis readings shown in Table 7-4.

The major reason for evaluating this data separately was that

1/ The moisture release characteristics of soils is a function of texture,
and may be, in part, related to the presence of stones, local compaction.
etc. Liberty has large stones visible on the surface.
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Figure 7-7: Liberty County Comparison.
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Figure 7-8: Hill County (2) Comparison.
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the measurements were taken only at the significant growth

stages which meant that in 3 of the 4 sites only two readings

feil with the June Ist to August 30th model interval. Consequently,
for the North Dakota and Montana sites, only one error measurement
was possible. These data are summarized in Figure 7-]] which

has the same format as the error histograms derived from the

neutrcn probe comparisons. For each site, two probe measurements

were used.
TABLE 7-4
USDA GRAVIMETRIC DATA
Soil No.
Burke, N.D. 75ND-13-3 and 75ND-13-4
Divide, N.D. 75ND-23-1 and 75ND-23-2
Hand, S.D. 7550-30-2 and 755D-30-5
Giacier, Mt. 75MT~35-1 and 75MT-35-2

The start point was taken to be the soil mositure amount
measured at heading distributed using the 5%, 20%, 75% standard
layer concept discussed above. Comparisons were made between
predicted and measured soil moisture Tevels at the Dough

Stage.

The size of Phe data set prevents any significant
conclusions to be made. However, jin comparison to the neutron
probe data for the Montana and North Dakota sites, the Heading
measurements are of the same magnitude. However, uniformiy,

the gravimetric ana]ys%s readings for Soft Dough are substantially
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below corresponding neutron probe levels. Correspondingly,

the “best" mode approximation to the data appears to be the

sandy dry-down curve.

7.5.4 Errors as Applied to the 1975 Season

A major guestion which is yet unanswered is the impact
of the D-curve selection for ali type 1 soils for the 1975
season. A complete answer to this question would require more
exact knowledge of the actual dry-down curves everywhere in
the study area. However, a partial answer was attempted by
growing four sites (Ni]]iéms and Burke in North Dakota and
Toole and Glacier in Montana) from June 1st, with the estimated
start soil moisture conditions and capacities. Comparisons
between the D and E curve estimates could then be made for
those dates having neutron probe reaﬁings. These data are
showr in Figures 7-12 through 7-15. ‘It appears that Williams
County (which started at 75% of capacity) experienced higher
average stress due to the use of the D-curve instead of fhe F-
curve. A s?mi1ar situation appears in Glacier County. Conversely,
both Toole and Burke appear to have been adequately represented
by the D curve.

In summary, the use of any one dry-down curve will
introduce some error. The analysis reported in Section 7.5.3
indicates that the E-normal dry-down curve in conjunction with
the old k-coefficients gives as good a representation of ET as
can be expected. The error histograms. indicate that without

specific Tocal knowledge, the probable instantaneous error

7-37



*SUOLILPUOD J4els 309[04d BuLsn $9AUND 128fouad~-Q ,vcm [eusiou-3
WOJJ PIALJID S|3AS] dJnjsiow {i0s 03 sBuipesd 8qodd-uoanayN 40 uostaedwo) :gi-z a4nbid

1
250
1

" _
u .
3 m \ .
S o S .
< 2 & DS } B
= =@
< = Sk /
D £> ;e
v 3 8
u; =, \
! " \
: ~
| 8 | i
~ /
e /
L4
o /
m {
3 !
2
=
(=]
lm“ =
0 =
-5
. Q
| 1 T 2 T ] T
2 2 3 @ i e 2 e
- -

T [ww) 3HNLSION 1HOS {'ww} 3YNLSION 7108

250

230

210

190

170

150

JULIAN DATE

WILLIAMS COUNTY, NORTH DAKOTA
" [PROJECT START CONDITIONS]

7-38



"SU011LpUu0od 14e1s 308fodad Bursn saA4nd 208foud-g pue |BlJOU-3
WOUJ PRALADP S12A3{ a4anasiow | 105 01 sBulpead 3qoud-UO4INBU 4O UOSL.eduwio)

E-NORMAL
NEUTRON PROBE

IS0 =

100 —f
50

{wuw) 3JYNLSIONW 1108

259

230

210

190

170

150

JULIAN DATE

D-PROJECT

NEUTRON PROBE

11~ d4nBLy

150 —

100 —
50

(*ww) 3YNLSIOW 1108

250

230

210

190

170

150

JULIAN DATE

GLACIER COUNTY, MONTANA

[PROJECT START CONDIT!ONS]

7-39



SOIL MOISTURE {mm.}

SOIL MOISTURE (mm.)

150

100

50

is0

100

50

- — = E-NORMAL
e NEUTRON PROBE

150

T T T 1
170 - 190 210 230

JULIAN DATE

— === 0-PROJECT

NEUTRON PROBE

250

150

¥ T 1 1
170 . . 199 210 230

JULIAN DATE

TOOLE COUNTY, MONTANA
[PROJECT START CONDITIONS]

7-40

250

REPRODUCIBILITY
ORIGINAL PAGE I3

isture levels derived from

%)}
=
(=}
-
4
—
o
o
Q
o
4
p .

Qs

g2 4+
[}

—

e

[=]

[54}

=]

4

wn

=}

=

-_r—

E-normal and D-project curves using projec

Comparison of neutron-probe read

Figure 7-14:

OF THE
POOR



— — — E-NORMAL

NEUTRON PROBE

“SUOLILPUOD J4e]S 193f0ucd Buisn saAIND 109L04d-0 pue [BULLOU-3

WOAJ PBALASP S|3AS| 34N3SLOW JLOS 03 sBulpead 2godd-uouainayu 4o uostdeduo) :GL-/ dunbLd

180 —

100 -
50

(W) 3UNESIOW 1108

L4
ur
N

230.

210

190

170

150

JULIAN DATE

— -~ = O-PROJECT:

NEUTRON PROBE

150 —

100 —
50

(W} 35ISION T0S

250

230

210

190

170

150

JULIAN DATE

BURKE COUNTY, NORTH DAKOTA

[PROJECT START CONDITIONS]

7-41



range for estimation of the total profile will be on the order
of + 25mm. The time series graphs indicate that in several
cases an ervor level is reached fheh ﬁaintained, neither
increasing nor decreasing. Thus, the impact of fﬁe wrong
curve.selection will be most evident when the soil is in a
drying phase. If the moisture drying—fi]]iné cycle is repeated
over time, the ef%ect on average stress can be significant.
Assuming that this cycle happens once, the inherent stability
caused by the. feedback natufe of the ET-SM model clamps the
error and reduces the effect on the average stress to the
equivalent level of about 2.5 - 3.5 bu/acre for those sites
represented by the wrong curve. The aggregate error will be

substantially less.

. 7.6 Start Condition Ervor Analysis

Since fhe Jdune 1st start date for model processing was after
planting for all Crop Reporting Distr{cts (CRDs) in the study area,
the estimation of the start conditions, including both soii moisture
--and plant growth parameters, was of major importance. As was seen
in the discussions on EMT and ET, the model is an additive feedback
syétem. This means that initialization errors will cause offsets
which will affect every day thereafter. The BMT model estimates
daily change in growth stage based on the stage at the beginning of
the day. Hence an initial error will systematically bias the
growth stage estimates for ihe remainder of the season. Similarly,
since the yield model .used in this project is based on.pTanting;to-'

ripe average stress, the effects of érrors in estimating pre-June
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1st moisture stress will vary with. the magnitude -of the error and
the Tength of time the assumption was made for.

In this project, there were two factors of prime concern..
First, the best soil moisture measurements available for the estimation
of the June Ist soil moisture profiie were the May 3rd Palmer
analyses supplied by NOAA. These estimates were applied without
change. Second, as of June 1st most of South Dakota was past
emergence and three CRDs were at or past jointing (Central, South
Central, and South East). Thus, estimates of pre-~June 1st moisture
stress would carry significant weight in the final yield estimates
for these areas. Analysis of the validity of the initialization
assumptions 1is therefore'necessahy: ~

The method used was essentially the same as in the ET error
analysis. Specifically, fifteen Cooperative Climatoiogic Weather
Stations ir the four state aréa were selected and the four necessary
weather parameters extracted (i.e., temperature maximum and minimum,
precipitation, and pan evaporation for ETP). While many stations
report temperature and precipitation data the determining factor in
station selection was the availability of these data and pan evaporation
from May 4 or as close to that date .as possible.. These data were
entered into a data base and the Plant Growth Model run on the data
beginning on May 4th using May 3rd 56j1 moisture and USDA planting
dates. An assumption was made of a type 1 soil (175mm) and E-
normal dry-down curve. The last day processed was May 31st‘and the
cell status at the end of that day provided a basis.for comparison

with the start condition estimates.
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A tabular Tisting of selected results of the comparative runs
is shown in Table 7.5. The columns headed "est." show the start
condition estimates used in this proaect. The co1umns headed
"model" - T1st the results derived from the Plant Growth Model run or-
the co-op stations. The results of the analysis are given on a

state by state basis below.

Montana'

Four co-op stations from 3 CRDs were processed. BMT comparisons
in this state were not available. Examination of the soil moisture
-estimates showed a T?ximum error of 12mm or 6.8% of the total
profile. This is well within acceptable tolerances and below the
expected error resulting from the use of a generalized dry-down
curve. Move significantly the estimated stress was substantially
below.measured. The net effect of’this‘error Qou1d be to raise
planting-to-ripe average stress by about 0.035 based on ;‘90 day

growing season.

North Dakota

Four co-op stations were grown in four crop reporting districts
(WC, SE, NW and NE). BMT comparisons were available at Williston
and Langdon. The WiiTiston_efror was insignificant while the
Langdoﬁ error correspbnded to about a 3 day'efféct. The so%]
moisture errors remained in the acceptable area, ranging from 20mm
in Williston to 2mm at Dickenson. The siress errors fo; Williston
and Dickenson were high, but offset by the fact that the error was

nade for oniy two days. Riverdale and Langdon estimates were much
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TABLE 7-5

COMPARISONS OF ESTIMATED AND PLANT GROWTH MODEL RESULTS
FOR MAY 31, 1975

STATION (CRD) BMT SOIL MOISTURE AVG. STRESS ND
{of a 175mm Profile)
EST. MODEL EST. MODEL EST. MODEL
Tiber Dam Mt, (NC} 0.70 NA 89.05 77.73 0.30 0.71 7
Ft. Assinniboine,

Mt. (NC) 0.70 NA 89.05 97.17 0.30 0.72 7
Ft. Peck, Mt. (NE) 0.82 NA 52.01 53.50 0.30 0.79 9
Huntly, Mt. (C) 0.70 NA 170.81 158.86 0.30 0.52 7
Riverdale, ND (WC) 0.45 NA 175.00 158.18 0.40 0.52 6
Dickenson, ND (SW) 0.09 NA 160.8 158.563 0.40 0.80 2
Williston, ND (NW) 0©.09 0.13 131.21 111.80 0.40 0.78 2
Langdon, ND (NE) 0.73 1.07 120.94 105.39 0.40 0.21 9
Redfield, SD (EC} 1.75 1.97 144.84 132.76 0.50 0.53 28
Oral, SD {SW) 1.50 1.27 83.10 78.18 0.50 0.58 18
Lake Sharpe, SD (C) 1.95 2.03 98.00 76.75 0.50 0.86 20
Shadehill Dam, .

SD (W) 0.70 1.31  115.69 96.03 0.50 6.77 17
Oake Dam, SD (C) 1.95 1.88 98.00 81.71 0.50 0.57 28
Sioux Falls,

SDh {SE) 2.05 2.12  109.37 79.72 0.50 0.66 28
Lamberton, MN (SW} 1.81 2.07 175.00 131.86 0.30 0.62 28
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closer with the Langdon error causing -a net rise of 0.02 in average -

stréss based on a 90 day season.

South Dakota

Becausé of the advanced growth stage of South Dakota at modeT
start, six stations in five CRDs were examined. Comparative
analy$is shows basic agreement, with errors corresponding to a day
or two at worst. The one exception appears to be in the Shadehill
Dam area where the error corresponds to a lag of about 6 or 7 days.
The soil moisture follows the pattern seen in Montana and North
Dakota.. The model profiles tend to be drier than estimated. The
bulk of the errors fall in the 10-20mm range. Sioux Falls shows a
30mm.drying pattern. Of additional concern, especially because of
the growth stage, is the stress comparison. Using the model
measurements as ntruth" the effects on average stress vary from

0.01 in Redfieid, 0.08 at Lake Sharpe, to 0.05 at Sioux Falls.

Minnesota

Only one co-op stq;ion met the data requirements. in Minnesota,
Lamberton in the Southwest CRD. The BMT error was small, about 2
or .3 days. The soil moisture error-was more than 40mh, or 25% of
capacity.-'SimilarTy, the stress estimate was 1oﬁ for this area

resulting in an understatement of average stress by about 0.10.
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8.0 YIELD FORECASTING EVALUATION

The operational portion of the EérthSat 1975 test was conducted in
the period from early June until the end of August. During that testing
period, all efforts. were directed to setting up and implementing the
"System” over the four-state, upper Great Plains test region. Yield
forecasts were prepared beginning on 7 June 1975 and were continuéd at
two-week intervals for the entire season. The yie}d mode1’used in that
time had been previously developed for North Dakota. The "future
weather” part of the yield forecast was the simplest possible, i.e.,
persistence where the (average) future is the same as the (avenége)
past. The results of this North Dakota mode] test and subseQuent
regional and procedural adjustments will be the subjeét of evaluations

discussed in the following paragraphs of this section.

8.1 Background and General Problem

The basic objectives of the EarihSat "system" approach to
yield forecasting are .contained in two words; i.e., sensitivity and
explicitness. Can we achieve accurate yield forecasts for various
geographical regions of the world with minimum regression coeffic-
jent adjustments? Can we "explain" and even see, through the use
of repetitive remote sensing techniques (}.e.m LANDSAT) the mani-
festation in the plant of our prediction?

The large area regression épproach, which has been employed
réasonany successfully over the past two. or three decades and most
recently was used by McQuigg in the NASA/USDA/NOAA Large Area Crop
Inventery‘experiment, has basic 1imitations that impact achievement

of the objectives stated in the previous paragraph:



a. They are fully data dependent in that they represent a

sample draw from a unique environment and a constantiy
- changing climate.

b. The relationship between cause and effect are obscure
because the large area regression models do not specific-
ally examine physiological interactions between the
environment and the plant/soil system.

c. The spatial variations in nutrients, soil water charac-
teristics, etc. are handled implicitly in the historical
yield data and as such cannot represent specific varia-
tions in these cause and effect factors.

The EarthSat "system" has made a significant breakthrough in
the one area that has truly limited the opportunity for weather
yield models to examine new approaches. The EarthSat "system"
weather diagnosis provides accurate weather data on a grid interval
that has heretofore been impossible to obtain. The availability of
such déta permits an assessiment of the environment that drives
plant growth and influences yield via its influence of the physio-
1ogica1'processesvoperating in thenplént. Net radiation and pre-
cipitation data have not been available on a fine grid mesh on a
regular six-hour basis over the entire globe. The EarthSat "system"
utilizing ground obgervation and meteorological satellite provides
such data potentiality 1in a very timely, accurate, and. economical

manner. _

8.2 1975 0perational Perijod Model Evaluation

The 1975 operational period yield estimates were. as previously
stated, prepared with a model developed from three counfies in

North Dakota. Yield, Y, in bushels per-acre was given by:
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=2
Y = -10.05556 + 0.56386 * YR -31.2954(S) £8-1]

where S is the average daily pf&nt stress from planting to ripe and
YR is the year (f75). The simplest possible "weather simulator!
was assumed: S for the entire season was taken to be exactly the
same as the value which had existed from planting to the date from
which the yield was being projeéted.

The use of county yield data has been questione& in the past.
In order to test this approach, we have examined the relationships
between the county and CRD yields (See Figure 8-1). Here the
county-level yields for 1950-72 for three North Dakota counties are
plotted with the corresponding calculated crop reporting district
yields. for the same year. The data are closely distributed about
~the 1:1 1ine. Williams county yields tend to be lower than those '
for its crop reporting district (Northwest). This can be explained
by its 10Eation in the drier portion of the district. The wide
distribution of the selected counties within the state seem to
contribute to the generation of a reasonable state-wide regression
expression. -

The above equation was used to predict yields for each of the
32.5-mile cells, County yields were-ca1cu1ated using the straight

numerizal average of the N cells assigned to the county:

n .
Y = ez -V, [8-2]

Yields at the crop reporting district level and state Tevel were

formed by weighted aggregations of the néxt smaller reporting unit:
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Figure 8-1: Relationship between county-based yield regression
data and the crop reporting district yields they produce.



. - Co -
Yerd i£1 Ycoi ) R(co/crd)i [8-3]
N .
_ crd :
Yst - i51 Ycrdi ’ R(crd/st)i [8-4]

where the R's represent the fraction of planted wheat acreage in
the Targer aggregate contained in each element of the smaller
aggregate. These fractions represent the average of all avaitable

data beginning in 1970. ({Note that the R's are defined such that

8.2.7 North Dakota Model Performance

Figure 8-2 illustrates the manner in which the pre-
dicted yield varied through the season as a function of
prediction date. There was a general rise through June as the
very wet weather lowered the average daily stress. The drier
conditions of July and August raised the average stress and
Towerad the yields to near their initial values. Table 8-1 is
a summary of the predicted state and crop reporting district
yields as of August 16, 1975. Since virtually all cells were
ripe by this date, this ﬁrediction can be taken as final.
Preliminary September 1 yield estimates supplied by USDA
showed our yields to be Tow by about 2.2 bu/a in Minnesota and
Montana, and by only 0.5 Bu/a 1n North Dakota. They were too
éigh by 6.7 Bu/a in South Dakota.

Identification of. the factors contributing to the
errors fall into two main areas: 1} the trend line, which

accounts for non-weather related technological factors, and 2)

8-5



35 —
a0\ MINNESOTA . P OELETEE L et e L i T
_ o £ - m""*—-m-—._..g_ B b b AR TR e el P L 3
¢ a——s e Y e——
] 0 — A< - -_"—"Uo-.____
1 N ‘e AT AL A B e - S
| U/ ,-A"ﬂ /\. . ‘—-Q'---*A_“M-A%%”-A-‘-'-*—A
DAKOTA. =~ / o
] i . “\.
® TT——o
— MONTANA .
-;E- -
_@ 20
=
o
0
ot
W
> 15|
10 —
5_..
0 7 T T ) ! T T 1 ! l :
o 7 . 14 June 21 28 ] 5 2 July 18 26 z Aug 29

DATE OF PROJECTION

Figure 8-2: Results of simplified yield projections.



TABLE. 8~1

EARTH SATELLITE CCFPP,
ESTIMATED YIELD (BU/A)
STATES & CROP REPGRTING UDISTRICTS

PROJECTED FROM

STATE

RONTANA

30UTH DAKOTA

NORTH CAKQOTA

MINNESOTA

- CROP REP. CIST.

NORTH CENTRAL
NORTHEAST
CENTRAL
SOUTH CENTRAL
SQUTHEAST

NOETHWEST
NORTH CENTRAL
NORTHEAST
WEST CENTKAL
CENTRAL
EAST CENTRAL
SQUTHKEST -
SOUTH CEMTHRAL
SOUTHESST

NORTHWEST
NORTH CEMNTRaL
HURTHEAST
HEST CENTRAL
CENTRAL
EAST CLMTRAL
SOUTHWEST
SGUTH., CENTERAL
SOUTHEAST

NOKTHUWEST
NORTH CENTRAL
WEST CENTRAL

CONTRAL

SOUTHWEST

SOUTH CEMTRAL
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AUGUST 16,

1975

YIeio

. 22460

23443
22419
25469
24453
22483

25. 48
24a11

. 26445

25 .40
254.0G0,
285420
2370
25.87
24:98

26.48
24453
27.403
27.31
24:96
26,71
27.58
28,33

264178

284117

28, 866
28.85
29.24
28491
28.74
2617
28.43



the stress effect wh1ch accounts for departures from the trend
Tine due to weather. Figure 8-3 presents a plot of North

" Dakotz yield since 1950. The filled c1rc1e indicates our
éstimated 1975 yield, the X indicates USDA's 1 September
estimate. It is felt that the most reasonable définition of a
technology trend-Tine should be based on only those years in
which yie]ds-are highest (i.e., weather has the least influ-
ence on technology). Stress then would be used to estimate
fhe decrease in yield due to weather. The solid 1ine in
Figure 8-3 is the trend line from our regression equation. It
agrees well with the data points, but it is probably rising
too steeply in recent years. A more reasonable trend as
shggested by Dr. J. McQuigg of NOAA CCEA is shown as a dashed

Tine.

8.2.2, 1975 Yierfstress/Phenology Relationships

Figure 8-4 displays a map of sampled cell yield values.
These corfespond to cells at a spacing of 50 miles and do not
represent aggregations. The general decrease in yield from
cast to west is @ reflection of the rainfall distribution.

Stress presented as a function of phenology (Figure 8-
5) generally parallels the overall rainfall distributions,’
.i.g., Tow stress in the east, higher stress to the west. In
thjs-case, the highest stress is found in eastern Montana.
The values {n Eigqre 8-5 are stress averaged as a' function of
phenb]ogy. Comparison of the BMT 2-3 (Jointing-Heading)
stress pattern with the yields presented in Fighre 8-4 suggest

a--near one-to-one pattern relationship.
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Figure 8-4: Sampled yield map based on projection of 16 August 1975.



11-8

LEGEND

] o2
[ .20-40
™3 .40-60

b .60-.80
Figure 8~5: Average stress in BMT interval. Bl 0100



http:S.60-.80

8.3 Post-Operational Yield Evaluation

The post-operational yield evaluation phase of the contract

has been directed toward evaluation of those factors touched on in

the material presented in Section 8.2 drawn from the Mid-Term

Report dated October 1975. Specifically, the foﬁ]owing jtems have

been:emphasized and will be discussed in detail:

ao

Yield trend values have been derived for 22 Crop Report-
ing Districts in the test region.

Stress coefficients have been re-evaluated at various
Tocations over the test area using historical first-order
weather station data rather than satellite data (i.e.,
fhe surface observations provide the cloud data as well
as the other conventional observations used in the model}.
A factor to account for temperature stress-effects at a
critical growtﬁ stage has been evaluated.

correlations of estimated and actual yield have been made
to examine the effects of aggregatibn size on .accuracy.
Final yield estimates were made at the Crop Reporting

District and State levels using a simplified technique in

" which 61 sample cells were aggregated utilizing acreage

weighting functions.

Historical yield gstimates have been prepared at several
tocations utilizing first order weather station data.

A daily moisture-stress weighted model has been tested
over a limited number of Tocations. This model provides
a daily fractional reduction in yield on the basis of

daily moisture stress.
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h. A Monte Carlo simulation model has been implemented and
tested to permit more objective estimation of %hture
weather factors.

The following sections will present a discussion on each of

the Tisted 1tems.

8.3.1 Yield Trend Analyses

The yield trend question discussed briefly in Section
8.2 is critical for this project as well as that of NOAA's
CQEA Dr. McQuigg Justifiably believes that the "normal
weather" trend is leveling its steep upward climb of the
récent decade and actually shows evidence of a downward trénd
in some areas. This possibility is serious for the total
world food picture. |

The EarthSat yield regression is subtractive by defi-
nition, i.e., weather stress is always considered-as a detrac-
tant from mdximum possible yields. Specification of the base
for a particular year is thus very important. Simplistically.
the upper Tevel base yield for a given non—nu?rient Timited
sdi]'is closely épproximated by either experimental farm
yields or irrigated field yields. For any given year, how-
ever, the Timit is defined through a combination of a learning
curve for individual farmers and a diffusion curve which
rep}esents the rate at which new yield improvement processes
are ‘being implemented by the farm community. - The basic form
of both curves is sigmoid. - In the EarthSat "system", the
specification of this Technology-Acceptance (T-A) trend must

be defined from existing data on yields at both farm level and
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CRD aggregated levels in relation to a knowledge of the rate
of acceptance of:

* fertilizers

© herbicides

¢ insecticides

¢ seed treatment fungicides

* new tillage practices

d new equipment

¢ new varieties
Review of these data demonstrates clearly that the form of the
T-A trend is only manifest in the aggregated data of CRD level
when weather stress has no significant yield influence.
Thompson, {1975) demonstrates this overall pattern for corn
yields in relation to experimental farm yields. In areas 1ike
Minnesota, and the eastern portions of North Dakota (the Red
River) near T-A trend yields are common, hence the T-A trend
is fairly evident, In the drier higher stress areas of South
Dakota, western North Dakota, and Montana {non-irrigated),
near T-A trend yield values are highly uncommon and therefore
the T-A trend is difficult to define. The 1975 Montana yie1&s
probably represent the nearest approach in 25 years of CRD
yield to the T-A trend value.

Change in the T-A trend 1ine will only occur when
either the current technology maximum is approached or sig-
nificant changes, either positive or negative, in the Tech-
no1ogy—Acceptance_occurs. A case in point might be when
fertilizer costs exceed a cost beneficial Tevel, fertilizer

use might deciine. Such a decline could well Tower the T-A
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trend 1imit which would be reflected abruptly as a step function
in the T-A trend (we assume that the decrease in fertilizer

use is the same at both the experimenta1land the commercial
level).

Weather stress will continue to mask the T-A trend
regardless of the climatic changes that may occur. Long term
climatic changes will have the influence of decreasing the T-A
trend 1imit through the inability of the, technoiogy to achieve

genetic level yields under no-stress conditions.

8.3.1.1 General Trends in Yields Over Pést 50 Years

Figures 8-6 to 8-9 present historical yield -
summaries for Montana, North and South Dakota, and
Minnesota. Values are plotted as numbers indicating
the fraction of planted acreage that was not harvested
(i.e., abandonment), rounded to the nearest 10% (0 = no
abandonment, 1 = 10%,..... , 9= 90%, X = 100%).
Abandonment data were not avqi1ab1e for Minnesota. The
data appear very noisy due.mainly to weather fluctua-
tions, so lines are shown representing five;year run-
ning means, plotted at the mid-year of the interval.
Several features are common to each éurve: 1) markedly
low yields in the mid-1930's, 2) yield maxima in the
early to mid-1940's, 3) moderately lowered yields in
the Tate 1940's to early 195Q's, and 4) a general
increase in yields from the mid-1950's through the
early 1970's. The first-three of these features are

- !
clearly associated with cyclical weather patterns,
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while the Tatter is mainly due to technological change.
%he rise has been most }apid in Minnesota, which has
the more favorable climate and a higher fraction of
quality land. The rise has been slowest in Montana
where rainfall is marginal and soils are generally
shallower. This merely demonstrates that application
of technology boosts yields the most in regions and
years of‘adequate or superior weather, and is much less
effective in unfavorable years. Since about 1970,
there.is a tendency for yields to have.leveled-off or
even decreased due in part to unfavorable weather, but
a significant portion of this may be a reflection of
such items as increased acreage or the inflated fert-

ilizer prices discussed earTier.

8.3.1.2 Approach to Trend Line Determination

If all the weafher effects could be removed
from the historical yield data for a given fegion, the
remaining function could 1ikely be well approximated by
a feﬁ connecﬁed straight 1line segments. Generally, a
constant value would be expeéted up to the early
1950's, followed by a steady increase, which ﬁight be
followed by a line of lesser slope in more regent
yeafs. Subjective construction of such an approxima-
tion is difficult due to the great amount of weather-

. induced variation in the basic data. Analytic tech-
niques, in which the weather effects are removed through

regression, offer the greatest promise and will 1ike3y
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result in solutions which are more geographically
consistent. The major problem is that the data sets
are relatively small, a slope and starting year are
required for each Tine segment, and several parameters
will be needed to adeguately model the weather effects.
This reduces the degrees of freedom to unacceptable
values,

The problem is simplified when it is noted
that only the most recent 1ine segment need be defined
for extrapolation to the current year. -So the approach
taken here was to define a single line segment from the
most recent year back through as many years as possible
without seriously compromising the standard error of
prgdiction of the seléected 1ine and the wéather param-
eters.

It is first necessary to define the regions
-over which the data are to be aggfegated. The crop
report%ng district (CRD)} is the obvious choice; the
state is too large, containing too many Qeather regimes
and too much variation in agricultural conditions;
whilelfhe county 1s-subjécted too much to local effects
© such as hail, windstorm'damage, tocal floeding and the
like, which cannot be readily reflected in a limited .
number of weather bérametgré. Next comes the selection
of ‘the weather paéameters themséives. This is more
difficult since it is desirable to minimize the covari-
ance among the selected parametérs, while defining a

. set which can adequately depict the major effects on
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yield. Because of the year-to-year variations in
planting date and speed of crop development, parameters
. having too fine a time resolution must be avoided
because the growth stage of the plants cou1d differ
greatiy within the individual time frame, ﬁntroducing
spurious effects on the regressioﬁ ppeffjcients.
'\MonthTy averages of temperature and rainfall departures
_from normal. are readily available at the CRD Tevel. At
this time interval, certain types of adverse weather
conﬁitions, such as brief, sévere heat waves or dry
periods extending over parts of two months; will not be
properly accounted for, but it is a reasonable com-
promise between the two extremes. A preliminary
analysis showed that the four most useful, relative?y=
indépendent parameters were:
' 1. June temperature departure

2. July temperature departure

3. May p1u§'ane rainfall departure

4, - Jﬁ]y rainfall departure
0f course, there will tend to be a negati%e correiation
between temperature and rainfall within a given month,
particularly in regions where widespread cloud systems
tend to produce the rain. Figure 8-10 is a‘mép of the
correlation coefficient .for July temperature-with
rainfall for the period 1954-1974, Only in Montana are
the .values high enough to be of any concern. These
four parameters do not allow modeling of the .inter-

. active effect between temperature and rainfall (i.e.,
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Figure 8-10:
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Correlation between July temperature departure and
July precipitation departure, 1954-1974.
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high temperatﬁre,in concert with low rainfall would

proddce a greater effect than the simple sum of the two

individual effects). Definition of an adequate coupled

parameter is not straightforward and, since it would

- further reduce the degrees of freedoh and introduce

multicolinear effects, it was not undertaken.

A computer program was devised which performs

the following sequence of operations:

1)

2)

The major loop begins 'by including the

data set for 1954-1974. On each succeed-
ing pass, the data for the first year is
eliminated. The last pass is for the .
data set 1967-1974. |

A trend slope .optimization loop drives
the stepwise regression starting with-an
iﬁitia{ t%endws}ope~va1ue and trend
incrementj The trend siope value is used
to compute a base yie]ﬁ and re§idua1 for
each year in the data set. The coeffici-
ents resulting from the stepwise regres-

sion are used to compute a standard error

. of estimate (SEE). If the SEE is less

than that resulting from the previous

pass through the loop, then the trend
increment {s added to the trend slope for‘
the next pass. 1f SEE is greater than
previous, then the trend increment is

reduced in magnitude and its sign is
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changed-before being added to the trend
slope. After 25 passes, the coefficients
and trend slope correspohding to the
minimum SEE (optimum slope) are returned
to the major Toop.

3) The regression 1oop performs a basic‘
stepwise regression by screeniﬁg the
variables in turn and selecting the one
which gives.the greatest reduction in the
remaining variance of the dependent
Qariable. ‘One exception is taken, how-
ever. Since the regressions are linear,
there is no justification for negative
coefficients of rainfall or positive
coefficients of tempeéature. “If such a

" coefficient would result from the vari-
able seléction criteria, then that vari-
_ able is passed over.
From a tabu1atioﬁ of the results for each CRD,
a subjective choice is made of the best yéar for the
trend line to begin. In most cases, this is a clear-
cut choice_near the minimum SEE value, where Tower
values of SEE are achieved only through the loss of
_ several degrees of freedom (i.e., more recent starting
year).
It is recognized that possibly very recent

effects on trend will not be detected by thié approach,
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but even though intuitive reasons exist to support a
recent decrease in trend slope, no statistical signifi-

" cance can be attached to such a small sample.

.8.3.1.3 .Results -of Trend Analysis

_ The trend analysis discus;ed above was applied
to the 1954-1974 data set for 22 of the 29 CRD's in the
region of interest. The starting dates for the selec-
ted trend lines varied from 1956 to 1962. The results
showed good geographic consistency, not only in the
trend line slopes, but in the regression coefficients
and standard errors of estimate as. well. F{gure 8-11
shows the geographic variation of the trend 1ine slope.
These are highest in the east where the climate is most
favorable and the soils the deepest. Relatively low
slopes in much of North Dagota are ]ikg]y a reflection
of the sandier 5011; with their poorer holding power.
The local maximum in southeast Montana is produced by
the fertile Yellowstone River valley where most of the
wheat is grown. ‘ .

In 20 of the 22 CRD's analyzed, the most
significant of the four weather variables was the July
temperature departure. Figure 8-12 shows the distri~
bution of the coefficient for this variable. Only in -
north central Montana was this variable not among those
selected. July temperature and rainfall have their
highest correlation here (see Figure 8-10), and once

rainfall had been selected, temperature became ineffec-
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Figure 8-12: Sensitivity of yield to July mean temperature departure from
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tive in providing additional reduction of variance.
Figure 8-13 presents ;he coefficients for July rainfall
departure’ for those CRD's -where. that variable was
selected. These are cdhfined to the norfhefn_pértions
of the area with a decrease in sensitivity from west to
east. Figure 8-14 presents the standard error of
estimate for each CRD for which a trend 1ine was deter-
mined. The SEE is Tess than 2,0 bushels per acre over
a broad region, rising—to as high as 3.5 only in the
northwest and southeast.

Since fhé EarthSat yield model uses a sub-
tractive approach from maximum possible yields, the
nominal trend line for each-CRD must be raiﬁed to more
closely represent optimum weather conditions. For a
given CRD, the standard.devidfion of the actual y%eld
values about the nominal trend Tine was determined.

The base (optimum) yield Tine was then taken to lie
above ‘the nominal Tine by some multiple of the standard
deviation. This multiple was subjectively chosen based
on the average annual rainfall for the CRD, as indi-
cated in Figure 8-15, The multipliers ranged from 0.5
for the wetter regions to 2.0 for the drier, reflecting
the exceptionail nature of optimum weather in the drier
regions (tfu?y optimum yields do.not appear in the data
sets for these regions).

v Figures 8-16 through 8-37 present the his-

torical yields for each of the 22 analyzed CRD's. The
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Figure 8-13:

Sensitivity of yield to July precipitation departure
from normal (Bu/acre per inch).
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Figure 8-14:
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Standard error of estimate in yield using optimized
trend 1ine with monthly weather parameters (Bu/acre).
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USE OF AVERAGE ANNUAL RAINFALL TO SELECT BASE YIELD ELEVATION

. AVERAGE ANNUAL PRECIPITATION { INCHES )
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Figure 8-15: Use of average annual rainfall to select base yield elevation.
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dashed line is the nominal trend line, while the solid
represents the. base yield trend line.

An attempt was made in a few of the crop
reporting districts to further reduce the standard
error of estimate by including p]antgd acreage as a

" fifth candidate QariabTe for regregsioh. In all cases,
howéver, this variable proved not to be significant
despite the intuitive notion that acreage increases
involve introduction of marginal land which ought to

Tower the yield.

8.3.1.4 1975 Base Yields

Figure 8-38 repreéents the chief end item of
this task - a definition of the 1975 base yield for
each CRD. These values are used in Sections 8.3.4 and,
8.3.5 tb assign a best-estimate yield to each cell.

< The geographic distribytion of the base y%ers seems
quite reasonable, in that these should not refiect
climate influences, but rather soil quality and level

of technology.

8.3.2 Stress Coefficient Re-evaluation

" As reported above (Secfion 8.2) the 1975 operational
yield model was developed based on data from‘threejNorth Dakota
couhties (66 TOCation-yearsY, and was used over the entire
spfing wheat study area. The appropriateness 6f this exten-
sioq nas been .examined by conductiné additional regressions in

South Dakota and Montana. The approach used was the same as
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that which had been applied to the North Dakota data. fhree
c&Unties were used in South Dakota (52 Iocat%on-years) and two
in Montana (42 location-years). The resulting yield expressions
we%e£

South Dakota

-2
Y = -14,783 + 0.60296 * YR -31.731(S) [8-5]
Montana
Y = 8,0852 + 0.34365 - YR -31.333(92 [8-6]

The éoeffﬁcients for the stress term are virtually identical

to the one in the North Dakota equation[8-1]. This is to be expected,
éihce it 1is primari]y-é function of the physio]ogicql properties

of the plant. The terms attributable to trend are quite

different, especially in Montana where the-s}ope‘is much Tess.

Tﬁis is consistent with the results of the detailed trend

analysis of Section 8.3.1. The following table compares the

y%é]ds for the four states as determined by the 1975 oper-

ational model with the latest available estimates from the

SRS:
1975 : percent
oper. model SRS ©oerror
Minn. 28.9 31.0 7
.Mont. 22.8 25.8 -12
N.D. 26.5 25.9 +2
S.D. 25.7 18.0 +43

The results for North Dakota are very close, as would be
expected. .For the other states, much of the difference can be

explained by differing trend Tine values.
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8.3.3 Temperature Effect on Yield

As the 1975 growing season progréséed, it became apparent
that yields. in éouth Dakota were going to be considerably
below those being projected by the model despite the fact that
soil moisture was generally aﬂequate. The cause of this yield
reduction was a period of hot weather at a critical time in
fhe crop déve]opment cycle - namely during: the time from
heading to soft dough. For example, at Aberdeen, S.D., the
interval from heading to soft dough épanned 18 days, from
June 29 through July 17. During this period, the daily maximum
temperature- reached or exceeded 35C (95F) on 12 days with an
extreme of 40C (104F) while the daily minimum exceeded 21C
(75#) on 9 days. Since it is known that high temperatures
adversé]y affect the wheat plants at any moisture st?ess
1evel, a factor needed to be included to account for such high
temperature events. A measure of the average temperature
ddriﬁg-séme plant phenological interval is the-number of days
spent in thaf interval. This is true because the biometeoro-
logical time (BMT) parameter used by the model is driven at a
ﬁ@te proportional to the daily mean temperature and day length.
fherefore, short intervals are produced by high temperatures.
Since the ptant is most vulnerable to high temperature during
the heading (BMT = 3) to soft dough (BMT = 4) stage, regression
analyses were performed .introducing <20-ND34>2 as a parameter, ‘
where the ) notation meéans that negative values are set to

zerc, and ND,, is the number of days from BMT = 3 to BMT = 4.

34
‘The quantity is squared because the temperature effects are

felt fo be non-1inear.
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A regression analysis was performed on a historical
Sou;h Dakota data set containing 44 station-years. Seventeen
-?f fhe data poin?s had ND34 less than 20. The coefficient for
the temperature parameter was -0.63. Application of this
parameter with its coefficient. was made on an independent data
set for Montana. The result was that the standard error of
estimate (SEE) for the entire 42 data points was reduced from

3.27 to 3.03 Bu/acre. For the 12 data points having ND,, <20,

34
the SEE was reduced from 4.01 to 3.03 Bu/acre. {In other
words, a subset of the data which had shown greater variance
that the "population”, had its variance reduced to the population's

value by inclusion of a temperature-sensitive variable.)

8.3.4 Post-Operational Yield Correlations

The 1975 operational model was, as previously stated, a
North Dakota model ﬁith trend developed for.that state. The
cbvious fact that errors were observed in Montana, Minnesota,
and South Dakota was, in a way, heartening since we would not
expéct the North Dakota trend to be applicable in the other
states except 'by chance, We did, hOWever,‘anticipafe that the
;tress coefficient would show little change since it is pri-
ﬁarily related to pTant,ph&sioTogicaT response to water stress.

The post-operational, yield evaluations incorporated the
results from the trend analyses in 22 crop reporting districts
(Section 8.3.1), the stress coefficient evaiuations (Section
8.3.2) and the temperature effect analysis (Section 8.3.3).
F%guhe 8-39 presents an isopleth map of estimated yield at the

county level generated based on the above considerations.
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Figure 8-40 presents the corresponding latest reported county
yields from the SRS. {(Data from South Dakota were not yet
available.) A rather large discrepancy in noted in the Red
R€§er valley region of southeastern North Dakota. This is a
manifestation of serious flooding which occurred thepe, significantly
1owéring yields, The predictéd yields in Montana are generally
Tow. This is likely a result of using a too-restrictive soil
dry-down curve (designated'D-project) in this moisture critical
region (see detail discussion in Section 7). Elsewhere there
are no major discrepancies.

Figures 8-41 and 8-42 present similar -information where
the jsbp1eths are based only on yield at‘the'CRD*Ieve1. This
serves to remove the "noise" of the county data, whi?e preserving
the broad-scale variations. In both figures there is a general
décreqse from east-to-west into eastern Montana, reflecting
the distribution of rainfall and soil quality. Increasing
yie]ﬁs fafther to the west in ‘Montana are refiections of the
very favorable 1975 weather in that state.

It was anticipated that aggregation to larger areas
would improve the correspondence between estimated and actual-
yields. To this end, correlation .coefficients were calculated
at théAstate, CRD, and county level and also at intermediate-
sized regions cbnsisting of from two to five counties. The
results of these analyses appear in Table 8-2. In the case of
syb-areas, only those accounting for three percent or more of
the state acreage were included. This significantly increased
thejcorrelation in Montana where small acreages are often

associated with marginal or irrigated land. The. improvements
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Table 8-2

Correlation Coefficients-Actual vs Predicted Yields

Drydown Curve: Drydown Curve
D~Project. E-Normatl
MONTANA _
CRD's . 0.567 o - 0.897
sub-areas- . 0.865
counties ) 0.433
NORTH DAKOTA
CRD's 0.742 .,0.790
sub-areas. 0.723
counties 0.549
MINNESOTA
CRD's* 0.720 0.742
sub-areas* ¢.804
counties* 0.450
4~STATES 0.920 0.956
all CRD's*+ 0.755
a811 sub-areas*+ 0.607

all counties*+ : 0.427 -

* Only in most productive CRD's
+ Excluding South Dakota
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in North Dakota and Minnesota were negligible. Calculations
using the improved E-normal dry-down curve (Section 7) showed
improved correlation at the CRD level, particularly in Montana.

| Figure 8-43 displays the results for the complete set
of eacﬁ area class analyzed, The trend to increasing correlation
with increasing areas is unmistakable. Correlations above 0.5

occur for areas slightly larger in size than the county.

8.3.5 1975 Simplified Final Yield Estimates

In keeping with the desire for simplifying the system,
it has been determined that suitable accuracy in yield estimation
at the CRD or state level can be achieved by considering a
limited sample of carefully selected cells. A sample of 61
cells was defined by selecting one representative cell in each
CRD corresponding to each soil class existing in that CRD.

. Yield at the CRD level is then determined by aggregating each
of the cells weighted by the proportion of its soil class
within the CRD. Aggregations to higher levels are based on
reported 1974 planted acreages.

The most refined estimates of 1975 yields using the
FarthSat model “incorporated the following features:

1. Sampled cell aggregations.
2 Best estimate 1975 yield trends at CRD level (Sec-
tion 8.3.1).
3. High temperature modifier (Section 8.3.3).
4. E-normal dry-down curve (Section 7).
in regards. to point 4, it was found that the function defining

the ability of the soil to give up its moisture {dry-down
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curve) was much too restrictive in the operational model used
during 1975. As discussed iﬁ detail in Section 7, comparisons
of model output with field soil moisture measurements showed
that the less restrictive “"E-normal" curve gave more ‘realistic.
results.

Table 8-3 presents the final 1975 yield estimates for
each state and its more productive crop reporting districts.
Al%o shown for comparison purposes are the estimates from the
operational model and the latest estimates from the SRS.

North and South Dakota. were within about one bushel per acre,
Montana about two and Minnesota between two and three. North
Dakoﬁa\wou1d have been even closer, but severe flooding affected
parts of the east central and southeast CRD's, destroying up

to 25 percent of the crop in some counties. Since the acreage
]osthwas the most fertile, the resulting yields were lower

than would have otherwise occurred. This effect of course is
not accoﬁnted for in the model. The four—staté aggregate

yield differs from the SRS value-by only 0.6 Bu/a. -

8.3.6 Historical Yield Estimates

Figure 8-44 presents historical yield data for fTour
Tocations in Montana and South Dakota. There 15 .a general
upward {rend to the yields; somewhat less 1in Montana, but the
year-to-year variations are substantiél. The estimated yields
usgng tﬁe North Dakota model are shown. Where temperature
effects were important (i.e., ND34 less than 20), the estimate

including the temperature adjustment is also shown.. In 18 out

" of the 26 cases this improved the yield estimate. The estimates
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North Dakota
northwest .
north central
northeast
central.
east central
southeast

South Dakota
northwest
north central
northeast

Montana
north central
northeast -

Minnesota
northwest
west central

4-State aggregate

Table 8-3

1975 Yield Estimates

Operational

Model

26.5 ¢
24.5
27:0
27.3
26.7
28.0
28.2

25.7
24.1
26.5
25.9

22.8
23.4
22,2

28.9
28.9
28,9

26.2
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track the observed values rather well, but there is a tendency
for the estimates to fluctuate less widely. The aggregated

standard error of estimate is about three bushels per acre.

