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Chapter 1
Introduction
Robert N. Colwell

During the present reporting period we have continued to concentrate
our University-wide remote sensing efforts on California's water
resources, At NASA's request, however, the primary focus of our
research has been changed from one of conducting remote sensing-related
research to one of preparing "procedural manuals'. The primary
objective in preparing such manuals is to achieve technology acceptance.
More specifically, the objective is to maximize the prospect that '
potential user agencies will adopt modern remote sensing techniques
as an aid to the inventory and management of water resources, not

- only in California, but elsewhere as well.

Despite this change of focus, however, we have been able to
progress toward the completion of those research aspects which will
serve to establish the validity of the various step-by-step procedures
which we are in the process of developing for inclusion in the manuals.

In keeping with the above, our present Progress Report consists of

(1) a concise chapter-by-chapter account of research that our group

has performed since 1 May 1976 and (2) based on this research, a

first iteration of several Procedural Manuals, each of which deals with
some specific way in which remote sensing can be used advantageously
by the managers of water resources, :

In conformity with our NASA-approved plan, these Procedural
Manuals will soon be finalized, modifications being incorporated
primarily as a result of user agency reaction. Furthermore the finalized
versions will be prepared: (1) in both abridged and unabridged versioms,
the latter providing much more complete step-wise descriptions and
documentation than the former and (2) in degrees of aggregation ranging-
from a2 single aspect per manual to all aspects., There will be for example,
three separate Procedural Manuals relative to aspects of water-supply
estimation by remote sensing -- those dealing, respectively, with snow
areal extent, snow water content and evapotranspiration. These in turn
will be compiled (with suitable integration to avoid repetition) into
a single volume dealing with all aspects of the use of remote sensing
in the estimation of water supply. Finally the integrated water supply
volume will be further integrated with similar Procedural Manuals
dealing with one aspect or another of remote Sensing in relation to the

~estimation of water demand. Thus, the rather sizable overall document



s

will be for use of those concerned with all aspects of water resource e
management (both the supply and the demand aspects) while each of its

various subdivisions,when made to stand alone, will better serve

the needs of those concerned with only one limited aspect or another

of this management problem,

As an additional aspect of our NASA-zpproved plan, (1) by 1 May ' : -
1977 we intend to bring to completion, or very nearly so, all of our
remote sensing studies that pertain specifically to water resources,
and (2) during the one-year period immediately thereafter, as we near
the time of termination of the grant, we intend to concentrate on the
preparation of Procedural Manuals that deal with remote sensing as an
aid to the inveutory and management of the entire "resource complex”
of an area -- i.e. not just its water resources, but also its.
timber, forage, agricultural crops, soils, minerals, flSh ~wildlife,
llvestock and recreational resources,

With respect to the preparation of these more comprehensive Procedural
Manuals we recently have had discussions with various resource managers
including (1) California's Regional Forester of the U.3. Forest Service;
{2) the Supervisors of various U.S. National Forests in California;

(3) their counterparts in California's State government; and (4)
those concerned with.resource management for representative county
governments and private industrial groups. As a result of these
discussions we have concluded that (1) in some instances it would be

. preferable from the intended user's standpoint for the Procedural
Manual to deal with remote sensing as applied to only a single resource
because the management objective, quite simply, is to obtain maximum
productlon or benefit from that single resource, even at the expense

of receiving reduced productlon or benefits from other resources that
pervade the same area and (2) in other instances it would be preferable
for the Procedural Manual to deal with remote sensing as applied to

the inventory and management of multiple resources or, indeed, to the
-entire "resource complex". In instances of this second type the

policy which the resource manager has been told to implement is one
that recognizes the “trade-offs' that necessarily result when efforts
.are made to favor one resource over another. Hence, he has the non-
trivial task of managing the entire property that has been entrusted

to him in such a way as to provide an optimum 'mix" of resource products.
Reduced to its ridiculous extreme, this is the policy of attempting to

