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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.

1-2



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.

3-1



RN

B¢t =TEST AREA

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.

3-3



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.

3-4



A < =Tl
SRR

ING TEST SATE

ALPORTING DISTRICT BOUNDARIES
K<oardinate numbeniag jequands
1

GOUNTY BOUNDARIES
ez my |

« GCEL CONTAIN

0%
L3
20N
Y
S

0
8
=
SRS
SN
‘g@
<
o
A
of

REPRODUCIBILITY OF iR
ORIGINAL PAGE IS POOK

3-5

Cell Locations and Soil Class Assignments

Figure 3-2:



\ &

:.ma .wlnmze.émnv
B
B\
» —‘

SN AT

* 3

\\
LI Y

@
=
F

= w
z § 4
F ht
e ¥ g
g28 % :
ExE H =
€ab & F
aZg 2 =
25 2 H
384y * =
g = 3z 3
g #>& £3 ]

= whEE f.
BETE f: M
W oggs 5% a
o 8%z x} )
W -
~ mm-.q h.w

: s_..

2] %

I_l

SOIL CLASS KEY

- DEEP LOAMY
- SANDY
4 - SHALLOW

1

3

0
.
8

Soil Class Distributions

Figure 3-3:



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 Stat