8.3.7 Daily Stress Weighting

It is a well established fact that the effectg of
significant moisture stress on plant vitality vary with the
stages of growth, a phenomenon not accounted for in the 1975
EarthSat system. The major influence of water stress is
manifest in the plant shoots. Stem elongation and growth is
reduced for a stressed plant. The most important stage of
growth relative to water stress is at poliination and flowering;
water stress at this growth stage can produce significantly
reduced yields in spring wheat.

Spring wheat is tolerant to 1light and moderate stress
‘conditions and only small amounts of yield reduction will be
seen for such stress except around the flowering to soft dough
period where moderate stress will cause significant yield
reductions. High stress will cause yield reduction at all
growth stages but will be most important in the flowering to
soft dough interQa1.

' Transformation of the diagnosis of water stress from
the FarthSat system reﬁuires the establishment of a reasonable
relationship between stress and yield reduction and speci-
fication of a maximum yield potential (trend).

The transformation of daily moisture stress to yield
percent reduction has been examined in North Dakota by Bauer.

This relationship is shown in Figure 8-45. Note that the
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maximum daily percentage reduction in excess of 3.5% per day
of moisture stress occurs at the blooming (flowering} stage.
The definition of moisture stress provided by the EarthSat
system appears to be a reasonably promising approach. Figure
8-46‘presents a graph showing the daily stress, the vield
percentage reduction as a function of growth stage and the
suﬁmations of the daily yield reduction for a 12.5 x 12.5 n.m.
cell included in the Glacier County, Montana test site. The
final.yield value is estimated at 53.4% of the maximum vaiue.
Assuming a 38 bushel/acre maximum value which is reasonable
for this small area of north central Montana a yield of 20.29
Bu/a is estimated. Observations taken by the Moniana State
team for the fields contgining the neutron probes in Glacier
County indicate an average of 21 Bu/a.

Regression using a historical data set for Huron, South
Dakota, showed that the original approach using the square of
average daily stress gives a standard error of estimate (SEE)
of 3.15 Bu/a. Use of this daily weighted stress model reduces
SEE to 2.43. This is representative of the reductions in SEE

obtained at other locations in the growing region.

8.3.8 Monte Carlc Simulation

One of the fundamental components of an operational
weather-based yield estimating system is the so-called "future
weather generator.” This component must provide an estimate
of the weather which the crop will experience between the
current date and the end of the growing season. This can use

a very. simple algorithm as was the case in EarthSat's 1975
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test. In this case the average daily stress which existed up
to the date of projection was assumed to be the same as that
which would exist for the entire season. The inadequacies of
such an approach are obvious.
A much more sophisticated approach was developed and
successfully tested for aggregation to the state Tevel over
a sample of 100 cells. This approach sought to generate a
sequence of weather at the individual cell level which was
based on random inputs, but which would still maintain realistic
frequency distributions for rainfall. No- attempt was to be
made to maintain spatial consistency of weather regimes;
rather, a sufficiently large number of growth-to-ripe calcu-
lations would be made at each selected sampie cell, so that a
mean and standard deviation of final yield could be determined
to .a desired confidence level. The final results should
display a reasonable geographic continuity.
The keylcomponents of this system include:

a) Rainfall distribution (frequency and amount)

b) Daily temperatures

¢) Daily potential evapotranspiration

These items are discussed in the following subsaections.

8.3.8 1 Rainfall Distribution

The key element in the rainf§11 iodel was the
generation of Markov chain probabilities of rainfall
occurrence. These express the probabilities that day N
will be wet (W) or dry (D) given that day N-1 was wet

or dry. Data sets of about 20 years were examined for‘
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each of 13 stations in the growing region. Markov
probabilities were generated for ten-day intervals in
the growing season. Figure 8-47a presents the results
for Aberdeen, Soutﬁ Dakota. For June 1 (day 152) for
example, there is a 23% Tlikelihood of rain if it rained
on May 31. If May 31 was dry, however, the chance is.
only 12%. In the operational mode, a uniformly distributed
random number between 0.0 and 1.0 is suppliied. Assuming
May 31 to be a rain day, if the random number. is less
than 0.23, June 1 will be a rain day: if greater than
this it will be dry.

Once'a day has been designated a rain day, the
amount must be determined. The historical weather
records were examined to calculate the parameters
defining an incomplete gamma function which approximates
the frequency distribution of rainfall amounts. These
were defined for 30-day intervals in the growing season.
Figure 8-47b summarizes the results for Aberdeen, S.D.
In the operational mode, an additional uniformly distri-
buted random number is used with the appropriate parameters

to determine the rainfall amount for the day.

8.3.8.2 Daily Temperatures

Daily maximum and minimum temperatures are
needed. in thé model to determine the rate of growth of
the plant. Historical data was again used to generate
average values and standard deviations at ten-day

intervals. Recognizing the infiuence of cloudiness on
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temperatures, separate averages were compiled for wet
and dry days. The results for Aberdeen appear on
Figu%e 8-47a. As would be expected, the maxima are

' higher and the minima generally slightly lower on dry
days. For June 1, ‘the Aberdeen average maximum and
minimum are 22.9 and 13.7 wet, and 24.6 and 9.9 dry. A
gaussian - distributed random number is used as a
multiplier on the standard deviation and this product
is addéd to the normal temperature value to provide

day-to-day variability.

8.3.8.3 Daily Potential Evapotranspiration

In a manner analogous to the maximum and
miﬁimum temperatures, daily averages and standard
deviations of potential evapotranspiration (ETP) wefe
determined for wet and dry days at ten—dgy intervals.
Due*to’the greater data requirements in evaluating ETP,
this was done for only four stations across the region.
For Huron, South Dakota, the June 1 average ETP is
4.89 mm wet and 7.05 mm dry. Just as for the temper-
ature; a gaussion random number is used with the standard
deviation-to provide variation in the daily values.

8.3.8.4. Results of Sample Caiculations

As a demonstration of the application of this
. method a limited exercise was conducted on a sample of
100 cells distributed throughout the growing region.

For each cell, five projections were made from each
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projection date. Aggregations were made only at the
state Tevel, giving an éffective average of 125 values
for each projcetion. This épproach has been designated
SPRED (stochastic predictor) and fhe results are
présented in Figure.8-48 where they are compared with
the QPRED (quick pred%ctor) results from Section 8.2.1
(Figure 8-2). "

The most apparent feature of SPRED is the
rapidity with which the projections converged to the
final estimate. ATl states except South Dakota had
conve%ged to within 1.0 bu/acre of the final estimate
priof to the end of June. In South Dakota, anomalously
hot weather in early July decreased yields, after which

the projection was virtually constant.
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9.0 SENSITIVITY ANALYSIS

The performance of the Plant Growth model is dependent upon two
factors: the accuracy of the model and the accuracy of the data used to
drive the model. Since the model is a simpiification of reality and
since the déta is subject to error in observation or caiculation, it is
necessary to determine how sensitive the results of the model are to
either data errors or errors caused by the mathematical construction of
the model. These errors can be grouped into two categories: observational
errors and definitional errors. Observations errors refer to those
errors, random and systematic, derived from the measurement of physical
data. Examples are errors in the measurement of precipitation, temperature,
or an error in the starting soil moisture level. The second category of
error encompasses errors in soil typé assignment or in components of the
growth model. The component section examines tHe BMT, ET, and stress
formulas and evaluates the effects of the two error types on both the
daily and seasonal levels. The systeﬁ sensitivity section is concerned
with the ultimate product of the system, yield, and examines the model

as a whole.

9.1 Sensitivity Methodology

The techniques used in these evaluations are the classical
techniques of sensitivity coefficients and Monte Carlo simulation.
Where a relation between dependent and independent variables can be
expressed in a differentiable equation, it is possible to derive
the stability or sensitivity of the dependent variable to errors or
perturbations in selected independent variables. For example,

partia1s:‘



9z and 8z
X 3y

represent the sensitivity of z to x and y respectively. If x andy
are uncorrelated, then, given errors in x and y of Ax and Ay, the

resultant error in z, Az, can be approximated by:

Az =%§Ax+—2§ﬂy [9-11
where the functions are evaluated at nominal values to xo and Yo.

Usually the exact error is not known, rather some parameter of
the distribution of errors. Thus, equation 1 shows the error in Z
“resulting from errors Ax and Ay. If, however, Ax and Ay vary,
systematically and/or randomly, it is necessary to estimate the
variance o which resylts from variances in x and y. The basic
equation, which is derived in Bevington (1969) Chapter 4, is:

2 2 2 9 23F
2 2 3% 3z 9z 9%
+ 2°xy ax aYy fe9-21

07 =g, ox *OyF ¥
Using the assumption that x and y are independent and*uncorre1ated,
the fluid term in eguation 2 reduces to zero.

Critically important in the evaluation and use of sensitivity
coefficients is the selection of representative data to be used as
nominal values. This is especially true if the functional relation
is nonlinear. That is, the partial derivative is still a function
of the independent variable. A prime example of this is the BMT

equation. (eg. 28).

9-2



BT = g7, + 8 = [9-3]

Consequently, the value of the sensjtivity coefficient will depend

upon the value of T. used. The nominal values used in this section

1
were selected as being reasonably representative of the data observed

during ‘the 1975 season.

VARIABLE NOMINAL VALUE

Temperature {max.) 30C

- Temperature {min.) 18C
Daylength (hrs.) 14
So0il Moisture 87 .5mm
Soil Moisture Capacity 175mm
Average Stress - 0.5
Dry-Down Curve Coefficient 1.0
k-coefficient 0.5
ETP 8.6mn
ETP 8.00mn

Monte Carlo simulation assumes that some component of, the
system varies randomly. Repeated trials using different randomly
generated'numbérs for each of the random components will provide
measurements of performance under a variety of conditions. If the
relation is unstable or highly sensitive to the input errors, the
measurements will vary significantly.

To pro&ide a base from which Monte Carlo simuiations could be
run, historical meteorological data for Fargo and Williston in
North Daﬁota were analyzed. The six month season, from April
'through Seﬁtember, was partitioned into 18 10-day intervals. ’
Precipitation, ETP, and temperature were extracted on a daily basis
and the distribution parameters of .each were calculated according

to whether measurable precipitation was recorded or not. Thus
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means and standard deviations for temperature and ETP on wet and

dry days were calculated. A two state Markov chain was derived for
each interval. The Markov chain, or probability state matrix,
contains the probability of transition from, for example, a dry day
to a rain day given that the preceding day was dry. Similarly, if
the preceding day was wet, then there exist probabilities, derived
from observing the sequence of rain and dry days in historical

data, that the succeeding day will be either wet or dry. 1In practice,
if day 1 was dry, then the rain state for day 2 can be determined

by generating a uniformly distributed random number and comparing

it against the probability of a dry day following a dry day. If

the random number is iess than or equal to that dry-dry probability,
then day 2 has no precipitation. Otherwise, day 2 will be wet and

a precipitation estimate must be generated. Rain amount is drawn
from the observation of historical vainfall amounts. A continuous
approximation is made of the observed frequency histogram. Without.
going into the mathematics, a randoﬁ number is generated and used

to estimate a rainfall amount. Next, with the rain state determined,
the temperature and ETP estimates can be calculated. [The techniques
described were reported in & paper from Mississippi State University

communicated to us by Dr. Charles Baker.]

9.2.1 "BMT Sensitivity

The equation for BMT is a triquadratic equation relating
photo period and temperature extrema to the daily change in
growth stage. The coefficients of the equation are unique for-

‘each growth stage and change immediately upon entering a new
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growth stage. Consequently, it is necessary to derive different
senﬁitivity coefficients fo% each interval, Additionally,
since. the egquation is quadratic for gach of the independent
variables, the value of the sensitivity coefficients will vary
dgpenéiﬂg upoen what nominal values are selected.. A graphic
explanation is that the sensitivity coefficient is the -sTope
of the function at the point evaluated. For example, Figure
Q.i shows BMT isolines for varying values of daylength and
maximum témperature (for these graphs, TMIN = TMAX-12). An
error of 5°C {from nominal values of 30°C and 14dhrs daylength)
woq]d effectively translate the line tangent to the BMT = 0.05
isoline to the rigét so that it intersected at 35°C instead of
30°C. - The fraction of the distance traveled between adjacent
isolines times the- change in BMT rates would give an estimate
of the effect the temperaturé error would have. In this case,

the incréase in the daily BMT rate is 0.0141, corresponding to

© & 28% speed up.

The sensitivity coefficients for the BMT intervals are
1isted in Tabie)I. Since daylength is a function of latitude
and Julian date, the error in this expression is negligible.
Temperature, however, is subject to estimation error. This
error has been estimated to have a 0 mean and a standard
deviation of 2.3°C. The net effect of this error distribution
in_both the maximum and minimum temperature measurements can

be estimated using equation 2. Evaluating for each intervail:
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aBMT
dDAYLENGTH

aBMT
aTMAX(C)

aBMT
aTMIN(C)

9ET
3ETP

9ET
3SM

il

9ET
3ETP

3STR =
9ET

TABLE 8-1

SENSITIVITY COEFFICIENTS

= o
1
o m

0.0

-1.39E-02

1.17E-03

0.3896

0.00174

0.1026

-0.125

31.2954

E-J

7.83E-03

7.79E-02

1.77E-04

J-H K-S S=R
2.14E-02 1.15E-02 1.25E-02
1.21E-03 1.54E-03 1.43E-03
1.61E-03 1.96E-04 7.33E-03
9ET = 4.258

30C

BET = 8.516

ak

3STR= 0.0625

ETP



INTERVAL O ABMT % INCREASE OVER AVERAGE
BMT RATE IN INTERVAL

P 0.032

E/R 32.0
E-J 0.064 128.0
J-H 0.0046 9.2
H-S 0.0036 7.2
S-R 0.017 17.0

The high value of the E-J precentage error and the "break" in
the géaph of Figure 9.7 is a function of the coefficients used
in that growth interval. Examination shows that the growth

rafe is not affected by the maximum temperature until 34.16°C.
Above fhat Tevel, the growth rate increases drastically as can
bétsgen in Figure 9-1. At the nominal values, the growth rate
is 0.04395. Raising the maximum temperature to 40°C raises

the growth rate to 0.2817 BMT units per day. Robertson (1968) reports
" that this phenomena is due to few data points above the critical
va1ug. ‘Nonétheless, the temperature is not unheard of and in

a delayed season may cause accelerated growth.

Since the temperature errors are random, it is reasonable
to expect that the observed errors will tend to cancel each
other out over time. To test this, 600 growth cycles were
simuTated. In the base model, 300 cycles were ruﬁ using the
temperature data for Williston, North Dokata. To &o this, a
2nd order polynomial was Tit through the mean temperature
va]ueé for each of the 18 10-day intervals. Thus, for any
data qithin the season, an average temperature could be derived.
Usfng‘the standard deviation of temperatures observed for that

interval, a random deviation from that day's mean temperature
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was generated. This was done for both the daily maximum and
ﬁinimum temperatures. The season was processed and information
kept .as to the toth length of the seasoﬁ and the length of
each BM% interval. After this was completed, the process was
repeated. This time however, after the daily temperatures
were‘esf%mated, zero-mean noise with a 2.3°C standard deviation
was added to each temperature measurement simulating the
incofporation of observation errors of the METRUN system.

The results of the simulation are shown below. It

appeérs that the assumption of error cancellation is valid.

ND . ND(PE) ND(EJ) ND (JH) ND(HS) ND(SR)
WILLISTON
MEAN 86.48 - 8.2 20.3 23.1 23.5 1.4
NO ERROR » |
o 7.2 0.8 1.89 2.01 2.06 1.15
MEAN 36.06 8.5 19.8° 22.2 23.8 1.8
ERROR o  7.39 0.86 2.07 2.29 . 212 1.20

g.2.2 ET Sensitivity

The second component under examination is ET. As discussed in
Section 7.5, the primary source of error in the ET relation is
definitional. That is, if the wrong dry-down curve is specified,
very .1arge errors can result. To determine the magnitude of
the potentiaf error, the sensitivity coefficients were derived
and are shown in Table 9-1. Examining the magnitude of the
coefficients, it is immed}ate1y apparent that ET 15 extremely
sensitive to errors in the dry-down curve and k-coefficient.

This serves to confirm the observations made in Section 7.



While the errors in k and DC terms are definitional,
the remaining three coefficients are observational and related
to the construction of the ET relation. ETP, soil moisture,
s0il capacity, and ETP are used to estimate the atmospheric
demand coefficient (ADC) discussed in Section 7.1.2. Being an
exponential function, this term is nonlinear and thus the
sensitivity coefficients are valid only about the nominal
values. To obtain a better understanding of this term, Figure
9.2 waslconstructed. This figure shows constant value isolines
for ADC as a function of AETP {=ETP-ETP) and the fraction of
s0i] moisture capacity (=§%E). The mathematical result of
ADC is to reduce or amplify ET.* There are two regions in the
figure which are sensitive to error. Near 72% of capacity
(SMR 0.72), an error in the soil moisture Tevel will cause a
Jarger error in ADC than at any other SMR Tevel. However,
singe large AETP's are infrequent, the impact of this error
should amount to no more than 3-4% on average. More serious,
however, is the sensitivity of ADC to errors in AETP at Tow

SMR levels. For example:

3ADC = -0.024 JADC = -0.065
3ETP SMR=.5 SETP " SMR=.1

indicating increased sensitivity at low SMR levels. However,
since the sign of the coefficient is the opposite of that of

the ETP error, the ABC will tend to dampen the errors in the

* Analysis of the work by Denmead and Shaw (1962) indicates
ADC < 1.0.
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ATMOSPHERIC DEMAND COEFFICIENT ANALYSIS
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Figure 9-2:
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observation of ETP. To verify this observation the sensitivity
coefficient of ET with respect to ETP was recalculated using

SMR = 0.10. For this case:

'%%%b = 0.7966
The cumulative effects of errors in the components of

ET‘is observed by errors in the soil moisture levels. As
observed in the evaluation of random errors on BMT, purely
random errors should cancel overtime. In the ET relation,

© this will apply to ETP and the ADC. The systematic over-
estimation of ETP will overestimate ET on a daily basis. ETP
is based on historical station data, then the systematic
positive AETP error will result in ADC's <1.0 reducing the

impact of the ETP error (by 21% at ETP = 8.65 level).

9.2.3 Stress Sensitivity

The last component calculated on a daily basis, and the
most important since it directly influences yield, is daily

moisture stress. Given the relationship 6f stress:
1
STRESS = 1.0 ;ETF (3)

it is readi1y apparent that those factors affecting ET will

directly impact on stress.

9-12



83TR _ 3STR | 3T = .49
abC oET 90T

Thus, if the DC coefficient error is -0.5, the effect will be
to raise the daily stress value by 0.246.

It is difficult to go much beyond stating the sensitivity
of stress to some of its independent variables since stress,
liké ET, is not directly measureable. It is possible, 1like
the-ET error analysis, to eliminate as many variables and
observe the remainder. To do this, a 60 day weather scenario

was pustulated. Each day was identical to the previous.

TMAX = 30°C
TMIN = 18°C
ETP = 8mm

PRECIPITATION = 0.0mm

Staﬁting with a full soil moisture profile, the constant ETP
meant that ADC = 1.0. Figure 9.3 shows the results of these
comparisons for the 3 dry-down curves and 2 sets of k-coefficients.
Two conclusions result from the analysis of the curves.
First, at high soil moisture levels, all 3 curves respond
simiiarTy. The main difference results from the drying of the
upper layers and, when possible, extraction from lower layers
(not possible with old k and BMT<2.0 since k3 = 0 - all
curves reach a "floor"). It is apparent, too, that the new k
coefficients dry the soil profile more quickly and, consequently,
re;ch their effective floors after about 40 days. Secondly,

the impact of changing k-coeffjcieﬁts can be seen in the
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gréphs of daily stress as the growth stage changes. In essence,
this must be considered noise on top of which the actual
influence of moisture stress is added. Given the sensitivity
coefficients of stress and the time series analysis in Figure
9.3,'it appears that only moving averages of daily stress will

have meaning.

9.3 System Sensitivity

The ultimate product of the Agmet system is the estimation of
yield. As a result, it is necessary to relate the errors and
sensitivities discussed in previous sections to yield. The yield
model used in this project estimates yield from the planting-to-
ripe average moisture stress. The basic yield - stress relation is
shown in Figure 9.4. This analysis is divided into two parts.

First, since ET is not directly observable, an alternate expression
for seasonal E% is derived relating soil moisture level, precipitation,
" and infiltration to total season ET. As will be shown this expression
can be diréct]y related to average stress permitting examination of
the influence of some observab1é parameters. The second section
evaluates the influence of asymetric meteorological trends on

average stress.

9.3.1 Evaluation of Stress and Yield

The definition of average stress used in this project

is:



% OF LOSS MAXIMUM LOSS

{32 BU/A}

MAXIMUM LOSS

100% -

80% -

60%

40% |

20%

YIELD LOSS DUE TO PLANT STRESS

Figure 9-4:

.

PLANTING-TO-RIPE AVERAGE STRESS

1.0



N N

e 1 1. ETi
STR f‘N*§ STR, <N f (1 - ETP1) [9-4]
N N[N
- i .
SN G ETE =1 -l g Y ETRY GET [9-5]
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It can be demonstrated that for darge N

N . N
I ETP = ET
i

Thus eguation 5 reduces to:

N Nl __N-TN
— 13 /P ET = 1.+4-FEP  EET [9-6]
STR=1-7% 3 i N i
TP ETP"
N :
T z ‘ ET [9'7]

It is hossib!e at this point to replace ZET by

N . N N
SET =SM - SM + £ PRECIP + £ RUNOFF r9-8]
i 4 FINAL ° START i i i

Sdbstftuting 8 into 7 we get

1
STR =1 - TE—'ITP-(SM

.. SH + £ PRECIP + £ RUNOFE
FINAL START ) [9-9]



Taking the partial of yield with respect to average stress,

9YIELD -62.5908 . STR [9-10}

Combining equations 9-9 and 9-10, it is possible to estimate the
impact of certain observation errors directly to yield. For
example, the error analysis of the METRUN precipitation

estimates showed a persisteht overestimation of 1ight precipitation
and an underestimation of heavy rainfalls. The verification

table generated in Section 6 (Fig. 6-7 ) was analyzed to

estimate the average total observed season precipitation and

the average total predicted precipitation amounts per day, and

then multiplying by the number of days processed. For this

project, these values were

AVERAGE OBSERVED TOTAL 212.72
AVERAGE PREDICTED TOTAL 257.50

Assuming that the start and final soil moisture levels remain
the séme, and using the nominal values in Section 9.1, the
effect of an increase of a 44.78mm precipitation increase is a
decréase in average ;tress of 0.0615. Evaluated at a nominal
average stress of 0.5, the net effect on yield is an increase
of 1.92 bufa. An important observation is that as long as
total precipitation is consthnt, it does not matter when or in
what amounts rainfall is recorded. Similarly if start s0il

moisture is over estimated by 25mm, the net impact is an
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increase in total ET, decrease in stress of -.034, and an

increase in yield of slightly more than 1 bu/a.

9.3.2 Average Stress Model Sensitivity

A common question raised about the current EarthSat
Syétem yield model centers on the acknowledged fact that the
averaged planting to ripe stress value can be derived from
several scenarios. This concern is legitimate and must be
answered. The answer, however, may rest more in the physiology
of wheat than in a sensitivity analysis. The following para-
graphs will address the pertinent physiological tactors and

discuss a brief scenario simulation sensitivity evaluation.

9.3.2.1 Moisture Stress_in Refation to Yield and

Plant Physiology

vield ¥ in wheat is expressed quite clearly by
the following simple expression:

Y=H - K W

i n k
where:
Hn = No. of heads per plant
Kn = No. of kernels per head
wk = Weight per kernel

Fach term in this expression is defined rather uniquely
at specific growth stages. The distribution of these
specific stages is roughly symmetrical to the flowering

of the plant., For example, for a 100 day variety:

9-19



°  The number of heads is determined at the
Tillering stage approximately 20 days
after planting.

°  The number of kernels per head is defined
at flowering approximately 50 days or so

~ after planting.

° The weight per kernel is defined in the
fi1ling stages usually by the Soft Dough
stage approximately 80 days after planting.

The effett of moisture stress on yield is shown by ‘
Figure 8-45 to be approximately symmetrical
around flowering. That is, if stress is held constant
throughout the crop growth period, yield will vary
according to the function described by Figure 8-45.
Therefore, averaged planting to ripe stress will have
the same influence on yield if it is arrived at from a
constant stress, one which is high early in the season
and Tow toward the end or low early and high later on,
as long as it is distributed roughly symmetricaliy to
flowering.

In the EarthSat System, use of averaged planting
to ripe stress the average is significantly weighted to
the flowering period through, (a} the K coefficients
and (b) the Tength of the critical phenological intervals,
i.e. approximately 50 days from Jointing to Soft Dough

when moisture stress is most significant.

9-20



In an excercise to test analytically some of
the assertions mode in the previous paragraphs the
Monte Cario simulation routine was used to define a
number of probable and improbabie weather scenarios.

In the analysis, the three primary variables, i.e.
temperature, ETP and precipitation were systematically
varied through three, offset modes ranging from +1/2¢
to ~1/20, using an historical data set. Each of the
three variables were offset and daily values were
generated by the Monte Carlo simulation. Rainfall was
generated By,the Markov state probabilities defined in
Section 8.

The Monte Carlo simulation models was then
cycled through ten times for each of the 27 probable
and improbable scenarios.

The results shown in Table 2 for average
stress variations, but neglecting such absurdities as
Tow temperatures and high ETP, high temperatures and
Tow ETP, etc. demonstrate the invariability of the
average stress for symmetrically distributed weather
‘scenarios.

The temperature influence on the length of the
wheat crop season is clearly shown in Table 3. High
eér]y temperatureg shorten the season length while Tow
early temperatures lengthen the season. The symmetrical
distribution specified however still produces a symmetrical

influence as the wheat plant centered on flowering.
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TABLE 2
AVERAGE STRESS MEANS

TEMPERATURE
MODE PRECIP. MODE
1 2 3
EM 1 .54 .67 .65
1 TO 2 .55 .64 .67
PD 3 .48 .64 .65
E
1 2 3
2 1 .53 .58 .67
9 .54 .69 .68
3 .54 .67 .67
T 2 3
3 1 .53 .70 .69
2 .53 .70 .70
3 .56 .71 .70
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TABLE 3
SEASON LENGTH MEANS

TEMPERATURE

MODE PRECIP. MODE
1 2 3
1 EM 1 75.0 73.1 75.2
TO 2 75.5 75.2 75.3
PD 3 73.3 75.7 75.5
E
1 2 3
2 1 85.3 86.7 87.4
2 87.8 86.2 85.1
3 88.3 86.0 85.3
1 2 3
3 1 109.2 106.9 110.5
2 107.0 101.9 108.5
3 108.3 105.5 102.0
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The use of the averaged planting to ripe
stress model has been shown in Section 8 to be inferior
by about a one bushel standard error of estimate to the
daily weighted moisture stress apbroach._ However,
there is rio doubt that the averaged approach produces
acceptable results. '

‘ The Monte Carlo simulation was used where the
3_driving variables (temperature, ETP, and precip-
itation) were systematically offset. That is, using
the historically derived climatological data, each
variable was systematically offset and the daily vé1ues
generated randomly about the offset mean. The offset,
or bias, is +1/2c of that variable's observed variation
at day 91 and decreases linearly to -1/2¢ at day 280.
A second mode has values -1/2¢ and +1/20 at days 91 and
270 respectively, whi1e'a third, used as a base for
comparison has no systematic offsets over time. While
temperature and ETP are treated as described, precip-
itation amount fis not varied. Instead, the Markov rain
state probabilities are modified, simulation more
frequent rain patterns at one end of the season and
drought at fhe othgr. _

With the above modifications, the Monte Carlo
simulation model discussed in Section 9.2.1 was cycled
‘ ten times for éach of the 27 possible combinations of
variable modes. The results are summarized in Tables

9-2 through 9-3. Analysis of the tables provides some
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insights into the model. First, as might be expected
from the sensitivity coeffic{ents in Tab]e.i,'ear1y
season higher temperatures w{11 substantially shorten
the growing season, Conversely, & ¢oo0] start will
result in a long season. It must be noted that if ETP
is systematically higher throughout the szason, then'
average stress will rise. However, a-planting-to-ripe
average as a yield indicator does not appear to be
sensitive to this type of variation. Third, in Table
2, note that the prehibitation mode determines aﬁerage
stress, regardliess of season Tength or ETP mode.
Explanations for these results appears to
_agree with the analysis in Section 9.3.1. If‘the.totaT
precipitation increases, then ave}age stress will, in
average;’drop. Similarly, if the average ETP remains
_approximately constant, then no variation in average
stress can be detected, regardless of the time in the
growth cycle high ETP is observed. Temperature,
_ despite the variation in season Tength and accompanying
shift in the application of k-coefficients appears to
have no discernible impact on stress. Caution must be
used in extending the Monte Cario results too far.
They are based only on 10 iterations and, as a result,

statistical significance tests were not applied.
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10.0 SYSTEM OPERATIONAL EVALUATION

The "System" operated during 1975 over the upper Great Plain hard
red spring wheat was obviously a prototype developmental system. The
prior development work had brought the system to a state .of quasi-
readiness; however, the new region brought with it new problems and
demands. The fact that these problems were overcome and the demands met
is certainly demonstrated by the fact that a system was operating within
30 days of final go-ahead. Yield estimates were developed for the test
area at two week intervals/bushelis/acre with region aggregated errors
approaching-zero.

In the following sections we will examine some of the operating
problems in the 1975 operating environment and then look forward to a

1976 operating environment and then to a 1980 operating environment.

10.71 1975 Openat{ng Probiems
In 1975 ground observations were acquired from Service C
' teletype roils that were pericdically picked up at the World
Weather Building near Hillcrest Heights, Maryland approximately 56
miles from EarthSat's office. SMS satellite data were received by
mail in standard hard copy print formats from Kansas City. The
majority of the operating problems were associated with these data

inputs.

10.1.1 Preparation of Synoptic Station Data for Input to

the System

The major steps involved in the preparation of synoptic

stations meteoroliogical data are graphically outlined in
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Figu?e 10-1. A detailed discussion of ‘each of these steps is -
presented in Section 4 of this report.

During the operations minor problems were enceuntered
at several steps of the data preparation. These were: 1)
Service € teletype transmission érvors and/or erroneous
reaﬁings of meteorological parameters, 2) missiné(data, 3)
int%oductian of errors during data extraction and- keypunching.

Most of the transmission errors and erroneous readings
ihherent with any teletype data system could be recognized and
conrgcted by an gxpevieﬁced meteorological technician.

To overcome the problem of missing data we telephoned
the synept1c statlons periodicaily. in future cperations
Service A teletype transmissions could be used as a back-up to
overcome this problem. ‘

Obvious errors introduced during data ext?actsan and
keypunch1ng were corrected by computer software subrout1nes
which checked the data before these entered the data library.
In the future these subrcuéines could be refined to eliminate
more subtle errors.

Notwithstanding these minor problems, the manual process
of extraction and preparation of synoptic data for the AGMET
séstem was generally smooth and trouble-free. .One major im-
pﬁovement envisioned for the future would be to channel the
te1étype reports directly iﬁto a computer data storage system.
This would greatly speed up .the operations. Of course, soft-
ﬁare would be necessary to check data for consistency, trans-
mission errors, and original reporting errors before these

could be fed into an AGMET system.
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data from synoptic stations.
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10.1.2 Preparation of Satellite Data for Input to AGMET

The major steps involved in the extraction of cloud
cover information from SMS images are graphically outlined in
Figure 10-2. ‘

The utilization of satellite cloud cover for estimation
of the net radiation term in the Penman ;TP equation and for
improving rainfall estimates is a major and unique feature of
our AGMET system. Several minor problems were inherent in the
manual and visual extraction of cloud information from SMS
images:

7. Analysts' subjectivity in cloud cover aﬁa1ysis and
1oca£ion introduce random errors of the order of 30
ly/day in the net radiation estimation.

2. Excessive manpower requirements. Approximately two
man-days were required to analyze, encode, punch,
and check one day of satellite data (four SMS images).

A major improvement which could eliminate some of the
anpiyst's subjectivity and greatly speed up oper&ﬁions, especially
if the system is to be employed over larger areas-(the entire
U.S., for example), would be a computer-analyst interface
system. In such a system, outlined in Figure 10-3, the needed
teletype and satellite image data is contained in a computer
data base accessibie to the %na]yst via a CRT display. The
analyst would use the display to locate cioud types, rainfall
areas, etc., verified by teletype data which could be alter-
natively or simultaneously displayed with the satellite image.
'The analysts would have available such parameters as cloud

brightness and cloud top temperatures and actual rain reports
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Figure 10-2: Procedure -for extraction of cloud
cover information from SMS images.
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~Figure 10-3: Postulated interactive system for
processing meteorological inputs.
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to delineate rainfall areas and amounts. The analyst would
then use a cursor to outline on the CRT cToud types rainfall
areas, etc., and would have thesé introduced into the computer
data base. Such a system would permit the analysis of a
greater nqmber of images per day which would more accurate]y-
depict the spatial cloud {and therefore rainfall) patterns.
Various levels of sophistication are available between
fhe manual-visual system employed last summer and the CRT-
_anaTyst interface system outlined above. Nevertheless, the
major improvement, and one that we think necessary to speed up
cloud cover analysis, is a CRT display of cloud cover images
from which areal cloud analyses can automatically be encoded

on cards, tapes, or preferably onto disks.

10.7.3 Regional Data Base Preparation

Soils

In the initial preparation phase soils data were derived
from 1:2,500,000 soils maps. Because of the relative coarseness
of our 12.5 x 12.5 n.m. cells it was assumed that the broad
scale delineations would be adequate. Figure 3-3 in Section 3
presents a map of soil classes as assigned.
’ QUbsequent review of yield variance on a county basis
sﬁggests a need to improve our description of soils. Initial
evalations of LANDSAT images suggest that soil boundaries
could best be defined from this source. Actual texture and
crop available moisture derivations would come from use of

soil association maps.
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Active Cells

In the 1975 operations we laid out a grid/cell geobase
system over the entire four state test region. Al1 processing
activities were accomplished over'all cells where a soil
assignment had been made. This approach doés not consider
whether there is actually a crop planted in the cel]g.

In the future LANDSAT images should be used to delineate
agricultural land from non-agricultural lands on a percent of
cell basis. This would have the effect of reducing the total.
number of cells processed. It might have a further effect in
improving yield estimate by improvement in the weighting of

acreage in our aggregated yields.

10.1.4 Computer Software

The software used in the "System" operations in 1975
operated effectively but probabiy Tess efficiently than might
be required for global applications. The specific jtems that’
m%ght be considered for change to improve efficiency include:

(a) METRUN
(b) AGRUN I-II
(c) PREDRUN

METRUN should be carefully reviewed to assure that all
funétions operate as separate modules, i.e., I/0, Processing,
and Area calculations. The overall philosphy of the software
should be carefully reviewed in the framework of a larger area
ope%ation.

AGRUN should be reviewed to assure efficient structure
in Ag-historic and site files. Some additional thoughts need

to be-directed to display procedures.
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PREDRUN as -it 7's éurﬁentﬂy configured is very site
speéific. Opérations over larger areaé-wiﬁ] require some
rewrite. .

’ A1T of the foregoing items refer specifically to prob-
lems associated with use of the 1975 syétemﬂin a larger con-

text. None of thé égjustments is very complex or expénsive.

- 10.1..5 Changes and Adjustments for G]obai Operations

Global operations of the EarthSat System would be best
:accomplished in the context of the discussions to: be presented
in Section-10.2. If, however, there is interest in running
the 1975 “System" over larger areas of the world the following
sdggest%ons are valid. ‘

(a) The global crbp (i.e., wheat)population should be
grouped into sampling regions which represent "YIELD
ECOZONES" and effectively represent a sufficient
sampTe of the production universe. Each sample
shouid be one or two LANDSAT frames in .size.

(b) The geobased grid included in each "yield ecozone"
can be variable, i.e., some zones with small soils
. variations could use é 50 n.m. grid while others
would use the current 12.5 n.m. grid.

(c). The model should be run on a daily-basis over each
"sample site using the alternative daily stress
weighted model.

(d) The total number of sampled ecozones would be
‘ai]ocatedion the basis of mean daily rainfall event

size for the region.  Over the 1975 test regions
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approximately 85 percent of all specific events were
between 152 n.m.-2 and. 10,000 n.m. 2,
(e} MWeighted aggregations would then be used to prepare
yield estimates for a}eas equal in size to one or
two CRD and larger.
(f). LANDSAT- historical images would provide a basis for
ecozone deveippment and would provide improved soil
and soil moisture release curve data.
The foregoing suggestions would permit the operation of a
global system which could permit physicaT:exp1aﬁations for all
&ig]d modifying events. The loss of detailed moisture gtres§
descriptions would not influence relatively large area aggregates.
Accuracies obtained in this manner should surpass-standard
regressién approaches particularly in highly anomalous years.
In_ the opérationai‘mode discussed in Section.10.2 there
would be no need to sample but it Abviously could be done if
desired. A limited test of a sampling scheme 1in ﬁ. Dakota is

discussed in Section 8.

10.1.6 Applications of Weather Forecasts

During the 1975 test two approaches were used to
estimate the "“future” weather to provide end-of-year yield
éstimates. The first used with QPRED was not a forecast at
all; it simply was a statement that the past stnes§ will be
the future. In the avéraged stress-model this statement
became more true as the number of actual days included in the
average stress increased. The second approach termed SPRED

for--simulation Prediction used the distribution of historical
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weather in a Monte Carlo simulation model. During the 1975
tests SPRED used only historical weather; there were no
attempts to test modified historical distributions based on
short or long range forecasts.

The SPRED approach is easily adapted to short and long
range forecasts which are usually presented as "departures
from normal.” The adaptations recognize the fact that we will
always be operating in a probabilistic worlid. Forecast
"departures from normal" would be used to modify the historical
distribution used by the SPRED model. Thus a combination of
accurate short range forecast, whereby the distribution would
contain only a Timited variance, and larger range forecasts,
whereby the variance would increase but the mean would be
defined by the forecast, could be used to deve]&p reasonably
accurate end-of-year estimate with the added benefit of a day

by day estimate of probable error due to weather uncertainty.

10.2 Future Operations of the EarthSat System

10.2.1 Background

A routine U.S. effort toward global crop monitoring
would Togically invoive NOAA's National Weather SerQice (RWS)
since it has traditionally provided weather support for
agriculture and has served as the prime national interface on
other global weather efforts through the World Meteorological
Organization. Although the present purpose is to highlight
satellite inputs to such an operation, a brief discussion of

the NWS National Meteorological Center (NMC), and its facilities
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for -supporting such a mission, will provide. useful background
for the subsequent satellite interface discussion. .

The NMC is the primary NWS mission support element.
Using global collections of all types of observational data,
its numerical analysis and predicfion facilities genérate '
dai]& some 800 graphic weather pattern depictions and about
the same number of alphanumeric message blocks which are
d1ssem1nated as scheduled fac51m11e and teletypewriter trans-
missions (NOAA 1975). NMC was recently relocated in expanded,
more modern World Weather Building (WWB) quarters near Suitland,
and NWS is diligently pursuing other improvements which will
‘ provide a h%gh]y automated and more effective weather service
for the Tate seventies.

A Digital Weather Radar Experiment (D/RADEX} has
recenf]y advanced to an approved_oberationa] project which
will provide coqtinuous and complete cloud echo coverage for
atl 56 states and surtpunding caasta1 zones. The reduction of
direct probe {balloon) rawindsonde data is élso fast becoming
" a mini computer supported automatic opefation. Data inputs
and. product dissemination is undergoing a major modernization
and upgrading under the Automation of Field Operations and
Services (AF0S) project which is currently involved in a $40M
procurement of some 275 mini computer-based data comunication
and‘processing systems. These interactive systems will be
interconnected through a National Digital Circuit (NDC).

o A new 8~Téve1.g1oba1 numerical prediction modei, now in

operational test, will soon support routine global data analyses
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and predictions, and NOAA's large central computing facility
has recently been expanded‘t& provide improved support for
such prediction service.

Traditionally, the NMC has cooperated with those
seekiﬁé to enhance and diversify its product Tine. Over the
yéa%s the NWS Techniques Development Lab and others have
utilized the NMC observational data baseiand‘its numerical
analysis and prediction fields to generate wind component
forecasts for flight operations, maximum/minimum temperature
forecasts, and mény otﬁer biproductradvisory outputs 1in
support of specialized customer requirements. As such develop-
ments are stablized through operationé1 testing, they then
become a part of the rputine production. Assuming pfﬁper
resource support, it therefore seems appropriate to consider
global crop monitoring as a 1ikely adjunct to NMC operations.
The present EARTHSAT Spring Wheat Yield .Model study effort
provides insight toward such an -operation. )

' The study stresses the vital role of satellite image
data ~ particularly if crop monitoring is to be carried out
ovef-sparse weather observation regions on a global basis.
Since the-National Environmental Satellite Service (NESS) is
- cﬁaréed with supplying satellite image information on an
operational basis, it is of interest to examine in some detail
the various aspects of Such support to an NWS global crop
méhitoring operation.

At first glance, such a cooperative operation has much
to recommend it. NQS and NESS are NOAA sister organizations

with cb]]ocateq operations. They share central computer
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support and other facilities in the Suitland/WWB complex, and
1nteract1ve cooperative re1at1onsh1ps are well established.

The following d1scu551ons w1]1 examine the operating environ-
ment in some detaﬁ1, noting the satellite data sources, the
oﬁerationai satellite data processing and support facilities
and the several interfaces through which satel11te information
'wou]d be made available for ‘'such a global crop mon1tor1ng
operat1ng at NMC. Deta1ls-of the sate111te data information
extract1on operations are projected in the context of related -
on- g01ng operat1ona1 act1v1t1es and a scenario is presented
whereby a late.seventies beginning operation could be achieved.
A final discussion deals with a more advanced operation which
would utilize new satellite source data and improved image

data manipu?ating'techno1ogy.

10.2.2 The 1976-1980 Operating Environment

By the late seventies a number of satellite programs
will be providing data of value for giobal agricultural
“monitoring. Some programs will stress operational commitments
and so provide data.and derived products in near real time
th]e others will collect data in support of off-Tine ex-
petiments and resgérch. A1l have received impetus from The
wérld'Meteorologica1 Organizations' Global Atmospheric Research
Project (GARP), and many nations have environmental monitoring
space'projecfs which are noﬁ committed to the support of the
First Global GARP Experiment (FGGE) in 1978.

"For the U. S » TIROS-N and the following operational

NOAA satellites represents the primary data source for g]obal
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monitoring on a daily basis (Ludwig 1975). With quasi poiar,
sun synchronous orbits, two such spacecraft will provide
éomplete global coverage four times each day. Four half mile
resolution sensors will provide visual and infrared imagery (a
fifth channel will be added on later spacecraft). This Advanced
Very High Resolution Radiometer (AVHRR) will provide full
resolution digital data Yocally through a direct High Resolution
Picture Transmission (HRPT). About 100 minutes of such data
can also be obtained each day from remote areas through spacecraft
tape storage. Central processing of more detaiied imagery can
thereby be achieved for areas of special interest. .Complete
global coverage is achieved through on-board averaging of
stored information. Even though spatial resolution is thus
reduced to about. 2 miles, the- resulting digital samples are
retained: as- 10-bit quantities in order- to- maximize their
quantitative utility. '
A compound TIROS Operational Vertical Sounder (TOVS)

Wil provide additional information., not only for generating
atmospheric soundings but for surface app]icaéions as well.
Intluded are: a basic sounding unit with fourteen sensor
channels for tropospheric water -vapor and. thermal -measurements;
a three sensor "chopper" unit for stratospheric temperature
measurementss and a four sensor microwave unit for surface
temperature sensing. Although measuring at various coarser
resolutions, these sensors should provide valuable supplemental
information for crop monitoring.

1 The TIR0OS-N series will also-provide a Data Collection

System (DCS) whereby unmanned observation stations may be
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interrogated to provide valuable "ground truth" observations
froin-remote areas. The NWS Hydrologic Service is currently
experimenting with some thirty remote platforms and more are
to be acquired. Projecting the current trend in international
meteorological cooperation, it seems reasonable to expect that
rainfall, river stage, snow depth, surface temperature, and
other observational data could be made available in near real
time from many agricultural regions of the globe by the early
1980's. - -

Present NOAA plans project the TIROS-N operational
ceries to extend from 1978 into the mid 1980's. During this
period it seems 1%ke]y that developmental efforts will result
in the addition of more advanced sensors. Among these efforts
it seems reasonable to expect improved capability in sensing
surface temperature (improved spatial resolution microwave
sensing), atmospheric moisture, and perhaps surface soil
moisture. Whatever the improvements realized, they will tend
to enhance any beginning crop monitoring operation.