- provide what the first Chief of the U.S. Forest Service termed: '"the
greatest good for the greatest number"., The concept would become
considerably less ridiculous, however, if an integrated inventory were
to be made with suitable rapidity and at suitably frequent intervals
and providing suitably accurate information as to how much of each of
the previously-mentioned components of the resource complex are present
~in each portion of the area that is to be managed. It, therefore, will
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be our objective, as we produce this second type of remote sensing-oriented
Procedural Manual, to present a step-wise procedure, complicated though
it necessarily will be, for inventorying an area's entire resource
complex. Consistent with NASA's wishes, that effort will be made (during
the one-year period beginning on 1 May, 1977) primarily by three
components of our multicampus integrated team: (1) the Geography

Remote Sensing Unit on the Santa Barbara campus; (2) the Geosciences
Remote Sensing Group on the Riverside campus, and (3) the Remote Sensing
Research Program on the Berkeiley campus., During that same period our
Social Sciences Group also will be assisting in the preparation of the
relevant manuals., By mutual apreement, the remote sensing team at

Davis, under the leadership of Dr. Ralph Algazi, will not contribute

to the preparation of Procedural Manuals during the one-year period

that bhegins on 1 May, 1977. Instead his grant-funded efforts will

be entirely in support of the ASVT that is jointly administered by

NASA Goddard and the U.S. Army Corp of Engineers dealing with remote
sensing as an aid to the estimation of water supply.

The proposed budget allocation for each of the above-named
participating groups has been forwarded to our NASA monitors under
separate cover.

A major part of the rationale for our having concentrated our
remote Sensing research on California’s water resources for the past
several years resides in the following facts:

(1) From the economic standpoint, water (rather than timber, minerals,
forage, or recreation) is the most important resource obtainable from
California's vast wildland areas, i.e. from the areas in which, because
of difficulty of access on the ground, remote sensing is most needed. -

(2) Since the supply of water that is present in California's
wildland areas tends to fluctuate far more from season-to-season and year-
to-year than does the supply of the other resources found there, the -
importance of remote sensing as an aid to the making of frequent and
periodic inventories (i.e. to the "monitoring”) of California's water
resources becomes even greater.

(3) Virtually all of Califernia's most important industry,
agriculture, is very heavily dependent upon water. In fact, the water
required to irrigate California's agricultural crops presently constitutes
more than 80 percent of Californiat's total water demand-~the rest .
coming primarily from various industrial, commercial and domestic uses.
Furthermore, just as the supply of this water can vary dramatically from
season-to-season and year-to-year, so can the demand for it. Consequently,
in view of the vastness of California’s agricultural lands, and the
frequency with which the water resource manager needs current, accurate
information on the water demands that are being imposed by those lands,
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remoté sensing constitutes a means of great potential importance for the
inventory and monitoring of water demand?

(4) Not only in California, but also in many other parts of the
world, water is becoming an increasingly critical resource in relation
to the economic well-being of mankind. It is probable that remote sensing
techniques of the type which we have been developing for the inventory
and monitoring of California's water resources could be applied, with only
slight modification, to other parts of the world as well.

It is in light of the foregoing that the reader can better appreciate
the potential significance of our efforts, as reflected in the present
Progress Report, to develop Procedural Manuals relative to the use of
remote sensing as an aid to the inventory and monitoring of water supply
and water demand within the state of California.

*Documentation as to the great concern that currently exists relative to
the adequacy of California's water resources, and therefore of the concern
- that exists relative to the adequacy of the information pertaining to
the supply of and demand for those resources, is provided in the brief
analysis which comprises Special Study No. 1 in Chapter 6 of the present
Progress Report. '
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Semiannual Report, December 31, 1976
NASA Grant NGL-05-003-404

R. Algazi, Co-Investigator

Contributors: A Bhumiratana, J. Stewart, B. Romberger,
G. Ford, M. Suk

I. Introduction and Qverview

In the past three years, the research performed under this grant has
~ focused on the application of yemote sensing techniques to the study of
water resources. Qur group has studied some of the problems concerned
with the supply of water in California. Hydrologic models have bEen'im§19—
mented and analyzed, and studies have been conducted to determine by remote
éeﬁsing some of the physica1 parameters which characterize the state of
watersheds and the evolution of snowpacks. In addition to this systems
éngineering'and modeiing work, we have cOntﬁnued our technﬁca] work on
digital image processing techniques for remoﬁe sensing appiications.
In this report, we discuss thé resd]ts of the reSearéh conducted dufing'
the past year, with an emphasis on the work performed since our May 1976
Anhua] Report. Significant results have been obtained in the fo]iuﬁihg
areas: | | |
1. Implementation and sensitivity ana]yéis of a.watershed mbdel.ahd
| determination of hydrologic parameters_amenable_tq remote sensing
inputs. _ | _ o
2. "Devélopmentlhof techniques for snowmelt runoff_prediction based
on digitallprocessing of satellite images. |
3. Basic studies of image processing-techniques pertinent to. remote.