Although not global in coverage, NOAA's new Geostationary
Operational Environmental Satellite (GOES) system must aiso be
considered a prime information source for agricultural monitor-
ing within the western hemisphere. NASA's prototype spacecraft,
Synchronous Meteorological Satellite, SM5-2, and NOAA's GOES-1
are currently providing image data for practically all vegetated
portions of the Americas and equatorial islands. Half mile
visual channel image'data is available in the daytime and fou;
mile IR day is available both day and night from the Visibie

and Infrared Spin Scan Radiometer (VISSR). Half hourly coverage

10-16



is obtained from each sate]11te on 3 staggered basis so that
overlapped coverage is available over most of the cont1guous
48 United States at 15 minute intervals.

GOES a]so provides a DCS facility (NeTson 1975) which
is currently in an 0perat1ona] test status. A new ground
support processing system is now being activated toward a
" fully operational commitment in support of FGGE in 1978 (WMO
1975). " Relay capability of each sate]ﬁite-is projected at 5
mix of some 10,000 obhservations per day: The curnent GOES
eentraT pnocessing activity has settled into a stable pro-
nuetion but changes will, no .doubt, occur as new products and
sensor 1mprovements expand th1s beg1nn1ng operat1on A funded
effort is currently under way to mod1fy the VISSR by adding
sensor channels for sounder app]1cat1on. A?though the VISSR
Atmospherie Sounder 6VAS) version may not fly until the 1980's,
these, or perhaps other -sensor improvements, will also tend
to enhance agricultural mon1ter1ng capab111t1es

LANDSAT and Nimbus satellite data must a]sd be con-
sidered -as important inputs to a future global crop monitoring
operat1on. Desnite their deve]opment and experimental charters,
these NASA proaects can prov1de v1ta1 support to such an
operation. As in EarthSat s current Wheat Model Study, sensor
1nputs fron such programs can provide the necessary satellite
data fon intercomparison with ground truth sites and so pro-
vide the means for projecting application into regions with
sparse ground observat1ons Appl{cafions studies using ultra
h1gh resolution imagery, or data from new experimental sensors,

also provide the impetus for making such data available on
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more operationally-oriented satellite programs. Experiments

in more advanced on-board processing or improved ground pro-
cessing techniques can‘similarly benefit an er?ving operation.
Close and cooperative association between these programs and a
global crop monitoring operation would therefore seem highly
desirable as a means for improving its precision and expanding
its %mpact.

Other satellite programs offer potential information
sources. Perhaps the most 1ikely are the oncoming European
Space Agency's geostationary METEOSAT and the Japanese Geo-
stationary Meteorological Satellite (GMS). METEQSAT is to be
stationed near the Greenwich meridian and GMS will be po-
sitioned near 140°E. Both are now pfojected to begin oper-
ations in support of FGGE in 1978.

Each program has maintained interface compatibility
between their DCS system and that on GOES. One may therefore \
anticipate the international exchange of greater amounts of
datellite data on a near real time basis. Already such
international cooperation has begun with France routinely
relaying direct readout sounder data from NOAA polar orbiting
spacecraft through the geostationary DCS faciTity into Suitland.

The SEASAT program represents another possible inter-
fa;e. With approved funding, both in NASA's developmental
procurement and in NOAA's processing preparations, first
Jaunch is projected for 1978. Although projected as a NOAA
operation in support of ocean interests (oceanography, fisher-
jes, etc.), there may be overlap in surface sensing over

land - particularly from the planned microwave sensors.
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Should such information be of value for agricultural monitor-
ing, this new operational polar orbiter system would be able
to offer data in near yeal time on a global basis.

Other space developments could have impact. but timing
and other details appear less certain. Perhaps the greatest
imﬁact could come from further developments in communications
satellites and in satellite-to-satellite relay capabilities
(such as NASA's TDRS effort). Conceivably, direct relay from
a LANDSAT having steerable imaging capability could transform
the present program into a near real time operation. with
sefectable global coverage on a daily basis. Short of such
ultimate ideas, there appears to be an ample supply of sat-
e]lite data which would justify an operational :global crop
monitoring effort by the end of the present decade.

Apart from thé availability of source data, the impact
of satellites on such a .crop monitoring program requires an
appropriate data processing and analysis facility. A brief
review of the NESS processing facilities, as projected into
the late 70's is therefore in order.

A rather complete description ﬁf the GOES central data
nrocessing and analysis facility is available Bristor (1975),
and a companion facility for the TIROS-N operation is presently
under contract development. With both satellite sjstems pro-
viding digital source data, great emphasis is being placed on
the quantitative extraction of information from all sensor
packages. 'Care is therefore exercised in converting raw bit
streams into meaningful engineering units through proper

qnp]ication of accompanying calibration data. Special attention
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is also being given to the problem of applying proper radio-
metyic corrections for.varyjng attenuations due to. atmospheric
constituents. And substantial résources are devoted to the
optimum earth location and geometric‘norma1ization of all
sensor data. A diagnostic quality assurance effort assesses
noise content and other incoming signal quality factors, and
provides an overall monitor service for product adequacy and
Fime1iness. Both satellite systems will be serviced by
dedicated preprocessing facilities and specialized product
output display and distribution equipment. ‘
A large scale central computer compiex is provided as a

- shared NOAA facility for NNS and NESS operat1ons Three ;BM n
360/195's with 64 spindles (6400 M Bytes total capacity) of
d{sk-storage comprise the present system. Both NMC and NESS
have -direct access to the central facility through special
high‘speed selector channels. Thus ‘each may inject masses of
prep?opessed data and extract formatted outputs for facsimile
and teletype transmiséion and for local display. More im-
portantly, each also has ready access to all data bases and
produéts. Within this operational environment, production
which requires a diversity of observational 1npu%§, and
special output user interfaces, can be carried out in an
6ptima1 fashion.

. The NESS operation recognized the need for visual in-
spection of imagery and human decision making. " The present
"GOES operational faciTity "includes three Man—Macﬂine Inter-
active Processing Systems’ (MMIPS) to support such activity,
and it appears that the TIROS-N operation will require some-

what similar systems. In a developing image processing operation,
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experience seems to indicate a‘étep-wise progfession into full
automation. Products are often tested and evaluated with
human decision makers “in the loop." Once the product is
accepted, obvious automation steps are usually taken, but
certain human decision steps may nqt have ready automatic
equivalents or the changeover may be too costly. GComplete
automation of one prbduction task is often followed by theé
initiation of a new test product which then passes through
s}milar stages. A global crop monitoring effortlw0u1d fit

well into this evolutionary production environment..

10.2.3 Quasi-Automated Satellite Inputs to a Day-One Operation

The process of extracting quantitative information from
satellite imagery tends to be hierarchical with more sophis-
ticated processing re§u1tiﬁg in the generating of more complex
oqtput products which represent greater value to the user.
Initial processing steps are usually required for nearly all
prdducts so that their cost is justified in terms of the
entire production. However, as the processing steps become
more specialized, the common product cluster often becomes
rather smali. 1In order to avoid uncertainties in committing
resoufces on singular costly products, one therefore strives
t0 develop a processing approach which maintaines maximum
generality in the more complex processing steps.

In the earlier TIROS Operational Satellite (T0S) system
this ideal was pursued in processing vidicon image data.
Beyond the preprocessing steps {calibration to remove vignett-

ing; radiative correction for solar zenith angle; earth location
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and mapping) an attempt was made to transform mapped image
clusters into ‘generalized image "descriptors.” Rather simp]e
parameters were used to describe average cloud brightness and
othér'chéracteristicé of the individual image sector bright-
ness topographies. -Although this aﬁproach found somé application
Miller et al (1971), problems with vidicon responses and
calibration discour&déd those interested in quaqtitétive
applications. Now with.mu1£ip1e channel digital data there is
‘néw aﬁpéal for- this approach. The Air Weather Service has
dgve]oped a processing sygteﬁ whereby several "state parameters"
ére extracted from satellite image data and entered info a 4-D
éompater data base along with ather observables. Various
analyses and p%edictions are then made using all available
informatibn in each cluster volume for each time perioq.
Efforts persist toward greater objectivity and .generality in
the generation and use of such state parameters Booth (1973),
and it seems desirable to amplify this effort with the larger
bulk of multi-channel -data to come from TIRQS-N.

Many appréaches to feature extraction from image data
have been suggested in the pattern recognition literature
Tou (1975) and Kanal (1974). .Current contract study efforts
toward the design of the TIRQS-N data processing facility
wj]]w hopefu]ly, jncorporate an economical means whereby a
descriptor set with wide raqgjng product app]icétions may be
generated. Whether descriptors are derived from direct image
cluster pattern measurements (e.g., a-brightness topography
laplacian}, from measures of cluster Fourier Transforms, or

from histographs, one would expect direct applicability of the
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resulting parameters to the crop monitoring operation. Past
studies Barrett (1973), and the current Wheat Model Study all
suggests the value of cloud amount and type from visual channel
satellite data, and efforts continue toward the extraction of
independent information from multi-channel data Follansbee et
al (1975). Considering the important requirement for cloud
'type amount, and vertical distribution in many other customer
interface areas, it would be surprising if a beginning crop
monitoring operation required extensive independent information
extractions beyond those planned for other NESS production.

In order to project a beginning operationf one might
postuiate a TIROS-N data processing arrangement based upon
stated requirements. Once the system design study is complete,
one may then modify the plan to more precisely confirm to the
operational environment. From present indications one may
project the following as situation features in support of a
day-one operation:

© Satellite sensor data from TIROS-N will be pre-

‘processed (calibrated, radiometrically corrected and
earth located) and available as a randomly acces-
sible data base in neér real time 'on a global
coverage basis within the Suitland 360/195 central

_ computer facility.
Additionally, a derived set of parameters wiil be
available from image datﬁ cluster sets with several
such parameters aimed directly at the.determination
of cloud amount, cloud type and vert%cal distribu-

tion.
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Interactive graphic facilities will be availabie it
needed for further separation of data classes or for
monitoring of a beginning crop modeling and monitor-
ing operation.

° Global TIROS-N data sets will be availabie on & four
times per day basis, and all such sets will be
accessible with adequate 195 computer time. for a
once-per-day operational computation.

° The situation will be similar to the above for
SMS/GOES VISSR data except that information will be
available at 3-hourly intervals and only for the
Americans. .

° Qutput facilities will be available for suitable
local output (graphic and/or alphanumeric hard copy)
and for the automatic transmission of similar pro-
duct messages or graphics.

A11 of the above is, of course, predicated upon the
assumption that the global crop monitoring mission would
§uccessfu11y compete with other missions as a cost effect%ve
endeavor within the national interest.

With the above projections, one may visualize a program
package based on the present Wheat Model Study and resident in
the 360/195 system at Suitland. This portion of the overall
NESS applications software library would be subdivided into
several components: '

1. A TIROS-N input data interface model

2. An SMS/GOES input data interface model

3. A near real time data input interface for in situ

weather observations and all other timely inputs
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4. An integration and model calculation module

5. A production output module

6. A diagnostic deve1opﬁent and’test module

The first module would transform preprocessed TIROS-N
data and derived inﬁermediate descriptors into a data base
synthesized and formatted as. measurements of precipitation,
sunshine, and other factors requiréd as inputs to the §ene%a1~
ized crop monitoring model. Software supporting this task
would function ]arge]y as an automated activity, but some
~ inputs may not be adequate]& separated into proper classes as
required by the generalized crop model.. A case in point might
'invoiﬁe frbnta] zones where baroclinic accelerations tend to
%réduce a comp]exify of hu]ti-1eyeTﬁc1ouds with different
motions and overlapping pattern features. In such cases the
use ?f an interactive graphic facility may provide justifiable
payeTf since resolution of such cases would be important in
terms 0of model out?uts. Human resourﬁefu]ness could select
alternate sensor displays and, result in decisions beyond the
Qiscriminating ability within the automated software. The
6véra11 result of this first stage activity would be to accrue
current inputs to the model data base, and such activity would
presumably take place periodically as an appnopriéte vo]umé of
1ﬁput data ‘had accumu}afed. With four giobal coverages per
day from‘the two operational spacecraft, this work would
1ikely Se done 1in §shour1y batches.
In general, such activity*could be gracefu]ly combined

with other operations since the only time-critical deadline
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would involve injection of the final batch of input data and
the scheduled production run.

The second item represents.a parallel task related to
the first, but VISSR data procesSing‘wf11 involve different
software. And the interactive work would 1iké1y utilize the’
MMIP$ interface. Data additions could occur at 3 hour inter-
vals, but, again, the final deadline is the only critical
scheduling consideration. Although the VISSR data -nput
activity is similar to that for TIROS-N, the particular
descriptors generafed will 1ikely differ. This hesulté from
the fact that image data sequences are available on a more: ‘
frequent ‘basis, and préduct goals for the two data sources are
d%ffgrent. However, with different transformation software,
éhe éasks inv61§ed in adding to the crop monitor model data
base'wou1d function much as in the TIROS-N case.

The third activity accumulates all direct probe mete-
orological measurements as gurrentiy oﬁtained through NWS
channels over their global telecommunication 1inks. - The
advent of AFOS will improve the timeliness of such data

_coliecéions for domestic regions, but the data will be sorted,
reformatted and stored by NMC in the 360/195 much as it is
today.

' A significant increase in this data base may be ex-
pected at the .DCS systems'on both TIROS-N and SMS/GOES expand

into full load operations. This augmentation is to be a

shared responsibility with NESS forwarding only partially
processed bit streams into the 195 and NMC doing the final

transformation, sorting and formatting into standard obser-
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vational collectives. Aside from increased bulk, however, the
software module which transforms these inputs into an appropriate
crop monitor data base wiidl accomp]i;h»much the same tasks as
the now involved with the Wheat Yield model. This software

would Tikely function as a compietely-automated activity,

perhaps operating uhder NMC supervision as an appendqge to

their operational software which:digests incoming data 1nto.
their data base.

The fourth component is the core of the activity pro-
viding the transformation of input information through the
generalized model into output indicator fields. There would
1ikely be a variety of computer output files expressing
results not only as simple yield figures but in various inter-
pretive forms.

The production -output module would contain a variety of
selectable routines which would create formatted messages,
-g}apﬁic displays, printouts and other options. A vital output
form would transfer daily production into a multi-tagged
archive file which could then be utilized in generating a
variety of periodic off-line surveys and other summary reports.

‘ The sixth module provides the importaﬁt means by which
faults are diagnosed and %mprovements made. Again, human
interaction would be important, and considerable software
support is required so that the diagnostician may explore
symptoms with graphics or hard copy printouts.

As model improvements are developed, this module also

provides the means for evaluation and test. Specialized data
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bases (from LAﬁDSAT, Nimbus, aircraft, micro surface station
networks, or other sources) would undergo sp¢c1a1 iqterpreta—
tion to generate new regression coefficients or otherwise make
model revisions. Once the revised model was ready for test,
this test version would interact with the routine model pro-
duction software in an operational simulation mode. Because
of the variability in developmental activities much of this
diagnostic software would function best as separate modules
operating under some common protocol and interface formatting
arrangement. ‘

~ The above scenaric describes some of the main features
of a generalized crop monitoring operation. Although details
of the TIROS-N data processing arrangement must await the
outcome of current contract studies, the broad pic{ure, as
stated above, can be inferred from stated requirements. More
detail can be added as NOAA/NESS formulates their final
hardware/software design early in 1976. Once decisions are
made, the procurement, installation, and testing of the faciiity
will step ahead on a tight schedule in preparation for the |

planned launch of TIROS-N in 1978.

10.2.4 An Evolving Future System for 1980-85
By 1985 the- SMS/GOES and TIROS-N operations will have
stabilized into rather routine activities but by then several
changes appear likely:
° Larger and faster large scale computers will be

available and the pressures from advances in nu-

merical weather prediction and an expanding sat-
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ellite actiyity will result in a move to replace the
360/195 complex. It will likely be-economically
advantageous to répﬁace egféting equipment'with
mainframes having at Teast 5-fold throughput improve-
ments; random access rotating storage with 5-fold
capacity improvement; very much larger high speed
memories. -
The VAS sensor pacgagé will have replaced the VISSR
in the SMS/GOES oﬁeration to present the opportunity
for indirect'atmospheric soundings at 2 or 3-hour
intervais over an Area some 170° ih lTongitude by
about 100° of 1atitu&e.. Fven if soundings were pro-
duced at 2° spacing each 4 hours thé Céicu]ations
for these 255,000 soundings wou]d'have-a major
resource jmpact. ‘
The fIﬁDS—N operational series will be reaching the
end of its projected 8-year lifetime and a new
sfstem of polar orbiters with more advanced sensors
will Tikely ampiify the global data set, perhaps by
a factor of tﬁo.
Advances in telecommunications capabilities and
competition between carriers will make pfactica1 the
exchange of much larger basic .data sets.
Improvements in microelectronic and/or optical
digital .data handling techniques will generate
faster and improved methods .for the practical ex-
traction of quantitative information parameters from

image data.
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All df the above ingredients suggest a substantial jump -
in environmental satellite activities for the latter 1980%s.
In order to jgstify such a jump there must be strong arguments
fbf economic payoff in terms of operational product impno&e-
' ments.“ In the case of global égricultura1 activities one caﬁ.
yisualize des%rab?e advancements beyond a simple monitoring
function. The principal need for advancement would appear to
involve the ability to ﬁrediét deviations from normal yield
with sufficient precision and over reéalistic time spans o
ﬁhét é1férnative actions might be taken to avoid famine.
While some work has been done in using satellite data for very
'short range predictions, an& longer range capability must ‘
debend upon the development of petter longer range weather
pre&ictjon even with eventual linkage to climate and climatic
trends, McQuigg (1975). While work in this area might now
seen premature,.Earfhﬁat is ﬁntere}ted in considering such
" future péssibilities as a part of its interest in the overall
crop yield and monitoring ef%ort. Once current efforts have
evolved into a méaningfu1 operational service there will
1ikely be interest in addressiﬁg su@h a program as an inter-

national cooperative effort.

REPRODUCIRILITY OF THE
GRIGINAL PAGE 18 POOR
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11.0 SUMMARY

The 1975 test of the EarthSat Spring Wheat Yield ™System" has pro-
vided a comprehensive review of the strengths and weaknesses of the
"System". Particular strengths seem to be apparent in the geobased data
management system and the systematic plant weather environment diagnostic
elements. Some small weakness is found in the moisture budgeting
functional elements and in the yield model. None of the weaknesses are
totally éignificant to the system. Alternative approaches have been
examined and partially tested fo overcome all of the weakness. Some
specific findings of the system test include:

(a) brecipitation estimates were accurate to within 3mm 72 percent
of the time and 7mm 90 percent of the time.

(b) Potential evapotranspiration (ETP) estimates were within 2mm
of Class A pan evaporation measurements 68 percent of the
time.

(c) The phenology or growth stage (BMT) "clock" error averages
+ 3.4 days for the jointing (BMT = 2), Heading (BMT = 3) and
Soft Dough (BMT = 4) stages.

(d) Evapotranspiration estimates (ET) at 7 day intervals seem to
show the correct sign but the magnitude averaged -25mm in
error. A suggested change in the moisture release funcﬁion
improves the absolute error to -8mm.

(e} VYield forecasts prepared early in the test at two week inter-
vals using a N. Dakota (developed over 3 counties) model and
M. Dakota trend show errors of ~0.5 percent in N. Dakota, -13
parcent in Montana, +30 percent in S. Dakota, and -7 percent

in Minnesota.

11-1



(f) Yield forecasts prepared after reevaluation of the trends for
each Crop Reporting District (CRD) and the introduction of a
high temperature factor produced errors at the state level of
-0.5 percent for Montana, and +10 percent in N. Dakota, S.
Dakota and Minnesota. The residual errors may be due, in part
to the inability to accurately define recent year trends with
existing analytical techmniques.

(g) Coefficients for weather stress appear to be constant for all
four states.

(h) CRD correlation coefficients for Montana, N. Dakota and
Minnesota are approximately .75. County Jevel correlation
coefficients in Montana and N. Dakota are appréximate]y .45
and .55 respectively.

(i) Tests of a weighted daily stress yield model suggest improved
sensitivity over the averaged planting to ripe stress model.

(j) The "System" seems to describe spatial variances in yields at
2 to 3 country aggregate levels.

(k) The "System" can be directly applied to other areas of the
world for spring wheat using a sampling technique if aggregate
yie@ds at CRD or state level only is the objective.

(1) The "System” can be operated on a global scale assuming large
total samples of wheat growing regions for the dollar equiva-
lent of an hour of IBM 350/50 per real time weak.. This
estimate assumes that all meteorclogical data entry is automated,
aqd does not include personnel costs, or display costs.

(m) The output from the system for stress, BMT rainfall, soil
moisture yield, etc., is at a scale that can be used inter-

actively with LANDSAT.



(n) LANDSAT image data can provide a direct input to the suggested
weighted daily stress yield model.

(o) Futﬁre plans in NOAA's TIR0OS-N program imply a good possibility
that_automated entry of satellite data will be operational.

(p) The “"System" can be used to run physioiogica] plant models,
i.e., dry matter accumulation mode}s over large areas. This
potential will allow marked further "System" growth and
adaptation to other crops and new variations. Such "growth"
is not possible with most other approaches.

The 1975 test has shown that the "System" is strong in its diagnostic
elements but somewhat weaker in its yield predictive elements. Recommen-
dations for improvements to. both elements have been developed and there
is therefore no basic Timitation to future regional and/or global
applications. Complete "System" software documentation has been devel-

oped and adjustments for other areas and/or computers are wminimal,

11-3



12.0 RECOMMENDATIONS

EarthSat is optimistic about the outcome of evaluations of its 1975
“Syétem" test and as such it is appropriate to present some recommen-

dations for future applications, testing and research needs.

12.1 Further App]ications

The basic diagnostic elements of the system together with the
geobased data management scheme are applicable to any region of thé
'wor1d therefore the following. direct applications are recommended:
‘ (a) The 1975 "Syﬁtem" as documented should be applied to
- ¢corn, soy bean and winter wheat regions of the United
State either as a sampled basis, i.e., as suggested for
global operationS'or‘ﬁver all producing areés. Existing
physiological models should be tested with the basic data
derived. Examples of existing physiology models include:
° SYMAIZ by Duncan, U. of Kentucky
©  CORWNOD by C. Baker and B. Curry, Ohio. State
¢ SOYMOD by C. Baker and B. Curry, Ohio State
°  SIMCOT by D. Baker USDA Mississippi State
° A NTn;eF Wheat Model by Ricketts, Oregon Stai
(b) . fhe'1975 "éystem? run should be tested further on its
* ability to describe the-variance‘in dry matter accumulation
"rates for use by the USDA in their -energing within-year
* yield forecasting models.
(c) The 1975 "System" should be tested as an adjunct to the
NOAA regression yield models in several foreign countries

selected as candidates for LACIE future emphasis. The
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(e)

systém would probably be most readily opera?ed.overfa
gefies of LANDSAT sample.ecozone units representative of
the production distfibution of the areas under stud&.
The basic diagnostic model parts of the "System" should
be tesfed-at first order weather stations and the dia-

gnosed data on a daily basis could then be aggregated for

CRD size areas on a weekly basis. This simplified

approéch should yield results that surpass standard
regression approach and they would furtﬁer offer the
opportun1ty to apply new phys1ology modeTs

The basic “System" should be app?1ed to hydro]og1ca1 as

well as agr1cu1tura1rprob1ems.

- 12.2 Further Research Studies

The current model is, in general, fairly well developed; there

are, however a number of areas that could be studied in much more

depth.

These include:

(a) The overestimation of light precipitation amounts is a

(b)

critical item. Work should be directed toward means to

correct this tendency. Possible approaches may inciude

. statistical studies to allow insertion of an offset into

the rain/no rain determination or further applications of
direct satellite derived data.
The "System" appears to describe variations in plant

condition for "good" or "bad" conditions quite well.

LANDSAT imaged data seems to clearly substantiate this

assertion. Further studies of historical and current
LANDSAT data will further define fhe range of definable

conditions.
12-2
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(c)

(d)

LANDSAT data should be tested to provide soil character-
istics to be included in the wodel. For example soil dry
down rates are needed by the model. These dry down rates

are)pnor?y defined by existing models.

Additional "middie" model approaches, i.e., -hon dry

matter, should be examined using the "System® output.

12.3 Remote Sensing Application Studies

The application of remote sensing from §ate11ites to the

"System™ is really in its infancy. The following items cover

recommendations for further research into the further applications

of remote sensing in the system.

(a)

Eip]ore the availability of operational polar satellite
data inputs for global crop monitoring. Extrapolating to
the 1980 time frame, this would amount to a’ cooperative
investigation with NOAA into the interrg}atiﬁnéhips
between infﬁrm&tion extraction activities im support of
thejr‘ﬁnesently projected product Tine and the related
input needs. for ¢crop monitoring., A number of current
developmental efforts will 1ikely infiuence TIROS-N
production, and the blending of such act?vi;ies,with a

crop monitoring usage may well require outside inves-

"tigative assistance.

" One present effort considers the determination of
percent cloud cover over small sectors using brightne;s
thresholding of visual channel imagery in an automated
procgdure related to that uytilized in the présent EarthSat

Wheat Model study. With c¢loud cover thus supplied, the
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coincident IR sample array then undergoes analysis in
histogram.form with resulting extractions of surface
layer air temperature and moisture estimates. Con-
sidering the additional image data channels on TIROS-N, .
this approach may well evolve into a generalized par-
ameter extraction operation. ‘

Another area of activity involves the expiofting of
multi channel atmospheric sounder data in several related
meteorological applications. One treatment generates
mapped tqpographies showing response differences between
& lower tropospheric response channel and a channel with
response near the tropopause. Preliminary exaﬁination
suggestslapplication as a stability indicator for the
lower atmosphere. If successful, such a tool would
provide evidence for potential convective rainfall develop-
ment. Other mappings of single channel sounder data
indicate the vertical extenf of convective clouds already
developed thereby suggesting a direct indicator of con-
vective rainfall severity. Construction of mapped mosaics
using response from a stratospheric channel suggest a
direct simulation of stratospheric thickness. By proper
contouring and thermal wind interpretation, such analyses
may provide measures of accelerational intensity in
precipitation producing frontal zones. A sequence of
such éharts is now produced on a daily scheduled basis
for routine evaluation and experimental operational use

With TOVS, such specialized data manipulations should
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(b)

substantially supplement the information to be derivéd
from the vertical profiles of temperature and moisture.

St111 other efforts within NOAA are concerned with
the modeling of precipitation mechanisms. One devel-
opmental effort has used radar data to help establish a
Tifetime estimate for convective shower cloud cells.

In a1l of these areas there appears to be many |
challenges for the development of operational appiicﬁtions.
If quantitative extractions are 'to be utilized in a
g]oﬁal crop monitoring effort, meaningful resources must
be dedicated to this singular goal.

Examine the separate potential contribution of operational
geostationary meteorological satellites in agricultural
modeling. Although there are many direct counterparts to
polar oribiter data interpretation, the geostationary
satellites provfde the unique opportunity for generating
additional éhort term trend information. Convective cell
1ife cycles and other trends in cloudiness, usually
expressed as best estimate model parameters in the case
of infrequent data inputs, may be measured more directly

using the frequent imaging cycles of geostationary sat-

“ellites. Current developmental efforts are attempting to

exploit such added inputs for mid latitude rainfall
estimation. At present such new developments may find
application only over western hemisphere land areas, but,
with international cooperation, such application may well

extend to all agricu]tﬁraﬂ regions using the network
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(c)

of geostationary meteorological satellites projected for
the late seventies.

As the VAS replaces the present VISSR on SMS/GOES,
similar trend information will be available for the
atmosphere as a whole. (Aﬂthouéh-decisions have yet to .
be made, there is the possibility that this change could

occur with GOES-C with launch in 1978.) Changes in

‘moisture flux and in atmosphefic stability will represent

~ new measurements of direct value in deriving rainfall

estimates. -
éy 1980 the opportunity will exist for the amalgamation

of polar orbiter and geostationary satellite .data. With

dual TIRQOS-N-type sgte11ites providing 1npufs four times

per day and the system of geostatioﬁary satellites .supplying

supplementary trend data, there appears to be great

potential for definitive global crop monitoring; but

again, specific resource commitments. will be requﬁred for

such preparation.

Assess the potential contribution of other satellite

‘systems. Further assessment of the impact of the pre-

viously mentioned LANDSAT, Nimbus, and SEASAT programs on

‘agricu1tura1 modeling certainly appears desirable.

Perhaps the continuing strong LANDSAT applications development

activities supported by NASA, Interior and Agriculture

provide only restricted opportunity for new exploitive

investigations, but some new effort may be desirable,

particulaf1y in maximizing the interplay of such data in
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the development of generalized global agricultural
models. .

SEASAT, now.schedulee-for £irst Taunch.in May, 1975,
would seem to offer new opportunity for app?ications
development. Although primary service for eetrospective
users will be the responsibility 0% the Jet Propulsion
Laboratory {18), certain data will.be available opeﬁation-
‘a11y under an.adreement new being negotiated between the
U.S.'Navy Weather Service, NOAA and NASA. Of particular
interest is the data to come from the Scanning Microwave .
Radiometer (SMR). which will -be relayed from Alaska to
Monerey, California where the raw bit stream will undergo
transformation into engineering units with proper earth
10cation'information-apeended. Data will then be avail-

able for a1T operatioeal-applications through normal -
:weethe? data distribution channels. Apart from marine
app]%cations; the SMR data is also under eonsideration as
‘a new source for méasurement of precipitation and soil
moisture. Since soil moisture relates more d%rect]y to
crop yield than rainfall, the Jatter measurement po-
tential is of particular interest. The five channel
instrument will provide measurements in a variety of
spatial resolutions with the highest frequency channel
(37 GHz) providing 10.Km reso]ufion. _
" Global coverage -of SMR data from SEASAT requires 36

hours- since successive passes do not provide contiguous
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(d)

viewing at all latitudes. However SMR will also be .
carried on Nimbus G with launch schedule within the same
time frame thus providing the potential for supplemental

overlap. 'Despite the comparative time sparsity of SMR

" data, these independent inputs should certainly prove

valuable for crop monitoring application. Intercompari-
sons between SMR and TOVS/MSU data may also provide added

opportunity for reinforcement of the indications of each.

Such efforts in support of the specific crop monitoring

mission will comprise an added investigative task re-
quiring separate resources. -

Examine the interplay between direct probe observational
inputs and indirect measurements from satellites. Clearly,
satellite data must contribute as a substitute where no
direct probe information is available. Many areas lack
adequate local ground;based observation; and in other
instances, information is obtained only on a post

analysis basis.

The present meteorological synoptic reporting network
mainly reflects the status of §1obaﬂ economic development.
Many areas of potential agricultural importance are, at-
best,lmargina11y represented in terms of local meteoro~
logical observations. In such circumstances, the existing
reports with spatial er temporal sparcity or with deficiency
in content provide only partial needs for an agricultural-
model. Once a generalized crop monitoring model has been
developed, one valuable use will involve diagnosing the

adequacy of existing weather reporting networks and

12-8



—

et

recommending Tocations and time intervals for new ob-

servations. * With s1gn1f1cant growth potential 1n the

-remote station data r'e'lay Toad in the SMS/GOES DCS, such

an analysis cou]d provide valuable dguidance toward a
western hemisphere crop monitoring operation. And w1th
guidance available for establishing DCS traffic for
TIROS-N, the similar needs for a global network could
be more economically developed.

Investigate the impact of crop monitoring as an adjunct
activity within the projected 'NOAA operation circa 1980.
Within NESS the SMS/GOES data handling and computer

processing facility commenced operations in 1974 with the

“launch of SMS-1, but operational improvements continue.

Direct Tinkage between dedicated equipment and the shared

‘360/195 central brocessing facility has only recently

been.-activated. Raw ingest data may now be transferred
to the central facility and properly formatted output
products returned with minimal operator intervension.

The new Data Processing Support System (DPSS) for
TIROS-N is now in the final design phase. It will pro-
vide similar 360/195 interfacing capability and will
include an archival mass storage system.

Although the combined’NE$S processing support
facilities would seem to offer amp1e'capacity for in-
clusion of & crop monitéring operation, there are many

practical details to be addressed. Provision for pro-

. perly formatted input data, the attachment of model
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calculations to other related production, and the oper-
ational output monitoring, reporting and archiving, all
represent new planning and implementation tasks. This
effort would represent a substantial negotiation involving
a p?ojéct team with proper resources.

(f} -Investigate the impact of a crop monitoring operation on
projected NMC processing activities. As mentioned at the
outset, a NOAA crop monitoring effort would Tikely be
assigned as a National Weather Service mission, and,
since it would be a computerized activity using direct
probe observations, it would, no doubt, be assigned as an
NMC produetion task. Apart from satellite and direct
probe data inputs, the model might also use the three-
dimensional weather analyses and predicted fields which
comprise the nuﬁerical weather prediction activity.

There is thus need at this interface for interactive
planning -- both in crop model development and in later
- operational .activities.

{g) Work with NASA and NOAA to develop and refine a general-
jzed global crop monitoring model for routine operations.
Following the approach used in the present EarthSat Wheat
-Yield Model, one must generalize those parameter features
which have. been made specific to wheat, and model those
secondary parameters of most significance with greater

-generality. The mating of observational representations
with the model parameters then becomes an iterative
phocess'in which -developmental data samples ére utilized

to develop maximum correspondence. Additional tests on
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independent.data samples méy suggest further refinement
_before provisional operations begin.

{h} Design and develop a prbducé monitoring capability which
not only generates reports and assessment analyses for
output users but evaluates model deficiencies and conducts
a continuing improvement effort:' This can bést be done
as a post task by the development team involved in the
preceding task. New processing techniques, new data
sources and the activation of different model parameters
must all be considered in the continuing production
improvement. Any alterations or revisions must undergo
test evaluations in competition with the operational
model. Only after concensus agreement would operational
changes be made. Even then, means must be devised for
relating past production to new model outputs in order to
maintain Tong term continuity for eventual climatic
comparisons.

As mentioned above, substantial resource commitments are
involved in the enumerated tasks. Should national policy dictate
the activation of such a global effort, then resources would pre-
sumably be avgi]ab]e. If governmental manpower restriction preclude
assignment of in-house resources, EarthSat welcomes the opportunity
to provide assistance. A first task might well involve establishing
a more detailed set of tasks such as those enumerated above. Such
a survey could provide quantitative estimates of resource requirements

s0 as to establish cost figures. A companion study could project
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the 1ike1j‘ski11 of the monitoring. effort souaé t& provide a cost :
versus yield analysis.

Presuminﬁ a favorable output based upon national goals and
considering the cost/benefit ana]ysfs, the next phase would involve
-specific planning, first for the developmental aspects of the

mission, and, finally, preparations for routine operations.
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APPENDIX I

LISTING OF GEOBASE FILE STRUCTURE
(Includes Soil Categories)
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NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
MORTH CENTRAL
NORTH CENTRAL
CENTRAL
CENTRAL,
NORTH CENTRAL
NORTH CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
SOUTH CENTRAL
SOUTH CENTHAL
SO0UTH CENTRAL
CENTRAL
S0UTH CENTRAL
SQUTH CENTRAL
SQUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
MOHTH CENTRAL
NOFTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTHAL
NORTH CENTHAL
NMORTH CENTRAL
NORTH CENTRAL

COUNTY

CHOUTEAU
LIBERTY
LIBERTY
CHOUTEAU
CHOUTEAU
CHOUTEAU
CHOUTEAU
FERGUS
JUDITH BASIN
CHOUTEAU
CHOUTEAU
FERGUS
JUDITH BASIN
JUDITH BASIN
JUDITH 8BASIN
FFRGUS
WHEATLAND
JUDITH BASIN
FERGUS
GOLDEN VALLEY
GOLDEN VALLEY
WHEATLAND
GOLDEN VALLEY
YELLOWSTOME
STILLWATFR
STILLWATFR
GOLDEN VALLEY
YELLOWSTONE
CARBON
STILLWATFR
YFLLOWSTONF
B1G HORN

B1G HORN
CARBON
YELLOWSTOMNE
CARBON
CARBON

HILL

LIBERTY

HILL

HILL

LIBERTY

HILL
CHOUTEAU
ChUOUTFE AL
HILL

HILL
CHOUTEA
CHOUTEAU
CHOUTEAN

SOIL
CLASS

[ e I T e e e e i B o e i~ R~ - R el ol Rl ol o Sl e e o

SEQUENTIAL
MO

101
1n2
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
173
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
1139
140
1al
142
143
144
145
146
147
148
149
150



zna
209
209
209
209
209
709
209
N9
209
209
209
209
209
209
2049
209
209
209
P09
20u
20Q
209
»09
209
09
20
09
209
209
209
706
709
210
210
210
210
210
210
210
z1l0
210
210
°lo
710
210
P10
210
210
?10

340
341
341
341
341
342
34?7
3427
347
343
343
343
343
344
344
344
154
3a5
4%
345
3R
346
346
346
346
347
347
347
347

‘348
348 -

348
34R
338
334
338

a3

339
33e
339
339
3u0
340
340
340
341
341
341
341
347

"R

W P W F N P WON P LN R W PN PN e R DN W B WD N e

LaT

484110
47 .R9N
~4T.50N
4T .RTN
4T TN
4T 25N
47,150
47370
45 46PN
4649400
GEGRTN
(YLt
47.07N
46 Bt
46 . 4HY
G B3N
G, T 301
Gt g PN
4A 1IN
Gk PHN
Gh o THEN
45, AAN
46, Tt
45 ik
46,07
45,4514
4&-‘, .l :)l-,
45 54
454 A4
451 6N
45,07
45 , 4Nt
45, 34%
G g fih
4H . Tayn
4,51
49,010
G0, 49N
48 439N
4R RhN
LR ARYN
R
LI, Dak
LHPEN
4A L3N
4T,7y
47 « AQM
47 AT
47 . Anrf
4. 44N

LON

109,99
119,.54W
1N9,.30x
109,95+
109,69w
119,75k
109,51
1hQ .65
109400
108,970
109,22y
189,374
106G ] 1
1NK, A9
1NH,Q4y
109, 08w
TNRLR I
EOR, 470
InR.67Tw
108,80w
178,588w
108,154
108.40wW
10R, 57
108,28k
1n7 3B
iNR. 13w
10R,26%W
1A, Q1w
ANT 6249
107 .B7w
10R.00%
107 .75w
1n9,92%
110.18w
110,330
110.07w
ING.614
109, ARw
11(t.0 3w
1NG, ThwW
1'N19,.324
1n9,54y
108,73
109, 46w
109,03
1hG, 29w
109,43
109,174
108.Tkw

STATF

MONTANA
MONTAMA
MONTANA
MONTANA
MONTARA
MONTANA
MONTANA

"MONT AN A

MONTaNA
MONTANS
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MOM T AMA
MONT aMA
MONTANS
MOMT ANS
MUONTAMA
MONTANA
MONTAMA
MONT ANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MORTANA
MONTANMA
MOMT ANA
MONTANA
MOMNTANS

MONT ANA-

MONTAMA
MONTANA
MONTANA
MONTANA
MONTANA
MONT ANA
MONTANA
MONTANA
MONTAND
MONTANA
HMONT ANA
HMONTANA
MONTANA
MONTANA
MOMTANA

A-1-4

CROP REP, DIST.

NORTH .CENTRAL
CENTRAL
CENTRAL

NORTH CENTRAL

NORTH CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTHAL
CENTHAL
CENTRAL
CE~NTRAL
CENTRAL
CENTRAL
CLNTRAL
CenTrAL

S0UTH CENTKRAL

SQUTH CENTRAL
CENTHAL
CENTRAL

SOUTH CENTRAL

SOUTH CENTHAL

SOUTH CENTRAL

SOUTH CENTRAL

SOUTH GENTRAL

SOUTH CENTRAL

SOUTH CENTRAL

SQUTH CENTRAL

SOUTH CENTRAL

SOUTH CENTRAL

SOUTH CENTRAL

SOUTH CENTRAL

NMORTH CENTRAL

NORTH CENTRAL

MORTH CENTRAL

NORTH CENTHAL

NORTH CENTHAL

NOWTH CENTRAL

NORTH ‘CENTrRAL

NORTH CENTHAL

NORTH CENTHAL

MOWTH (ENTRAL

NORTH CENTRAL

NORTH CFNTHAL
CFNTRAL
CENTHAL

NORTH CENTRAL

NORTH CENTRAL
CenTHAL

COUNTY

CHOUTE AU
FERGUS
FERGUS
CHOUTE AL
CHUUTEAY
FERGUS
FERBGUS
FERGUS
FERGUS

FERGUS -

FERGUS
FERGUS
FERGUS
MUSSEL SHFLL

GOLDEN VALLFY
GOLDEN VaALLEY

MUSSELSHFLL
YELLOWSTONE
YELLOWSTOME
MUSSELSHILL
MUSSELSHFILL

- YELLOWSTONE

YELLOWSTONF
YELLOWSTONF
YELLOWSTONE
81G. HORN
BIG HORAN
YFLLOWSTONE
8IG HORM
B1G HORN
BRIG HOPRN
8I6G HORN
BIG HORN
HILL

HILL

HILL

HILL

HILL

HILL

HILL

HILL

BLAINE
CHOUTEALU
HILL

BELAINE
FERGUS
FERGUS .
HLAINE
BLAINE
FERGUS

SulIL
'CLASS

.p~u—~.§$~r--w;—-n—-»—-t—--—o-r—-r—tt~»—-r—-r—i#l—-'--l-‘-&‘-&-\-—-F‘-Pbb-ﬂ-—-—-bJ-‘-—-r-‘l—'H-—'b—""—'i;'--"PJ-"-‘

SEWUENTIAL
NG .

151
1n2
153
154
155
156
157
155
159
140
11
162
143
164
165
166
147
1/H
169
170
171
172
173
174
175
176
177
178 °
179
180
181
182
183
R4
185,
186
1R7
184
189
190
191
192
1+3
194
195
196
197
198
199
200



210
210
210

210

210
210
210

210

710

210

210
210
210
210
210
210
210
21¢
210
210
210
210
210
210
210
210
210
210
210
210
211
711

2L

211
211
211
211
211
°11
211
711
211
211
211
211
211
”11
211
°11
1

342 7

342
342
a3
343
343
343
344
344
344
344
345
345
348
345
346
346
a4k
46
347
347
347
347
348
348
348
348
349
3495
349
33k
339
339
a3a
339
340
340
3440
3540
341
341
341
3a)
342
342
347
342
343
343
343

X

WA e P Nk W F W P W =N D W D WP W BN D W W B WL

LatT

47 . FeM
4T .88N
GTahdN
47 . 04N
GT NN
47,170
4Ta2TN
&6, TaN
46,65N
46.A87M
464920
46439N
46,30N

4R 4TH .

46,5TH
Gb,Dal
45.95N
46,12N
Gh 2N
45.69N
45,60N
45, T8N
45 .RATN
45,340
45, 25N
45,43
45,52N
G4 o FON
45, 08N
454 17N
4R,.94M
4R AN
44 .59
48, THN
4R . Rat
48,33
4R, P4N
4R, 41N
4H,RTH
47 .94N
47489N
4d.06N
4R, 16N
47,630
47 .54
L&T.71M
4TeRIN
&7 4 PRN
4T7.1am
47, 3AM

LON

109.00W
109,.14w
108.88v
108. 46w
108.724
108.86wm
I'08.604

1G8.18U

T0R, 44N
108,584
1084320
107.91w
INB.17wW
108.30W
108.05W
1n7.654
107.90W
108.03W
107.78W
107.38%
107463
107.77W
117.51v
1n7,13w
107,38w
107.50W
iN7.26W
196.87w
1N7.254
107.00w
1099, A8u
109,08y
1N19.35m
109,50w
109,23
108, 79w
109.0%
1N9,20«
1N6.04
105040
INA,T77x
10,911
1NH, 65
1h8.774
JTUHRL4R#
INRLAP
198,36,
1N7.94y
118,200
106, 35w

STATE

MONTANA
MONTANA
MONTANA
MONT ANA
MONTANA
MONTANA
HONTANA
MONTANA
MONTANA
HONTANA
MONTANA
MONTANA
HONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONT ANA
MONTANA
MONYANA
MONTANA
MONTANA
MONTANA
MONTANA
MONT adiA

_ MONTANA

MONTANA
MONTAMA
MONTANA
MONTANA
MONTAMA
MONTANA
MONTANA
HMOMTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
FONTANA

A-I

5

CROP REP. DIST.

CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTHAL
CENTRAL
CENTRAL
CENTRAL

SOUTH

CENTKAL

CENTRAL
CENTRAL
CENTRAL

SOUTH
SOUTH
SOUTH
SOUTH
SOUTH
S0UTH
S50UTH
5QUTH
S0UTH
SOUTH
SQUTH
SQUTH
SQUTH
SOUTH
SOUTH
NORTH
MORTH
NOQKTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH

NORTH

NOKTH
NORTH
NORTH
NORTH

CENTHAL
CENTRAL
CENTwAL
CENTRAL
CENTRAL
CENTHAL
CENTRAL

{CENTHAL
WCENTRAL

CENTRAL
CENTRAL

"CENTRAL

CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTHAL
CENTRAL
CENTRAL
CENTRAL
CENTHAL
CENTRAL
CFNTRAL
CENTRAL
CENTRAL
CENTRAL
CEMTRAL
CENTRAL
CENTRAL

CEMNFRAL

NORTH
NORTH

CENTHAL
CENTrAL

CENTRAL
CFNTRAL
CENTRAL

COUNTY

FERGUS
FERGUS
FERGUS
PETROLEUM
FERGUS
FERGUS
PETROLEUM
MUSSELSHELL
MUSSELSHELL
PE TROLEUM
PETROLEUM
YELLOWSTONE
MUSSELSHELL
MUSSEL SHELL
MUSSELSHFLL
BIG HORN
YELLOWSTONE
YELLOWSTONE
YELLOWSTONE
8IG HORN
B16 HORN
BIG HORN
B1G HORN
BIG HORN
BIG HORN
BIG HORN
BIG HORM
BIG HORN
BI6 HORN
BIG HORN
HILL

BLAINF
BLAINE
BLAINE
BLAINE
BLAINE
BLAINE
BLAINE
BLAINE
PHILLIPS
PHILLIPS
BLAINE
BLAINE
PHILLIPS
FERGUS
PRILLIPS
PHILLIPS
PETROLEUM
PE TROLEUM
PETROLEUM

SOIL
CLASS

L L AT N S S S SR O N N S SN S NV N S N S S N

SEQUENTIAL
NO.

201
Toz02
203
204
205
206
207
208
- T
210
211
212
213
214
215
26
217
218
219
220
P21
222
223
224
225
zr6
227
224
229
239
231
232
233
234
235
236
237
238
239
240
241
242
243
264
245
246
247
248
. 249
250



217
217
Zla
217
212
a1
217
212
212
°12
rlz
(4 %4

343
344
344
344
344
345
345
345
345
34F
346
346
34k
347
347
47
347
348
348
348

4R

349
349
3449
349
350
339
339
339
1410
&0
340
40
341

34

341

341

342
342
347
347
343
343
343
343
344
344

344
344
345

3

H&MNW#UNHPNNHPUNH#WNHwNHb&WNHbUVH8WMH#bNH¢UNH&WNHP

La¥

G7 44501
Gb, QN
a4h A3
47,01~
47410

hb o BRY |

46 00N
46 4 HAM
46, TSN
46,72M

Gy 13M

4h, 41N
Lt 4N
4B ATM
454 TN
45, 960
46, 00NM
45,520
45,634
45,R1N
4R, TOR
45, 17TN
45, 08N
45 ,26N
45,3460
44, 99N
4R, AR8")
48,7HM
48R . 96BN
48,5 2N
43,4 1M
4R AN
4R,7GM
GR,1TN
4b, 0HEN
LA, 25
4R, 35N
4T APN
4T7.T0N
4T .90N
47.99N4
5T 56N
4T.3TH
47 4 B5M
47 4 64M
4T+11n
47 0P
4T . PON
47.70N
L, TEN

Lo

108, 0Rw
1767y
107,93
10H,. 0AwW
1rT.81w
1740w
AT .6RW
107794
1hT, 54w
LELI 3D 10}
107,39
10T .53
10T 2T
106,880
107413
IN7,26w
107,014
[ LYY %1
106884
107.,01w
106,75
196389
106,63
1NATSHY
IN6.50y
1nGa20%
108,55
1Nk, 82w
10R.97w
10/, 26w
10U, 530
18,67
108,40
107 .98
108,24
TO0R,3A «

108,176 °

157,70k
107,364
108.10w
10T .R4w

L IN7.4Pw

107 H6RW
1InT,.82u
1nT .56
1074154
1NTeblw
107 .55
10729+
1016, BO

STATE

MONT ANA
tUnTANA
BONTANA
PUONTANA
MONTANA
MONTANA
PUNTANA
MOMTANA
FAUNTAMA
MONTANA
MONTANA
POMTAMA
mMONT ANA
MOMNTANA
mOf [ ANA
M{HAT ANA
MONT ANA
MOMTARA
MONTANA
MOMTANA
MOMTAMA
MONTANA
MONTANA
MONTANA
MOMTANA
MONTAMA
MONTANA
MONTANA
MO TANA
MM T ANA
MONT ANA
MOMT AMA
FONTANA
MONTANA
MOMTANA
MONTANA
MONTANA
MOMTANA
MONTANA
MUONTANA
HMONTANA
MONT ANA
MONT ANA
MOMTANA
MONTANA
MUNTANA
MONTANA
MONTANA
MONTANA
MONTANA

A-1-6

CROP REr. UIST.

CENTHAL
NMORTHEAST
CEnNTRAL
CERTRAL
NORTHEAST
SOUTHEAST
SOUTH CENTHAL
GOUTHEAST
SOUTHEAST
SOUTH CENTRAL
SOUTH CRNTHAL
SQUTH CFNTRAL
SOUTH 'CENTRAL
SOUTREAS]
SOUTE CrNITRAL
SOUTH CFNTRAL
SOUTH CEMTRAL
SOUTHE AS]
SOUTH CrWTRAL
SOUTH (ENTRAL
SOUTHEAST
SOUTH CehlRraL
SOUTH ' CFNTHRAL
SOUTHEAS!
SOUTHEAST
SOUTHEAST
NORTH CFWTrHAL
NORTH CENTEAL
NORTH CENTHAL
NORTH CHNTHAL
NORTH CENT¥AL
‘MOPTH CENTRAL
NORTH CENTRAL
MORTH CFHTHFAL
MORTH CENTHAL
NOPTH CENTRAL
NORTH CENTHAL
NORTH CFNTRAL
NORTH CENTRAL
MOKRTH CFNTRAL
NORTH CENTRHAL
NORTHEAST
NORTHEAST
NORTHEAST
MORTHEAST
NMORTHEAST
NORTHEAST
NORTHEAST
NOKRTHEAST
SOUTHEAS]

COUNTY

PETROLEUM
GARFIELD
PETROLEUM
PETROLEUM
GARFIELD
ROSEBUD -
TREASUKE
ROSEBUD
ROSESUD
TREASURE
THEASURE
THEASUKF
TREASURE
ROSEHRUD
#IG HORN
BH1G HORM
TREASURFE
KOSEBUD
HIG HOKN
BI6G HORN
HOSEBUD
BiG HORN
B16 HORM
ROSERLD
ROSERUD
POWDER RIVEH

'BLAINE

BLALINFE
BLAINE
PHILLIPS
BLAIME
BLAINE
BLAINE
PHILLIPS
PHILLIPS
PHILEIPS
FHILLIPS
PHILLIPS
PRILLIPS
PHILLIPS
PHILLIPS
LARFIELD
GarF IELD
GAKFTELD
GARF IELD
wARFIELD
ARF IELD
GARFIELD
GARFIELD
HUSEBLD

SOIL
CILASS

bppppppb#wwwwpwwﬁwwuwwwwbbbb&#&bbkbb&akHkuPbbkb#b

SFQUENTIAL
NO .

251
252
253
254
255
256
257
258
259
PR
76l
LY
Ph3
264
765
26h
PRT
2hH
2hY
270
°T1
AT7
273
274
275
275
277
278
279
7HO.
281
287
2R3
2A4
285
~2BA
287
28R
249
290
P4l
292
293
294
P95
236
297
798
Pus
anon



212
212
212
212
212
212
P12
P12
212
P12
712
P12
212
212
212
712
212
212
P12
2ie
212
213
°13
213
213
213
213
213
213
213
213
213
213
713
#13
213
713
213
213
713
213
213
213
213
713
213
213
213
213
213

345
345
345
346
346
46
346
347
347
347
347
348
34n
348
348
349
349

349,

349
350
asg
339
340
340
340
340
341
34l
341
341
342
342
342
342
343
343
343
343
344
344
344
344
345
345
345
348
34k
346k
346
4k

X

WV PRV WU~ P WU~ P UN = PRSP WP WS U= P PWR RGN - PWR

LaT

46,6TN
464 84N
46,934
46.400
46.31In
46 449N
46, 58N
464 05N
45, RN
46 140N
46 423N
45, Thiv
45.61
45, TAN
45 ,A7N
45, Jub
45 4 At
45, 43M
45, 5PN
4% . NAN
4%,17TN
58.9TN
4R.TIN
GEhPN
42, AON
4K RUN
4R, 36N
4B.2TN
48 ,44N
4R 5L N
4R 00N
47.91M
48, 0N
48,1 HM
47 64N
4T JREN
47 . TAM
47.870
47,790
47,200
47 o 3R
4Tt TH
46,9730
46,904
47,0°M
4T.11n
46 HN
46 469N
4bha BT
46, ThAN

LON

107.15%
107,289
107,024
106,63
IN6.8099
IN7T.02w
In6.76w
ING 37w
1N6.6TW
106.764
[G6.504
INk.12V
1hi6. 38«
106.50W
106,25
105 BRw
1061w
106, PSw
1000w
106,010
106, Taw
1AL 2R
107,724
107 1 Qu
1nRk, 14w
197.A7w
107040
P0T7.71w
1N7.HS
117 .584
In7.17e
107 .42
107.57.
1IN7.30
106,904
in7.1a"
107,304
107.03¢
106,63
10h,B4uw
1InT.07%0
196, 7Tk
106,37
106,43
1n6. TRy
10650
1A 114
176,37
N6, 504
10n, 24

STATE

MONTANA
MONTANA
MONTANA
MONTAMA.
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MOMTANA
MONTANA
MONTANA
MONTAMNA
MUONTANA
MONTANA
MONTANA
MONTAMNA
MONTANA
MONTAMA
MONTAMA
MONTANA
MOETANA
MONTANA
MONTANA
MONTANMA
MONTANA
MONTANA
MONTANA

MONT ANA

MORTAMA
MONTAMA
MONTANA
MOMT AMA
MONTANA
MONYANA
MONTANA
MONTAMA
MONTANA
MONTANA

A-1

7

CROP REP. DIST.

SOUTHEAST
SOUTHEAST
NORTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SQUTHEAST
SOUTHEAST
SQUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST

NOKTH
NORTH
NOWTH
NORTH
NORTH
NO#TH
NORTH
NORTH
NORTH

CENTRAL
CENTRAL
CENTRAL
CENTRAL
CFHTRAL
CENTHAL
CENTRAL
CENTRAL
CENTHAL

NORTHEAST

NORTH
NORTFH

CENTrAL
CENTRAL

NORTHEAST
NORTHEAST
NORTHEAST
NMORTRHEAST
MORTHEAST
NORTHEASTY
NORTHF AST
HOHTHE AST
NOKTHEAST
MORTHEAST
SQUTHFasT
NORTHF ST
BORTEHEAST
SOUTEAST
SOUTHEAST
S0UTHEAST
SOUTHEAST

COUNTY

ROSEBUD
ROSEBUD
GARFIELD
ROSEBUD
ROSEBUD
ROSEBUD
ROSEBUD
ROSEBUD
ROSEBUD
ROSEBUD
ROSEBUD
POWDER RTIVER
ROSEBUD
ROSEBUD
ROSEBUD
POWDER REVEWM
POWDER RIVER
POWOER RIVER
POWDER RTVEFR
POWDER RTVER
POWDER RIVER
HLAINF
PHILLIPS
PHILLIPS
PHILLIPS
PHILLIPS
PHILLIPS
PHILLIPS
PHILLIPS
PHILLIPS
VaLLEY
PHILLIPS
PHILLIPS
valLLEY
GARFIELD
GaARFIELD
VALLEY
VALLEY
GARFIELD
GARFIELD
GARFIELD
GARFIELD
GARF IFLD
ROSEHUD

GARF IELD
GARF IFLD
CUSTER
HOSERUD
ROSERUD
HOSERUD

SOIL

CLASS

T O I S S I I O L

SEQUENTIAL
NO.

3nl1
302
303
304
305
306
307
308
309
319
311
312
313
314
315
ila
37
E3E;]
319
320
321
3PP
323
P4
3z2bh
326
327
328
329
330-
331

33

341

343
344
345
346
347
396
3a9
350



713
213
713
213
?13
213
?13
713
213
213
?i3
213
413
213
713
213
713
213
213
214
14
14
Pla
2’14
7l4
7l4
214
FRA
FRY
214
2la
14
714
24
2la
?la
14
M4
214
fle
714
214
214
214
14
?la
fla

Pla

P1a
P1a

347
347
347

345
34 h
34y
kI3
349
349
350
an0
3nn
kLY"
3nk
356
3%~
340
340
340
341
4]
341
341
347
347
347
3ay
343
343
343
343
344
a4
44
344
3a4%
345
345
345
BT
271
4hA
4k
347
347
347
347

-

B U £ 00w Pl D e B Ty N0 e g b P L U R B e U W e B e e B B M e B L D e LRIV VI

‘LaT

Gy PPN
Gtng 1utf
GA .31
L]
45 8T
45, TR
45, GAN

Gh e N4N

45 ,5tM
45 , &N
45 60N
45 .60M
45, 16M
4% UTH
45,250
45,53N
43, I8N

434 N3N

43,71
&1, 900
LR GRIN
4H I
4R P4N
LA LR
48 ¢ HIM
b4 TPM
4f, 1yn
HR .09
4H . P TN
40, THM
47 JR3N
4T TaN
4T ,91N
4F L D0M
4T 47 TN
&7 o 3AM
47T JRAN
47 AR
4T.11m
4T PN
4T .20
4T o 7UM
4. TN
4B AT

4 REN

46,4930
46, 39N
4B 31N
Gy a 490
Gh QTN

L

10k Hew
10,121
19625
105499
108 P
TN JRTL
| LY
108, T4
INGL 37w
165,60
1N%4734
1% g &0w
105,13+
Ir5.394
ThhaHl
190, 78w
16 il e

103,797

1n3.090,
101 .1 AW
107 ad5n
S-S L
106 ,490w
187,17
1a87.31m
107 .04
106k A3
A0k 800
197 o 0a o
FO&LTTS
19¢ . 3T
106,63«
1NA.TTW

TIrRLE0

1A 10
10k, 374
136 .50
A0h 230
106,85

LTS R

1NAh.24%
106,97
115,594
105.854
100, QR
InR,724
175,35
1nhah0
1958, 73
109 47

STATFE

MONTANA
MONTANA
MONTANA
HMONTAMA
MONTAMA
MUNTAMA
MONTANA
MOMTANA
MONTANA
CHONTAMA
MONTANA
MONTANA
MONTANA,
MONT ANA
MONTAMA
MONTAMNA
SOUTH VAKOTA
SONTn DAKOTA
SCHITH DAKDTA
BONTAMA
MONTANA
MONTANA
MONT AtuA
MONTANA
MONTANA
MONTANA
MONTANA
MONTAMNA
MUNTANA
MONTANA
MONTANA
MONTANA
MONTANMA
MONTANA
MONTAMA.
MONTANA
MONTANA
MONTAMA

MONTANA.

MONTAND
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MONTANA
MOMTANA

A-1-8

CrOP REP. DIST.

SOUTHF AST
SOUTHEAST
SOUTHE AST
SOUTHF AST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHF ASI
SOUINEAST
SOUTHEAST
SOUTHEAS]
SOUTREAST
SUUTHEAST
SOUTHFAST
SNUTHREAST
SOUTHwE &1
SOUTHuEST
SOUThwWFST
SORTHEAST
MOPTH CENTHAL
NOKTH CENTHAL
NORTHEAST
MORTHEAST
MORTH CEMTRAL
MORTHERST
MOHTHEAST
wORTHEAST
K THEAST
MORTHEAST
MOHTHEAST
HORTHEAST
MORTHEAST
NORTHEAST
HORTHEAST
NMORTHEAST
NORTHEAST
MOKITHEAST
SHOUTHEAST
SOUTHEAST
JORTHEAST
MOKTHBEAST
SQUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SQUTHEAST
SUUTHFAST
SUUTHEAST

COUNTY

CUsSTEr
CUSTER
ROSERUD
CUSTER
CUSTER
POWLDEY ~TVFK
CusTER -
CUSTE K
POWDER RIVER
POWDER RTVFR
PUWDER: RTVER
POWbDER 2 IVER
CAKTFR

. POWDEH RIVER

POWDER HIVFR
POWDEK RTVFK
FALL RIYFR
FaLL RIVFR
FaALL RIVFR
VALLEY
PHILLIRS
PRILLIPS
VALLEY
VALLEY

"PHILLIPS

VaLLEY -
VALLFY
VALLFY !
VALLEY
valLLEY
GARF IELD
GARFIELD
VALLEY
VALLEY
MC CONE
GARF IELD
GARRFIELN
mC CONF
PRAIRIF
PRALIRIE
GARF IELD
MC CONE
PRAIRIE
CUSTEK
CUSTER
PRAIRIF
CUSTER
CUSTER
CUSTEFR
CUSTER

SolkL
CLASS

T O s Ll e R R R it

SEQUENTIAL
NO.

351
35?2
353
354
355
356
397
%4
359
360
361
3h2
363
ELYS
3A%
366
3AR7
368
3hRY
370
371
372
373
314
375
376
377
3ITH
379
380
381
342
ELE]
384
EL1S)
336
3RT
3h4
IS .
390
3ul
34927
3493
194
395
394
387
34
399
40U



214
214
214
2i4
214
714
14
214
’la
fla
214
2la
,le
214
214
?l4a
214
°la
°l4
2l4
fla
214
°la
2?14
?la
214
°15
21%
”1a
215
215
1%
P14
215
715
215
718
715
215
FALY
215
15
215
18
P18
715
218
215
F )
“15

348
348
I4R
346
349
349
349
349
350
aso
350
350
351
351
353
354
354
354

355

355
355
38%
356
356
356
356
340
341
341
341
341
347
342
3az
347
343
343
343
343
344
344
344
344
345
345

345

345

346

346k
346

X

um.n—-x.‘u'\)-‘eum—-»mm-—-cwm—#wm-—-m-&-wv-—-bmmwawww#wbumwpumw-pwmw

LAT

46« 04N
45,4,95M
46.13N
46.21N
45 ¢ 6BITL
45 . ANN
45.TIN
45 . RbN
45 437N
45 o 2ubl
45,620
45,50
45 406N
45,.14M

444 P5N,

43.90N
G3.8PN
G4 ,0TM
43540
473 4 46N
43 o haN
43 .72
463, 149N
43.11N
43,294
£3.430%
454, QUN
GHR TN
LR L REN
4R ,BIN
44, G0N
4R 36N
4A.2TN
S48 45N
YA
4R 00N
47 .91
48, 09N
48, 1HN
47 B4
4T 55N
47 . TN
4T 82N
47 28N
4T 420N
47 3T
4T L 46N
46,97M
46, B4N
47 . 020

LON

165,10w
105,364

inh,. 48w

1nS.229
104.H6w
105, 12w
InS,.24%
104,88
104,634
104 BB
1NS 00w
104 .754
104, 77w
104,51w
103,9Ru
EN3, 73
103,98

103,H4u -

103,51
1N3.7A

FE3JRTW

113.62u
103.30u
1N3.564
103.A50
1n3.414
10AR.91 N
10A, 36
IN6 A3
R LTI oy ]
1NALH0
1fh 09y
N6, 34

InA. LM
1N6.713

105, 1y
1A 10+
T e ? T
105.9A .
105 .57
105 .44
1N ,971
YOS T,
105,737~
1NS 544
105,718

NS 44~
105,07
ING. 37~
lﬂ?.4ﬁ~

STaTE

MONTANA
MONTANA
MONTANA
MONTANA
HMONTANA
MONTANA
MONTAMA
UM TANA
MONTANA
MONTAMA
MONTANA
MUNTANA
MONTANA
MONTANA
SOUTH DAROGTA
SOUTH DAKOTA
SQUTH DaKOTA
SQUTH DAKOTA
SOUTH -DAKOTA
SQUTh LAKOTA
SQUTH GAKOTA
SOUTH UAKOTA
SOUTH DAKOTA
SOUTE DARNTA
SOUTH ivn0TA
SOUTH DAKOTA
FMONTANA
MORTAMA
MCMTANA
MONMTIANA
MONT Atea
MUNTANA
MONTANA
BN TANA
MUNTANA
MOWNTANG
MU T ANA
MUMTAND
MONT ANA
aUMT ANA
MONT ANA
MOMT ANA
MONMTANA
MONTANA
MONTANA
TMUNT ANA
MONTANA
MONTANA
MOMNTANA
il ANA

A-I-S

CROP REP.

SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SUUTHEAST
SOUTHEAST
ROUTHEAST
SOUTHEAST
SUUTHEAST
SOUTHEAST
SOUTHEAST
SNUTHEAST
SUUTHEAST

WEST, CFNTRAL
WEST CENTRAL

SOUTHWRST

WEST CENTRAL

SOUTHWEST
SOUTHWE ST
SOUIHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SO THWES |
MHORTHEAST
NORTHEAST
MOKTHEASI|
MORTHEAST
NORTHEAST
MORTRFEAST
NOHRTHEAST
MORTHEAST
HORTPEAST
NOFTHE AST
NOH THEAST
Witk THE AST
HORTHEAST
MORTHEAST

HOHTEREAS ] |

N THEAST
SMORTHEAST]
WORTHFAST

WORTHEAST .

BNORTHEAST
N THEAS T
NORTHEAS]
S0UTwFasE
SOUTHEAST

DIST.

COUNTY’

CUSTER
CUSTER
CUSTER
CUSTER
CARTER

POMDER RIVER
POWDER RIVER

CARTER
CARTER
CARTER
CARTER
CARTER
CARTER
CARTER
LAWRENCE
PENNINGTON
CUSTER
PENNINGTN
CUSTER

FALL RIVER '

CUSTER
CUSTER
FaLL RIVER
FaLL RIVER
FALL RIVFR
FaLL RIVER
VALLEY
VALLEY
VALLEY
VaLLEY
VALLEY
VALLEY
VaLLEY
VALLEY
VALLFY

MC GONE

MC CONE
VALLEY .
VALLEY

. CONE

MC CONE

MC CONE

MC CONE
DAWSON

“{, CUNF

MC CONF

MC CONF
DAVSON
PRATRIE
PRAIRIF

SOIL
CLASS

P N G I S NP S L e Tl R T B o S S o o

SEQUENTIAL
NO.

401
402
403
404
405
406
%07
40K
409
410
411
412
413
414
418
416
417
418
419
420
a?1
4pp
473
424
475
426
427
428
429
430
431
432
433
434
435
436
437
&8
439
440
441
442
443
444
445
446
447
448
449
450



715
218
2185
218
215
215
215
215
P18

21
P15
215
218
15
215
215
215
1%
218
?15
215
21%
214
215
21
215
215
cle
21%
1%
1%
215
21%
715
215
218
21%
214
218
215
215
215
215
21k
216
21k
216
216
216
216

46
347
347
347
347
3414
345
ELE
341
349
34l
340
369
EL]
Lt}
ki-11]
359
351
351
3561
351
397
352
357
357
353
353
353
353
354
354
354
354
i5h
KL1N
355
AeG
LT
356
35n
354
BT
36T
341

341
341

342
342
347
342

e

P W N W N P W F R P UY WA PR P WA= P WV WR = 5w P Bl e f

AT

47,10M
40 HR
4h.4HN
bk REBN
46, THN
46,210
4ig 2N
&, 1IN
ab e THM
45, b
44,7 AN
PR RN
afg i
48 4 mit
45,4 0N
4y 5 R
45 , A G
45,130
AL
458 .78N
45,30
Gl g TTH
G, BRYN
Gh dATNM
G4, G5
44 41N
4 4 33N
444518
44,540
44 4 05N
63,97nM
444 15N
44, 23N
43, /AN
4. HPN
43,800
43,87
43,340
43, 76N
43 4N
43,51
434 00M
43,16%
FIRLTTY
4R LB 1N
4R, 20N
48.54M
48,4450
LE RN
4H, 721

LON

1n5,.149

1044543 -
1nh 0.
105,71
1704 (45 :
104,50
194 .06 ¢
[LLTE N

174,71

10443«
1n4,.k10
104473«
106,47
104,12
194,77 -

VNG bdvrs .

14 ,2%4
103, R4,
BN, 1
1904 .26
| REECPRIR B
103,674
103,97 -
lﬂﬂun?-

T 03, TR

1N3.4%
1n3. 70
1N3. /1w
qu.ﬁhn
10,2 3w
1M 48.-
183,894
14,34
109402 »
1N3.°27 1
103473
InZ, 1 iw
102,311
103,06k
183.1hax
In2.92,
17294
1A2. 71
lnﬁcnlﬂ
106403

CANA 2P

05,5584
195520
1N6G, Gl
TG, 6Hy

STATE

PNOKTANA
R T AMA
MOMTANA
MO ] ANA
NonTANA
MR ANS
pMOSTANA
mOnTANA
MO T AMA
mUONT AMA
MOMT AMA
pOlITANA
wmOmT ANA
MONT ANA
flna TAMA
MONTaRA
MOKT AMS
SOITH bBar0Ta
MOk T ANA
HONT AMA
SNUTH LAKOTA
SOUTH DAKDTA
SONTH LaKnTa
SOUTH uakOTA
SOUHTH DAKOTA
SOUTH ‘DARDTA
SOUTH LakOTA
SOUTH DAKOTA
SOUTH DAKOTA
SHITH NEr0OTA
SOUTH LaARQTA
SOUTH- hakDTa
SOUTH DAFUTA
SOHTH itArFUTA

SOUTH DAKQTA

SOUTH DARGTA
SOUTH DAKDTA
SOUTH: DakO A
SOUTH DARNDTA
SOUTH. .DaKkDTA
SOUTH LAROTA
SNUTH DanDTA
SOUTH LARUTA
MONTANA
MO | ANA
MONT alA
MONTANMA
MO TANA
MON [ akeA
MONTANA

A-I-10

CROP REP. LIST.

MOKTHEAST
SOUTHEAST
SOUTHEAST
SOUTAEAST
SOUTHEAST
SOUTHE AS1
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTmEAST
SO0UTRHE 251
SUUTHEAST
SUUTHEAST
StuiabAS|
SOUTHEAST
SOUTHEASI]
SNYTHEAST
1P THRE ST
SOUTHERRT
SOUTHEAST
NORTHWEST
NORTHwWEST
MORTHWEST
NORTHWEST
nep FAWE ST
WwEST CEnTHAL
wEST CENTRAL
wEST CFRTHAL
MORTHWEST
wEST CrnTRAL
WEST .CFNTRAL
WEST CENTRAL
wEST CrNTRAL
SOUTHWEST
SOUTHWEST
SOUTHWRST
SOUTHhWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SQUTHWEST
FIORTHEAST
NORTREAST
MOHTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST

COUNTY

DAWSON.
CUSTER
CUSTER
PHAIRIE
PHRAIRIF
FALLON
CARTER
CUSTEFR
FalLuN
CARTER
CARTER
CARTER:
CARTER
CRRTFR
CARTEW
CARTER
CAHTER
BUTTE
CARTER
CARTER
HARD ING
BUTTE
BUTTE
HUTTE
BUTTE
MEADE
LAwRENCE
LawRENCE
BUTTE
PENNINGTON
PENMNINGTON
FPENNINGTOM
MEADE
CUSTER
CUSTER
CUSTER
CUSTEKR
SHANNON
EALL RIVFR
FALL RIVER
SHANNGON
SHANNON
SHANNDN

DANIELS

DANIELS
VALLEY
ROOSEVELT
ROOSEVELT
DANIELS
DANIELS

SulL
CLASS

e R O I LR A PRI Sl A

3

el i el o N S e

SEQUENTIAL
‘NO.

e |
457
453
454
FASL
456
4857
4
&5
Gail
461
4hp
453
b4k
GhRY
(S
4]
LYT:]
469
470
a7}
4z
4773
474
4Th
416
477
4TH
479
480
G4l
4HP
483
§R4
445
4Rk
BT
481k
5H9
4910
449])
492
443
494
495
496
497
498
499
s00

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR



*1&
216
216
216
2la
2lé
216
216
?l6
?la
?16
2l6
216
216
ele
716
216
?la
216°
?la
2164
2lé
Fa 1
’la
?ih
216
216
flh
216
A
216
rlé
L
2l
216
?la
‘lb
216
716
2lé
716
216
rle
?1e
Ple
z1l&
216
£ Y
’la
A1k

343
343
343
343
344
344
44
A4 4
345
cT A
348
345
346
IGh
346
A4h
347
347
347
347
348
45
344
34H
349
Jah
349
49
3sn
3Le
IR0
350
351
381
3h1
EEY
sz
ase
%y
ELYY
353
353
3573
3s3
3R4
kLTA
354

- 354

358
B

=

M P W B W P LR B WU S i e B = R W R = B W B LR e B D e P L0 g e L O e

LaT

4841 TN
4R.09N
HA,PTH
48,35%M
4T7.81N
47 .73
47.91N
47,99
47 45N
4T743TM
47 455N
47 R33N
47T 4 N9
47,000
4T.19N
47 .27
46,730
46+ 64N
G RN
Gh.91M
&6, 36N
&y PRN
46 . G EN
46,50
f{h.ﬂn'\i
45,920
LTS R
L PR L]
45, 64N
45 . BAT
Qb T4N
45, 4Pk
45, 2AN
45,20M
45, JHM
45, 46N
Gh o GEN
G4 o RGN
45,07
b, | G
44 0 ShM
G4 4 &3¢
44,670
Gy ThM
44,700
G447 30
46,31
444302
43,14t
L4, TTN

LON

ing,29.
105 . haw
1N5,. 5%
NG 424
105,03
1N5.30x
105443
I05,16w
104, 79w
ING,.05«
105,18x
104,91«
1ING, 56
104,810
04,934
104,06
104,430
ING . 5ka
104 .68
1044420
104, 0Aw
1My o3
104 .44~
1fta o 12w
103,83
T, 09
104.21w
183,90,
103,61y
123, U441
T3, Iy
183,72
104430
13,84 »
103, 7%
163,44,
103,16
103,47
103,53
103,27~
1175
103,720
13.11.
193, 0%

102473
1079y -
103,09
112, s
1ns.0h1
10k, 7.

STaTk

MONT AMA
MONTANA
MONTANA
MONTANA
MOMTANA
MONTANA
MOMT AMA
MONT AMA
MONTAaNA
MONTAMA
MONTANA
MONTANA
MONT ANA
MONTANA
MONTANA
MONTANMA
MONTANA
MONTANA
MONTAMA
MONTANA
NORTH DAKQOTA
MONTAMA
MOMT AN
MUONT ANA
NDRTH DAKOUTA
MONMTANA
MONTARA
NORTH pAKOTA
SOUITH DAKOTA
SUUTH BA=DTA
SOUTH Dax0TA
SOUTH DArOTA
SOUTH BakruTa
SONTH DARNDTA
SQUTH DARQTA
SHITEH DAKOTA
SOUTH Lar(ITA
SIHITH DARNTA
SOUTH LAKOEA
SOUTH lapnNTa
SOGTH DakUERA
S0UTH DARGTA
ST NarGia
STHITAH DnnOTA
SN[ DepUTA
SOUTH [ax(TA
SMITR LarOTA
ST yaskdTa
SOUTR DenOTA
SOULR 1 AaaQTA

A-I-11

CROP REP. DIST.

NORTHEAST
NORTHEAST
MORTHFAST
MORTHEAST
MORTHEAST
NORTHEAST
NORTHEAST
NORTREAST
NORTHEAST
MORTHEAST
MORTHEAST
NOHRTHEAST
NORTHEAST
NORTHEAST
NORTHEASY
MORTREAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHWEST
SOUTHEAST
SQOUTHEAST
SOUTHEAST
SOUTHWEST
SOUTHEAST
SOUTHFAST
SOUTHWEST
MORTHRWEST
NMORTHWEST
NOHRTHWEST
LORTHWEST
NORTHWEST
NORTHWEST
MORTHWEST
MNOKTHWEST
NORTHWEST
NORTHWES [
MOK THWEST
PMORTHWEST
WEST CHNTRAL
wEST CEMIRAL
MORTHWEST
BORTHWEST
WEST CENTRAL
WEST CENTRAL
WEST CFNTRAL
WEST CFNTRAL
WEST CFRNTHAL
SOUTHAEST

COUNTY

ROOSEVELT
MC CONE
ROOSEVELT
ROOSEVELT
RICHLAND
DAWSON

MC CONE
RICHLAND
DAWSON
DAWSON
DAWSON
DAWSON
DAWSON

"DAWSON

NAWSON
DAWSON
WIBAUX
FALLON
PRAIRIE
WIBAUX
SLOPE
FALLON
FALLOM
FALLON
BUWMAN
FALLON
FALLON
HOWMAN
HARDING
HARDING
HARDING
HARDING
HARDING
BUTTE
HARDING
HARDING
BUTTE
BUTTFE
BUTTE
HUTTE
MEFADE
MEADE
HUTTE
BUTTF
HEADE
PENNINGTNN
MEADE
MEADE
PENNINGTON
CUSTER

S0IL

CLASS

Ll el R e e VL Y R Y R e PUER R i i I i LR R B i s ol et Bl el

SEQUENTIAL
NQ.

511
502
503
504
505
506
507
508
509
510
511
512
513
bhlé
515
516
517
518
519
520
521
S22
523
524
529
526
527
528
529
S30
»131
%32
533
L34
535
516
537
538
539
Sa
541
Qag
Su3
S44
545
H546A
547
548
544
550



S0IL SEQUENTIAL

1 J K LaT [ty ~TATE CROP REP. DISTe. COUNTY CLASS N,
. #le 38 3 43,988  1hA R SOUTF DEADTA wE ST 'CETHAL PENNINGTOM 1 ' 561
216 355 4 LA 0TM 102, SNUTH De<DTA WEST CENTRAL PENNINGTON 1 S5¢
216 38~ 1 43,490 1np,37. SOUTH LekOTA SOUTHWE ST SHANNOM 1 553
P16 3BF 2 43,4101 Inp,AT. SOITH DAxOTA SOUTHWES [ SHANNON 1 554
216 356 3 PR T LA SO Y R 0TA SOUTHWEST SHANNON 1 555
P16 35& 4 4, F6N 1P, a8, SOUTH nk OTA SOUTHWE S ) SHANNON 1 556
?1n 357 1 434138 167,11 - SOITH LGAFOTA SOUTHWEST SHANNON 1 557
216 38T 7 43,068 1(”,37: S0UTH [aKOTA SOUThWEST SHANNON ) 534
216 3FT 1 e LU P A GMTH BarOTA SOUTHWE ST SHANNQN 1 554
216 3%7 & LTS £ I WA SHITH Ner OTA SHIUTHWE ST, SHANNGY, 1 SAD
P17 341 Z 4R, OdN IPR, 54 . MO TANA tORTHEAST PANIELS 1 851
217 367 1 R, TIMN 105,000 L MGET AMA mMORTHEAS SHERIDAM 1 SH?
YT 3ars ¢ bl AP 10w 2T bt [ ANA t OpTHEAST UGANIELS 1 A3
217 38”7 3 LALHON - 105,40 Pl T AMA MURTHEAS | NANIELS 1 Sh4
217 Zar 4 LELHGN  1Dph, 1. Ml TAMA - HOBTHEAST DBAMNIEL & 1 Gho
217 381 1 40, 34M 104,74 FUN TARA NOKTHEAST HOOSEVELT 1, 566
21T 3w’ ¢ 4RLPEN 18R, 02, t100 ] At WO ThE &S T KOOSE VELT 1 5A7
»17 342 3 LYY I L L B tOM T ANA w4 THEAST RUOSEVELT 1 SHk
P17 R4 4 a4k 53N 1Ng R/ e, TARMD R THEAST w005t VELT 1 5aG°
ST 3as ) BT YM [ G b MOy | AMA LOWTHEAS]T T LHLAND 1° S50
217 3eu 2 457900 104, T+ MmOl [ aMA WOk THEAST RICHLAND 1 571
217 R4&a 3 GH, D3~ T 10w g by MynTamA Gk ThEAST H1CHLA&MD 1 %77
217 Raa 4 4R TAN | 104820 MU T Ann MORTHZAST RUUSEVFLT 1 EY ]
217 385} 4T, AN 10w, Pn, MO TANA mORHEAST #1CHLAND i L 574
217 345 2 47.RAN 104 50w MOt | Area mORTHEAST RICHL AND 1 57%
21T 348 3 . &T.TIM 1N4.An MOR T AIA SO THEAST RICHLAND 1 874
A1T 365 4 4T ROV 10a.3/ . - MOM | ama MOKRTAFAST RICHLAMD 1 577
P17 3ue 1 47.25v  1ha,01n neTH Dar OTA SOUTHAEST GOLDEN VALLFY 3 574
2?17 34n 7 4T,1TH 1D Ay MOrlALA SOUTHEAST wibkAlX 4 57%
217 346 3 47,358 104,40 MOk &8 NORTHEAST RICHLAND 1 580
SYT 346 4 4T7,43M 104,13, MO T ANA . MORTAEAST RICHLAND 1 GH]
21T 347 ] ARLAYM 1D, TT NORTH DAROTE SOUTHWEST GOLDEN VALLEY 3 sH2
217 347 ¢ 4h4RIN 06,044 HORTH LaxuTh SOUTHWEST | GOLDEN VALLEY 1 5H3
P17 347 3 46,99N8 Ing, 15w, MONT AmA SOUTHEAST WIBAUX 4 5H4
217 347 4 4T N7 1N3,R0: NORTH DakOTA SOUTHWEST GOLDEN VALLEY' 1 585
217 3ax 1T wh AP 103,840 #ORTH DARDTA SQUTHWEST SLOPF 3 586
217 34F 7 4h. 45N 183,700 NO<Th NarhTA SOUTHWE ST SLOPE 3 57
217 34«R 3 Gh.63M 103,97 MN2TH DAKUTA SOUTHWEST GOLDER VALLEY 1 et
217 14H 4 4A,TIN 103,651 NORTH DARGTA SOUTHWEST GOLDEN VALLEY 3 519
217 349 1 4,100 103,31 M) TH DArdTA SOUTHWEST BuwWMAN 1 591
217 348 2 4hL0RM  1N3.57 NOTH DAFOTA SOUTHWEST BuwMAN 3 51
P17 384 3 LE.PRN 103.A4: NO=TH Darcnta SOUTHWEST BOWMAN 1 h97
P17 345 4 A6.IEM 103,472 MO ITH BARGTA SOUTHWESY SLGPE 1 5493
217 350} 45 ,.H40n  E03, 092 SMITH DARDTA HOR THWEST MARD ING 1 594
21T 350 ¢ 45.72m 103, 35- . SONTH BakuTA NOHTHREST HaRD I NG 1 595
TRPIT 350 1 45.90M 103, 4k SOUTH DAKQTA NORTHWEST HARDIMG 1 596
P17 380 6 45,98 103 2o BORTH BARUTA SOUTHWEST BOWMAN 1 597
217 351 1 4G  44ta FNPL KT SHITH (1aKDTA MORTHWEST PERKINS 1 598
2}7 361 2 45.2R  1r3.13:  SOUTH (12r0TA WORTHWEST HARDIHG 1 599
217 351 3 45,548 1N, 24 SOUTH DAKODTA MORTHWEST HARDING 1 ADD

A-I-12



217
217
217
217
Ay
17
217
217
217
7
217
217
17
217
17
217
17
~17
217
217
217
217
217
P17
217
217
218
218
714
718
1B
718
218
P1a
218
218
IR
2148
218
718
214
218
718
Ple
P18
?le
1R
214
?1H
718

351
352
352
352
352
353
353
353
353
54
354
354
354
35%
355
KK
358
356
sk
35A
356
387
357
357
sy
35r
347
347
342
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343
343
343
344
344
384
344
345
345
345
345
346
346
ELT
346
347
347
347
347
Lt

—_ RN = PN P WY R LN RN~ R, RPN LRV P W DN R RN~ RO R

=3

LAT

T 45,604

45,07
45, 00N
45.18N
45,76N
444 TIN
44 o 64N
44 4 HEN
44 4 B9N
44 ,35N
44, 28N
44 4 46N
44 53N
43.99N
43.92N
G4, 1NN
G44417N
43,8 M
41,56M
43,740
4F A1
W32
43, 20N
43,3HnM
43,450
43, 09N
48 ,RHM
48,790
48,97 ¢
L4H SN
4R, 413N
4R, AN
[N - TS
4R,14M
dr 06N
GHLP4N
44, 33N
4T o THM
47 .70
47 Bri
474361
4T a4 1t
474330
47,518
47.590
47,05
46,07
47,1086
47 .23
b6 . BHN

LON

102,984
102,65«
102.91u
103.02%
1ng.76u
124444
102,604
162.800
102.55k
124723
102480

102,59 .

112,34
1n7.03%
112« 284
102,384
102,71 3w
11) A3
1n2.n7~
107, 18w
N1 .93
1N14A
101 .84y
111.97.
1n1,73v
101.5134
10444
104,72
104 4R
1n4 4194
104,47
104.59n
1ng,372¢
103:95.
104,22 4
104,34
1N4.07w
103,71
103.9Ru
104,10
103.83
10347
1034 T4n
103, 8Am

03,600

103,248
103.50wW
103,62«
103,354
1IN3.01w

SOUTH
SOUTH
SQUTH
SOUTH
SOUTH
SOUTH
SOUTH
SOUTH

STATF

DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKDTA-
DAKOTA
DAKOTA
BAKOTA

SOUTH DAKOTA

SOUTH
SQUTH
SOUTH
SOUTH
SQUTH
SOHTH
SOUTH
SMITH
SOTH
SOUTH
SUUTH
SOTH
SOUTH
SOUTH
SONTH
SOUTH
SOITH

NOERTH

NI TH
MO

MO TR
ey [
N~
LET) LR I
PolbH ] b
e TH
Al TH
tell. TH
T
NOwTH

DAKOTA
DAKDTA
DAKQTA
DAKOTA
DAKOTA
DARDTA
DAKOTA
DAKOTA
DACiTA
DAROTA
DAROTA
DAKQTa
NAKDTa:
DAKOTA
[HAKDT A
DAKOTA
DAKOTA
MONTANA
MONTANA
MOMTANA
MUNTATSA
MONTANS
MONTANA
MOMTANA
DAKOTA
MONTANA
MONTANA
MO T ANA
DAKDTA
URROTA
MONTANA
DAKOTA
DAXOTA
DARDTA
DAEOTA
LanDTA
DAKOTA
LARDT A
DARKOTA
DAKDTA
PDARGTA

A-1-13

CROP REP.

DIST.

NORTHWEST
NORTHWEST
WEST CENTRAL
NORTHWEST
MORTHWEST
WEST CEWTRAL
WEST CENTRAL
WEST CENTRAL
WEST CENTRAL
WEST CFNTRAL
WEST CENTRAL
WEST CENTRAL
WEST CFNTRAL
wEST CENTRAL
WEST CENTRAL
WEST CEnNTHAL
WEST CENTRAL
SOUTHWEST
SOUTHWEST
SOUTHWEST
wkST CFNTRAL
SOMTHWFST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
MORTHEAST
MORTHEAST
WORTHEAST
NORTHEAST
MORTHEAST
NORTREAST
NOKRTHEAST
MORTHWE ST
NMOKTHEAST
MORTHEAS]
MORTHEAST
wEST CFNTRAL
WEST CENTRAL
NORTHEAST
WEST CFNTRAL
WEST CrNTRAL
WEST CENTRAL
wEST CENTRAL
WEST CENTRAL
SOUTHWEST
SOUTHWEST
SOUTHWEST
SQUTHWEST
SOUTHHEST

COUNTY

PERKINS
PERKINS,
MEADE
BUTTE
PERKINS
MEADE
MEADE
MEADE "
MEADE
PENNINGTON
MEADE
MEADE
MEADE
PENNINGTON
PENNINGTNN
PENNINGTON
PENNMINGTOMN
wASHARAUSH
wASHABAIIGH
SHANNUN
JACKSOHN
BENNETT
BENNETT
HENNETT
WASHABAUGH
BENNETT
ShERIDAN
SHERIDAN
SHERIDAN
SHERIDAN
SHERIDAN
SHERIDAN
SHEHIDAN
WILLIAMS
ROQOSEVELT
RUOSEVELT
ROOSEVELT
MG KENZIF
MC KFNZIE-
RICHLAND
MC KENZIE
t4C KENZIF -
MC KENZIE
MC KENZTIE
MC KENZTF
BILLINGS
BILLINGS
BILLINGS
BILLINGS
STARK

SOIL
CLASS
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SEQUENTTIAL
ND.

601
602
a03
604
605
606
607
608
ANG
610
611
612
613
614
615
616
617
1B
a1%9
620
621
6RZ
623
624
625
h26
627
625
a9
630
631
A32
633
634
635
636
A37
GEL]
639
A40
641
642
643
644
6465
646
h4T
648
6469
650



1¢
PlH
Z1A
218
218
21k
Pla
21
21k

28

2ia
Aln
B!
1k
?lE
Ak
s

aru’

218
21w

PH

21m

Pk
Ak
EREY
PlIM
Al
At
218
1k
Ea L
Pig
21k
?le
Alw
ERRN
21R
71k
Pl
ir
1R
P21k
2l
a
cle
2lv
ESET
2la
2l
»la

JuR
344
4P
349
349
349
349
3so
asu
350
LY
ELY
asl
3a1
341
3s?

T35

357

" 387

ELE
Elcls
a3
357

394

3ng
Iha
b4
350
365
ass

EECE

396
I8
EL LY
IbA
nT
%7
357
3W7

TN

LT
I8
3427
Ju3
3473
343
343
344
344
344

x

UN'—'J‘-‘L-J'\."—'\Jl‘wr"&‘uJNH-ﬁ‘uJ’\J'-'-F‘wNP'&‘uJNH&u}\lhﬂ-ﬂ'w?\)hﬂbumi—‘bwwr—‘-“wm”'bmf\.