sensing applications.
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To facilitate the reading and understanding of this report, we have
used appendices to explain the details of some of the image processing

algorithms. This allows proper emphasis in the body of the report on the

utility and significance of these procedures in achieving the grant objectives.

II. Implementation and Analysis of Hydrologic Models

During the past two years, we have conducted a study of hydroiogic
models which are intended to be used as operational tools to study the
response of a watershed to various hydrologic, climatologic and meteorologic
occurrences and to assess the effect of alternative Tand use patterns and
hydraulic projects on this response. The hydrologic models of interest to
us are basically of two types. The first type is intended to model the
existing conditions on a watershed. Histerical records of precipitation

and runoff are typically used to calibrate these models. These models can

be used by watershed managers to make timely and pertinent analyses regarding

project operétions decisions, such as the control of reservior releases.
The second type of hydro]dgic model is intended to model anticipated or
proposed changes in the characteristics of a watershed, such as residential
or utban development and the construction of water retention or diversion
structures. Our work to date has been concerned with a study of models of
the firéf type, although some discussion of eleménts of models bf the second
type is given in sectipn IV of this report. | | '

.We began our work ohrhydroldgic modefs by keﬁiewiné the'tétﬁhica]ﬁ
- literature, and presented a discussion of our findings in the May 1975

Annual Report. Our subsequent work has been 1hf1uehced:by the work of
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Ambaruch and Simmons [1] on the use of remote sensing in the Kentucky
Watershed Model. Their work suggested that a quantitative assessment of
the potential of remote sensing in watershed modeling be based on a study
of the sensitivity of the output response of the model to variations in
the input and internal model parameters. |

We proceedéd to conduct a sensitivity anaiysis of a streamfiow mode1
developed by Burnash, Ferral, and McGuire [2] for the River Forecast
Center (RFC), operated jointly b& the National Weather Service and the
California Department of Water Resources. It was found that this analysis
could not be carried out analytically, since some of the model parameters
are determined by optimization procedures which are not amenable to analyti-
caT‘study. Due to this problem, the sensitivity énalySis was performed by
computer simulation. The RFC model, made available to us by Burnash and
Ferral, was implemented on two computers on the Davis campus in March 1975.

The RFC model consists of a main program known as the soil moisture
model, and a major subroutine known as the snow submodel which generates
equivalent precipitation from snowmelt for use in the soil moisture model.
The soil moisture model has been implemented at Davis, and simulation
‘results have been generated for the Midd1e Fork of the Feather River,
using historic data on precipitation and runoff from 1962 to 1969.

To support our ultimate objéct{ve of defermining the utility of the
use of remote sensing data as an input for this model, we pursued the
following speciffc objéctives: | | |

1. Ana1ysis of the model: To acquire, by simu}ation and analytic

'study; sdme inéight fnto'thé behévior of the hydro1dgic model.

2. .Sensitivity study: To study the effect of variations in the
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dynamic inputs and internal parameters of the model on the
predicted runoff, Emphasis is placed on those parameters which
can possibly be acquired by remote sensing.

3. Simulation: To use parameters and inputs acquired by remote
sensing in the model and to determine the effect of these para-
meters on the predicted runoff.

Parts 1 and 2 above have been completed for the soil moisture model,

and a comprehensive discussion of the results was presented in the May 1976
Annual Report. In the sensitivity analysis, the effect on monthly volume
runoff of variations in the parameters representing precipitation (rain-
fall and snowmelt), evapotranspiration, 1OWer zone and upper zone tension
water capacity, the percent imperviousness of the watershed, and the percent
of the watershed in riparian vegetation, streams and lakes was studied. The
most sensitive and critical parameters were found to be precipitation during
the entire year, and evapotranspiration, prinéipa]]y’for the spring regime
of the model. From this result, we can conclude that precipitation and
evapotranspiration;afe the most important parameters to acquire by rémote
sensing techniques. Since snowmelt is a component of precipitation; the
determination of snbwme1t by femote sensing is also an important task.