LAT

45 ADN
bF T
46, R6N
46232y
4h. 241
46,421
46 50N
45,950
45  REN
L6 N6
b, 13M
L5 4K
45,51
45, A9M

45, 7Th -

45,22NM
45,15
45 433N
45,4 1N
&4 (RAMN
Go o TN
44,97N
45 4 &8
44,500
44 4 63N
4 4ATN
44 4 HAN
b e 14N
44 4 06N
bbaPaM
44 4 PN
A, TTM
42, 70N
43, REN
43.9%M
43,411
43.34N
43 ,52N
43 .979N
43, 05N
4341 RN
434730
4R QAN
4B.6TH
AR 59N
4R, TTH
48+ BHN
4B, 3NN
%A, PPN
4R. 41N

LN

1N3.2%w
1N3,349
103412
1027w
113.05w
103.1AL
112.90u
IN2.5T%
1N2.83«
IN2.94w
102,67
107, 35w
162,617
1A2,TM
107 GFw
A02.t 4
10240
Tuz.%504
102,P4w
Irl1.493.
102,19 .
10229«
112,03
1N1.73+4
101,98«
TR2 ()R
101.501

101,57~
Nl 7w
181,884
191467
10} .33
101.504
1014/
101,473
L1001 60 3.
101,34
10148~
16R1.23
100,94 .
-0 )., 2o
101404
174 ,14x
103, A
I
14,06«
103, Thn
1034~
103 AT
103,74

STATF

0 [k JAKDTA
w4 LanDTA
AN TH URKGTA
G elh LaKoTAa
-1k Uar OTA
il [H URAKQTA
Wk TH pehBTA
SMUITH baK(To
LahTH DARDTA
el Tee DanOTA
MO M JARGTA
S aenOTA
it DAKOTAH
entiTe hskhiTh
SOUTH DarOTA
SOMETH I ROTA
SUATH Bar OLA
SEnTel HAROTA
Sl {JanNTA
ST pRRUTA
SOnTre yararlAa
SuUt A akila
SUITH DAKOTA
SOHTH DARTGTA
SODIH BARDTH
SITH DACOTA
SOJTIH WARDTA
SoIlE LAKOTA
SOu1H LARDTA
SOUTH DabOTA
SOITH DAKOTA
SOUTH DAKOTA
SoUTH DAKOTA
SOUTH DAKOTA
SNUTH UVAKOTA
SOtTH: DAKOTA
SITH DAKOTA.
SOUTH DAKOTA
SOUTH DAKOTA
SOUTH DAKOTA

_ SUUTH DAKOTA

SOUTH VARKQTA

MONTANMA
NORTH DAKOTA
NORTH DAXOTA
NORTH DAKOTA
NORTH DAKOTA
NORTH DAKOTA
NOWTH DAKOTA
NOKTH DAKOTA

A-1-14

_CROP REP. DIST.

SOUTHWEST
SOUTHwWEST
SOUTHwWEST
SOUTHWES |
SOUTHWEST
SOUTHWEST
SOUTHWEST
MORTHWEST
WOHTHWEST
SOUTHWEST
SQUTHWEST
BORTHWEST
FHIRTHWEST
NORTHWEST
nMORTHWES
HORTHWEST
MORTHAES |
MOHTHAWE ST
MORThwE ST
NOKTHWRS]
WEST CENTHAL
wk ST CHFNTHAL
HORTHWEST
wEST CENTHAL
wbST CENTRAL
wEST CRNTRAL
NOK THWk ST
WEST CFNTRAL
wEST CFNTRAL
WEST CENTAaL

“WEST CFNT®RAL

SOUTHWEST
SOUTHWEST
WEST CENTRAL
WEST CENTRAL
SOUTH CENTRAL
SOUTHWEST
SOUTHWEST
SQUTHWEST
SOUTH CENTHAL
SOUTHWEST
SOUTH CHENTHAL
NORTHFAST

. NORTHWESI
NORTHWES|
NORTHWEST
NORTHWEST
NORTHwWEST
WORTAWEST
NORTHWES|

COUNTY

SLUFE
HILL ENGS
STARK
ADAMS
HOWMAN
SLOPE

HE TTINGER
PFRIINS
PERKINS
ADAMS
AlIAMS
PrrEINS
PFRKINMS
PERKINS
PERK NS
PERKTINS
HEHK INS
PrRIINS,
PFRKINS
Z1EHACH
MEALE
MEFADE
ZIEBACH
hAAKON
HAAKON

“F ADE
7I1tBACH
HAAKON
HAAKON
HAAKON
HAAKON
WASHARAUGH
WASHABRAUGH
JACKSON
JACKSON
TODD .
dENNETT
WASHABAUGRH
WASHARAUGH
TODD
BENNETT
T0DD
SHERIDAN
DIVIDE
WILLIAMS
DIVIDE
DEIVIDE
wILLIAMS
wilLLIAMS -
WILLIAMS

SOIL
.CLASS

!—'l—‘o—'b—'b—t—lhﬂhﬂme\JHHI—lt—'b—'l—lv‘-‘-}l—-HH.—‘h—r—lo—li—‘unv—lwb—'ﬂt—':—ll—-o—'l—‘r—lhi—'bﬂk—'wﬂb-‘b—‘..l': L W

SEQUENTIAL
NO .

691
fL2
653
654
655
656
657
658
659
6610
661
XY
663
AGL
HARS
6HE
66T
fhH
AT
670
ATl
ATR
673
674
ATS
616
af7
678
TG
&HH0
681
647
613
684
685
6A6
687
688
6AT
690
691
692
693
694
695
696
697
A98
/99
700



219 -

719
219
219
219
219
219
219
214
714
»1u
219
fly
219
2la
719
Alu
21
219
1%
219
719
219
219
1S
P19
Py
10
v
=1y
219
219
’19
21q
e
219
A19
219
19
2lo
219
19
2149
219
219
¥19
219
218
219
L]

34%
345
345
3ab
485
346
KI-Y-
346
346
347
47
347
347
IR
34R
a8
e R
349
344
349
349
3nho
ELY
380
350
351
351
351
351
&y
352
sz
352
353
353
353
353
354
54
354
354
355
358
358
35%
364
3%46
356
356
ELY}

=

—_ PR e P WU P W B WA e P W P W e BN = By PWN W PN =R

LAT

A, 49N
4T .94
47 o Rhs
R, 0an
4R, 1N
47-ﬁ7m
47 o 49l
GT7 AT
L7 TS
41,701
47,1701
47431 w
47 4 349
G, HIM
G, Th™
bR Uar
470N
4GB 6TM
4R, RON
4k, 800
L h g R
Ghy ) 01

G 0

L R
Gfr g PHi
45, Tat
L, RRE
L san
45, G2,
G2y, 3T
4% .30
4R a0 ¢
45, hby
sc,.01m
[T I A
48,1 2m
e
L4, ut
ah BT
G4 4T
G -0
Gy, Frgt
G4, A1m
B, ww
Gb bk
44, 11
43, R
YR
44,10
47, AR

Lo

193,57~
113,144
11367
1i3.50e
103,725
102,934
104, 70m
10 3. 3720
153, NGm
102,700
1172, 97w
| I P 2 1
N2, il
| APy U8
17 Tuy
Tn 2 G
1840595
172, PF
AL
IRV TV
177 e $hm
IN2.nhx
1N2. 304
1h2.aly
1215w
18] 0R
1Np/.09¢
102,204
163
1AL A2
10) ,R2Rw
101,49«
191,70
1] .47
171,67
191,74
1Ml

1572
L
B LN B Y
1M1, 31
1nf.nz2~
11,271
1n1.737-
181.12
A0,y
1], 0%
161,17
10,42
lf)n_,.‘\'l--n

NORTH
NOR TH
NOQRTH
MNO2 TH
NOFTH
MORTH
NI H
NORTH
NORTH
N2 T
Bt} I
WO~ TH
G TH
(s TH
MO ITH
NP T
MIVTH
MO T
MNORThH
NN R
MOZTH
NDHTH
MOV TH
NN~TH
wAPTH
SOUTH
SOUTH
SONTH
SONTH
S A
Lrfre
SN T
SQIeTHE
SIHITH
S Th
R TFRES
SHrEH
SO
Smlir
SO
ST h
St e
STk
ST H
SOtk
ST
L0l
Splm
S0
aiMifp

STATF

DAKOTA
LAKOTA
UAKOTA
DAKOTA
DAKOTA
DAKQTA
UAKOTA
DARQTA

DAKOTA.

NAKOTA
OAKOTA
BAKOTA
DAKOTA
aKOTA
DakQTA
Parkn0TA,
DAKOTA
DakOTA
DARDTA
Bak0TA,
DaKQTA
NAKOTA
JAKROTA
DARDTA
DAKGTA
NaKGTA
LAKOTA
DaKO A
DAKNTA
DAKQTA
DAKDTA
DARQT A
VDAKOTA
DAKOTA
DAKQTA
DanQTA
barQla
DA QTR
DAKDTA
NnakOfa
BAEDTA
LAKQOTA
LAKOTA
il A
paKaT
DBarkDTH
LAkl A
heetila
['anB1A
rARDTA

A-1-15

CROF REP, DIST.

MORTHWEST
wkST CENTrAL
wEST CrmTRAL
WEST CrMTRAL

WRTHEWEST
wEST CENTHAL
wEST CENTRAL
wEST CENTRAL
wEST CENTRML
WEST CEnNTRAL
wt ST CROTRAL

SOUThwEST
Wwe ST CEMTwAL

SOUTHWEST

SQUTHwEST

SOUTHwWES |

SOUTHWEST

SOUTHWEST

SOUTHWRST

SQUTHWES |

SOUTHWEST

SOUTWEST

SQUTAWES |

SOUTHWEST

SOUTHWEST

NORTHWES T

MORTrHwWE S

MOKThwWEST

MORTHWE S

HORTHwWE ST

NORTHWES |

RNOHTRWES !

HORTHWES I

MORTHWEST

NORTHWES

KRORTHwWEST

RORTHAIES]
WhsT CFNTHAL
wkST CENTRAL

AR TRk 1

WORTHWE ST
wFST CEFMTHAL
vET CFMTRAL
wEST LENINAL
utr ST CFHTEML
SOHITH CERTRAL
SUDTE CENTeAL
WEST Chulwal
SUUTH CENTHAL
SulTH CENTrAL

CNUNTY

WILLIAMS
MC KENZIE

. MC KENZIF

MC- KENZTE
WILLIAMS
LUNN

ML KENZIE
ML KENZIF
MC CKENZTE
DUNN,
DUNN
HILLINGS
DUNN
STARK
STARK
S5TAHK
STARK
HETTINGF®
HF TTINGER
HE TTINGER
HETTINGE =
ADAMS

Al AMS
ADAMS

HE TT INGE2
CORSON
PERKINS
PFREINS
CORSON
Z1EBACH
ZIEBACH
Z1IFBACKH
CORSON
ZIEBACH
ZIEBACH
ZIEBACH
DEwk Y
HAAKN
HAAKON
ZIEBACH:
Z1EBACH
STANLEY
HAAKON
HAAKON
STanLEY
JONFS
MELERTTF
HAAKON
JONES
MELLETTE

S01IL
CLASS

e e b e b b s b o b L b b L] b b e b L e 3 0 e e L e L e e G0 P L W W W W W L e

SEQUENTIAL
NOs

701
702
703
704
ns
706
07
na
TnY
710
711
Ti2
713
Tla
715
T16
717
7148
719
720
721
722
23
724
725
726
727
724
729
730
731
732
T33
734
735
736
737
73ib
739
740
741
742
743
T44
745
Tah
T4
748
749
7w0


http:NOPTHwr.Sl
http:I0'.'.47

10
719
218
219
219
219
219
220

7?20

b
270
270
rn
220
FEIN
220

357
357
357
35F
358
384K
3HA

TN
44
4L
ETALY
RIL
Jah
146
d4hA
Jak
BT
ahn
47
47
3a7
347
34R
34R
34h
34R
4G
144
140
349
ELTV
350
3196
50
31
351
381
39
an?
ELTS
352
3s?
353
353
353,
353

x

W PN~ whiv

PN W P LN F BN FWA M BL N LV P W R~ F SN

L.AT

[ACY N 10
43 4 FRA
43,73
43 19N
63,1727t
4734 31010
43437
45 4 AR
GH o TEM
4B 4 9uh
40 o RN
4R, 3A%
48.57Tw
LR bhnb
45, 9w
4R, 11
4R, 7Un

4B.PHY-

ET.TAw
&7 A6
47 B3N
4T.01M
47354
47,280
4T 460
47T G40
498"
46,9101
47 o I
4T 1T
L4 b A
46,84
4bT I
46RO
by a'PBM
46,18
Gy 30N
4f o &AW
45 ,RAY
45481

45,990,

46, D6M
45,51
45, 44N
45,6 3N
45,70k
45,158
45, N
45, 26N
45,330

LN

T ,5%09
11111, 98w
100,73
100 .65
A, The
100,79y
1710, 54w
173408
1434 38
in3,a34
1R AHY
103,172
173,24
10 GR

RELV N BT

142 g HHw
i, 00
182,770
L o ]
J Y2 Ak
Tre. 77+
192,44
FEA F N
| LR " ]
Ina, 54 -
102,27~
LIS A
in2.21 ¢
167,37
112,05

vhrL7R2
1] .499u
FN2,10.

A0],H Ty

101458
14 Lha TH
Tl et
191,51
181, 30
1rhlesle
1 VA7
1i#1aal"
LI I A
LR e X

SNl Lak

107.704
1 r,{_ Al
1" 1.1
1.

10l .00

SOeIT
SOilTH
S0ITH
SoulTH
sSOuUTe
ST
SaTH
N TH
NO-1
MO 1A
N [H
NOBRTH
HARTA
RPN ]
a1
ST A
W=7
e T
M =
A TH
AT TEE RS
LN
10 [ el
NOEARS
LUYIER S 3]
NORTH
ORTH
NOR T
BUEA R
NORTH
NOFTH
MORTH
MO [+
NORTH
N02ThH
NOP T H
e LR
noxtTH
SOUTH
SOHTH
NOWTH
NORTH
SONTh
SoUTH
SOUTH
SOUTH
sSouUiAH
SONTH
SOUTH
SOUThH

“~1aTh

NanyTh
DacUTA
UAKOTA
[rar OTH
[EEER LR N
panLTA
phkula
LnsDTA
ARDTA
purnta

DoanTe |

parfala
DukOTA
1k ITA
PPN N
PagiTh
BRI I R
[ a~yTh
arOTA
[rkLhl A
e TA
nnkOTA
neanla
parnta
Lia=0TA
LARITH
LT A
HAKOTA
URKEOTA
e DTA
N OTA
UARQT A
RBAKOTA
LAKOTA
ERDTA
‘Dak(ITA
Linr 010
DReOTA
fHn<0Ta
DAKQTA
DokOTA
Dar0TA
LFARUHT A
i OTA
HARGT R
DanOTA
DanOTA
pakOTA
pAKOTA
DAaRNT A

A-1-16

CRiP REP. BDIST.

© SQUTH CENTHaL

SUUTH. CENTHAL
SULTH CENTHAL
SUUTH CENTRAL
SOUTH CFNTRAL
SOUTH CEMTRAL
SOUTH CENTHAL
NORTHWEST
RORTHWES]
O THWEST
FOHTHWEST
cRTwk S|
LOKTHWEST
R TrwEs |
Wk S |-
wk T Ch yiFaL
widh THat 51
w DR THwE S

WEST Chalrbl

y ST CENIRAL
wf ST CRENTenL
SR | riwk 9
ar 4T CriTeeal
wEST GEDTHAL
REUT CrniRnL
ut ST Crilral
SOUTH (ENTHAL
SOUTHwkS
WEST CFUTwalL
wrsT CFENTRAL
SOUTH (ENTwAL
SOUTH CENTHAL
SOUTHwWE S1
SUUTH CENTHAL
SOUTH LFNTwAL
SOHTH (ENTRAL
SOUTH CENTrAL
SOUTH CENTrRAL
WORTRwEST
MORTRWEST
S00TH CENTRAL
SOUTH CENTHAL
MORTHWF ST
NORTHwWES |
HORTHwWES ]
wOREHYES]
ROHTHREST
MORTFWEST
MOETHWES |
NORTHWEST

CUUNTY

 MELLETTE

MELLETTR
MELLETTE
TODD

100D

ToDD

1000
DIVIDE
DIVIDE
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DeraTaA
DAFOTA
DEKOTA
BAROTA
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NarN] A
LDr=GTA
DARODT A
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BAROTA
DAKGTA
AT
PakTa
BAFOTA
AR A
BrenTn
Br:0ln
(TP STR N
LN ER
Fannln
ITIX(RED
paAROT e
A fa
ERQTA
Har0ia
AR P
PBARGT A
frangdln
panO] e
DBAarOTA
DARDT A
DREOT A
DarOTn
Lax(T A
DarQOTe
DAROTA
DAROTA
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PAKOTA
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Lan(TA
DAKOT A
DAROTA
DAROTA
LanOTa
DaroTa
DARDTA
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DanDTA
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WEST CFNTwAL

" WEST CENTRAL

MORTHWAEST
NORTHWES|
WEST CFNTRAL
WEST CENTHAL
WEST CEMTRAL
WEST LEnT~aL
SOUTH CEwnTeal
SOUTH CFNTwAL
SOUTH (FhlT#aL
WEST CrNTwaL
SOUTH CFIRAL
SOUTH CFMIwAL
SOUTH CEWiwaAl
SOUTH GCrwTraL
SOUTH CEnTHAL
SUUTH CenTral
SOUTH CENTwAL
S0UTh CEnNTHAL
SOUTH CEMTwAL
SOUTH (EMTRAL
PORTrWES T
MOKTHWES ]
NORTHWEST
NORTHWES ]
NMOKRTRWES]
NORTHWES]
BORTHWEST
MUK THWREST
HORTHWES |
WNORTHRES |
WEST CrNTwAL
LEST CFMTRAL
HNORTHWEST
NORTHWEST
vEST CrnTRAL
WEST CenNTrAL
wEST CHUTRAL
wEST LrneFral
i ST LEnTHAL
wk ST CRETRAL
wEST CFNTFRAL
wk ST CEnTRal
SUUTH ChNTrAL
SUUTH CFNTRAL
SOUTH LENTwAL
SUuTH CENTHAL
SUUTH (ENTrRaL
SOUTH CFMTRAL

COUNTY

STANLEY
STANLEY
DEAEY

DEWEY

STANLEY
STANLFY
STANLFY
STANLEY

LYMAN

JONES
JONES
STANLEY
TFIPP
MELLETTE
JONES
LYMAN
TrIPE
TRIPP
MELLETTE
TrIPP
THIPP
THIFP
HURKE
EVHIE
HUPKE
MOUNTRA L,
HBUHKE
RUAKE
MOUNTRAITL
MUUNTRATL
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C LEAN
MOUNTRATL
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ol LEAM
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DAKOTA
DAERDTA
BaKTa
VARQTA
DAKOTA
NAROTA
DAKUTA
pAROTA
DERDTA
DARDTA
DAROTA
LasDFA
DARKOTA
DAROTA
NAKUTA
BekaTA
DERDIA
DEAOTA
1LAKEA
BARGTA
pAROTA
DARDTA
DaRDTA
arOTa
DreDTA
DAKOTA
DAKOTA
nar0Ta
DakDTa
NAKOTA
VAROTA
DARDTA
LAKDTA
DARQOTA
DaKOTA
DAROTA
DAROTA
DaniITA
UAKOTA
pare0Ta
1Ak DTA
LDAKDTA
NarOTA
NEsOTAH
DakOTh
DAKOTA
DarTA
LAFUTA
DAF(QTA
NAKOTA
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SOUTH CENTRAL
SO0UTH CENTHAL
SOUTH CENTRAL
MOKTHWEST
SOUTH CENTRAL
SOUTH CENTRAL
MOR THWEST
SMORTHWEST
NP THWEST
MORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
CENTRAL
CENTRAL
R FHAEST
nNO~TH CEWTHAL
CEMTHAL
CEnTRAL
GFHTRAL
CENTRAL
CENTRAL
SOUTH CENTHAL
WEST CENTRAL
CelwTrAL
S0UTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENRTRAL
SOUTH CENTHAL
SYUTH CENTRAL
SOUTH CENTHAL
SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
MORTHWEST
MORTHWEST
MORTHWEST
NORTHWEST
NOW FHWEST-
HORTHYEST
HORTHWEST
NORTHWEST
WK TAWEST
NORTHWEST
WORTHWEST
NOH ThHWEST
wEST CENTHAL
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GRANT
MORTON
SIuux
CORS0N
STOUX
S1ouUx
CORSOM
CORSO0N
LURSON
COR S0
D WEY
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UFwEkY
BFWEY
SULLY
SULLY
[FwEY
FOTTER
HUGHES °
HUGHES
SuLby
SuULLY
HUGHES
LYMAN
STANLEY
HUGHES
LYMAN
LYMAN
LyMaN
LYMAN
GHEGORY
TRIPP
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LYMAN
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TRIPP
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Dan0TA
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VAROTA
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DLkl A
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Lenko) A
frAnG T A
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DAROTA
DAKDTA
DAXKDTA
GAFDTA
LUAROTA
unk0Ta
DakOTR
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paxTs
garnla
DakOTh
DAROTA
DanOTA
PARDTA
PoOTA
BAFOTA
DARQT A
oerUTA
PtANOTA
anallh
s ntoTa
bianiT
UTSLE RS
ek THN
bear 0T A
garuta
narta

A-I-19

CROP RE

wEST
WEST
WEST
wEST
WEST
WEST
WEST
SQUTH
SOUTH
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LENTRAL
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CENTrAL
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MC LEAN
MC LEAN
MC LEAN
MC LEAN
OLIVER
MC LEAN
MC LEAN
BURLEIGH
MORTON
COLIVER
BURLE IGH
EMMONS
SiouUX
MORTON
BURLEIGH
FMMONS
EHMONS
EMMUNS
EMMONS
CAMPBELL
CHMPHELL
CAMPBELL
CAMPHELL
WALWORTH
WALWORTH
WAL WORTH
WAL wORTH
PUTTER
FOTTER
POTTEH
POTTER
HYDE
SULLY
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HYDE
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SNUTH
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SOMiTH
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SITH
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STATF CR

DarDTA
LERGTA
DaeGTA
DesQT A
LARTA
DARDTA
HACOTA
DardTR
iRk 0 n
tren0Th
[en0l A
DeanOTA
NARDL A
Darni b
NAROT A
LianTA
LEKOTA
a0l a
Do OTA
GasDTA
NAROTA
DAKOTA
Dar0TA
pannTA
DAKOTA

‘UAROTA

JAROTA
IJAKOTA
ODakOT A
DAKOTA
LAKDT A
DasOT A
DLKOTA
DAKQTA-
LaKk0T A
DaKOTA
DAKOTA
DAKOTA
DARDITA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DarcQTA
NBAKOTA
naxKpTa
NAKOTA
DArQ1A
VARDTA
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OP ‘REPW 0IsTe

S0UTHEAST
MOPTH: CENTRAL
NO=#TH CEWNTRAL
NONTH CENTHAL

SORTHWFST
NOHTh CENTRAL
MORTh CEMTwAL
MOFTH CEMTHAL
MORTH CENTHAL

TRORTAwEST
MO Th CEMTHAL
CEITHAL
WEST, ChnTIRAL
MOHTH CEMTRAL
HORTH (F™THAL
CEdlRAL
SOUTH (FNTRAL
CENTRAL
ChiaTHAL
SOUTH CbewfrAL
SOUTH CENTRAL
SOUTH e lHAL
SOUTH CENFHAL

SQUTHE St
SOUTH CEwIRAL
SO0UTH CETRAL

CENTRAL

[OUTHE AT
S00Th CENTRAL
SeUTH CeNTHRAL

SOUTHEAST
MORTH CENTRAL

NOWTH CENTHRAL .

SOUTHEAST
SOUTHEAST
NORTH (ENTrRAL
MOFTH CENTRAL
NOWTH CENTHAL

NGRTH CENTRAL ~

NORTH CENTRAL
NO*TH CENTHAL
NORTH CENTRAL
NORTH CENTRAL
CENTHAL
CENIWAL
NORTH .CENTRAL
NOETH CEWTRAL
CENTRAL
CEnTRAL
CereThaul

COUNTY

CHARLES MIX
HOTTINEAL
HBOTTINEAY
MC HENKY
RENVELLE
BOTTINEAU
BOT-TINEAU
MC HENRY
MC HENRY
wARL

MC HENRY
SHERIDAN
MC LEAN
MO HENRY
MC HENKY
SHERIDAN
BURLE IGH
SHERIDAN
SHEKIDAN
BURLEIGH
BURLE 16H
BUKLE IGH
BURLE IGH
LOGAN
EMMONS
BURLEIGH
KIDUE#

MC INTOQSH
EMMONS
EMMONS
LOGAN

MO PHERSON
CAMPBELL
MC INTGSH
MC INTOSH
EDMUNDS
EDMUNDS
MG PHERSDMN
MC PRERSON
FauLK
FAULK
EUMUNDS
EUMUNDS
HAND

HANUD
FAULK
FaulLK
HAND

HAND

HAND

SOIL

CLASS

R R R e e e el R el e T N S e S I WY [ SE S SP ST [ SP SR SRRy I S S R S S

SEQUENTIAL
NO

5]
952
943
954
a9n5
956
957
SaR
959
a0
941
952
9n3
b4
9RYH
946
9T
P08
954
aro
a7l
72
73
974
97y
IThA
977
ars
97y
980
9H1
942
ORI

ous
986
a7
948
‘989
990
991
992
393
994
595
996
997
998
999
1000



223
223
223
223
223
P73
223
773
273
223

223.

223
e2r3
203
er3
PP3
224
274
2284
era
224
fre-L)
224
°24
724
P4
224
224
P4
°°4
724
RP&
nra
724
224
P24
274
T
P24
274
2P4
PPL
?P4
?R4
274
e
rh
P24
°Pa
Pra

356
357
357
357
357
3%8
358
3se
358
359
359
359
kL
360
360
360
344
345
345
4=
345
346
346
346
346
347
347
3a7
347
34R

348
34A
349
349
349
349
350
350
350
50
351
351
351
351
352
352
352
352
353

— WG S N P W N P W P LN e B W e LN e P P W R P W W e X

LAT

&4, 63N
44.,07N
44,010
44,198
44 26N
43.T0N
43.64N
43, A3N
43,898

T43 434N

43.P77TN
43,46N
43,52N
4297w
43, 09n
434 16N
48, 99N
48.68N
48.61N
4ALANN
48, ATH
48 4 30t
4R, 230
4R 47N
4R, 690t
&7 ,03N
47+ Ban
48, (5N
4R.11%
4T 85N
&7 4 4 AW

T AT KT -
T 4T T

4T .1 RN
47411
47,36M
474360
4f , 0%
[ FXY

4R.97P8,

[ LR

Y AT

46, AR
G, S521
LT
G, NR™
G, Qun
Gh, 1R
46 ,2am
44, fHN

L0

Qu.87
YA, 61w
aH,RARw
Qf ,95«+
QY. A9
QH, 434
OR,604
YA, THN
9R,52Y
98.727Tw
QR KPPy
SR.60w

QAL 35N

QR, 104
G, 43K
QR , 1R
1ho,Rew
100,364
100 A4w
100, TR
100,467
10{ta 15w
10043
100,%4%W
100,75
99,04«
106,22
190,.33%
PRI LY HialY
Q9. T4w
100, 62
10,17
NG L R m
9y, KR w
LRI
39,99,
A9, h4
LML
-
[, 77
uwo, 4k
G . 16hu
QG G
G-
U PR
AH L AT o
Y, Py
LR A IR ¥
LT
SR, Ty

SO1TH
SOUTH
SOUTH
SOUTH
SOUTH
SOUTH
SQUTH
SOUTH
SONUTH
SOUTH
SOUTH
SONThH
SOUTH
SITh
SQUThH
SONUTH
NORPTH
NORTH
NOYTH
NORTH
NORTH
NORTH
NORTH
NOPTh
NOQTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NQRTH
NOPTH
NORTH
NORTH
NORTH
N TH
N{=2TH
MOFTH
NONRTH
NOVTH

S MORTH

NORTH
NMORTH
NOLTH
NORTH
S0UTH
w32 TH
NORTH
SOTH

TATE

DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DARQT A
DAKOTA
DAKOTA
DakDTA
DakKOTA
DAKOTA
NAKOTA

NarnTA

DARDTA
DArFOEA
DAKOTA
DAROTA
DAKOTA
DAKGTA
DAROTA
NakDTA
DAKGT A
DARDT A
DaKNla
DARQTA
DAKOTA
LDAKOTA
DAKOTA
DAKOTA
DaKOTA
DAKOTA
DAROTA
LARDTA
DAKOTA
DAROTA
DAROTA
DARGTA
DAROTA
DAﬁDTA
DAKOTA
DAKOTA
DAKQTA
DAKOTA
DaKOT A
BAKOT A
DAFOTA
DARGTA
LaROTA
DaKaTA
DAKOTA

A-1-21

CROP REP. DIST.

CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST

NORTH
NORTH
NOWTH
NORTH
NORTH
NORTH
NOHTH
NORTH
NORTH
NOFTH

CENTHAL
CENTHAL
CENTRAL
CENTHAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CEMNTRAL
CFNTRAL

CENTRAL

NORTH
HOPTH

CENTRAL
CENTRAL

CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CeNTHAL
CEnTRAL
CEniFAL
CENTRAL
SO0UTHr AST
SOUTHE AST
HOUTHEAS
SOUTHF AST
SOUTHE AS|

POP T

(ENTRALL

S0UTHFAST
SQUTHEAS]

MORTH

CraTRAL

COUNTY

HAND
JERAULD
JERAULD
BUFFALO
BEADLE
AURCRA:
AURORA
AURORA
AURORA
DOUGLAS
CHARLES MIX
DOUGLAS
DOUGL AS
BONHOMME
CHARLES MIX
CHARLFS MIX.
BOTTINEAU
BOTTINEAN
MC HENRY
BOTTINEAL
ROTTINE AL
PIERCE

MC HENRY
M{ HENRY
PIERCE
PIERCE
SHERIDAN
MC HENRY
PIERCE
WELLS
WELLS
SHERINAN
WwELLS
KIDDER
KIDDER

K 1DDER
KIDDER
STUTSHAN
KIDDER
KIDDER
STUTSMAN
LOGAN
LOGAN
LOGAN
LOGAN
DICREY

MC FHFHSON
¢ INTOSH
MC INTOSH
MC PHFRSON

SOEL
CLASS

(SR SER N ISR TR VRPN PURE PO I R I ol PR S N I I R Y IR I B B S B e SN e e e e e el e ol el

SEWUENTIAL
NO.

100)
1002
1003
roos
1005
1006
1007
100AR
1009
1610
1011
loiz
1013
1014
1015
1016
1017
fol8
1019
Lo 0
1071
10722
1023
1024
1075
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1061
1042
1043
1044
inss
in4sé
1047
iosn
1049
10R0



SOIL ~ SEQUENTIAL

J K LAT LM STATE CROP RtP.-DIST. COUNTY’ CLASS NO.
Pr4 3853 2 45, 6P% QY A smiTH DAROTA NORTH CeNTWAL EDMUNDS 1 1051
274, 353 3 45,A86GH U9,15~ P TH DAKOTA NOPTh CENTRAL MC PHEHRSTN 1 1052
7?24 353 & 45,87 ou_q- SOuTH DAKOTA NORTH CENTHAL MC PHERSOM 1 1053
224 3546 1 45,310 k. A1 anuTH DAKOTA MORTH CENTRAL BROWN 1 1054
P24 354 2 45 .7HN TR, R s TH DakQTA NOKTH CENTRAL FAULK 1 105%
»p4 354 3 45,4630 Gy ,97 SO/ tH DAKOTA MORTH CENTRAL EUMUNDS 1 1056
P24 354 & 45, 49N TH, T SODTH DEROTA NORTH CENTRAL BROWN 1 1057
PP4 355 1 L0 ,Q9aN TR, 438 SOUTH DAKOTA NOKTH CENTRAL SPINK 1 1058
274 3%5 7 44,870 qu, 70~ SOUTH UARDTA NORTH CeNTRAL SPINK 1 1059
274 358 3 45, NAN af, 709, SoITe DAROTA NORTH CENTRAL FAULK 1 1060
P24 35% & a5, 1PM QH, 52% SiniTH DAKOTA NORTH CENTRAL SPINK 1 1061
PP4 356 1 44 BTN Qa2 L 01TH DAROTA CENTRAL BEADLE . 1 1062
274 356 2 44 BiM aH L. st DAROTA CENTRAL BEADLE 1 1063
224 386 3 G4 o AN AR A1 * Suitfr DarGla NORTH CENTHAL Sk INK 3 1064
PPa’ A%A 44 ,7RN  OR,36u Qnafd gARDTA NOWTH GENTRAL SPINK 1 1065
224 387 1 44,190 aH, Quu SOUTE ber OTH “FAST CENTRAL SANBOHN ' 1 1066
224 357 Z 44,13 G, 35w anntn LarOTA CEWTRAL JERADLD 1 1067
P4 387 3 44 ,32N G, 43 SITH DAROTH CENTRAL HEADLE 1 106H
P74 %7 4 44 438N GEL 1R ST [AKDTA CENTRAL BEADLE 3 1049
PP&  3LE )] 4534 RZN LI P ST DARGTA FAST CFNTRAL HANSON 1 1070
274 DR P 43, TEHN ARG 1A SHlA DARDTA EAST CFNTRAL DAVISON 1 1071
224 388 1 53,950 GR, PAW SOUTH DAKNTA EAST CENTRAL SANBORN 1 1072
224 358 &4 44 401N QM. ft]w SURTH DAKOTA EAST CENTRAL SANBORN 1 1073
PP4 359 1 4344HN ° GTuThe SO0UTH BARROTA SOUTHEAST HUTCHINSON 1 1074
P24 39 7 4&34,460N Qb o1 SOUTH. LakUTha SOUTHEAST HUTCHINSON 1 1075
PR4 3%9 3 47 ,5AN an, 1an SOUTH DARDTA EAST CENTRAL DAVISON 1 1076
224 3595 & 43, 64N GT . 84w 501 TH DAKOTA EAST CENTHAL HANSON 1 1077
224 6h 1 43,09 GTehlW SOUTH DARDTA SOUTHEAST YANKTON 1 1078
724 360 7 43,034 G785 SOUTH DaRQTA SOUTHEAST BONHOMME 1 1079
224 360 3 43.,71N OT a0 SNYTH DAKOTA SOUTHEAST - HUTCHINSON 1 1080
P24 360 4 4,2 TH O e it SO TH DAKOTA SQUTHEAST HUTCHINSON 1 1081
?es 36l 4 42,900 9TaH2w T SAUTH DAKOTA SOUTHEAST YANKTON 1 1082
225 345 ¥ 40 RPN ag, 79w MW TH DAKOTA MORTH CENTHRAL ROLETTE 1 1083
225 345 7 4H,TBM 100,07 NOPTH DAKOTA NORTH CENTRAL ROLETTE - 3 1084
275 34% 3 4H,94N 100418 MOFTH DAKOTA MURTH CENTRAL ROLETTE 1 1085
PPS 345 4 49,01n Q0  HO- NORFTH DAROTA NOFTH CENTHAL HOLETTE 1 10R6
PS5 346 1 QR 44N A9 ,5H NOPTH DAKOTA MORTH CENTRAL PIERCE 1 1087
725 346 2 4R.3TN .87 MORTH DAKOTA NOBTH CENTRAL PIERCE 3 1688
275 346 3 4R THN GG,97.! MORTH DAKOTA NORTH CENTRAL PIERCE 3 1089
?RE 346 4 48,630 ‘NG 61y . MOPTH DAKQOTA NORTH CENTRAL ROLETTE. 1 1090
225 347 1 48, DAN 0q,3R. NORTH DAKGTA NOFRTH CENTRAL BENSON 1 1091
275 341 2 47 499N QY L A NORTH DAKOTA NORTH CENTRAL BENSON 1 1492
22s 347 13 48.18N Q9 o TTw NOSRRTH DAKQTA NORTH CENTHAL BFNSON 1 1093
225 347 4 4A,25N 98,480 NORTH DAKOTA NOKTH CENTHAL BENSON 1 1094
225 348 1 474680 99,19 MORTH DAKOTA CENTRAL EDDY 1 1095
22% 348 2 47 ,62M QG 46n MORTH DAKOTA CENTRAL WELLS 1 1096
225 348 3 4T.81IN 6y, 5604 NORTH DAKOTA CENTRAL wtLLS 1 1097
225 348 & 4T .BTN ~ 99,284 NORTH DAKOTA NORTH CENTHAL RFNSON 1 1098
22%. 349 1 G4Te31N 984909 . NORTH DAKOTA CENTRAL STUTSMAN 1 1099
225 349 2 4T PLN 99,274 NO-TH DAKOTA CENTRAL STUTSMAN 3 1100 °

A-1-22



.

v

225
2ER
Pes
2%
725
?75
225
PES
225
225
225
225
Fe5
PPS
275
PPo
225
225
275
228
225
225
225
225
775
225
PZS
Pe5h
?2S
PPS
225
225
225
275
225
725
725
225
225
272%
225
275
225
278
225
229
275
225
725
276

349
349
3so
aso
350
350
351
351
351
351
359
352
352
352
353
353
353
353
354
354
354
354
355
355
355
355
56
358
35e
356
357
357
357
387
358
35R

=

B fad e ] B e N e B L P L WM W PN S WA R WT F WS W e W

LAY

47 43N
4T BN
46,33N
46,87N
4T . 05N
4T.12N
&6, 0HN
464490
46,68N
& ThN
46 18N
46. 1PN
&f e 3UN
46N
4G .R1N
L5, T4N
45 4 QEN
454 GO
55, 63K
45, 3TN
45,86M,
45, 62N
45 . DEN
45, 00N
45, 180
45, 78RN
LY s-L
G4 63N
G4 RN
L& ATH
44,310
4b 4 PTN
L4460
44,5 IN
43,040
43, AR
4440TH
44,1 3N
43,574
43,51
43. 700
43,760 -

434208 -

434 F4N
43.33M
43,390
2R3
42 o RN
43, 02N
4R, NN

[t ]

937w
99,049
QALROW
99, 0Rw
93,174
QR 9nw
QR. 684
FRLBO9
FR.ORy
GR.T1YW
S8 .443Y
AR, T1 4
Qg . 80w
OB 53W
Q26w
G8.524
GR.61W
BR. 35K
GHE. DAY
98, 3%
98,43
GB.17wW
DT.91w
QB']’?W
B 2AR
97 .99
QT . Thy
98, 00w
GR L 0G9u
A7, 804
BT aHTW
at.Aju

T LW

97, hfw
Q7 & Te
87 .67w
Q7 o 75
D7 49w
QT »ZF
AT.G1w
G7 L 59w
07« 33%
Q7,099
OF . 38w
Q7 .43
QTa17TH
Of ., G4
GTe2T¥
Q7074
GG 21w

NORTH
NORTH
NORTH
NORTH
HORTH
NOR FH
NORTH
NORTH
NORTH
NOPTH
NOFTH
NARTH
MO TH
NOPRTH
SOUTH
SOITH-
SOUTH
SOUTH
SO3TH
SOUTH
SOUTH
SOUTH
SOUTH
SQUTH
SOUTH
SOUTH
SOMTH
50UTH
SOUTH
SOouTH,
SOUTH.
S0UTH
SOUTH
SOUTH"
SOUTH
sS04TH
SOUTH
SOUTH
SOUTH
SOUTH
SOUTH
SHITH
S0UTH
SOUTH
SOUTH
SontH
ST
SOILTH
SOUTH
NOwTH

STATE CROP REP. DIST.

DAKDTA
DAKOTA
DAROTA
DAKQTA
DAKOTA

DAKQTA

DAKOTA
DARGTA
DAKOTA
DarbTa
DAKOTA
DAKGTA
BAKQTA
DAROTA
DAKOTA
RAFOTA
DAKQTA
DAKOT A
DAKDOTA
DAKDTA
DAKOTA
DAKDTA
DAKQTA
DAKOTA
DAKOTA
DAROTA
DAKOTA
DAKOTA
DAKOTA
DEKOTA
DAKOTA
DAKQTA
DARXKOTA
DAKQTA
DAKOQTA |,
DAKOTA
DAKOTA
gaKOTA

‘DARGTA

DAROTA
DAKDTA
DAKOTA
DAKOTA
DagOTA
DAKDTA:
DAKOT A
DAKGTA
DAKQTA
DAKOTA
DaKOTA

A-1-23

CENTRAL
CENTRAL»
CENTRAL
CENTRAL
CENTRAL
CENTRAL
SOQUTHEASTY
SOUTHEAST
CENTRAL
CENTRAL
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTHAL
NORTH CENTRAL
NORTH CENTRAL
MORTH CENTRAL
NORTH CENTHAL
NORTH CENTHAL
NORTHEAST
NORTH CENTHAL
NORTH CENTRAL
NORTHEAS T
NORTHEAST
"CENTRAL
NORTH CENTHAL
NORTHEAST
EAST CENTRAL
EAST CENTRAL
CENTRAL
EAST CENTRAL
EAST CENTRAL
FAST CENTRAL
EAST CENTRAL
EAST CENTRAL
ERST CFNTHAL
EAST CENTRAL
EAST CFNTRAL
EAST CENTRAL
S0UTHEAST
SOUTHEAST
BOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST:
SOUTHEAST
NORTHEAST

COUNTY

WELLS
FOSTER
STUTSMAN
STUTSMAN
STUTSHMAN
STUTSMAN
LA MOUAE
LA MOURE
STUTSMAN
STUTSMAN
DICKEY
DICKEY
DICKEY
LA MOURE
BROWN
BROWN
BROWN
BROWN
BROWN
BROWN
HHOWN
BROWN®
CLARK
SPINK
SPINK
DAY
CLARK
BEADLE
SPINK
CLARK
KINGSBURY
KINGSAURY
BEADLE
KINGSBURY
MINER
MINLR
MINER
HINER

MC COOK

‘MG COOK

ML COOK
MC COOK
TURNER
YANKTON
TURNER
TURNER
CLAY

YANKRTON
CLAY

TOWNER

SOIL
CLASS

[ T I e e el e e T e el e e T ol e e e ark ol

SEQGUENTIAL
NG«

11l
iig2
1103
1104
1105
1104
17
1108
1109
1110
1¥11
1112
1113
1114
1115
nis
1117
irls
i1i9
1126
121
1122
1123
1124
1125
1126
1127
1128
1129
1138
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1154
1145
1146
1147
1148
1149
1158



226
7éé
226
226
P26
P
226
226
726
°z6
226

*PPe

e dl
2R6
er6
PR6
776
rard
2eh
726
i1
Fdil
7ob
Pl
e
728k
726
76

PPh
276
276
2726
76
276
276
PRe
278
226
P
P26
276
226
775
76
P76

PRE
P76
226
PPE

345
346
346
346
LIS
347

34T

347
347
J4uf
4R
34R
344
349
44
349
349
350
350
350
350
351
351
351
351
ase
as?
35?7
ase
353
353
353
353
354
354
354
k113
38R
355
385
358
3588
356
35A
354
357
357
357
357
358

=

T o M VIC R VR G RV e L R oo WP R P W

MW P W P WV~ & W~

LaT

4R, HIN
48 BTN
4R BN
4BLTON
48, ThAN
4R,79N
48,13
48 ,3PN
4A,38N
4T AlM
47 THN
47 9aM
4R, NOM
4T 44N
47 o 3TH
4T oGt
47 6PN
47 o DAY
4499V
47 .18M
&7 .P5N
464 6RN
46 6PN

4hJRIN

LA BTN
by I0ON
460 24N
46 443N
46,490
45,934
4G ,8TM
a6 e 00
4R .12
45,65
4% . 49R
45 ,RAN
4R, TaM
4R, um

45,171

454,31
454 36N
44 80N
G4 o TR
44 493N
G4 99N
G4 443N

G4.3TM .

44 456M
44 o heN
44 4 06N

L=OM

9Y B 0w-
U901
uq,3nu
Y404
96,11 ¢
QR.B7
QQ.IO\\'
Q9, 70w

‘GR,Q1u

QRGP
aR.9nd
99,00
MR, T2
QR &x
BALT1w
QiAW
GA, 53
QR PLH«
9H,534
URLAPY
Qg 34M
AR.OTW
GB35
QR L 43
YR, 1hy
L 1
“8,16v
GH, PR
AT .98
ST TP
G7.99u
Q8. 03w
9T .80
97 .58
A7 ,Blw
97.90w
a7 .A3w
a7 .3R
97.65u
Q7,734
o7, 4649
O7.21w
Q7. 444
Q7 AW
GT7.3N4
Qt,. 06w
97«31
974394
9T e134
Qh RSV

STATE

NORTH DAKOTA
MORTH BARDTA
NORTH DARDTA
MORTH DAKOTA
N TH.DAROT A
NORTH DAKOTA
MORTH 'DAKOTA
NDPTH DAKOTA
MIRTH DAROTA
MO=TH GAKOTA
NOETH DAKOTA
NORTH DAROTA
NORTH DAKOTA
ni)2TH DAKDTA
NORTH DAROTA
MO TH DAKOTA
NOuTH DAKOTA
NORTH DAKOTA
NORTH DAKDTA
NORTH DAROTA
NO=TH DAKOTA
MARTH DAKOTA
NOTH DAKDTA
NORTH DAKOTA
MORTH DARDTA
NO#TH DAKOTA
NOwTH DAKROTA
NORTH DAKNTA
NORTH DAKOTA
SOUTH DAKOTA
SOUTH DAKOTA
NORTH DAKOGTA
NORTH DAKOTA
SNUTH DAKOTA
SOUTH DAKOTA
SOUTH DAKOTA
SOUTH DARKOTA
SOUTH DAKOTA
SOUTH DAKOTA
SOUTH QAKOTA
SNitTH DAKOTA

-SOUTH DAKOTA

SOUTH DAKOTA
SOUTH DAKOTA
SOUTH DAKODTA
SOUTH DAKOTA
SOLUTH DAKOTA
SOUTH DaKOTA
SOUTH DAKOTA
SOITH DAKOTA

A-1-24

CROP REP, DIST.

NORTHEAST -
NOHTHEAST
NORTHEAST
MORTHEAST
MORTHEAST
MORTHEAST
NORTHEAST
NORTHEAST
NORTHFAST
CENTRAL
CENTHAL
NOWRTH CeENTHAL

'NOHRTH CEwnTkAL

EAST CENTRAL
CEMNTHAL
CENTRAL

EAST CENTRAL

EAST C#NTRAL
CENTRAL
CENTRAL

EAST CFNTWAL

SOUTHEAST
SOUTHEASI
EAST CFMNTRAL
FAST CENTRAL
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
NORTHEAST
NORTHEAST .
SOUTHEAST
SOUTHEAST
NORTHFAST
NORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
MORTHEAST
NORTHEAST,
NORTHEAST
MORTREAST
NORTHFAST

EAST CFNTRAL

EAST CFNTRAL

EAST CENTRAL

NORTHEAST

EAST CFNTRAL

COUNTY

TOWNER
TOWNER
TOWNER
TOWNER
TOWNER
RAMSEY
RAMSEY
RAMSEY
KAMSEY
EDDY

EDDY
BFNSON
BENSON
GRIGGS
FOSTER
FOSTER
GRIGGS
BAKRNES
STUTSMAN
STUTSMAN
HBARNES

LA MOURF
LA MOURE
BARMES
BARNES
SARGENT
DICKEY

LA MOURE
RANSOM
MARSHALL
MARSHALL
DICKEY
SARGENT
DAY

DaY
MARSHALL
MARSHALL
CODINGTON
CLARK

DAY

DAY
HAMLIN
HAML I
CLARK
CODINGTON
BRODKINGS
KINGSBURY
KINGSBURY
HAMLIN

_HMNODY

SQIL
LCLASS

'-‘l-'!—‘i—‘r—lb—'l—'l—ll—ll—li—‘b—il—ii—‘l-‘l—‘b—dmuwt—‘l-lt-ir—‘v—_ll—ﬁl-‘l—'h-‘wr—ll—'b,b—"-'p-lb)b—‘l—'wl—‘l—'l—'i—‘l—'wi—‘wui—‘

SEWUENTIAL
NO .

1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1Tal
1162
1163
1164
1165
1166
A7
1168
1149
1170
171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1187
11R3
1134
11a%
1186

- 1147

1188
1189
1140
1191
1152
1193
1194
1195
1196
1197
1198
1199
1200



P26
226
226
226
P26
226
2fe
Fd )
276
2PE
276
226
226
276
276
226
P27
277
227
227
2PT
2eT
227
227
2?7
227
227
227
227
277
227
77
227
227
27T
277
PET
227
eaT
227
eer
77

2T

227
277
227
27
eet
727
2eT

3sa
358
358
359
359
359
359
360
360
360
360
361
361
361
367
367
346
346
344k
346
347
347
347
347
34A
34A
348
348
349
349
349
349
350
350
350
350
351
35]
sl
351
35?7
352
352
3%2

353 -

353
353
353
354
354

=

W P W P W= P LU= P WU P WP WNN—PWONR=OYEWNEWN - W W

AT

44.00N
44.419N
G4 . 24N
43,69N
43,634
43.,81n
43,870
43.31N
43,7260
473, 44N
43,50N
47 ,.RA9N
43.,07TN
£3,13N
L42.57N
42 70N
4R TON
4H464N
4B8.A3N
48, BON
48432M
4R426M
48,45
48,51
4T Q4N
47 JABN
48R, NTN
4R,13N
47 456N
4T 50N

47 69N

47,784
47 . 184
47.12M
47 310
47 3TN
4680
G6.TaN
46493H
46,99N
b6 442N
46, 30M
4h RGN
4A.H1M
464NN
45,994
46, 1RN
464 P3N
45 BTN
45,61N

LON

97,15«
97423
ELP
96, 74w

- 9h,99Y

a7 07w
Qh«BPY
R . 58w
QR ALY
Ohe9Pw
GhHAW
96 AW
QhTAW
BWAR.S51V
A6, 54w
Gh.ATW
9R. 434
8. TOW
GR.B2wW
9R .53
Q.24
98.53w

-98.,634

SR, 34w
9R, NAW

‘98,34

Q8. 434
9R. 15w
97 L BTw
94.16W
QR , PN
OT.97w
97 .69
a7,97
Gnr, pFRM
67, 7AW
9752w
QT 79y
QT . 8R
9T .61«
Q74354
A7 .62
A7, 71w

7,434

G7 1Rw
07,454
G753
Q7. Phu
GT.014d
Q7 28w

SO0UTH
SOUTH
SONTH

SOUTH

SOUTH
SOHUTH
SOUTH
SOUTH
SONTH
SNUTH
SHITH
SOHTH
SOUTH
SOUTH
SOUTH
SAUTH
MORTH
NORTH
NOFTH
NORTH
NORTH

NORTH

NORTH
MORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH

NORTH®

NORTH
NOPTH
NMORTH
NORTH
NORTH
NORTH
NORTH
NORTH
NORTH
MO TH
NORTH
NORTH
NOPTH
NORTH
SOUTH
NORTH
MORTH
SOUTH
SOUTH,

STATE CROP REP. DIST.

DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA

‘DAKGQTA

DAKOTA
DAROTA
DAKOTA
DAKDTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA

‘DAKOTA

OAKGTA
DAKOTA
DAKOTA
DAKDTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA

‘DAKOTA

DAKOTA
DAKOTA
D&RDTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKQTA
DAKOTA
DAROTA
DAaKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DAKOTA
DaKOTA

A-1-25

EAST
EAST
EAST
EAST
EAST
EAST
EAST

CENTRAL
CENTRAL
CFNTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL

SOUTHEAST
SOUTHEAST
SOUTHEAST
EAST CENTHAL
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
MORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
NMORTHEAST
MORTHEAST

EAST
EAST
EAST

CENTRAL
GENTRAL
CENTRAL

NORTHEAST

EAST
EAST
EAST
EAST
EAST
EAST
EAST
FAST

CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CFNTRAL
CENTRAL
CENTRAL

SQUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST
MORTHEAST
SOUTHEAST
SOUTHEAST
MORTHEAST
NORTHEAST

-COUNTY

LAKE

LAKE
BROOKINGS
MINNEHAHA
MINNEHAHA
LAKE
MaoDY
LINCOLN

L INCOLN
LINCOLN
MINNEHAHA
UNION

L INCOLN
LINCOLN
UNION
UNION
CAVALIER
CAVALIER

"CAVALIER

CAVALIER
WALSH
RAMSEY
RAMSEY
RAMSEY
NELSOM
NELSON
NELSON
NELSON
STEELE®
GRIGGS
GRIGGS
NELSON
CASS
BARNES
GRIGGS
STEELE
Cass
BARNES
BARNES
CASS
RANSOM
RANSOM
RANSOM
RANSOM
RICHLAND
MARSHALL
SARGENT
RICHL AND"
ROBERTS
ROBERTS

SOIL
CLASS

[ P L A N R T A PRI R U A AR PR PR AR PVl el i el bt bt et e et

SEQUENTIAL
NO.

1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
121%
1716
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250



227
227
227
777
277
227
2?7
277
227
277
P27

PeT’

757
227
7
227
227
227
PP
227
PP
227
727
227
278
278
PR
22n
278
228
272R
278
278
PPR
P28
228
PPR
P28
P28
P2H
22n
278
278
228
s28
278
728
P28
228
)

354
354
355

L
. 385

355
384
356
366
3bA
357
357
357
357
358
358
35A
35A
350

359

359
359
360
360
46
346
346
347
3a7
347
347
34A
348
34R
3a8
349
349
349

349

350
350
350
asao
351
351
351
351
352
352
3s?

S

WY PR P WU PRV PLONE PN ~WA~ LWV FWN—F W= W= W= 5 W

LeT

45 4 A0
45 . ARN
45 4 29N
45 4 P4N
45 ,42N
45 44BN
44 ,82N
44 4 B6N
45 05N
65,.11m
44 o G4M
4 o 49N
4b g A TN
44 473M
G 17N
444110
G4 430N
LY TN
43 .ANNM
43.T4M
43,93N
63 ,980N
43 455N
431N
4R R3N
4B, 76N
40 4 HN
4R L 44M
47,388

48, BT

4R, E3N
4B, 06m
48,000
GR,T9M
4R, 284
4T ABN
4T .62
47,81
4T.RAT™
4T 430N
4T o PaM
47 4 43N

AT 49N

46.92N
464860
47 NS
47110
46 454N

46 4HN,

464/TH

LON

U7« 36w
07.09y
Qf o AP
9711+

.QTQEO“
96,93

QR AU
96 ..95%
Q7. 03w
QbaTTw
96a5H3 9
Of o 794
QR e RTw
kLYY
Qh 37w

T Q9H.63%

BG.T1f
Ot by
Qha?P?P4
Uh, 40w
O HHY
9630w
R
Uh e 164
9T s BAw
Ak 1%}
QA Phw
AT AT
Q7 QAW
REPCTY
9T e ThwW
IT e &9
7 T7w
97 .Bow
97 LGB
9731w
37 .50
37 e AR
QT 4l
G7e14u
G747y
AT eI

o7 .22u,

Ghae9hw
STel244
G74334
97« 05W
Sh AN e
% i
O7a16%

STATE -

SOUTH DAKOTA
SOUTH DAKOTA
SOUTH DAKOTA
SMITH DAKOTA
SMMITH DAKOTA
SOUTH DAKOTA
SOEITH DarGTA
SOUTH DAKOTA
SOUTH DAKOTA
SOUTH DAKOTA
SOUTH DAKUTA
Sutifr DAKOTA
SOYTH DAKOTA
SOUTH DAKOTA

MINNESOTA®

SOITH DAKOTA
SMMITH DAKOTA
SHJTH DAR0TA

MINNESOTA
SOUTH PDAKOTA
SAITH DAKOTA

MINNESOTA

MINNESOTA

WINNESOTA
MOWTH DAKOTA
NORTH DAKOTA
NORTH DAKOTA
MORTH BAKOTA
NOPTH DAROTA
HOWTH BAKQOTA
NORTH DAKOTA
NORTH DAKOTA
NOrRTH DAKOTA

' NORTH DAKOTA

NORTH DAKOTA
NOETH DAKOTA
NO=TH- DAKOTA
NORTH DAKQOTA
NOPTH DAKOTA
NORTH DAKQOTA
NORTH DAKOTA
NORTH DAKOTA
NOQTH DAKOTA
NORTH -DAKOTA
MORTH DAKOTA
NOXRTH DAKOTA
NOHTH DAKOTA
NORTH DAKOTA
NORTH DAKOTA
NORTH JAKQTA

A-1-26

CROP REF.

NORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
MORTHEAST
NORTHEAST
NMORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
EAST CENTRAL
MORTHEAST
NORTHEAST
SOUTHHWEST
EAST CFNTRAL
FAST CENTRAL
FAST CENTRAL
SOUTHWEST
FAST CFNTRAL
EAST CENTRAL
SOUTHWEST
SOQUTHWEST
SOUTHWEST
NORTHEARST
MORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
MORTHEAST
MORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
NORTHEAST
EAST CENTRAL
EAST CENTRAL
NORTHEAST
NORTHEAST
EAST CENTRAL
EAST CENTRAL
EAST CENTRAL
EAST CENTRAL
EAST CENTRAL
EAST CENTRAL
EAST CENTRAL
EAST CENTRAL
SOUTHEAST
SOUTHEAST
SOUTHEAST

0IS7.

COUNTY

MARSHALL
ROBERTS °
GRANT
GRANT
ROBERTS
ROBERTS
DEUEL
CODINGTON
CODINGTON
GRANT
UEUEL,
BROOKINGS
DEUEL
DEUEL
PIPESTONE
MOaDY
BROOK INGS

CHARLES MTIX

ROCK
MIMNEHAHA
MOoDY
PIPESTONE
ROCK .
ROCK"
PEMBINA
CAVALIER
CAVALIER
WALSH

WALSH

WALSH
PEMBINA
GRAND FORKS
GRAND FORKS

GRAND FORKS

WALSH
TRAILL
STEELE
GRAND FORKS
GRAND FORKS
TRAILL

CASS

"STEELE

TRAILL
CASS
CASS
CASS
CASS
RICHLAND
RECHLAND
RECHLAND

SOIL
CLASS

TR S i S P i B e P e ol T P e e e e e e e el el el el e el

SEQUENTIA!
NO.

1251
1252
1253
1254
1255
1256
resT
1258
1259
1260
1241
1262
1763
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1783
1284
1285
1286
1287
1288 °
1289
1290
1291
1292
1293
1294
1295 .
1296
1297
1298,
1299
1300



228
228
228
228
228
778
278
228
228
228
228
7o8
228
228
228
278
278
PaR
P28
278
228
278
228
228
Pes
728
278
228
2r8
228
228
728
229
779
279
229
229
229
229
229
279
P29
229
729
229
229
229
729
229
229

352
K3
353
353
353
B
354
384
354
355
355
358
356
354
386
354
%6
357
357
357
357
358
358
388
358
359
359
35%
359
360
360
asn
346
346
347
347
347
347
348
348
348
3a8
344
349
349
349
kLY
350
350
3548

x

Lol C RV AR S A R I T RV B N A R ML U R VISR R T S N A T Ll VM I P VI T VAV

LaT

45,73N
4F . 164
HE. 10N
48,890
4f, 358
45, T8N
45, 73N
AG. 91N
45 ST
45, 41N
45, 35N
%5 RaN
45,549M
45, 03
24, 9N
45. 16N
45, 98N
4§ o KRN
G4 . 60M
44 ,TIN
G4 o BAN
44, 28N
44 ,22N
44 ,41N
44 46N
43,90M
43,A8M
G4, (1t
44, 09N
43.53n
43 . Hik
43, T8N
41, 95N
4R, AON
48 . 56N
4B,50N
4B, 78N
48 76N
4B 18N
58, 17N
48,318
48,37TN
47 .R0N
4T 740
47.93N
4T 99N
AT 4N
47 436N
4T .55
AT 61N

10N

GH 8R4
G B34
296,900
9&.994
Dh.TIW
W6 4T
AeaTha
36829
GH.504
9831w
25,58
Q8 AEY

QA 4394 .

Q. 15N
Db 87y
A6 50w
Q6. 234
G6, 00W
QB PTW
L P T3]
SH.O8E
45 ,85Rw
96.11W
85,194
9% .931
V5. 70w
9% .9y
BhHDEw
9R . TRy
a5, Shw
95, A%
95,63
Q7.27w
97561
Q7. 00
Q713RW
QT 4TH
37T+ 18y
964924
2T .20%
Q7 . 29w
GT.00un
GShaT4w
G703y
AT 11w
6. 83w
Q6.5T4
GhHe ASYW
Ty AT
Qf . hfHw

STATE

NORTH DAKOTA
NORTH DAKOTA
NORTH DAKOTA
NORTH DAKOTA
NORTH DAKGTA
MINNESOTA
MINNESOTA
SOUTH DAKOTA
MINNESOTA
MINNESOTA
SOUTH DAKDTA
MINNESOTA
MINNESOTA
MINNESGTA
MINNESQOTA
SOUTH DAKOTA
MINNESOTA
MINNESOTA
MINNESOTA
NINNESOTA
MINNESDTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESDTA
MINNESOTA
MINMESDTA
MINNESOTA
MINNESOTA
MINNESOTA
MINKESOTA
MINNESOTA
NORTH [AKOTA
NORTH DAKQOTA
MINNESOTA
NORTH DAKOTA
NORTH DAKOTA
NMORPTH DAKOTA
MINNESOTA
RONTH DAKQTA
MORTH DAKOTA
MINNESOTA
HINNESDTA
ROHTH DAKGTA
NDRTH DAKOTA
MEINNESOTA
SINNESOTA
NORTH DAKOTA
NORTH DAKOTA
MINNESDTA

A-1-27

CROP REP. DIST.

EAST CENTRAL
SOQUTHEAST
SOUTHEAST
SOUTHEAST
SOUTHEAST

WEST CENTRAL

WEST CENTRAL
MORTHEAST

WEST CENTRAL

WEST CENTRAL
MNORTHFAST

WEST CENTRAL

WEST CENTRAL

WEST CENTHAL

WEST CENTRAL
NORTHEAST

WEST CEnTRAL

WEST CENTRAL
SOUTHWEST

WEST CENTRAL

WEST CENTRAL
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SQUTHWEST
SOUTHWESY
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
RORTHEAST
MNORTHEAST
MORTHWEST
NORTHEAST

. NORTHEAST
NORTHEAST
NORTHWEST
NORTHEAST
NORTHEAST
NORTHWEST
NORTHWEST
NGRTHEAST
NORTHEAST
MNOHTHWEST
NORTHWESY

EAST CENTRAL

EAST CENTRaL
NORTHUWEST

COUNTY

CASS
RICHLAND
RICHLAND
RICHLAND
RICHLAND
TRAVERSE
TRAVERSE
ROBERTS
THAVERSE

816 STONE
BRANT

816G STONE
TRAVERSE

LAC QUI PARLE
LAC QUT PARLE
GRANT

816 STONE
YELLOW MEDICINE
LINCOLN
YELLOW MEDICINE
LAC QUI PARLE
LYON

LINCOLN
LINCOLN

LYON

MURRAY

MURRAY

MURRAY

MURRAY

NOBLES

NOBLES

NOBLES
PEMS]NA
PEMBINA
KITTSON

WALSH

PEMBINA
PEMBINA
MARSHALL
GRAND FORKS
WALSH
MARSHALL

POLK

GRAND FORKS
GRAND FORKS
POLK

NORMAN

TRAILL

TRAILL

POLK

S0IL

- CLASS

bt e bt b (0 e

”

et der ot et bk Gl bt et et fed N et P pul et bt et fet Sl et L e o e I e e el el e B e e e Y I T S P PSP

SEQUENTIAL
NO .

1301
1302
1303
1304
1365
1306
1367
1368
1309
1310
1311
1312
1313
1314
1315
1318
inv
1318
1319
1320
13z1
1327
1323
1372
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1%37
1338
1339
1349
1341
1342
1343
1344
1345
1346
1347
1348
1349
1388



P20
229
229
229
229
229
729
P29
229
229
229
229
220
729
229
FEL
279
729
229
229
220
229
729
274
779
274
229
229
229
P2y
229
229
229
P29
229
PP
279
229
229
279
230
230
P30
230
230
230
230
230
230
230

351
351
351
351
357
357
352
357
353
353
353
353
354
354
354
354
ass
358
355
355
356
35€
35F
356
357
357
357
357
35A
358
354
358
359
359
359
359
360
360
360
360
346
347
347
347
347
34K
348
348
348
349

3

=g P WA= W R WP WN DWW =D WS W~ PN 0N~ W

LAT

474 N3N
464 98M
4T7.17M
47 .722M
46650
464 AON
46, TGN
46 484N
4B PTN
46 .27°N
dGab N
4A, 46N
45, RGN
45, R4N
46.03N
G6e NAN
45.51N
45 446N
45,65N
45, 70N
45,]4M
4%, 08BN
459.PTN
45,3°N
44 ,76N
44,71N
44 . AON
4 ,95N
&by IRM
&by 33N
hd S50
44 STH
444011
43,950
&by ]luN
44 419N
43.673N
43.58N
43, 7TM
43,820
49.01N
48,68N
484 67N
48,81N
48,87
484 29N
48424N
48.43N
48 449N
4T7.91N

LON

G641 w

96,69
Q6. TTW
Y64 49%
G674
heHPY
6. B0
Fh 32w
365 NAY
36 436w

ELYT LT

96,16
95,934
Q& 200
Gh.PRw
QE. 004
95, 7T
TFhe 04
T6,17W
95.85¢
95,627w
G5, 894
95,96w
Q5,70
O, 4T
85,74y
G5.81W
95,554
95,334
Q5. 50u
9% . 6AW
95 .40
Ch,. 1R
OR 444
04,524
G5, 26w
QS,04u
95, 30
95,37
a8, 11w
96,984
96.51w
94 .80W
96,A5%w
Q6,60
Q64349
96,63
96.T1W
G424
964174

STATE

MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
HINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESQTA
MINNESOTA
MINNESOTA
HINNESOTA
MINNESOTA
MINNESQOTA
MINNMESOTA
MINNESOTA
MINNESOTA
MINNESQOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESQTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOT A
MINNESOTA
MINNESOTA
MINNESDTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA

A-1-29

CROP REP. DIST.

NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST

wEST CENTRAL

MORTHWEST
NORTHWEST

WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST
WEST

CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTHRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL

SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
SOUTHWEST
NORTHWEST
NORTHWEST
MNORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST

PREGEDING PAGE BLANK NOT F

COUNTY

CLAY
CLAY
NORMAN
NORMAN
CLAY
WILKIN
CLAY
CLAY
OTTER TAIL
WILKIN
WILKIN
OTTER TATL
GRANT
GRANT
GRANT
GRANT
STEVENS
STEVENS
STEVENS
STEVENS
SWIFT
CHIPPEWA
SWIFT

_ SWIFT
YELLOw MEDICINE
YELLOW MEDICINE
LAC QUI PARLE

CHIPPEWA
REDWOQD
HEDWOOD
LYON
REDWOOD
COTTONWODD
COTTONWOODD
MURRAY.
REDWOOD
JACKSON
JACKSON
JACKSON
JACKSON
KITTSON
KITTSON
KITTSON
KITTSON
KITTSON
MARSHALL
MARSHALL
MARSHALL
MARSHALL
RED LAKE

SOIt
CLASS

L) bt bt bt o) bt e et [} bt et bl et e et b el B e b bt e bt bt Bt e () Bl bt bt el et bt ek et e Bt b et ot Gt fod et ot ot et ot ot ot famd

SEQUENTIAL
NO.

1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
136A
1367
13A8
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
13ag
13AR3
1384
1355
13436
‘1387
1388
13R9
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400

TLECED



SOIL SEQUENTIAL

I J K LAT LON T STATE CROP REP. BIST. COUNTY © CLASS NO.
230 349 2 47 85N Y64 46w MINNESOTA NORTHWEST RED LAKE 1 1401
230 349 3 484 05N 96.54w MINNESOTA NORTHWEST POLK 1 1402
230 349 4 48,10M 96.25% MINNESOTA NORTHWEST PENNINGTON 1 1403
230 350 1 47 B3N 96.01w MINNESOTA NORTHWEST POLK 1 1404
230 350 2 4T« 4TN 96.294 MINNESOTA NORTHWEST NORMAN 3 1405
?30 350 3 47 .66M 96.374 MINNESOTA NORTHWEST POLK 1 1406
230 350 4 47.72N 96. 064 MINNESOTA NORTHWEST POLK 3 1407
230 351 1 4T 414N 95,85 MINNESOTA NORTHWEST MAHNOMEN 1 1408
23n 351 2 47 .09 96 13w MINNESOTA NORTHWEST BECKER 1 1409
230 351t 3 47+ 28BN 96.21% MINNESOTA NORTHWEST NORMAN 3 1410
230 351 4 47 « 34N 95,934 MINNESOTA NORTHWEST MAHNOMEN 1 1411
230 352 1 46 . THBN 95 . 694 MINNESOTA NORTHWEST BECKER 3 1412
730 352 2 46.TIN 95,974 MINNESOTA NORTHWEST BECKER 3 1413
230 352 3 46+ 90N 964 D5 MINNESQTA NORTHWEST BECKER 1 1414
£#30 352 4 46.95N GS. 77w MINNESOTA NORTHWEST BECKER 3 1415
230 353 1 46+ 38BN 05.534% MINNESOTA WEST CENTRAL OTTER TATIL 3 1416
230 353 2 464 33N 95,81« MINNESOTA WEST CENTRAL OTTER TAIL 3 1417
236 353 3 46.5°M 95. 89 MINNESOTA WEST CENTRAL OTTER TAIL 3 1418
230: 353 4 46 487N 95.614 MINNESOTA WEST CENTRAL OTTER TAIL 3 1419
230 354 1 464000 95, 38W MINNESOTA WEST CENTRAL DOUGLAS 1 1420
230 354 2 45 495N 895,65W MINNESOTA- WEST CENTRAL DOUGLAS 1 1421
230 354 3 46414M 85,73u MINNESOTA “WEST CENTRAL OTTER TAIL 1 1422
230 354 & 46.19N 05, 464 MINNESOTA WEST CENTRAL OTTER TAIL 1 1423
230 355 1 45 .62N 95, 23w MINNESOTA WEST CENTRAL POPE 3 l424
230 355 2 45,57 95, 50W MINNESOTA WEST CENTRAL POPE 1 1425
230 3585 3 45.76N 95.58W MINNESOTA WEST CENTRAL DOUGLAS 1 1426
230 355 & 45.R1N 954304 MINNESCTA WEST CENTRAL DOUGL AS 1 1427
230 356 1 45,24NM 95.08Y MINNESOTA CENTRAL KANDIYOHI 1 14728
230 356 2 45.19M 95, 35w MINNESOTA WEST CENTRAL SWIFT 1 1429
230 356 3 45 . 38N 954434 MINNESOTA WEST CENTRAL SWIFT 1 1430
230 356 4 45443M 95,164 MINNESOTA WEST CENTRAL POPE 3 14321
230 357 1 44 4 86N F4e94W MINNESOTA CENTRAL KANDIYOHI 1 1432
230 387 =2 44 481N 95.21v MINNESOTA CENTRAL RENVILLE 1 1433
230 357 3 45,00N 9%.28W MINNESOTA WEST CENTRAL CHIPPEWA 1 1434
236 357 4 454050 954 01v MINNESOQOTA CENTRAL KANDIYOHI 1 "1435
230 358 1 44 448N Q4 Rl MINNESOTA CENTRAL RENVILLE 1 1436
230 35F 2 44u43NM 95, 6k MINNESOTA SQUTHWEST REDWOOD I 1437
230 358 3 44 4 A2N 95, 13w MINNESOTA CENTRAL RENVILLE 1 1438
230 358 4 44 o ATN 4o BTw MINNESOTA CENTRAL RENVILLE 1 1439
230 359 1 44911N Q44 6AY MINNESOTA SOUTH CENTRAL HBHOWN 1 1440
230 389 &2 b4 o DEM 94,92 MINNESOTA SOUTHWEST COTTONWOOD 1 1441
230 359 3 44 4 24N 94,951 MINNESOTA SOUTH CENTRAL BROWN 1 l442
230 359 4 44,79 4, 73 MINNESOTA SO0UTH CENTRAL BROWN . 1 1443
230 360 1 43.73N G4 .52 MINNESOTA SOUTH CENTRAL MARTIN 1 1444
230 360 2 43.ABN Q44 TRW MINNESQOTA SOUTH CENTRAL MARTIN 1 1445
230 360 3 43.8TN Q4 . BSW MINNESOTA SOUTH CENTRAL WATONWAN 1 lass
230 360 & 43.92N 04 . 59%W MINNFSOTA SOUTH CENTRAL WATONWAN 1 1447
230 361 3 43449N Q4. ToU MINNESOTA SOUTH CENTRAL MARTIN 1 1448
230 361 4 434540 G4 o b MINNESOTA SO0UTH CENTRAL MARTIN 1 1449
231 347 1 4R TYN Q5,02 MINNESOTA NORTHWEST ROSEAU 1 1450

]
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231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
731
231
231
231
23l
231
731
7?31
231
731
231
231
23]

231
2131
231
231
231
231
231
231
231
231
231
231
231
231

347
347
347
348
A4R
348
348
349
349
349
349
350
350
35¢
350
351
351
351
351
as?
352
352
352
3583
353
353

353

354
354
354
354
355
355
388
355
356
356
356
356
357
3s7
357
357
358
358
358
3s8
359
359
359

=

(JNH-FWNH-I-‘UNH-F‘WN'—‘-G‘UNH-PhJNi—'#UNH#‘WNHS‘WNJ—'FM\JM-‘-‘MNH#UN’-—'-F-UJN

LatT

48.T4N
48,834
4R 499N
48410
4B 435N
4R . 54N
48.60N
48.02N
47.97TH
4Ba. 1AM
4R.71N
47 63N
4T 5HM
4T7.TTIN
47 ,R3N
47 .25N
4T .20H8
47 .39N
47 44N
46,87
464810
4T«NDIN
47 406N
464 48N
46 443N
46 .HPN
46.6RN
46, 10N
46,051
464 24N
46, 29N
45.72N
45.67N
45 A6N
45.,91N
454 34M
454P9N
45,480
45.53N
44 496N
44 491N
45.10N
45, 15N
44 o 58N
44,53M
44 aTAN
44,7TN
44,200
44 415N
44 o 34N

LON

96.2°U
Sha30HW
Ghe 01w
S5.76Hw
6. 05w
9613w
Q5. R40
9S.604
95.884
95,974
95,.68w
B85 .44W
5.7
S5 .80 ¢
95.57°u
95 . 2R«
95.56N
95.64uW
95.36W
05,13v
0541w
95 .49W
RE.20w
G4 .9Rw
G5, 76y
95,33
a5.054%
94,83
85.11u
9o, 1Au
Q4.904
Q94 ,A9W
T4 96W
95.03w
Q4 , 7AW
94,54\
Q4.81v

‘Q4.89

Q4,624
CELY A
S4.67TW
G4 Tov
G4, 4T
94, 27w
94.53W
Q460w
94434y

I 94,160

LY,
94, 4TwW

STATE

MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MmINNESOT A
MINNFSOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINMESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESQOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOT A
MINNESOTA
MINNESOT A
MINNESOTA
MINNESOTA
MINNESQOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINMNESCTA
MINNESOTA
MINNESOTA
MINNESQOTA
MINNESQTA
MINNESDTA
MINNESOTA
MINNESOTA
MINMESOTA
MINNESQOTA
MINNESOTA
MINNESOTA
MINNESQTA
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CROP REP. DIST.

NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST
NORTHWEST

NORTH CENTRAL

NORTHWEST

NORTHWEST

NORTHWEST
CENTRAL

WEST CENTRAL
WEST CENTRAL

CENTRAL
CENTRAL
CENTRAL

WEST CENTRAL

CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL

SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL

COUNTY

ROSEAU
ROSEAU
ROSEAU
MARSHALL
MARSHALL
ROSEAY
ROSEAU
PENNINGTON
PENNINGTON
MARSHALL
MARSHALL
CLEARWATER
POLK

POLK
CLEARWATER
CLEARWATER
MAHNOMEN
MAHNOMEN
CLEARWATER
HUBBARD
BECKER
BECKER
BECKER
WADENA
OTTER TAIL
OTTER TATL
WADENA
TobD

TODD

OTTER TAIL
TODD
STEARNS
STEARNS
T0DD

To0D
STEARNS
KANDIYOHI
STEARNS
STEARNS
MEEKER
MEEKER
MEEKER
MEEKER
SIBLEY
SIBLEY
RENVILLE
MC LEOD
NICOLLET
BLUE EARTH
NICOLLET

SOIL
CLASS

HldhiHdeJHbdh‘Hrﬂh'H.dhiw(JFJH(Ju!u(JbjwbuuLuu(ﬂuju[ﬂbjw(ﬂu)H[JhJEl“h‘H[&QJHDﬂUJH

SEQUENTIAL
NQ.

1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
lags
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1497
1492
1493
1494
1495
1496
1497
1498
1499
1500



731
231
231
231

231
k|
231
232
232
23z
232
z3g
232
232
232
232
232
232
232
232
232
732
232
232
232
232
232
232
232
232
232
232
23z
232
232
232
232
23z
237
232
23z
232
23z
232
232
232
232
232
23z
23z

359
360
360
360
3640
361
361
347
347
348
348
348
349
349
349
349
350
350
350
351
351

351

351
352
352
352
352
353
353
353
353
354
354
354
355
355
355
355
356
356
356
356
357
357
357
357,
358
358
358
358

-

PWN S WN—~PWUNHS;WUNRONPLUNERPON=RWON= W~ PR PLONN=RNSLRND AP

LAT

44,39N
43,83N
43, 78N
43,97N
44,01
43,59M

‘434 64N

48,90N
48,85N
484 46N
48465N
48.TIN
48413\
48.07N
48427TN
48.32N
4T.T4N
47« 69N
47.88N
47 +35N
47« 30N
47T« 49N
47 o« SBN
46.97N
46497N
47Ta11N
47.16N
464 58N
46453N
464 T3N
46, TEN
46,415N
46 434N
46 . 39N
45 482N
45.7TTN
45, 96N
46401N
45 444N
45439N
45.58N
45.63N
45, 06N
45,01N
45,20N
45 o 25N
44 o 6AN
44.63N
44,82N

44,8TN .

LON

94,204
94.,00W
Fh o 26H
94,33W
G4,07W

- Q4,20

93.944

‘95,34W

95.63W

‘95.47TW

95,554
95.26W
95, 02w
95,314
95,39
95.104
94,864
95,154
95,234
94, T1W
95.00W
95,07W
04, 79U
94,57v
G4 .85
94,924
94 4 64U
944424
94470

04, TTU

Q& 49w
94,554
94,634
94,354
G4al4W
94a41W
94, 48u
94.21W
94,000
94427W
Q4. 340
94,07w
93.87HW
4414w
94,21V
93.93w
93, T4M
G4, Q0W
Q&L OTH
33.80W

STATE CROP -REP. DIST.

MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA -
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA

‘MINNESOTA

MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA:
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTS
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
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SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
SOUTH CENTRAL
NORTHWEST.
NORTHWEST

TNORTH CENTRAL

NORTHWEST
NORTHWEST
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
NORTH CENTRAL
CENTRAL
NORTH CENTRAL
NORTH CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL

COUNTY

NICOLLET
BLUE EARTH
FARIBAULT
BLUE EARTH
BLUE EARTH
FARIBAULT
FARIBAULT
ROSEAU
ROSEAU
BELTRAMI
ROSEAU .
ROSEAU
BELTRAMI
BELTRAMI
BEL TRAMI
BELTRAMI
BELTRAMI
BELTRAMI
BELTRAMI
HUBBARD
HUBBARD
BELTRAMI
BELTRAMI
CASS
HUBBARD
HUBBARD
CASS

CASS

CASS

CASS

CASS
MORRISON
cASS

CASS
MORRISON
MORRISON
MORRISON
MORRISON
SHERBURNE
STEARNS
STEARNS
BENTON
WRIGHT
WRIGHT
WRIGHT
WRIGHT
CARVER
SIBLEY

MC LEOD
CARVER

SCIL

CLASS

b b e e o b e W W W W R WM WWWWHWWWLWWWWWWRLWWWW WWWWWWww W e e

SEQUENTIAL
NO.

1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534°
1535
1536
1537
1538
153%
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550



232
232
232
237
232
232
23z
23e
2az
232
232
f3z2

359
359
359
359
360
360
360
360
361
361
361
361

x

PN P W WY e

LAT

44,300
G4 . 28N
G4 64N
44 4 49N
43.92N
43.8BTN
&4 . AN
44.]11N
43.54N
43,500
43.68N
434 73N

LON

F3.61W
93.B7w
93, 94w
93.67w
93.484
Q3. T4k
93.81«
03.544
43300
S93.624
U3.68W
Q3,420

STATE

MINNESOTA
MINNES0TA
MINNESOTA
MINNESOTA
MINNESOTA
M INNESOTS
MINNESOTA
MINNESOTA
MINNESOTA
MINNESOTA
HINNESOTA
MINNESOTA
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CROP REP. DIST.

SOUTH
SOUTH

CENTRAL
CENTRAL

CENTRAL

SOUTH
SOUTH
SOUTH
SOUTH
SOUTH
S0UTH
S0UTH
S0UTH
SOQUTH

CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CENTRAL
CEMTRAL
CENTHAL
CEMTRAL

COUNTY

LE SUFEUR
LE SUEUR
SIBLEY
LE SUEUR
WASECA
WASECA
WASECA
WASECA
FREEBORN
FREEBORN
FREEBORN
FREEBORN

SOIL
CLASS

— ot b ot et i el bmd et e ek pd

SEQUENTIAL
NO.

1551
1552
1553
1554
1555
1556
1557
1558
1555
1560
1561
1562
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INTRODUCTION

Implementation of the- NASA AGMET System is divided into two major
subtasks; definition and creation of Tibraries and load models; execution
of the four programs which represents the NASA AGMET composite. A
discussion -of systematic NASA AGEMT operation then follows.

éouréé programs are provided in a tape medium, and the necessary
job control language provided to create a Toad module 1ibrary from which
they are involved. .

Job control language is also provided to‘éxecute the.NAéA AGMET
System given the initial start conditions. The necessary“files for this-
execution are provided on tape. Computer S&stem.specific‘netessities
for smooth éﬁd‘efficient system operation are discugsed‘bﬁtg because

they are sjstem specific, only in a general manner.
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‘ 1.0 LACIE MODULE GENERATION

1.1 System Library Definition

Twé'necessary libraries must be defﬁned prior to nodule gene-
ration. $6320.EARTHSAT.LOAD is the load Tibrary in-which the major
moau}éh Qili be p]aced and $6320.EARTHSAT.LOAD. is a ‘macro library
3Hto'wh{cﬁ SETUP an EarthSat in-house macro necessary to Assembly

of ‘the Assembler modules will reside.

1.2 Geﬁera] Subroutines

Several general purpose subroutines are then compiled and
placed in'$6320.EARTHSAT.LOAD for use at LINK Edit by the HMajor

moduTes.

1.3 Major Module Generation

'METRUN, AGRUN, PREDRUN, DAYRUN are compiled and 1ink edited

into the LIBRARY and are available for future execution.

1.4 File Generation

Unload necesséry data files and place in the specified locations.
Unload RWA.STAIJ to system tape. Unload LACIE.START to system
direct access storage. Unload HIST.GI to system direct access

storage.
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File #
‘l..
2

o, RN 4 5 SR - SR S

o W e o~

12
13

DSN
FILEF
FILE2"
FILE3

CFILEA

FILES
FILEG
FILE7
FILES
FILE9.
FILETO
FILE]

FILE12

FILET3

CONTENTS OF TAPE ESC040 -

RECFM  LRECL  BLKSIZE

- 80 800
FB 80 800
FB 80 800
FB 80 800
FB 80 800
FB 80 800
FB B 800
FB 80 800
FB 80 800
FB 80 800 .
F 40 40
FB 76 760
F 108 108

TABLE A-1

A-II-2

CONTENTS
SETUP MACRO.
READ SUBROUTINE

. NRITE“SUBROUTINE

BDAM SUBROUTINE
ABEND- SUBROUTINE
METRUN

AGRUN 1

AGRUN 2

PREDRUN

DAYRUN -
HIST.GT:

RWA. STAIJ

LACIE. START

TYPE

ASH
ASM
ASM
Ast
ASM
FORT
 FORT
ASM
FORT
FORT
DATA
DATA
DATA



SETUP
AGIN
AGOUT
UPDATE

ABED
METRUN

AGRUN
PREDRUN

DAYRUN

General Routine Description

is a general purpose ‘inhouse macro to insure addressability.
is a general purpose subroutine to read using QSAM via fortran.
is a general purpose subroutine to write using QSAM via fortran.

is a general purpose routine to utilize assembler direct
access via fortran.

: [
is a special purpose routing to force a program to core dump.

models meteoro]oéica] data and produces map overlays of a specific
ground area for meteorological parameters.

models daily growth of a given crop through the growing season.

predicts the yield of a given crop using the daily meteorolegical
and growth to date as input.

is a report generator for AGRUN, which 1ists and maps the various
parameters on a daily basis.

TABLE A-2
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1.4a JCL for file generation
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//EISRA JOB (522049551 939s0s9) s VANDEHSON
//STFP1 EXEC PGM=TERGENER

Yy . .

/7%  REPRODUCE THE HISTORICAL FILE

s

//SYSPPINT DD SYSOUT=4A

//7SYSUT1 DD DSN=FILE11+0ISP= (ULUWKEER yKEEP) o
/7 UNIT=2400sVOL=(PRIVATE RETALN, Y SER=ESCO40) »
7/ LABEL=(11sSL) sDCR= (RECFM=F yBLKSIZE=40)
//5YSUT2 DD DSN=HIST.GleDISP=(NEwsCATLG) »

// UNIT=23149SPACE=(CYLs(10) sk SE4+CONTIG) o

/7 VOL=SER=IPIWRK, '

/7 DCB=(RECFM=F4BLKSTZE=40)

/75YSIN DD DUMMY

//STEP3 EXEC PGM=IERGENER

/7%

/7% REPRODUCE THE INIIAL START CONDITIONS FOR AGRUN
/1%

//SYSPRINT 0D SYSOUT=A

//7SYSUT1 DD DSN=FILE134DISP=(0LNsKEER sKEEP) o
7/ UNIT=24009VOL=(PRIVATEsRETAIN, » SER=ESCU40) o
/7 LOBEL=(135SL) yDCH= (RECFM=F yBLKSIZE=10&)
//SYSUTZ DD DSN=LACIE«STARTsDISE= (NEWsCATLG) »
/7 UNIT=23149SPACE=(CYLs (10) «kLSEyCONTIG)

// VOL=SERSIPIWRK,

7/ DCB=(RECFM=F +ALKSTZE=10%)

//SYSIN DD DUMMY

s
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1.5 JCL for Module Operation
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//PGMBEN JOB {HRIO01 <7640y ANUERSONYCLASSSF

//STEPL EXEC PGM=IEFBR14
/I o

‘ Ut POWWATOL PACY.
/IE OEF INE LOAD LIBUARY Y AT \
Ve

A/75YSUTE ND DSM=46320EAPTHS oI T LOADN YD ISP INEWws CATLG) »
77 UNIT=2314+VOL=SER=BCRI07«SPACE=(LYL e (10229e2U)) %

/7 DCB=(RECFMzULRLKSIZE=T294 5, B50RE=PY)

//STEP? EXEC PGM=IFYGENERSRESIONT
YA

Vs DEFIME MACRO LIRRARY 24D £RTE~ MEMnER SEI1UP
//-H- .
S/SYSERINT LD SYSQUT=A
//75YSUT]1 OD DSN=FILEl1«DISP=(DLL+KEED JKEEF) o

/7 UNIT=24004VOL=(PRIVATF sRETRAIMNe eSENZESCUS0)
/7 LABEL={1+SL)«
/7 DCA=(RECFM=FRLRECL=H0+RLASTZE=8y0U) .
S/S5YSUTZ 0D DSN=36320.E8RTHBAT MACLIsGISP{(NEweCATLE) «
/7 UNIT=2314e V0L =SER= 1SPACE=(CYLo{Llado2t) ) s

// DCh=(RECFM=FR o LRECL=R0+dLKSIZE=1600sDSURG=PO)
S/75YSIN DD o#

GENERATE MAXMNAME=]

MEMBEER NAME=SETUPRP

1
oIty O _
E?ﬁﬁmﬁ?i ?Aﬁgglﬁlﬂxni
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J/STEP3  EXEC ASMFCLsPARMaASNMS1LOAD sNODECK ' +PARMLKED=S TLET s XKEF Y
,I% o g
s LOAD SUBROUTINF AGTH

F/%
/7ASMJSYSLIE 0D ‘
/7 DD DSN=$6320 4 AP THSAT MACLIH +D1SP=5HR

S/ASMSYSIN DD DSN=FILE?~DISP=(ULD»KttP;ﬁtEPis
Y4 UNIT=24OD’V0L=(DRIVATErHETAJNgqSEH=ESCU40)9
/7 LABEL=(2+SL) s ]
/7 DCB=(RECFM=FB,LKFCL=R0+8LKSIZE=300)
//LKEDSYSLMOD Db DSHN=FA320EAFTRSATLOADSDISP=5rKR
/7 SPACE=(CYLe(1Ue2s70))
A/LFEDLSYSIN DD +#

ALIAS OPENAG,AGHEAD

NAME AGIN(R) ’
Ve ) _
//STEPG EXEC ASMFCL s PARM o ASM= VL OAD s NODECK P g FARMGLKED=LET«AREFT
/S E ) :
s LOAD SUBROUTINE AGuUT
VA ’
//7B5M.SYSLIE DD .
4 DD DSMN=26320 e EArTRSAT. MACLIR«DISF=5RR
//ASMJSYSIN DD . DSN=F ILEIDISP= (0L sKEEP shEEP) «

/7 UNIT=2400sVOL=(PRIVATE sRETALNC s SFR=ESC040) »
/7 LABEL=(3+5L) -

// LCR=(RECFM=FELRECL=R0s#LASI/E=8D0)
J/LKEDSYSLMOD DD DSNE%A320.c A THSAT.LOAL BISK=E5NK
/7 SPACE={CYL+(10s2+200) ’

//LKEDSSYSIN DD =

ALTIAS AGOPENSERRWRT «ME TwRT

NAME AGOUT (R)
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http:ASMAFCLPARM.A5
mailto:St@$A(-320.F.AFTHSAT.LO)AUL)T$IP=rHR

//STEPS EXeC ASMFCLqPAHM.ASM='LOAH~NUUECK’qHAHM.LKE
e

/7% LOAD SUBROUTINE RHDAM

VA

F/ASMLSYSLIE DD

/7 . DD DSN=%A320.EA=THSAT.ACLINsDISP=SrR

//ASMASYSIN DD DSN=F1LFasDISP=(0OLDKEEF yKEED] o
/7 UNIT=2400.VOL=(PRIVATE sRETALIN o SERSESLUA0) o
/7 LABEL={4450L)
7/ DCH=(RECFM=FRBsLRECL=R0«8LASI/E=800)
Z/7LKEDWSYSLMOD DD DSh= $ﬁ3?0.rukTHSAT LOAL e DISIF=5HR «
/7 SPACE=(CYL+(10«2420))
A/LKEDLSYSIN DD +
ALLIAS  HSTOFMNHNSTCLS ariSTRU S HSTHRT
NAME UPNDATE ()

=V ETeXKrEF?