Model simulations incorporating information acquired by.femote sensing
are currently in prereSs. A cooperative study of the effect of acquisition
of_'evapotranspiration;by remote sensing will be made~by our group and the
Titus group of the Remote Sensing Research Project (RSRP) in Berkeley.

The Titus group has developed a technique for the estimation of evapo-
transpiration from remotely sensed data. They will apply this technique to

the Middle Fork of the Feather River for the Spring season of 1975. Qur.
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group will use their estimated evapotranspiration parameters as an input
to the RFC model to simulate the Spring 1975 conditions. Pfob]ems with
this approach_have recently been encountered, and must Be resolved during
the coming year. In order to perform the desired simulations, it is neces-
sary to acquire daily volume runoff data for the Middie Fork at Merrimac
and daily precipitation data for five stations wfthin the watershed. The
runoff data and raw precipitation data are available from the Ca]ifornia _
Deparitment of Water Resources. - However, in ordér to run the'simu1a£ion,
the raw_precipitation data must be preprocessed using the snow submodei.

R. L. Ferral of the River Forecast Center has indicated that the work
entailed in this preprocessing is substantial, and that his organization
does not plan to do this work in the immediate future. In addition, he
‘stated that the snow submodel program has not been'adequately'documented,.;
so that it wod]d not be possible for our group to do the precipitation
'preproceséing. A meeting wfth personnel from the RiVEr Forecast Center

is planned for early 1977 to attempt to resolve these‘prob1ems.

We afe presentiy developfng a model for the pfedidtion'of snowmelt:
runoff predibtion which has a strong reliance on data acquired by remote.
.séhsing. At fhe preseht time, we do.not'éntTCTpaté incorporating our snow

model with the RFC mode]. Rather, we intend to develop an_independent
Snone]t mode1 which wili demonstrate'the feasibility of thé use of rémdte |
sensing in the prediction of snowmelt runoff. OQur workrin this'area_is

discussed in greater detail in the following section.
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III. Snowmelt Runoff Prediction

Our work with hydrologic models primarily concerns the deve1opment of
dynamic models for the prediction of runoff due to snowmelt, in which
satellite data is the principal dynamic dnput. On the basis of previous
research in thié aﬁea, the fo110wing phySica1 quantities are of primafy
}intarest in the mode1in§ of basinwide snowmelt: <the temperature, albedo,
water ¢0ntent, and thé elevation, slope, aspéct and areal extent of fhe snow;
~the spatial distribution of prec1p1tat1on, and the properties of the vegeta]
canopy. It is well known that these parameters vary substant1a11y across
the snow covered area within a major watershed and that they can change
kapid]y-with time. For thése'réasons, we have undertaken a Study'to
1ncorporate sate]11te data 1nto a phys1ca11y based, spat1a1]y distributed
mode] of snowmelt for bas1nw1de runoff pred1ct1on

Since_the snowpack evolves rapid]y, and we wish to develop a dynamic
model of snowmelt rﬁhoff, we have.chosen to usé the daily coverage_providgd |
by the NOAA satellites as our principal remote sensing data source. In “
addition to the daily coverage, the NOAA sate]lités proQide data in a
thermal infrared band (10.5 to 12.5um) as well as in a visible band (Ofs-to
0.7rum). However, we will not.restrict.the input data solely to remote
"sensing sources. Other easily obtained data will be incorporated, including:
' LANDSAT images, digitized elevation data, temperature and precipitation
rebords-fromfground15ta£iohs'within'the-WaterShedsfsnow survey data and
daily volume funoff*data.
| - Qur apptoach3td'mode1ing'thé-snowme1t7is to first apply pattern recogni-
tion clustering'ana1ysis to the spatially distributed data to partition the

" watershed into regions which are homogeneous in terms of the available
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remotely sensed parameters. Submodels will then be developed to predict the
Jocalized snowmelt runoff on each of these regions. Standard hydrologic
technfques of streamflow routing and combining will be applied to the
localized runoff ih ordér to predict the basinwide snowmelt runoff.