//STEPS EAEC QSMFCLapﬂHM.ﬂQM=’Lﬂ&D-NUUt(K';F#hﬂ,LKtD='LtT9AHtF'

Al .

/¥ LOAL SURFOUTINE A8Ey

e

F/7ASMLSYSLI DO

4 DO DSN=9%0320 EavTHEAT maCLIn D1 Sk=SHY

//ASMSYSIN DD DSN=FILESsUISP=(ULD s FEEF sKEEF)
77 UNTIT=24009VOL= (PRIVATE sRFTA L0ta s SENZESCULY) »
// LABEL={(545L)»
7/ LCB=(RECFM=FRILRECL=AURLASIZE=RG )
F/LRFDoSYSLMOD DD UBSM=%A320, FArTHSAT L LUAUs D LSHESHH s
/7 SPACE=(CYL+(10+2420))
/LT EDLSYSIN iy *
ALIAS ABED
NAMFE kiwa (R)
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//STEPT EXEC FORTGCL +PARMFOT=1MAR 3 TDW o PARMLKED=LET » XKEF?
i . '
/7% LOAD MODULE METRUN

/7% .

//EORTSYSIN DD DSN=F1LFaeDISP=(0LDKhEEP+KEEP) »

// UNIT=7400sVOL=(PRIVATE +RETAINs « SER=ESCU40) »
/7 LABEL=({6+SL)w .

// DCB=(RECFM=FByLRECL=ROyBLKSIZE=3D0U)
//LKEDSYSLIB DD

/7 0D DSHEFAIZ0EARTRSATLOADYWISPESHR
//LEEDSSYSLMOD PD DSN=$6320.EARTASAT.LOADDISH=5HR,
/7 SPACE=(CYLs(I0e2«20)) ' -
//LKEDLSYSIN DD #

NAME METRUN (R}
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/ASTEPB EXEC FNARTGCLsPARMJFORT=YMAr ¢ ID'wPAKM,LKED=NCAL
/% ’ -
/7% LOAD FIR%T HﬂLF OF AGRUN
s
//7FORTLSYSIN DD DSH= ?ILFTsUISP—(GLD;K&tPsKFfP)s.
/7 UNIT=2400sVOL=(PRIVATE «RETATIM 9 SERSESCO46) s
/7 LABEL=(T7e5L)«
/7 DCB=(RECFM=FH 4t RECL=K0+BLKSIZE=R00) .
//LKEDSSYSLMOD DD DSN=36320.bARTHSAT.LOAD «DLSF=SHR y
// SPACE=(CYL+(10+2+20}))
"//LKED.SYSINM DO ® .
AL 1AS quBGT.OPFNAP.UATLYquTUAY
NAME AGSUB(R)
//STERPS EXEC ASMFCL « Dﬂwmauam*'LOAﬁqNUDLCK‘-Hnw”.LKtD='%Htr;LtT'
A

A LaQu MUHULE AGRIN

YA .

FAASMLSYSLIH DD

s {31) D%”‘$ﬁ3)ﬁ.FGWTHSATu”ﬂCLlﬂqUIHP SHH

//BSMOSYSTH DD OSN=F TLERGDISP=(ULDsKEEM ¢ KEER) 5

// UNIT= S2400VOL=(PRIVATE «RETATIMe s SERTESCULGY »
s/ LAREL=(B«SL) s

7/ LCHB={RECFM=FRWLRECL=M04RLLKSIZE=RNG)
//LKFD.SYSLIB DD DSM=SYSI.FORTLIRSDISP=ShyY

’/ ; DD DSH=3A 20 FLHTHSAT (LOAD D ISP SRR
S/LKEL, SYQLMUD DD DHN=FF320, KA HSAT, LOAbsDISH SHE,
/7 SPACE={CYLs(1042420))

Z/LRKEDSYSIN DD #

ENTRY ASMMAIN

NAMF AGRUHN(R)
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//STEP10 EXEC FORTGCE sPARMFORT=YMAPs 1Y «PARMOLKED='LET s XREF !
/7% . _
/7% 1LOAD MOLULE PREDRUN
JI% : .
//FORTWSYSINn ND DSN=F ILF9+DISP= (OLUSKEEP S KEEP) o
77 UNTT=2%004VOL= (PRIVATE yRF TAT0 e s SEP=ESLUSD) »
/7 LABEL=(95SL)
/7 DCB={RECFM=FR4LRFCL=R}+BLS[LF=800)
//LKED.SYSLIR DD :
/7 DO DSN=36320FL5THSAT JLUADSLISK=5RE
//LKED.SYSLMOL DU DSN=$6320.EAPTHSAT.LOAD s DISP=5HR,
/7 SPACE=(CYLs (18e2420))
//LKED«SYSIN DD *
NAME PREDRUN (R)
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/7STEP11 EXEC FORTGCLPARM FORT="MapPsIDT s PaRM,LKED="LE [ v XREF
//* s
YA LoaD MONULE DAYRIIN
/% i .
//FORT.SYSIN 0D DSN=FILF104N1SF=(OLL anEErsKEER) s
7 UNIT=2400+VOL=(PRIVATE«RETALNY ¢ SER=ESLU4L0) »
/7 LABEL=(1095L),
/7 DCB=(RECFM=FBLRECL=#0,BLKSIZE=300)
//LKEDSSYSLIE® DD : . . ,
Wi DD DSN=3A320EMRTHASAT JLUAD 1T ISP=5R |
J/LKED.SYSLMUD DD DSN=%6320EARTHSATJLOAD DISF=SHR
// SPACE=(CYLs{1042420))
//LKEDSYSIN DD #
NAME DAYRUN(R)
77
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2.0 NASA/AGMET EXECUTION
2.1 METRUN

Purpose: To model meteorclogical data and disptay it. To
produce a precipitation, TEMP MAX-MIN, ETP estimate as input to
- AGRUN.

Data Files

a) FT32Fpp1: Data for days processednin present cycle
becomes input in the following cycle.

b) FT29F001: Data for days processed in p%evious cycle;
last day dnitializes model for first day in this éyc1e.

c) FT31FPPT: 6 hr data with daily summation, used for error

“.analysis of MET model.

d) FT30F001: Initialization file for region specific con-
stants. .

e)- FTOSF001: Station & Satellite data.

f)  FTO9F001: Map overlay data for output display.

g) FTO6F001: Printer display file.

2.2 AGRUN *
Purpose: Agronomic growth model using meteorclogical data,

plant phenology, and region specific characteriétics.

Data Files
a)  FTO5F001: dummy ile.
b)  FTO6F001: Fortran error messages only.
c)  HiSTORIC: Historical file which contains ‘region specific

agronomic parameters.
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d} -ARCHIVE: Previous CYCLE's last day for initialization of
this CYCLE. (initially set for first CYCLE as file
LACIE.START)

e) METFILE: Sorted Daily meteorological data for use in
AGRUN.

f)  TEMPARCH: This CYCLE's last day file.

g) NEWARCH: Daily file for error analysis.

2.3 PREDRUN

Purpose: Predicts yield using Region specific parameters and
AGRUN growth parameter. Produces map of yield by I,J, aggregates
yield by State, county, crop reporting district.

Data files
a) FTO5F001: Mab overlay, state, county vectors.
b) FTO6F001: Map I.,J output.
c) FTI0F001: Aggregate listings.
d) FT29F001: Last day status from AGRUN.

e) HISTORIC: Historical region specific characteristics.

2.4 DAYRUN
Purpose: Daily masters list of I,d's and associated growth

parameters area. Produces maps of selected quantities.
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DATA files

a)
b)
c)

d}-

e)

FTO5F001:
FTO6F001:

‘FTT0FO001 :.

FTO9FOO1 :

FT29F001:

Map overlay data for output display.
Map print file.

1,J listing print fi]é.

Days to pﬁbcess in I2 format.

Sorted .agronomic daily status file.
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Systems .Considerations for NASA/AGMET Generation and Execution
IBM Compatible Comparable With

STANDARD system utilities

STANDARD .sort-merge facilities
STANDARD éystem catalogues

STANDARD 1ink editor and loader
STANDARD MACRO Tibrary

FORTRAN G compiler

ASSEMBLE-F assembler

STANDARD procedures (FORTGCL, ASMFCL)

TABLE 5-3

A-II-17



2.5 JCL for Program Execution
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//METSTER EXEC POGM=METRUNGRFGIOW=140K

r/

Al M TERDLOGICAL PROGHAM

s/

//STEPLIS DY DSN=%4320.FARTHSAT JLOAD s UNIT=23144VOL=S5FR=IrIwRK
£/ 1ISP=SHR . ;
A/ZFTOBF001 0D DINAME=SYSIN

Z/FTUBF U0 pu S5YSOUT=aA

S/FTOFFOO0L Db SYSOUT=g

ZZFT29F001 DD DURBY sBCR=8LKSIZE=P)

S/ZFT30F001 DU DSN=FILE12yUNIT=2400eVOL=SER=ESCUG0,

7/ LABEL=(1Z450L)

£/ DISP=(OLDeKEERP o KEER) s UCH= (KECFMEF o LHECL=To et KSIZE=TH0)
Z/FTIIFO01 DU DUMY LCR=BLKSTZE=20 .

F/FT32F001 DD DSH=RAMET sUNIT=SYSDASDLISP={NEWIFASS)

/7 SPACE=(CYLe(120e4) sHLSE)

/7 DCB={RECFM=F BLKSIZF=20)

Z/7S5YSUDUMP DL SYSNUT=4A

S/FTOSFO0Y DU o#
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J/SORTMET EXEC PEMSTFRRCO0Q«PARMT VMSLEAR Y s REGIUNTOUK
//-:s .
s/%  wETERLOGICAL SOMT FOR INPUT T AGRUN

VA

C//SYSOUT DD SYSOUT=

//SYSPRINT Du QYSOUF A ’

//7S0RTLIA DD DSNAME=S5YSL. SOHTLIH«DISP= SHe
J/SORTIN DU USN= =RAMET 4 DISP=(OLOSLELETE) »

/7’ UCB=(RECFM=F-LPFCL=2035LKSIZE=2H)

7 /SORTOUT DD DSN=EEMF TS«UNET=SYSUTA

/7 SPACE=(CYLe{(Rad) sKLSE) o

/7 GISP=(MEWsPASSOELE TE) aDCH= (RF CFH=F yLRECL= UsblLKSIZE=20)
//SOPTWKOI DD UNTT= 2314+SPACE=(CYLy (%) 39 COUNTIH)
//SORTWKD?2 DD UNIT=P314+45PACE=(CYLe{h) s s CUNTIN)
J/7S50RTwrROT DD UNIT=2314-5PACP=CLYLc(b)sacUNTIu)
7/SORTWEDSG D) UNMIT=2316+SPACE=(CYL (D) ysCONTTf)
//SORTHKOS UD UNITSZ314«SPACE=(CYLa(5) 99 CONTIO)
//75YSIN DD s

SORT FIFLDS=(14PeAe3s2eAslTeZeha) s FORMATENI
~//AESTEP EXEC RPGM=AGRUNPARM=Iy/?

4
/7% AGRONAUMIC B&OwTh UROGPbN
/E
//STEPLTS DD DSN=$6320.SARTHAAT(LOALCUNIT=2314+vOL=SERSIP LARK,
/7 LISP=SHR

//7FTOSF001 DD DONAME=SYSIN
SAETORFOND DD SYsSnNUT=a
S/HISTORIC O DSN=HIST. 5l1aNTurs (O )srELFerRERFP ) o
/7 UNIT=23144VOL=SFR=[PTWRK ’
//ZARCHIVE DU DSHN=LACILE. QTAQTQHISD*(ULU-KtquFtEP)9
// UNIT=2314sVOL=SERP=IPTa%K

J/NEWAKCH DD DSN=AANT g DISP= (MEWaHASRS)
/7 SPACE=(CYLa(1l0ad) a5k}« ’
/7 UNLIT=SYSDAWDCH= (ECFM=F 4ni ks [26=10¢)
//TEMPARCH DD DSN=X&LAFCHZ+DISHF=(MEWaPASS)
/7 SPACE={CYLs(10e&) «HILEF)»
/7 UNIT=SYSDASDCH= (RECFM=F yuulLKS[/ZE=]08)
//METFILE'DD_DSN=&&MtT€-ULSP=(OLuﬁnfttTE)
//SYSUDUP DD SYSOUT=A
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//PRFDSTEP EAEC PGM=PHEDRUNREG[ON=AR

e

£/ % PREDICTINN BRUGHAN

Ve

//STEPLIS DD DSN $6320.FaRTHSAT, LOA:;UNIT 2314 e VOLSSER=IPIWRAy
// DISP=SHEK

J/FTOSFO0L DD DONAME=SYSIN

J/FET06F0O01 DU SYSHUT=R

Z/7FTI10F001 0D SYSUUT=C»HCB={HECFM=FHuqLHtCL=135-BLKSIZt=1330)
S/FTZ29F 001 0D DSN=QRARCHZWDISP= (0L WDeLETE)

//HISTORIC DD DSH=HIST Bl eDISP=(OLNsREEP shEEF ) »

/7 UNTIT=2314.V0L=5F = IPIwRk

Z/7SYSUDUAR D) SYSOUT=4A

//5YSIN DD o
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//SORTAG EXEC PEMSTFheCODN o PARF=IMGH=AP T 2 PEGTUN=HOK
//#

/7% AGRONOMIC DATA SORT FOR INPUT T7O DAILY LIxTIinG
/S

//75YSOuUT DO SYSOUTz=n

J7SYSPRINT DD SYSOUT=A

//7SORTLIS DD NSKAME=SYS].SORTLIB.nISP=5nk

//7SORTIN DD DSNaR&Ncw s 3ISP=(DLUDELETEY

/7 ' DOz (RECFM=F oHLKS [ ZE=108)

A7SURTOUT DL DSN=&ARLGsDISP=(NE4 s FASS) s

/7 UNIT=SYSDASSPACE=(INR(21168410) +KLSE)

77 DCB=(RECFM=F LRECL=10n«BLESIZE=104a)

Z/7SORTWKOL DU UNIT=2314+SPACE={CYLs (5) s CUNT L)
//7SORTWKNZ OD UNTIT=2214«SPACE={CYLs () 99 CONTIM)
//7SORTWKNS DD UNIT=2314+SPACE=(CYLs (9) 95 COUNTIL)
//7SORTwKO4 DD UNMTIT=P 214 4SPACE=(CYL 2 {2) v CUNTIO)
//7SORTWKOS DD UNTT=,23L845PACE=(CYLe(5) e« CONTIG)
//7SYSIN DD ¥

SORT FIELDS={(13abstg]lvbataotylhiaGaarh])sFORMAT=EI]
Z/DAYSTER EXEFC PGM=DaYRIN

s

Vs DAILY STATHS PRNMAGRAM

/7 )

J/STERLIR DD DSM=$6370.FARTHSAT LOAD N1 =2314«vVOL=5EK=1F WK,
/7 DISk=SHH .
//FTOSFOOY UL DONMAME=SYSTN

J/ZETOBF0OGL DD SYSQUT=4

J/ET10F001 D) SYSOUT=CN0p= (#eCrP=F=a LPECL=1 353 BLKS1LE=1330)
s/ SPACE={CYL9s (30«10) +RLSF)

J/FTOSYFOOY LD #

ne

J/ET20F 001 LD DSM=&RAGNISP={UL)NELLTE «KEEF)
//SYSIM DD o

REPRODUCIBILITY OF THE
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3.0 SYSTEMATIC OPERATION

3.1 Master Files

The following Data sets can be defined to allow efficient data
storage and error recovery capability by creating master tapes with
a file representing each CYCLE, ‘

a) FT32F@Q1

b}  NEWARCH

3.2 Generation Data &Groups

Generation data groups ‘improve 6perationa1 efficiency by
reducing bookkeeping and improving significantly error recovery.
Data sets defined as such should have the characteristic. 01d

Master - New Master. The following have this characteristic:

01d Master ‘ New Master
1) FT29F001 FT32F001
2)  ARCHIVE TEMPARCH

A-11-23



AN EXPLANATION OF METRUN COMPUTER OUTPUTS

EarthSat Daily Weather Diagnostic maps cover a region extending from
Central Montana to Western Minnesota and from Southern Saskatchewan and

Manitoba to Northern Wyoming and Nebraska.

The boundaries of the Dakotas, part of Montana and Minnesota, are outlined
on the map by asterisks. The topmost horizontal line on the map specifies
the I values of the met cells (206 > I 232); the leftmost column specifies

the J values (3353 J < 362).
Shown at the bottom left corner surrounded by asterisks, are the meteoro-

Togical parameters for Manhattan, Kansas and Akron, Colorado, the two

lysimeter sites which fall outside the diagnostic area.

The map ‘headings at the top right give the following information:

Example

Page number (always 1) PAGE 1
Julian Day (1-365 DAY215

End time of map {GMT) TIME 6 GMT
Map number MAP 1

Time interval of map 00-06 GMT
Parameter mapped PREC

Units and multiplier MMxT0
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Eleven maps are printed daily and an additional map of total precipitation

is produced at the end of the seven days. Each map can be identified

by the heading at the top right:

Following is a list of these maps

and an interpretation of the heading:

Heading

MAP

MAP

MAP

MAP

MAP

MAP

MAP

MAP
M4p

MAP

MAP

MAP

1 00-06
2 06-12
3 12-18
4 18-24
5 00-24

6 00-24

7 00-24

8 00-24

9 00-24

10 00-24

11 00-24

12 TOTAL

GMT

GMT

GMT
GMT

GMT

GMT

PREC MMx10
PREC MM«10
PREC MMx10
PREC MM«10
PREC MM«10

NET RAD LY/DAY

ETP  MM«10

TMAX DEG C%10
TMIN DEG C%10

BMT=100

SOLAR RAD LY/DAY

PRECIP (MM) 7 DAYS

Clarification

Estimated precipitation in units of

- millimeters times ten for the indicated -

GMT period.

Net radiation in Iangleys per day
(calories per square centimeter per day).

Potential evapotfanspiration for 24 hours,
in millimeters times ten.

. Maximum (minimum) temperature occurring

in the 24 hour interval, in degrees
Celsius times ten.

Biometeorological time (x 100) at the end
of the GMT day. BMT ranges from O at
planting to 5 at ripe and is set to -1

at harvest.

Solar radiation in langleys per day.

Estimated precipitation in millimeters for
seven day period.
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Preceding each of the six hour precipitation maps is a one page listing
of the satellite cloud cover data and syndptic station data that have
been utilized to calculate precipitation, ETP, radiation, maximum and

minimum temperatures, and BMT.

The satellite information contains day, GMT times of images, in eigths
different cloud types, number of corners (K} of the cloud polygon analyzed,

and latitude - longitudes of cloud polygon vertices.

The ground station information contains the WMO station number, date and
time of observation and cloud, precipitation, temperature,‘dew point
information encoded according to a standard WMO teietype transmission

procedure.
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DEFINITIONS - VOL. 2 AGRUN

A number of abbreviations are included in the VOL. 2 AGRUN 1listing

report.

The following discussion will seek to define each of the

abbreviations.

coL -

ROW

1/4

JuL -
BMT -

M (1),..

Column (I} in the I,J,K matrix. I=206 defines the extreme
western boundary. I=232 defines the eastern most boundary.

Row (J) in the I,J,K matrix. J=336 defines the northern-
most row while J=362 defines the southernmost.

Cell (K), numbered 1-4 from lower right to upper right
around each I,J )Column, Row) location. Each cell (K) is
approximately 12.5 x 12.5-nautical miles N.M. in size.
(The I,J grid interval is 25N.M.)

Julian day. J=151 = 31 May.

Biomeieoro1ogica1 Time. This is a clock which represents
growth stages of the spring wheat crop.

0 - Planting

1 - Emergence
2 - Jointing

3 - Heading

4 - Soft Dough
5 - Ripe

These 'values represent the 50 percent level for & county.
Some variances to the 50 percent range will be experienced

at the cell (K) Tevel.
.(3) -

Soil Moisture in millimeters for the zones which define
the soil moisture profile. The zones are defined on the
basis of available water in percent of capacity. Three
soil categories are employed.

Sojl Cat. 1 175 mm
Soil Cat. 3 115 mm

Soil Cat. 4 75 mm
A-11-27



ET (1), (3) -

ETP -

ETPAY -
Prec -

Stress

TMAX. ~
TMIN-
CRNOFF

STRS 1

STRS 2

STRS 3

S

Actual transpiration represented through removal of

" moisture from the-soil profile. Rooting coefficients.

i

access each of the three layer zones as a function of
BMT (growth stage). Adjustments are included in the
rooting pattern for dry s0il in the upper zones.

Potential evapotranspiration for a 24 hour period.
This value represents atmospheric demand on the.

soil/plant system.

The average ETP for the period from planting to the
current growth stage. -

The amount of rainfall for the 24 hour period ending at
2400 GMT on the listing J-day (JULY. .

The difference in the ratio of ET {actual transpiration)
to ETP (potential evapotranspiration) from one (unity)

for the J day.

24 hour maximum temperature in degrees Centignadef

24 hour minimum temperature in degrees Centigrade.

The amount of water which would accumulate on a flat
surface, if;

(a) the rainfall exceeds 25 mm in a single 24 hour period

(b) the field capacity of all zones is at capacity and
the rainfall for 24 hours exceeds the ETP

Total stress (1 - ET/ETP) Planting to emergence (BMT= 0-1)
Total stress {1 - ET/ETP) Emergence to Jointing (BMT= 1-2)

Tofa? stress {1 - ET/ETP) Jointing to Heading (BMT= 2-35'
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STRS
STRS

ND 1.

CRPD
TSIT

RAD -

4 -
Total stress (1 - ET/ETP) Heading to Soft Dough (BMT= 3-4)

5 -
Total stress 1 - ET/ETP) Soft Dough.to Ripe .(BMT= 4-5)

cesd - . -
Total number of days with stress in the periods 0-1, 1-2, 2+3,
3-4, and 4-5. ‘

- Total number of aays since planting

- Indicator of a test site location. (Not used in the current
operating mode, since test sites are handled as a separate,
off-1ine, activity.
Net radiation
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Raport of Soil Moisture Measuréments

by

B. K. Worcester

This report is submitted to Farth Satellite Corporation in ful-
fillment of contract number NAS 9-14655 dated July 28, 1975. This
contract required measurements of soil moisture profiles at given
- locations through harvest of the crops and a report of data by October 1,
1975. Ho@eve?, as the season progressed it becané apparent that har%est
of the grain would be delayed at some sites and to meet the October 1
schedule, data collection would be incomplete. Dr. A, B. Park of
Earth Satellite Corporation was informed of this situation and a decision
was made to continue data collection through the harvest thereby delaying
submission of this report.

Subsequent to receipt of the contract, sites were selected cor-
responding as closely as possible to the specifications provided. This
was accompliéhed by visuél observation of the crop and s;il. Certain
geomorphic considerations entered into site selection. It was decided
that, in order to avoid complications arising from aspect of the sites,
they would be selected as nearly as possible on level upland areas.

This eliminated to a large degree, differences in the angle of incidence
of sunlight and therefore soii temperature and moisture variation more
attributable to aspect than climatic conditions. Soil moisture access
tubes were installed at each site with a hydraulic soil coring machine.
The samples were retained for analysis to provide data on soil character-
istics whichlcould have an influence on soil moisture and-¢rop perfor-

mance and yield.

Soil moisture measurements were made at weekly intervals through



_27_
harvest time; A Troxler(soil moisture neutron prébe was used, Each
time soil moisture was measurcd, the growth stage of the crop was
recorded usiné the standard Feekes scale.

Properties of the sites were determined in the 1aborato;y'and are
presented in Tables 1, 2, and 3. Size fractions were determined by
the pipet%e method (Kilmer and Alexander, 1949). Clay is defined
as haviﬁg an effective particle diameter of_less than two microns,
311t size is from two to 50 microns and sand size particles are greatex
than 50 microns in diamefer. This is in accordance with sﬁandard USDhA
terminoloéy (Soil éurvey Staff, 1951). The sand content was determined
by wet sieving. Bulk density, Dy, was determined by Lhe clod method
{(Elzake, 1565). Moisture content at 1/3 and 15 atmosphere tension was
determined on pressure plate apparatus (Richards, 1954). Available ﬁater
content was defined as the diference between these tensions. Available
water conten£, gravimetric percent, times bulk density provides available
water content on a volumetric basis, The amount of available water
capacity in each layer is then casily calculated. The electrical
conductivity in millinhos was measured on a 1:1 soil-water- extract. Osmotic
pressure of the solution can be approximated by the equation:

0.P. = 0.36 x EC x 103 (Richards, 1972).
This value would represent the osmotic potentialjof the soil solution
at a saturation moisture content, Obviously, as the moisture content
decreases, the concentration of salts, and the osmotic potential, will
increase. Furthermore, the inclusjion of osmotic pressure considerations
into availsble water contents would require construction of moisture
characteristic curves with points such as 1/10, 1/3, 5, 10 and 15 atmos-—
phere moisture contents. This appeared to be beyond.the scope of the

project.

In Diviqe County (Table 1), site 1 was designated as a loam site.
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- There aré 22.72 cm available water content in the upper lOQ cm of sail
and 29.52 cm in the 130 cm section. This sihé ié located in NQ % sec. 36,
T. 163 N., RanZ W. Wells durum wheat was seéded with rows running east-
west on M;y‘ZO, 1975, and harvested‘Septembey 16, 1575. The field wa;
unfertilized and showed no hail or insect damnge. The yig?d vas 30
bushels per acré. This was the first‘year this field.had‘becn seeded
followiné summer fa}low:

Site f vés selected to represent a sandy textured goil. The soil
has an availéble-wate; capacptiy of 14.94 cm in 100 cm depth and 20.89 cm
in 130' em. It is located in SW % sec. 35, T. 102 N., R. -96 W. Ward

durum wheat was seeded with cast-west rows on May 22, 1975, and was

harvested. August 30, 1975. The field received 40 pounds per acre of

L]
1

18-48-0 ferFilizer at seed%ﬁg, ghowe@ no hail or i?sect damage and yielded
13 bushels per acre. This crop fgllowed summer fallow in‘l§7ﬁ.

Site 3 ﬁas selected as a loam téxtured soil éhowiﬁg salt effects
on the crop. The salt effects which were visible were a spotiy appearance
of the crop and, where the crop was short, it exhibited a defina;g
‘blueigh color. At the ?ime of observation, this soil appeared very
moist. The crop actually seemed to be suffering from drought conditions
when the access tubes were installed but the soil was sa;urated at a
depth of about 40 em. The available water content is 19.41 cm in 100 cm
and 24.96 cﬁ.in 130 cm. EC values indicated that salts were present (Table-1).
The field is locatgd in NE % sec., 1, T. 162 N.? R. 97 W. Ward durum
wheat was planted May 24, 1975, and harvested September i2, 1975. Rows
were oriented north and soth. The field was fertilized at seeding with
40 pounds per acre of 34-0-0. No hail or insect damage was observed. and
. a vield 15 bushels per acre was reported. This was the third consecutive
crop on this fieid. It is interesting to note that the moisture status

'

of this field was not markedly different from field 1 which had been
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summer {allowed the previous year,

Site 4 s located in SE Y%, see, 2, T, 162 N., R. 97 W. The available
water couéant was 19.40 om in 100 ém and 20.65 cm in 120 cm, Rolette
durum whéat was planted with east-west vow orientation on May 25, 1975,
ad at harvest, September 13, 1975, yielded 25 bushels pe£ acre. No
hail or iﬁsect damage was observed. No fertilizer was appliéd to this
crop following summer fallow in 1974, This {ield did show salt influence
on this crop.

In Durke County (Table 2), site 1 was selected to represent a loam
texture. The soil had an available water content of 16.50 cm in 100 cm
and 23.46 cm in 130 cm. It is 1océted in NW % sec, 32, T. 163 N., R. 88 W.
Rolette durum wheat was planted with north-south row orientétion, on
May 27, 1975, and yielded 30 bushels per acre at harvest on September 13,
1975. The crop was uneffected by hail or insects and was unfertilized.

Site é_was selected as a loam soil and had an available water
content of 17.60 c¢m in 100 cm and 24.94 cm in 130 cm. The‘site is
located in NE % sec. 33, T. 103 H., R. 8% W. Rolette durum wheat was
planted on June 2, 1975, and harvested on September 23, 1975. The rows
were oriented east and west. 16-20-0 fertilizer was applied but the rate
was unreported. No hail or insects damaged the field and the yield was
30 bushels- per acre. '

Site 3 was selected as sandier textured. The available water holding
capacity was 11.8%9 ecm in 100 cm and 15.82 in 130 em. It is located in
SE !z sec. 29, T. 163 N., R. 89 W. Chris hard red spring wheat was planted
May 30, 19}5, and harvested September 26, 1975. Rows were oriented east-
west. The field was not fertilized and no damage was observed‘from hail
or insects. The yield was reported at 30 bushels per acre.

Site 4 was selected as a salt affected loam textured soil. The

available water capacity was 20.17 cm in 100 cm and 26.73 cm in 130 cm.
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Waldron hérd red spring vheat, cast-west row orientation, was sceded on
ng 16, 1275, and harvested August 31, 1975. The field was fertilized
%t an undeéé;mined rate wi;h lS—éS—O. The field was undam;géd and
. yielded 20'bnshels per acre, ‘ ]

The sSoils in the Williams County area were axtremely uniform in
texture and wére not salty. Therefore, all four sites ﬁere selected
as loam tegFufed (Table 3).. Site 1 was located in NE % see. 17, T. 150 N.,
R. 99 W. The available water holding capacity was 15.41 cm in 160 em
and 20.47 in 130 cm. The field was planted May 27, 1975, and harvested
between September 9 and 15, 1975. Waldron hard red spring wheat was
planted arouna the edge for 72 feet and 0laf semi—dwérf"hard'red spriug
. whéat.was pl;nted in the cénter. Rows were North-South, The réaéon
for this strange planting is unclear., The field was not fertilized and
yielded 29 bu;hels per acre.

Site 2 was located in NE ¥ sec. 15, T. 156 N., R. 99 W. The available
water holding capacity was.11.89 cm in 100 cm and 15.82‘cm in 130 cm.
The reason is the sandy loam ;exture from 60 to 130 cm. The planting
date was Maé 22, 1975, and no fertilizer was applied. This field was
planted the oéposite of site 1, with Olaf around the edge and Waldron
hard red spring wheat in the middle.. Rows were east-west oriented. NB
hail or insect damage’ was observed and no yield was reported.

Site 3'was located in NW % sec. 14, T. 150 N., R. -99 W. The
available:wéter holding capacity was 15.8% cm in 100 cm and 21.52 cm
in 130 cm. The field was seed to Waldron hard red spring'ﬁheat with
north—squxﬂ rows on May 6, 1975, and was harvested between August 27
and September 3, 1975. No fertilizer was applied and no hail or insect

damage was descernable. The yield was 25 bushels per acre.

Site 4 was located in NE ¥ sec. 13, T, 150 N., R. 99 W. The availahile

water holdiqg capacity was 15.54 cm in 100 cm and 20.87 cm in 130 em.
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#aldyon hacd ved spring' wheat was planted with castfwest.fows, on May
27, 1975, md harvested between Septewber 3 and 9, 1975. iThe field was
Feitilized with 34-0-0 at a rate of 30 pounds per acre. No damage wés
obhscrved ?né no yield was reported. ‘

Phe muisture profiles-are reported in tables 4, S, and 6. All
values arc® in volumetriec percent by date andhstaée of growth.

The sites were reviewed by Dr. ‘A, B. Park of Earth Satellite.
Corporat%én In"Aupust, 1975. During discussions at that time, it was
felt desiréable that future efforts be initated early en;ugh to,cncbmpass.
the entirg'growfng season. Access tubes should be placed no later thanj
mid-May. In additiom, it would seem .adviseable to determine the fertility

status of the sites. Such an inclusion would do inuch to complete the

picture of yield.
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Table 1.

Site

L

L 190
wo0d 1 ZDVE TVNI®
aﬁg{)&o mfnmoﬁmgaﬁﬁ R

Depth,
cnm

0-10
10-25
25-40

'40-60

60-100

100-130

0-10
10-25
25-40
40-60
60-1.00

100-130

0-10
10-25
25-40

- 40-60

60-100
100~130

0~10
10-25
25-40

40-60 .

60-100

© * 100-130"

Site lFractions, %

Sand

1 28.05
26.31

tL8.lO .
26.78 -
26.19

25.03

56.28
46.30
47.13
‘38.40
33.21
47.10

37.74
35.14
43.47
38.68
22,90
22.94

31.26

44.02
50.11
49.84
24,60
22.91

Silt

60.69
60.67
59.12

44.17 .

55.94
41,72

37.27

50.30 °

43.06
51.29
51.17
42.44

54.37
49.60
45,31
58.76
72.89
70.59

60.85
51.36
46,29
41.71

7.88
76.05

Clay

11.26
13.02
12.78
1.7.39
17.87

33,2

6.25
3.40
9.21
10.31
15.62
10.46

7.89
15.26
11.22

2.56

4.21
“B.47

7.89
4,62
3.60
8.45
3.52
1.04

USDA

Text.

SiCL
5il,
51CL
L
SiL

Dy,
gm?cc 1/3 ATM.

1.19
1.22

1.31 .
1.37

1.38
1.51

.31
.36
.33
.28
.35
42

N e

.27
.32
.34
L4l
.43

N e

.30
.33
.39
A2
.58
.61

e el

Properties of Sites in Divide County, North Dakota.

- Water Content, %

22

C 41,
32,
29.
32,
31.
29.

18.
15.
19,
23.
23.
25.

23.
b
25.
26.
28,
29.

23

21,
27.
30,
24,
22.
18.

80
62

52 -
69 -
59

98

14
94
28
88
60
76

23

70
03
63
13

41
90

56

33

78,
62

15 ATM.

15.41
15.38
13.18
15.93

f

AW,

£26.39

{17.24
16.34

“H36.76

15.95 .

14.96

8.41
7.36
9.52
10.51
10.94
11.79

8.61
11.50
10.73
11.51
13.56
16.19

. 8.78
8.32
7.06
9.14

13.84

16.03

{.

"15.64

15.02

9.73
8.58
9.76
13.37
12.66
[ 13.97

14.62
11.99

o 14.97

14.52
15.07
12.94

12.63

[%9.58
3.48

15.19
8.94
2.59

Vol.

31.40
21..03
21.40
22.96
21.58

© 22.68

12.75
11.67
11.09
i7.1i1
17.09
19.84

17.84
15.23
19.76
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16.42
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Table 2.

Site

1

Bepth,
cm

0-10
10-25

25-40 .

25-60

60-100 -

100-130

0-10
10-25
25-40
40-60
60-100

100-130

4

0-10
10-25
25-40
4060
60-100

" 100-130

0-10
10<25
25-40

"40-60

60-100 -

100-130

Site Fractions, %

Sand

27.67

29,31

36.33
41.01
27.97
20.26

36.46
31.38
23.29
22.61
21.73

15.406

29,39
33.98
27.67
23.40
55.80

8.54

31.98
29.77
27.65
38.32
22.85
27.39

Silt

61.
61.
48,
46.
68.
73.

53.
56.
58.
63.
67.
75.

57.
a5,
58.
60.
36.
81,

53.
66.
67.
55.
72.
68.

51
11
72
29
93
09

32
11
88
81
01

69

35
52
79
42
79
08

68
06
10
63
38
40

Clay

10.
9.
14.

12.

32
58
94

70

3.60 -
6.65

10.
12,
17.
13.
11.

22

50

83
58
26

8.85

13.
10.
13.
16.

26

.50

54
18

7.41

10.

1

F e ALY

32

. 34
W17
.25
.05
.57
21

USDA
Text.

Sil.
SiL
L
L

<81l

5iL

SiL

T SiL

SilL
SiL

- 8iL

Sil

SilL
Sil
SiL
SiL
5L
51

SiL
SilL
SiL
Sj..IJ
SiL
SiL

Dg,

gn/ce 1/3 ATM.

1.13
1.17
1.23
1.31

.1.36

1.41

Properties ol Sites in Burke County, North Dakota.

Water Content, %

30.89
24.50
24.09

21.56.
23.74

28.18

24,65
25.44
25.31

22,35

28.30
29.62

31.99
23.22

21.99 -

25.36
18.10
23.02

29.47
31.32
29.09
26.90
28.42
27.60

15 ATM.

12.07
12.68
14.27
16.01

10.03

11.73

12,07
12.66
12.14

9.78
13.26
12.63

14.06
10.04
10.97
13.17
7.76
9.95

13.56
17,08
14.00
12.22
11.59

'12.19

AW,

18.82
11.82

9.82
11.55
13.71
16.45

12.58
12.78
13.17
12.57
15.04
16.99

17.93
13.18
11.02
12.19
10,34
13.07

15,91
14.24
15.09
14.68
16.83

- 15.41

Vol.

21.27
13.83
12.08
15,13
18.84
23.19

14,84

© 15.56

16.20
15.96
20.45
24,46

22.95
17.26
14.99
16.21
14.16
18.56

18.45
17.52
18.86
19,23
22.55
21.88

cm in
Layer

2.13
2.07
1.81
3.03

©7.46

6.96

1.48
2,32

2.43°

3.19
8.18
7.34

2.29
2.59
2,25
3.24
5,67
5.57

L.84
2.63
2.83
3.85
9.02
6.56

o oW

. EC,
mmhos

0.42
0.18
0.25
2.40.
5.50
6.20

0.40
0.28

2.30

2,10
0.74

'3..50

G.35
0.12
Q.15
0.16
0.45

1714

.60
40
.00
.40
.90
.90

w

= O
s I
/Y

-

NFOOOO
MWD OO
WSy ohin

H OO O OO

BOMY ~2 00 B
Oy ~4 O L O

fae R )
[ Iy ]
£~ W

0.05
0.006
0.16
0.41°

1.30
1.58
1.80
1.94
1.76

© 2,12



Table 3.

Site

Depth,
cm

.0-10
10-25
25-40
40--60
60-100
100-130

0-10
10-25
25-40
40--60
60-100

100-130

0-10
10-25
25-40
40-60
60-100

100-130

0-10
10-25
25-40
4060
60-100

160-130

Site Fractions, %

Sand

34,06

35.64 -

33.95
50.39
29.00
21.21

'31.01

31.36
20.87
31.80
68.87

59.56

41.28
37.32

32.32 .

31.64
32.80
33.35

39.66
34,81
32.34
27.98
34.08
32.77

Sile

. 53,72
53, 45

53..00
36.63
48,68
60.72

57.13
57.10
59.71
54.30
26.68

33.91

47.02
45.65
46.97
60.51
61.63
62.08

44,19
44,12
44,98
50.66
60.79
51.24

Clay

12,22
10.91
13.05
12.98
22.32
18.07

11.86
11.54

11.42

13.90
4,45
6.53

11.70
17.03
20,71
7.85
5.57
4.57

16.14
21.07
22,87
21,35

5.13
15.98

USDA
Text.

Sil

5iL

SilL

_5iL

L
SiL

SikL
5il
SiL
SiL
SL
SL

Sil
5iL
SiL

L

SiL
SiL
SiL

bp s
gm?cc 1/3 ATM.

1.27

ln31 *

1.28
1.31
1.51
1.53

1.22
1.23
1.30
1.39
1.27
1.40

1.31
1.33

Properties of Sites in Williams County, North Dakota

Water Content, %

25,75

.23.93

23.91
18.59
25.78
23.24

24.96
22.84
22,66
22.72
12.04
17.51

22.45
23.61
22.39
24.96
25,69
24.77

24,62
26.63
28.08
25.95
23.10
24.17

15 ATM.

18,28
13.28
15.88

9.75
12.74
12.35

11.90
11.45
12.24
12.27
6.34
8.16

i2.38
14.64
12.78
13.49
i2.6l
12.42

13.41
13.64
13,39
13.84
-12.26
12,16

ALW.

12.
10.
8.
8.
13.
10.

13.
13.
10.
10.
.70
.35

5
9

10.
5
11.

13.
.35

12

1.
12,
14,
12.
10.
1z.

47
65
03
84
04
89

06
39
42
45

07
97
61
47
08

21
99
69
11
84
01

Vol.

15.84
13.95
10.28
11.58
19.69
16.66

15.93
16.47
13.55
14,52

7.24
13.09

12.59
11.75
12.78
16.29
19.23
18.77

13.34
15.98
19.24
15.38
14.063
17.77
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n o~4 b3 B NP

[0 e i

v L b

£C,
mmiLos

0.70
0.31°
0.37
0.57
0.52
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Table 4. Moisture Profiles for Sites in Divide County, North Dakota

. L site X
Date Growth Stage _ Depth, em
: 0-10 = 10-25 25-40 40-60  60--100  100-130
7-15 7 13.73 20.60 24.83 29.85  -38.27 hh. 16
7-22 10 43,08 22.17 24,52  .28.52 38.04 42.90
7-29 10.5.4 15.34 19.40 22.57 28.28 37.05 43,65
8=4 10.5.4 19.53 19.34 22.83 29.17 40,23 46.93
8-11 11,1 17.23 20.38 23.73 32.18 38,15 42,90
8-19 11.2 30.08 27.89 22.99 24.64 35.24 40.11
8-27 11.2 27.77 31.90 25.90 27.43 35.14 39.76
9-5 "11.3 27.37 33.04 30.02 32,75 34.93 39.99
9-10 11.4 20.32 30, 37 27.73 - 32,18 34,22 39.18

9-16 (Harvested) 24.56 30.28 28,76 33.62 35,76 39,18

Site 2
Date Growth, Stage ] . Depth, cm -
’ 0-10 10-25 25-40 4£0-60 60-100 100-130

7-15 10.5 8.41 18.43 19.53 21.38 28.04 2G.34
7-22 10.5. 4 15.93 19.07 19.47 20.34 26.39 20.17
7-29 11.1 14.49 18.34 18.78 19.61 24.96 20.38
8-4 il.2- 11.61 18.32 18.85 16.32 24,58 20.60
8-11 11.3 12,98 19,82 21.88 27.66 24,71 38.61
8-~19 il.4 17.49 23.97 21.74 19.30 24.83 20.95
94 (Barvested) 14.99 26.61 26.32 21.38 25.97 20.68
9-10 - 15.85 18.98 24.27 24.96 22.62 19.18
9-16 - 17.88 22.68 25.56 24,83 26.32 21,12



Table 4 (con't)

Date

7-15
7-22
7--29

Date

|
O n

1

\D\D\DOOCIOCOOJ‘--I--J--J
el B 0 I S T el el S A B A
—~ D

o O

1

Growth, Stage

10
© 16.
11.
11,
11.
11.
11.
11.
11.
(Harvesied)

oW

Growth Stage

10/3
10.5.4,
10.5.4
11.1

11.1

11.2

11.3

11.4

11.4
(Harvested)

-12-

Site 3
Depth, cm _ - I
6-10 10-25 25-40 40-60 60-100 1.00-1.30
4,84 18.27 21.60 25.69 31.71 34.22
18.14 21.51 24 45 25,09 31.90 34.42
8.48 18.41 22,27 26.32 31.81 33.92
9.234 18.85 23.38 28.93 35.66 37.27
13.41 19.64 23.73 30.63 34.73 37.60
28.54 24.52 25.36 29.59 34.52 38.72
22.67 33.72 25.97 28.44 32.09 34.52
23.81 35.14 27.35 27.66 31.53 32,94
14.77 32.09 26.39 27.73 32.09 34,02
19.93 30.81 27.05 27.97 32.75 34,52
Site 4
Depth, cm

0-10 10-25 25-40 40-60 60-100 100-130
-9.04 17.12 18.36 25.83 42.77 42,77
16.21 18.36 19.03 25.56 43.27 41, 30
12.86 15.25 18.33 23.44 41.30 37.71
8.74 18.12 18.37 28.85 45,07 38.49
12.84 18.20 18.36 27.12 42.52 35,03
27.57 19.27 18.32 24.77 38.38 32.87
24 .58 24.52 19.15 26.39 39.99 32.27
22.33 28.20 24.27 23.67 39.99 33.62
18.29 25.09 20.07 29.42 37.82 33.92
24 .43 24.21 20.87 25.76 38.95 33.82
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Table 5. Moisture Profiles for Sites in Burke Cpﬁnt&, North Dakota -

7-14
7-22

7-28
8-5 .