The model will be developed and tested on the Kings River basinAof
the southern Sierra Nevada range. This basin was seiéctéd becaﬁse it is
typical of the Sierra Nevada watersheds. It is a divérse watershed, ranging
in e]evation'from about 500 feet at the outlet.b910w Pine Flat Lake on the
west to over 14,000 feet along the crest of the Sierras on the eastern edge
of the watershed. The Kings River has three forks, the North, Middle, and
South, and flow has been impaired only on the_North_Fbrk at Courtright and
Wishon Reserﬁoirs and on the main channel at Pine Flat Lake which is below
the confiuence of the three forks. A map of the watershed is shown in
figure 1. }' |

We chose to stuuy the spring 1975 snowmelt season because of the
availability of NOAA satellite data for this period. Coincidentally, the
precipitationAfor winter 1974-1975 for the Kings River region was very close
to the historfcé1 average values, so our study is for a near normal water
year, W= acquired all usable data collected by the NOAA-3 and NOAA-4
saté]liteszOQer'Cé1ifofﬁia, both in the visible band and in the thermal
infrared band, from Apr11 1, 1975 to July 7, 1875. He have data for 24

da+es, but the data for the 9 dates in April are m1ss1ng every third ]1ne

._:of the image data because some of the user agenc1es were unab]e to hand]e

the fu11 data rates pr1or to ear]y May 1975 and every third Tine was de]eted

. _1n order to reduee the data Toad
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We have attempted to obtain all of the ground tﬁdth data which fis
available for the Kings River basin for the first half of 1975. Charles
H. waard, an Assaciate Water.Resources Engineer with California DWR has
provided us with a wealth of hydrologic data, inc]udingi daily temperatures
for Grant Grove and Balch Power House; daily water equivalent of the snow
pack as measured by snow sensors at State Lakes, Mitchell Meadow and West
Woodchuck Meadow; monthly snow survey data for 22 snow courses; and daily
unimpaired fiow by Pre-Project Piedra, below Pine Flat Lake. A plot of
the dai?y water equivalent of the snow pack is shown in figure 2, and a
plot of the unimpaired flow is shown in figure 3.

Digital terrain tapes prepared by the Department of Defense, Defense
Mapping Agency, from the USGS 1:250,000-scale topographic quédrang]e map
serfes were obtained frdm the National Cartographic Information Center for
the Mariposa, California, and Fresno, California quadrangles. The data on
‘these tapes has-been COnvefféd into digital image format, and has been
placed in reQistration with the NOAA satellite images, as will be discussed
later in this:report; o | | | -

We have also obtained a computer-compatible tape (CCT) of the_LANDSAT 2
image.%or September.1, 1975. Both the_c1oud cbvér and fhe*snoWicher ére
‘negligible on this date, aﬁd the imagery covers the entire extent of the Kings
| River basin. Tﬁis imagery'wiljlbe analyzed to determine the vegétative cqvef}’

| - -within the:watershed.
" NOAA Satellite Image Geometric Correction

In ordeﬁ'thanalyze the available data, and to convert it into a format
‘which is suitable for input to a snowmelt model, we have been working to

establish a file of spatial and temporal data consisting of albedo,
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temperature, and elevation. For each date for which‘wé have NOAA data,
we want to be able to determine the albedo, temperature and elevation of
any point within the watershed. With this capabiiity, we can'study the
dynamic behavior of the snowpack. To establish this file, we must be
able to achiéve mu1t1temp6ra1 registratibn of the NOAA jmages.

In order to obtain muititemporal registration, the geometric dis-
tortion present in the images must bé removed, This distortion is due
~ to a number of sources, including the scanning motion and orbital char-
acteristics of the.sate11ite, and the curvature and motion of the'earth;
This distortion varies from day to day due.to the variation in location
of the satellite with réspect to a given point on the ground at the time
the mage is acquired. Thus, geometric correction is a crucial issue in
our attempts to employ this form of remote sensing data.

A general &iscussion of techniques for geometric correction of satellite
images is given in section IV of this'réport; however, a summary of the
‘ techniques applizd toztﬁe NOAA images will be given here, and fhe details
~ of these techniques are given in the appendices.