8-11
8~1%
8-27
Gdy

9-10

Date

|
W3 g b

[
v =]

H

RV ! ?>m>a:«1w4~4
et 3 B D B el U1 RO PN B
] AD e

7
]
e |

Site 1 .
Pate Growing-Stage o o Depth, cm e
0-10 10-25 2540 40-60 60-100  100--300
10.5.2 3.01 18.36 18.87 23.44 25,68 37.60 -
10.5.4 17.56 15.93 18.93 20.20 29.17 36.94
11.1 10.82 186.85 19.45 20,42 29,26 38.49
il.1 11.23 19.25 19.32 23.38 ° 33,33 . 46.26
1.2 19.42 23.67 20.34 22.12 30.19 41,30
11.3. 27.47 23.85 21,08 22,89 31.81 42,40
11.3 21.83 23.05 20.45 22.57 29.51 40.82
il.4- 25.66 30.45 26.32 24,27 29.85 40.82
1l.4 T ’
. {Swathed) 18.47 28,44 25,22 25,49 30.37 40.23
{Harvested} 20.77 26.54 25.42 24.71 29,55 39.18
- 27.94 31,90 30.28 30.54 33,23 45.33
) Site 2
Growing Stage . Depth, cm .
0-10 10-25 2540 40-60 60-100 100-130
8 11.04 19.97 23.22 24,33 30.90 42,28
13.5.2 22,63 21.20 - 24,45 25£.33 32.46 38.83
10.5.3 13.68 18.82 22.42 23.05 30,72 39.06
11.1 11.09 20.42 22,27 24,21 31.53 42,77
11.1 21.73 23.91 23,75 23.79 30.81 41.18
11.2 27.34 27,12 23.44  23.56  29.76  3%9.64
11.2 - 20.25 -23.33 22.89 22.89 29:09° 37.49
1l.4 "21.89 26.76 25,29 23.61 28.04 37.49
11.4 ' 16.68 23.44 24,09 23,11 28.04 35.45
11.4 . . -
(Swarhed). 19.49 23,05 23.85 24.03 29.34 36.83
(Harvested) 19.98. 25,18 26.18 31.08 -

. 26.61

41.66



Table 5 (con't)

Date

7-14
7-22
7-29
8-5

8-11
8-19
8-27
0-4

9-10
9-16

9-27

Pate

7-14
7-22
7-29
8-5

8-11
8-19
8-27
9-4

9-10
9-16
9-27

Growth Stnge

6
10.
10.
10.
11.
11.
11.
i1.
1.
i1

Growing Stage

10.
10.
1.
11.
B
11.
11.

(Harvested)

1

4

A I I s s T LR L P

LN U
M

(Swathed)
(Harvested)

Bl
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e Site 3 .
e e e e Depth, Cm
0-10 10-25 25--40 40--60 60--1.00 100-130
11.96 18.36 20.56 29.76 30.02 40, 34
22.67 19.32 21.38 30.11 28.60 40.82
15.49 18.29 19.88 27.73 26.61 37.93
15.46 18.41 21.60 27.58 25.69 40.58
22.069 19.82 21.88 27.66 24.71 38.61
31.45 21.29 22.57 27.89 25.16 40,70
26.65 20.42 20.72 25.49 23.38 37.60
26.20 25.56 22.07 26.25 23.22 34.32
20.28 21.97 24.83 24.83 22.62 35.34
26.07 21.05 22.37 25.49 22.73 35.03
29.66 29.26 31.08 29.26 24,03 34.02
Site 4
Depth, cm
0-10 10-25 25-40 40-60 60-100 100-130
'13.26 26.39 32.09 32.18 35.66 42.90
21.45 24,15 30.90 29 .85 34.12 . 41.30
17.87 22.17 30.54 29:09 33.52 39.52
17.38 29.76 31.17 31.99 37.71 44 .94
23.05 29.59 31.08 29.42 33.23 39.29
29.34 34.02 30.54 30.81 34.73 40.58
25.02 33.52 29.34 28.76 33.13 38.72
26.47 32.75 28,93 28.36 31.62 36.08
19.34 25.85 29.42 28.93 31.71 37.93
21.29 30.37 29.26 29.26 33.13 37.93
25.68 32.18 33.43 34.02 35.97 44 472
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Table 6. Moisture Profiles for Sites in Williams County, HNorth Pakota

e Site 1 _
Date Growing Stage _ Depth, em

0-10 10-25 25-40 40-60 60-100 100-130
7-15. 10.2 8.85 18.24 18.46 18.38 28.04 30.11
7-22 10.5.2 11.32 18.27 18.37 18.35 25.03 27.81
7-29 . 11.1 8.81 18.22 18,34 18.27 21.46 27.173
8-4 i1.1 15.91 18.40 18.35 18.33 26.47 30.02
8-11 11.2 16.47 18.75 18.33 18.28 23.79 26.83
8-19 11.2 11.90 18.42 18.35 18.32 24.77 28.12
8-27 11.3 19.51 18.82 18.32 18.28 23.27 26.32
9-3 11.4 22.91 29.51 24.96 22.73 25.76 26.83
9-9 11.4 15.91 26.76 24.03 21.08 25,97 27.89
9-1

-15 (Harvested) 19.61 25.29 21.93 20.07 27.05 26.18

Site 2
Date Growing Stage Depth, cm
: 0-10 10-25 25-40 40-60 60-100 100-130

7-15 16.

5 7.72 18.22 18.37 18.28 18,27 23.44
7-22 10.5.3 10.41 18.22 18.33 18.26 18.25 23.05
7-29 11.1 - 9.34 17.25 18.28 18.24 18.21 21.55
8-4 11.1 13.93 13.29 18.33 18.24 18.23 24,39
8-11 11.2 16.78 21.04 21.42 19.58 18.45 23.27
8-19 11.3 13.14 19,34 20.56 19.07 18.36 23,44
8-27 1.3 19.42 19.58 19.97 18.82 18.30 21.97
9-3 11.4 19.80 23.61 20.17 19.25 18.29 20.91
9-9 11.4 15.35 20.60 19.91 1%.11 18.28 21.04

§-15 (Harvested) 17.47 20.04 20.07 18.61 18.30 22.89



Table 6 {con't)

Nate

7-15
7-22

Date

Growth Stage

10.
10.
10.
11.
11.
1i.
11.
(Harvested)

NN U

Growing Stage

11.4
{Harvested)

-16-

Site 3 L
] Depth, cm . B

0-10- 10-25 25--40 40-60 60-100 100-130
7.25 10.22 18.36 18.43 27.89 28.60

10.72 18.26 18.34 18.41 26:54 28.60
8.79 17.63 18.28 18.29 23,27 29,01

13.28 18.25 18.28 18.33 25,76 30.11

20.94 20.38 18.56 18.78 25.90 28.28

13.22 19.18 19.22 18.68 26,61 29,85

21.21 19.82 18.91 18.52 26.76 28.20

24.66 23.97 19.76 18.51 26.11 28.12

15.72 21.74 20.45 18.60 .26.47 28.36

17.28 20.95 20.01 18,05 26.32 29.76

Site &
Depth, cm . .

0-10 10-25 25-40 40-60 60-100  100-130
5.03 18.25 °  18.43 18.41 24,90 25.04
7.85 18.20 18.35° 19,45 24 45 24 .64
6.79 15.12 1.8.24 18.98 24,33 25.36
9.02 18.20 18.31 20.24 24.96 27.12

11.90 18.66 18.40 20.17 23.61 27.35
9.65 18,36 18.50 21.55 24.21 26.68

16.83 21.29 18.46 20.01 23.50 + 24.83

14.91 25.36 20.07 19.73 23,33 25.69

12.95 22.89 20.76 20.76 23.67 26.04

10.68 22.12 21.08 21.12 23.79 25.76

oF THE
BEPRODUGB;]EEEFP.YIS POOR
ORIGINAL Fats :
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I. INTRODUCTION

This work was initiated under an agreement with Edrth Satellite
Corporation, Washington, D. C., which has contract commitments in con-
nection with the Large Area Crop Inventory Experiment (LACIE).' The terms
of the agreement were outlined by Earl S. Merritt in his letter to Joseph
M. Caprio dated May 27, 1975. The purchase order carries Earth Satellite
Corporation identity No. 75-2422., The letter, purchase order, project
statement and material on NASA disclosure provisions for earth resources

data are presented in the Appendix.

Soil moisture measurements using the neutron probe method were to be
made.in spring wheat fields by the Plant and Soil Science Department,
Montana State University, at about weekly intervals during the 1975 crop
year in four specified experimental areas (dimensions 2 by 10 miles)
located in Glacier, Hill, Liberty and Toole counties, in northern Montana.
Several soil moisture observation sites were to be located in each of these
four areas. The soils at experimental areas were to differ, within a given
range, in water holding capécity and in osmotic potential. It was necessary
to work with heavier soils having higher available water holding capacities
than specified In the original plans since light (sandy) soils were general-
ly unavailable in the four designated experimental areas of Montana. The
neutron probe was to be the basis for determining soil moisture down to a
depth of about four feet. This work was to contribute information for use
in the Large Area Crop Inventory Experiment (LACIE) which is a cooperative
program between National Aeronautics and Space Administration, United States
Department of Agriculture and National Oceanographic and Atmospheric Admini-
stration to study the feasibility of conducting agricultural inventories

using satellite data.



Field wo%k;aid net—ﬁegin ue;il-the last weeﬁ in June when spring:wheet
was.already en the tillering stage because of the .late epring initiation
date of ihé contract. Farm operations this year were several weeks later
than normal ln Montana due to a cold, wet spring and the harvest period wasj
also late by several weeks. In all, tem spring wheat soil moisture sampling
sites were established in the four counties, two each in Glacler and leerty
counties and three sites each in Hill and Toole counties. Table 1 gives

the specific location of each site,

In view of the long distance to the sites from Bozeman and the two days
of travel’ and work involved for each trip, it was desirable to include a
relatively large number of individuals in the project so that no one would
be required tp eork every weekend. Observations had to be made on weekends

because neutron probes in the Plant and Soil Science Department were already

- committed to other projects during regular working days.

Early in the season it was necessary to send a team of two men to
record neutron probe counts, make site location measurements, and to famil
iarize additional personnel with site locations and measurement procedures.

.

Later in the season observations were sometimes made by only one technician.

A total of 13 observations were made between June 27-28, 1975 and

September 27-28, 1975. The dates of cobservation were as foliews:

RODUCIBILITY OF Tt
@g@m& ‘BAGE 15 POOR



Table 1. Locations of the ten observation sites in Montana.

Site

County -

Township Range Section Distance and Direction
in from Edge of Field
G-1 Glacier 33 8w 16 SE/SE 75'W
G-2 Glacier 33 B8W 11 SW/SE 89'N
H-1 Hill 34N 13E 24 SE 711'E
-H-2 Hill 34N 14E 18 SE 44'E
H-3 Hill 34N 14E 17 sw 74'E
L-1 Liberty 35 6E 35 NW/NW " 71's
1-2 Liberty 34 7E "6 NW/NW 46'N
-1 Toole 36N 2 16 SE/NW 61'E
T-2 Toole 36N 2W 10 SE/sW 55N
T-3 Toole 36N 1w 11 sw/sw 37'N



Obgervation No. Date . Observation No. Date

1

2

June 27-28 _ 8 - Aug. 16-17
July 7 9 Aug. 23
July 12 10 Aug, 30-31
July 19 11 Sept. 6-9
July 26 12 Sept. 13-14
Aug., 2 13 Sept. 27-28
Aug. 9

The entire run from Bozeman and return required a motor vehicle trip

averaging about 920 miles. Runs were usually made either from Friday after-

noon through late Saturday or all day Saturday and part of Sunday.

>

Those involved in field work during the summer were:

Joseph M. Caprio (Professor and Agricultural Climatologist-
Bozeman)

Harold A. R. Houlton (Assistant Soil Scientist-Northern
Agricultural Research Center) ——

Char;es M. Jones (Graduate Student)
Alfons G. Lazarewlcz (Senior)
Douglas V. Lovely (Senior)

Paul R. Rebich (Senior)

Steve Kiobofski (Technician)

Kim Kucera {Technician)



Computer ﬁroaessing of dat; was aacomplisﬁed by Paul R. Rebich
who is & senior at Montana State University majoring in Computer Science.
Roberé D. Snyder, who holds university degfees iﬁ statistics and computer
science, did much of the laboratory work which included making photo-
interpretative estimates of (1) phenoclogical phases, (2) percent of

ground covered with vegetation and (3) percent of crop which had lost

its green color.



TI. PROCEDURES OF FIELD INSTALLATION

A neutron access tube was insﬁalleq at each of the ten sites at a
reasonable distance from the edge of the field to minimize border effects.
Holes were bored in the soil with a Giddings soil sampling machine mounted
on a.pickup-truck. The 3.370 em. diameter soil cores were laid horizontally

on a platform and cut into soil sample segments corresponding to the following

depths:

Centimeters Feet Centimeters Feet
1-10 0-.33 40-70 1.31-2.3C
10-25 .33—.8} 70-100 2.30-3,28

25-40 - .82-1.31 100-130 3.28~4.27

A 1-5/8 inch inside diameter steel conduit pipe of 5-foot length
served as the neutron access tube. It was ingerted in the hole with the
‘top projecting about 6 inches above the soil surface. The bottom inch
of each tube was cut in eight places and bend inward to prevent soil in-

trusion,

A v-shaped wedge about 1/4-inch deep was cut on two sides of the top
of the neutron access tube for the purpose of positioning a 6-foot long
: z
camera stand. The camera stand recessed ¥-1/2 feet into the neutron access

tube allowing same-frame photographs to be taken at a height of about 4 feet

above the ground surface.



Soil core samples were taken to a depth of 130 cm. during the first
run on June 27 and 28 and again during the last runm on September 27 and
28. Some difficulties were encountered during the June run because of

very wet sodl conditions.

The soil samples were placed in bags, returned to Bozeman and oven
dried at 60°C tl40°F) for four days. Weight loss by oven drying was used
to calculate water fraction by weight. The weight of oven-dried soil in

each core was computed by subtracting tare bag weight (14.5g).

Caution was necessary when taking samples near the surface where the
soil core tended to crumble and at greater depths where the soil tended to
compact. Bulk density values used in this study were derived from smooth
curves drawn by eye through the sequence. of bulk density measurements made
at each site on June 27-28 and September 27-28. Bulk densities for all

sites and depths are given in Table 2.

There was some variation between sites in the height that the neutron
access tubes projected above the soll surface which appeared to influence
neutron counts at the 0-10 cm. depth. The heights of the top of the neutron
access tubes ébbve the soil surface were measured on the north and south
sides of the tube during Observation No. 12 (September 13-14). The average

of these two height measurements is given as follows:



Table 2. Bulk density of soil (grams/cm3 Y* .

Soil Depth (cm)

0-10 10-25 25-40. 40-70 . 70-100 100-130

Site

G-1 1.32. 1.3 1.36 1.41 1.51 1.63
G""Z 1.‘-34 Ta 1:-38 ' 10&3 1-54 1065\ ln73
H-1 1.3 . .1.36 1.23 1.22 1.51 1.61
H-2 . . -1.28 1.29 ©1.32- 1.:42 1.50 1.55
He3 1,47 1.48 1.48. 1,47 - 1,47 1.52
L‘-l . 1.51 1054 la59 1154 1-49 1-44
1-2 1.42 1.52 1.53 1,45 - 1.45 1.47
eI 1.29 1.39 1. 30 1.33 140 1.45
T-2 1.31 1.37 1.41 1.44 1.47 . 1.58
T3 1,33 1.38 1.46 1.58 .  1.60 1.67

*Crams of oven-dried soil per cubic centimeter.



Site Height (cm)

G-1 12,95

H-1 10,20

H-3 15.80

-1 16.05

L-2 14.30

T-1 13.90 (estimated from photographs)
T-2 14.00

T-3 16.50

For each of the Observations 1 through 9, the average of the usual
three neutron counts for each level at each site was computed, The lowest
of these averages for each level at each site was selected from the nine
observations. An average of these selected lowest values for a given level
was computed and this average was divided by each site value to obtain a
ratio. Thié same procedure was followed using median values of each of the
sites. The two resulting ratios for each site (; low and a median) were
added and these values were used in’correlation against height of ghe tubes
above the ground. These values are presented on page 29. Correlatioﬁs,
as described above, were determined for both Level 1 and Level 2. The
results were as follows:

Level 1 ( 0-10 cm) + 0.6840 Significant at 5% level

Level 2 (10-25 cm) + 0.0107 WNot significant

The correlations suggest that the different heights of the neutron

access tubes were a factor in neutron counts for Level 1 but not for

greater depths.
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TIT. FIELD MEASUREMENTS

The neutron counter (scaler) time employed was 0.25 minutes (15
seéonds). The background count was always made at each site before maglng
counts in the soil. The neutron probe was placed on its wooden box container
(set on edge) for all background readings except during Observation No. 6
(August 2) when thé background was made with the instrument positioned oh‘
top of the nepﬁron access tube at sites H-1, H~2, and H~3. The student
" observer indicated that this tube-top position gave about the same back-

- ground read}ﬁgs as when‘the Instrument was placed on top of the instrument

box, but no other background readings were made in this way.

During_tﬁé first obéervgtioﬂ'(Ju£e 27-28) onl} two neutron counts
were recorde&. fhree counts ﬁere actually made in the field during this
first run-but the count which deviated most from the others was erased from
the record ﬂook. Duriﬁg the remainder of the season three neutron counts
were recorded. Sometimes, when a neutron céuﬁt was not in close agreement
with the others, an additional count was made and the deviant value was not

recorded,

The scalers and neutron moisture probes used in this work ‘were all manu-—
" factured by Troxler Electronic Laboratories, Inc., Raleigh North Carolina.v
The neutron poisture probe utilizes an AmericiumrBeryllium source. In regular
use was shalér Model No. 2651 (Serial No. 932) and neutron moisture probe

Model No. 1257 (Serial No. AMh191). The "regular" Troxler was not available
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for Observétions No. 10 and No. 11. Alternaté Instruments used for Ob-~
servations No. 10 and No. 1l were scaler Model No. 1651 (Serial No. 675)

-and another neutron moisture probe (Serial No. 317) of the same fiodel

as the regular probe. Conversion of counts was made based on rédadings of
both neutron proEe and scaler sets duriné Observation No: 13; except for.;he
three Hill County sites where both instrument sets.were r;ad during Obser-
vation No. 12. The ratio of the counts made with each insfrument set for
background and for all six lgvels at each site served as multiplicative
factors to adjust readings of Observations No. 10 and No. 11 to the regular
neutron probe:and scaler. Thus, a different multiplicative corréction factor

was applied for each of the six levels at each of the ten sites for conversion

of counts fof Observations No. 10 and No. 11.

The heights of five randomly selected plants were measured in the field -
to the nearest centimeter. Plant heights were recorded by measuring plants
held in a verFical position, except during Observation No., 2 (July 7) when
the observer méasured the height-of the plants as they stood in the field.

Plant heights,ére presented in Table 3.

* The soils across £he area are generally of glacial till'origin and
they tend to be quite heavy. Soills at_both Glacier County siées have been
classified as Fairfield gravely loam. Detailed soil sﬁrveys for Hil1,
Liberty and‘Toole counties have not been made. However, Telséad-?hillips
clay‘loam is common in the Hill County area, Telstad clay loam and Joplin

clay loam in the Liberty County area, and Joplin clay loam and Sprole

sandy loam in the Tocle County area.
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Table 3.

Ob.
No. '

10
11
12

13

Height of spring wheat plants (cm).

Date

6/27-28
7/7

7/12

‘7719

.7/26

8/2
8/9

8/16-17

- 8/23

18/30-31

9/6-9
9/13-14

9/27-28

Gl

22

35

. 58

79

66

- 68

68
72
68
64

59

G2

19

39
42
75
74
73
77
72
79

71

HI
30
30
56
84
84
84
74

82

Site

m2
25
33
60
78
78
!
82

82

H3

34
48

82

99 -

98
99

- 99

102

Ll

26
25
40
54
54

54

51

66

65

55

62

48

L2

28
41
57
73
76
74
77
78
77

71

T1

19

45
36
80
76
78

78

76
77

77

. ’TZ.

16

32
32

61

65

70
76

77

73
-68.

69

T3

17

29,
40

52
77
75

83

80 |

75
74
71

78

ZT



Photogrgpﬁs were Faken wilth a Minolta_?s‘Hi—maEic camera using
35 mm colored Ektachrome ASA 64 film. The 6-foot long camera stand re-
cessed 1-1/2 feet into the neutron access tgbe and was positioned into
a nor£h facing direction by .two one-quarter inch v-shaped notches cut
into the top: of the tube. Thus,'the camera.was set at a height of four
feet above the surface of the ground. Pictures were taken toward the
north in a horizontal position (at infinity setting) .and at an angle
of 30 degrees down from the horizontal (at 10-foot setting) The
latter position provided a ground center point in the wheat about seven

, feet away from the base of the camera stand.

Observations No. 2 (July 7) and No. 9 (August 23) were not completéd
due to onset of heavy rains., Travel to northern Montana for Observations
No. 2 (July 7) and No. 6 (August 2) was accomplished with a Cessna 172 air-

plane, the first flight landing at Chester, and the second flight landing

at Havre. Charles M. Jones (graduate student) piloted the plane. In each of

these cases'motor véhicles were available at or near the airports to make
the run from there. The Soil Comservation Service provided the vehicle at
Chester an& the Northern Agricultural Research Center provided the vehicle
at Havre. Observation No. 12 (September 13) was not made at Site T-1
because the top of the neutron access tube had been bent inwatrd by farm
implements durigg the harvest. During Observation No. 7 (August 7) grass-
hoppers wefe logged as "rather abundant" on Sites H-1, H-2 and T-2. From
25 to 30 grasshoppers per square yard were counted during Observation No.

10 (August 31) at Sites H~1l, H-2 and H-3 and 12 per square yard at T-2.

13


http:Minolta.7s

Most of. the fields were harvested by combine, but for at least one of -
the sites (Tr2)'the wheat was first windrowed in the field with a swather to

permit drying of the late maturing grain.

Information on crops and soils at the 10 ob§ervatiqh sites are pre-
sented in Tablela. Phenological phases of spring wheat using the Feekes
Scale were estimated for each observation and these are presented in Table 5.
Estimate; of percent of ground surface covéred with greén vegetation are

given in Table.6.

Information was not solicited from farmers on the amount of fertilizer
they had appiied to the fields. However, it is likely that’th; stand at’Site
G~-1 was thin because ve;y little, if any, fertilizer had been appl£ed'this
year. Generally, some of the differences in yields bétween sites are due to

management practices.

14



Table 4. Information on crops and soils at the ten observation sites in
Montanatk,
Available
Water Osmotic
Capacity Water
Planting Harvest Yield {0-100 cm) (0-100 cm)

Site Date Date BU/A MM MM
G-1 May 10 Sept. 28 22 165 2
G-2 May 30 Sept, 22 20%% 154 2
H-1 May 21 Sept, 1 22 204 16
H-2 May 15 Aug. 29 28 178 9
H-3 May 16 Aug. 29 30 229 4
L-1 May 20 Sept., 22 31 kkx 133 56
L-2 May 14 Sept. 5 35 157 "18
T-1 May 21 Sept. 21 32 156 16
T-2 May 31 Cct, 2 38 205 4
T-3 May 30 Oct. 31 30 239 9

* The spring wheat variety, Fortuna, was grown at all sites

%% This may be too low -
%% This applies for the entire large fileld.

Yield at observation site was

probably much lower because it was within 80 feet of the édge of a saline

seep

15



Table 5.

Date
6/27-28
/1
7/12
7/19
7/26
8/2

8/9
8/16-17
8/23
8/30-31
9/6-7
9/13-14

9/27-28

Spring wheat phases (Feekea Scale) and percent of crop which has lost its green color.

G-1

5-6
M
8~10

10.5~-11

11 (35%)

11 (40%)
11 (70%)
11 (95%)
11 (99%)
11 (100%)
11 (100%)
11 (100%)

K

7-8

8-9
10.5~11
11 (15%)
11 (15%) ~
11 (402) -
11 (65%)

11 (90%)

.11:(992)

H

H

" H = harvested -
M = missing

H-1
5-6
6-7
10-10.1
10.5-11
11°(25%)
11 (35%)
M
11 (90%)
M
11 (100%)
H
H

10=10.1

10.5-11
vy

11 (35%)

M

11 (95%) l

M

B

Site
" H~3

-5-6

67

.10-10.1

10.5-11

"11 (02)

11 (5%)
M

11 (552)
M

11 (100%)
g

g

5-6

6-7

L]

10-10.1

10.1-10.5
10.1-11
11 (40%)
M
11 (95%)
11 (997)
11 (100%)
11. (100X}
11 (100%)

H

1-2

5-6

6-7 .
i0.1-10.5

. 10.5-11

1L (40%)
M R
11 (957)
11 (99%)
11 (100}
H
H

H

6-8
10.1-10.5
11 (5%)-
11 {5%)
M
11 (407)
11 (50%)
11 (85%)
11 (952)
M

H

46

810

10.1-10.5

11 (0%)
M

11 {152)

11 €25%)

11 (652)

11 (80%2)

11 (957)

H

46
8-10

10.1-10.

© 11 (0%)

M
11 (101)
11 (20%)
11 (50%)
11 (60%)
11 (90%)

11 (99%)

91



Percent of ground covered with green vegetation,

Table 6.

Ob.' ‘

No. Date

1 7/27-28
L2 777 .

3 7/12

4 7/19

5 7/26

6 8/2

7 8/9

8 8/16-17

9 8/23
10 8/30-31
11 9/6-9
12 9/13-14
13 9/27-28

50
55
45
35

20

]

55

65
65
60
50
40
20

10

" less than 5 percent

missing

40

-80

85
85
65

33

15

30

55

75

85

60

H-3
45
290
85

90
90

45

. L-1

45

50
65

70

60
45

80

80
80

60

T-1

20

60
85
80

80

55

30

20
15

T-2

15

30
* 55
65
73

55
45
35
30

15

55
50

45

40

©15.

L1
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IV. LABORATORY TESTS

Laboratory tests %ere conducted to determine water fraction (weight
of water/weight of oven-dried soil) at 0.3 and 15 atmospheres using the
pressure plate extractor. These were converted to water fraction by volume
(multiplication by soil bulk density)l Table 7 and Table 8 lists the amount

of moisture held in the soil at 0.3 and 15 atmospheres, respectively.

Soil moisture at 15 atmospheres was assumed to be the thréshold of
water availability for plants. The difference between water fraction by
volume at 0.3 and 15 atmospheres was assumed to be the crop available mois-
ture capacity for each cubic centimeter of soil exclusive of the moisture
made unavailable by soil salinity. This information is presented in fable 9,

In or@et to determine the amount of soil moisture made unavailable by
the salt content of the soil (osmotic potential), electrical conductiyity
tests were performed in the laboratory on 2:1 water-soil extracts by weight
and these values were converted to values for saturated solution extracts.
Electrical conductivity determinations were not made for samples at Levels 1
and 6. Values éor electrical conductivity at Levels 2 and 5 were considered
applicable for Levels 1 and 6, respectively. The results, given in Table 10,
are expressed in millimhos per centimeter at 25°C. The relation between
osmotic potential in atmospheres (Y¥) and electrical conductivity (X) was
computed by the following equation:

Y = .3600 X (See reference below)
Atmospheres of osmotic pressure computed in this way are presented in Table
11,

Saline and Alkali Soils., Agricultural Handbook No. 60, (Chapter 2),
United States Department of Agriculture. Edited by L. A. Richards, February

1954,



Table 7. Amount of water held in soil at 0.3 atmospheres (cm3 water/cm soil).

Soil Depth (cm)

0-10 10-25 25-40 40-70 70-100 100-130
Site

G-1 \2243 .2277 .3748 .2632 .3589 .3875
G-2 L2344 L2414 ,2813 L3442 .3435 .3602
-1 .2959 . . 2895 4526 . 2951, .4320 - 4606
H-2 .3325 .3351 4536 .4040 4056 .4191
B-3 3699 . .372% . 6040 4666 .4811 .4975
-1 3751 .3825 4562 .4689 .3896 .3766
L-2 .3712 L3973 4237 4697 4157 L4214
T-1 .3607 . 3886 .4011 . 3407 . 3602 .3731
T-2 2923 .3056 . 2988 .3132 4307 4629

T-3 . 3486 .3617 4704 .4024 .4530 4728



Table 8.

Site

G-1

Amount of water held in soil at 15 atmospheres (cm3 water/cm3 soil).

Soil Depth {(cm)

0-10 10~25 - 25-40 40-70 70-100 100-130
.1588 .1612 L1484 .1197 L1201 1296
.1725 L1776 L1472 .1392 .1492 L1564
1653 © .1617 .1336 .1137 1475 .1573
.2095 .2112 .2430 .1962 .1986 .2052
.2061 .2075 .2393 .2284 .2596 .2684
.2108 .2150 .2366 L2472 .2301 .2223
.2485 - .2660 L2479 . .2438 .2538 .2573
.2265 . 2441 .2196 1424 ;1918 .1987
.1610 .1684 .1279 .1234 .1230 1323

- 1758 .1824 .1501 T .1563 1792 .1870



Table 9.

Site

G-1

Amount of soil moisture available to plants between (0.3 and 15
atmospheres assuming no soil salinity (cm3 water/em3 soil),

0-10

. 0655

.0619

.1306

.1230

1638

L1643

.1227

1342

1313

.1728 -

10-25

. 0665

.0638

.1278
.1239

.1649

1675

.1313

. 1445
1372

1793

Soil Depth {(cm)

25-40 40-70 70-100
2264 .1435 .2388
1341 .2050 ,1943
.3190 .1814 . 2845
2106 .2078 .2070
3647 ,2382 .2215
.2196 2217 1595
1758 .2259 1619
1815 .1983 . 1684
.1709 .1898 .3077

.3203 «2461 .2738

21

100-130

.2579

.2038

.3033
.2139

.2281

1543

L1641

1744
. 3306

.2858
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Table 10. Electrical conductivity of soil (millimhosfcentimeter)ls2

Soil Depth (cm)

0~-10 10-25 25-40 40-70 70-100 100-130
Site
G—l ‘4 (045) 05 (150) -5 (05)
G"‘z -5 (.1}5) nli (n45) 05 (-5)
H-1 N 1.4 .8 .6 6.7 11.2
H—2 1.0 108 08 113 6.1 12'7
H"’3 100 (-85) -7 (-8) -9 (-9)
L-1 2.0 3.7 .6 1.0 .6 .7
L-2 .5 .7 1.0 .7 12.7 15.1
T-1 1.3 1.0 1.0 4.0 7.6 8.2
T-2 1.2 (.85) .5 (.65) . .8 (.8)
T"‘3- -6 (-60) B .6 (160) -6 (-6)

1. Values are conversion to saturated paste extracts based on 2:1 water-
soil extracts (from previously correlated values).

2. Values in parentheses are interpolated from adjacent depths.



Table 11, Soil salinity expressed as atmospheres of osmotic pressure#,

Soil Depth {(cm)

0-10 10-25 25-40 40-70 70-100 100-130
Site
G-1 0.1 0.2 0.2 0.2 0.2 0.2
G-2 | 0.2 0.2 0.1 0.2 _ 0.2 . 0.2
H"'l 0 1 0-5 003 0.2 2.4 4.0
H"‘z 0-4 Ol6 0-3 Oos 2.2 4-6
H-3 0.4 0.3 0.3 0.3 0.3 0.3
L-1 0.3 0.6 1.7 5.3 8.2 9.4
L-2 0.2 - 0.3 0.4 0.3 4.6 5.4
T-1 . 0.5 . 0.4 0.4 1.4 2.7 3.0
T-2 0.4 0.3 . 0.2 0.2 -0,3 0.3
T3 0.2 0.2 0.2 0.2 0.2 0.2

*Computed by multiplying electrical conductivity in millimhos
per centimeter by the value 0.36. For reference see "Saline
and Alkali Soil", Agricultural Handbook No. 60 U.S.D.A.
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Water content per atmosphere for the 14.7 atmospheres range (0.3
to 15 atmospheres) was computed using the laboratory test data giwven in
Tables 7 and 8., After determining water content per atmosphere, it was
possible to estimate the amount of soil moisture made unavailable to.the
plant by any given number of atmospheres of osmotic pressure. Some laboratory
tests of wéter content at 0.3 atmospheric pressure which appeared to be un-
usually high were repeated, and in all cases the repeated tests corres-
ponded closely with the originals. For the following sites and depths
(in parentheses); the average of two laboratory tests were utilized in the
computations: G-2 (70-100); G-3 (25-40); H-1 (25-40); H-2 (70-100);
HB-3 (25-40); T-2 (70-100); T-3 (25-40). The amount of soil moisture
estimated to be unavailable to plants because of soil salinity is given in
Table 12, These amoumnts were subtracted from values givén in Table 9 to
compute crop available soil moisture capacity per cubic centimeter given in

Table 13 and per core length given in Table 1l4.

Soil pH was not needed for these analyses, but it was determined in
the laboratory utilizing 2:1 water-soll extracts by weight and the information

is presented in Table 15.

ODUCHBILITY OF THE
%gCgENAL PAGE IS POOR



Table 12.

Site

G-1

G-2

Amount of soil moisture unavailable to plants because of soil

salinity (cm3 water/cm3 soil).

0-10

.0004

.0008
.0009
.0033

. 0045

.0034

.0017 -

. 0046

.0036

.. 0023

10-25

.0009

.0009

. 0044
.0050

.0034

. 0068

.0039
.0028

.0024

Soil Depth (cm)

25~40

.0031

.0009

. 0061
.0043

. 0067

0254

. 0048

.0049
.0023

.0043

40-70

.0019

.0028

.0025
.0071

.0049

.0800

.0046

.0188
.0026

.0034

70-100

.0033

.0017

. 0464
.0168

. 0045

.0892

.0507

.0310
. 0065

.0039

25

100-130

.0035

.0018

.0824
.0364

0047

.0988

.0603

0357
.0070

.0039



Table 13.

Site

G-1

G-2

H-1

H~2

B-3

L-1

T-1

T-2

Crop available soil moisture capacity taking into

account effect of soil salinity (cm3 water/cm3

0-10

L0651

.0611

1297 -

.1197

.1593

. +1609

.1210

,1296
©.1277

L1705

10-25

0656
. 0629

L1234
.1189

.1615

.1607

.1286

L1406
L1344

.1769

Depth {cm)

- 25-40

.2233

1332

.3129
.2063

.3580

.1942

.1710

1766
.1686

.3160

40-70

1416

.2022

.178¢
. 2007

.2333

1417

.2213

1795
.1872

.2427

soil).

70100

.2355

.1926

. 2381
. 1902

.2170

.0703

L1112

1374
.3012

.2699

26

100-130

2544

.2020

.2209
1775

2244

.0555

.1038

.1387
.3236

.2819



Table 14.

Site 0-10
G-1 .6510
G2 .6110
B-1 1.2970
52 1.1970
H-3 1.5930
-1 1.6090
L-2 1.2100
-1 1.2960
-2 1.2770
7-3 1.7050

10-25

L9840

. 9435

1.8510

1.7835

2.4225

2.4105

1.9290

2.1090

. 2.0160

2,6535

25-40
3.3495

1.9980

4,6935

3.0945

' 5,3700

2.9130

2.5650

2. 6490
2.5290

4.7400

Depth (cm)

40-70  70-100
4.2480  7.0650
6.0660  5.7780
5.3670  7.1430
6.0210  5.7060
6,9900  6.5100
4,2510  2.1090
6.6390  3.3360
5.3850  4.1220
5.6160  9.0360
7.2810  8.0970

Crop available soil moisture capacity taking into
account effect of soil salinity (cm3 water/core length),

100-130
7.6320

6.0600

6.6270
5.3250

6.7320

1.6650

3.1140

4,1610
9.7080

8.4570

Sum
0-100
16.2975

15.3965

20.3515

17.8020

22.8855

13.2925

15.6790

15.5610

20.4740

-24.4765

27
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Table 15. Soil pH by laboratory determinations¥.

Soil Depth (cm)

0-10 10~25 2540 40-70 70-100 100-130
Site
G-1 7.4 — 7.9 e 8.2 —
G"'2 7.3 ——— 8-1 = 8.5 -
B-1 8.1 8.2 8.3 8.5 8.2 8.4
H"'2 7-8 7-9 8-5 9.0 8.4 8-2
H-3 8.0 — 8.4 -— 8.7 —
L"‘l 806 8l2 8.9 8-5 8.6 >8|£|‘
L-2 8.3 8.2 8.7 8.2 8.4 8.3
-1 8.3 8.2 8.4 7.9 8.2 8.4
-2 8.3 _— 8.5 — 9.0 —
T"’3 8.3 y— 8-4 —— 8-8 ——

*Extracts of 2:1 water—soil ratio by weight were used.



V. DATA PROCESSING AND COMPUTER OUTPUT FORMS .

Level 1

The average relation between water fraction by volume (Y), ex-
pressed as cm3/cm? » and neutron count ratio (X) for this level was

determined as Yl= 1.638 X,

These results were then adjusted by a factor which partially relatés to
the small differences in height that neutron access tubes projected above

the 'soil surface. These multiplicative factors were derived as pre-—

viously explainéd on page 9. The following factors were applied for
each site:

Site Factor Site Factor

G-1 1.5833 L-1 1.2625

G-2 7341 1-2 . 9280

H-2 1.2338 T-2 . 9437

H-3 1.6215 T-3 1.3591
Level 2

The same method that was employed for Levels 3 to 6, described
in the following paragraph, was used for Level 2 except the results

were multiplied by the factor, 1.222,
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It appears that this factor relates to the proximity of the neutron
probes tc the surface when making Level 2 reg@ings: -Field test data in-
dicate that multiplication by this factor is necessary téo make Level 2
readings comparable with readings from levels 3 through 6. The mathematical

equation is

Y, = 1.222 (+ .5237X - .0300)

Levels 3 to &

The followi;g calibration equation (provided with this instrument by
Troxler Compﬁny) was employed to estimate soil moilsture at Levels 3 through
6.

¥ (3-6) = + ,5237X - .0300

Field data mad; this year, under umusually moist conditlons for Montana,
indicate that the actual amount of water in the goil may tend to be some-
what less than indicated by the Troxler calilbration curve. However, since
spring wheat 1s known to extract water from the soil down to near 30 atmos-
pheres (rather than the 15 atmospheres assumed in our computatioms), the
difference would tend to be compensated for in estimates of crop available

moisture by the additional water available between 15 and 30 atmospheres.



The additional products of this study are presented (attached) in

four computer output forms. Some of the Information included on each of

the forms is-indicated below.

¥orm

Form

Form

Form

1
A,

B,

Individual neuttron counts

Averages of neutron counts

. ~ Standard deviation of neutron counts

Average of neutron counts at each depth

Average of neutron counts for background

Ratio A/B

Milliliters of water per em3 of soil

Grams of soil per cm3 of soil (bulk density)
Milliliters of water trapped by soil per em3 of soil

Milliliters of water trapped by salt (osmotic pressure)
per emd of soil

Milliliters of water unavailable per cm3 of soil

Milliliters of water (total) per em3 of soil
Milliliters of water unavailable per cm3 of soil

Milliliters of water available per em3 of soil



3z

VI. REMOVAL OF FIELD EQUIPMENT AND TERMINATION

Cooperating farmers were informed by letter that the tubes would be
removed From their fields by October 31, at the latest, and to therefore

take precautions to circumnavigate the structures during harvest.

All neutron access tubes and field markers were removed from the

spring wheat fields during the last run on September 27 and 28.

This was a very late year for crop development. Since the harvest
period continued until the last week of October, it was necessary to re-
quest an extension of the termination date of the project from October 1

to November 1.



VII. APPENDIX



: A~1
EARTH SATELLITE CORPORATION

Ref: C-1052

Dr. Joseph M. Caprio May 27, 1975
Plant and Soil ‘Science Dept.

Montana State University

Bozeman, Montana 39715

Dear Dr. Caprio:

This letter will confirm my recent phone calls regarding a potential soil
moisture data gathering subcontract in support of our "Spring Wheat Yield
System" test during the 1975 crop year. ) .

Our requirements for the gubcontract includes the following:

(1) "Neutrom probe soil moisture profile measurements in,

(a) Three soil categories

1, Fine Textured Loam

$150 mm Field Crop Available
II. Course Texture Sandy Loam
100-150 mm Field Crop Available
ITI. Saline Mixtures with less than 100 mm water available to plant

(b) Depth SFC - 10 cm, 10-40 cm, 40 cm-1M ’
(¢) Timing weekly or at:

- Emergence Soft dough
Jointing Ripe
Heading Harvest

(2) Locations desired for the measurements (select those sites speclfic
_to your state) ’

State : County Center Coord.
Montana HIll 48° 42.0' - 109° 55.0°
Montana Glacier 48° 37.5' 112° 33.4"'
Montana . Liberty 48° 44,07 110° 51.0'
Montana Toole 48° 53.0' 111° 46.5'
North Dakota Burke 48° 53,2 102° 10.0'
North Dakota Divide 48° 53.6' 103° 10.9'
North Daketa . Williams: 48° 19.2° 103° 24.7°
South Dakota Hand 48° 35.0' 98° 58.0'
South Dakota. Hand 44° 21.0' 98° 45.7°

Minnesota W. Polk . 47° 49! 96° 41"

1 have already received responses to these queétions from certain of the
1isted states. I certainly appreciate your response. I do require a
written quotation in as short a time as possible.

I expect that T will receive word from NASA on a go-zhead for you by 1.
June. I will call if there is any change in this schedule.

Thank.you for your assistance. I am looking forward to meeting with each of
you during the coming summer.

Sincerely,
Earl S. Merritt

Director
Food Resources Group

34
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Title: Soil Moiature ard Spring Wheat Phenclogy in Glacier, Hill; Liberty

and Toole Counties of Montana (LACIE PROJECT).

Objectives:

1. To install equipment at four test sites inm northern Montana for
use in evaluating concurrent conditions of soil moisture and spring
wheat phenology.

2. To make soil moisture measurements and spring wheat phenoclogical

observations in target sites situated in Glacier, Hill, Liberty and
Toole counties. ; ‘

3. To process, analyze and disseminate the data for possible use in
research, extension, and education.

~ Jugtification:

In order to evaluate wheat-environmental relations in the "Spring Wheat.
Yield System" (a component. of the LACIE PROJECT) it will be necessary
for the Earth Satellite Corporation to obtain data on spring wheat
phenology and concurrent soll moisture conditions in four test sites
located in Glacier, Hill, Liberty and Toole counties of Montana. It is
essential that soll moisture determinations be made by the neutron
method and that local personnel and equipment be used to make the inter-
grated soil moisture and phenological measurements. Both the equipment
and the expertise in the Plant and Soil Science Department at Montana
State University will be-used to achieve these objectives. I

Procedure:

1)

The following is an outline of the soil moisture measurements which will
be made at approximately weekly (7-day) intervals throughout the spring
wheat growing season: )

Neutron probe soil moisture profile measurements in,
‘(a) Three soil categories

I.  TFine Tektured Loam
> 150 mm Field Crop Awvailable

II. Coursge Texture Sandy Loam
: 100-150 mm Field Crop Available

TII. Saline Mixtures with less than 100 mm water available to
plant .

(b) Depth SFC -~ 10 em, 10-40 cm, 46 cm-1M
(c) Timing weekly or at:

Emergence
Jointing
Heading
Soft Dough
Ripe
Harvest



(2) Locations desired for the measurements

State

Montana
. Montana
Montana
Montana

County

Hill
Glacier
Liberty
Toole

36

Center Coordinates
48° 42.0! 109° 55.0°
48° 37.5° 112° 33.4°
- 48° 44,0 110° 51.0°
48° 53.0°' 111° 46.5°

These measurements will be made at intervals of approximately one week

from the onset of the program until the spring wheat is harvested in the

autumn of 1975.
be made.

Concurrent observations on wheat phenology will also
This data will be submitted to Earth Satellite Corporation

" and will also be available for use by students and faculty at Montana
State University for research, extension and education.