A two step geometric correction procedure is applied to the NOAA
images; An example of a raw data image of south—central»Ca1ifornia on-
May 16 1975 is shown in.figufe 4 A compar1son of this image with a map
of the region c1ear1y demonstrates the d1stort1ons 1n this image, due
pr1mar11y to the panoram1c d1stort1on caused by the earth s curvature and
" the skew distortion caused by the earth 5 rotatlon Th1s pr1mary d1stor--

t1on is removed by a n9n11near resampling algorithm which is based on a
“model describing fhe.dfstortioﬁlﬁhiéh was'dEVElopéd.by“LéQACkiéﬁan& .

_Pritchard [31. In th1s a]gor1thm, wh1ch 15 d1scussed in deta11 in Appendlx

ey

A, two-point 1nterpo]at1on resamp11ng is app11ed aiong each 1mage scan 11ne
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~Figure 4. Uncorrected NOAA-4 Visibie Image
for May 16 1975
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independently. The resulting images stil1l possess a variable degree of
rotation, which is a function of the satellite position at the time of

image acquisition, and other residual}distortions, which were not accounted
for in the correction algorithm.' In the second step of the geometric cor-
rection procedure, the residual distortion is corrected by transforming

the image using a b%quadratic mapping function. Ground control points

(GCPs) are used as ekterna] reference information to determine thé proper
mapping function. A GCP is a physical feature which is gasily detectable

in the image and easily located on a map. In this work, the GCPS used are
water-land interfaces, such as the shorelines of lakes, the coastline near
Monterey Bay, and features of major rivers. The locations of as many as

125 &CPs are determined from the partially corrected image and from USGS
1:250,000 scale topographic maps. The coefficients of the mapping function
are then selected to minimize the squared distance between the GCPs in the
image and the transformed GCP; from the maps. The image is theﬁ transformed,
and examples of the resylts for the images of May 16 and May 24, 1975 are
shown in figures 5 and 6. Details of this procedure are given in Appendix B.
| “An analysis of the remaining mean-squared errors of the GCPs indicates -
that the geometric correction procedure is correct to within one pixel in
the outpui‘image. A summafy of the.resu1ts'ob£éine& for the fbur'separaté

dates which we have worked with is shown in the table below:

May 16 124 0.740
 May 24 11 0.798
" May 28 120 0.823
‘May 29 - . 103 © . 0.508
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While the results above show that the geometric correction procedure
is effective, we have found that it is not entirely adequate due to the fact
that it is very time-consuming. Determining the locations of over 100 GCPs
in a 512x512 image is a very tedious task, even_though we are able to do
this by moving a cursor across a video display of the image. Our analysis
of the procedure indicates that by eliminating some of the unre]iab]e GCPs,
we should be able to correct the image to nearly one pixel by using only 30
GCP's. * However, this would still be a tedious procedure to apply to over
20 images, so we are currently developing an alternative approach to the

geometric problem,
Development of a New Geometric Correction Algorithm

In our new approach, we stiil apply the algorithm to correct for
panoramic and skew distortion. We then will calculate the amount of rota-
tion in‘thé‘image from a knowledge of the satellite orbital parameters. A
simpie bilinear trahsformafion can then be}app1ied to remove this rotation.
The résulting image will only possess minor residual distortions. At this
point one of‘thé 1mages ﬁhich'has been corrected using the previous1y
descr1bed procedure will be selected as a reference image 1in determ1n1ng
::the transformat1on to be app11ed to remove the residual errors. e will
. cqmpute crqssfcorre1at1on matrices between the reference image andAthe
pﬁrtial]y corrected image on.sevéfa] small, se]ectéd’regfohé which have
high contrast features. The locations of the maximum va]ue of each of these
.cross-correlat1on matrices w111 be used as a v1rtua1 controi po1nt in the

determination of the coefficients of a biquadratic transformation.
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Figure 5. Geometrically Corrected NOAA-4 Image
: for May 16, 1975

Figure 6. Geometrically Corrected NOAA-4 Image '
' for May 24, 1975 '
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Correction of Radiometric Errors in NOAA Thermal Images

In addition to geometric correction, it is necessary to correct the
errors in the thermal infrared image which are due to a drift in the
sensiti#ity of the sensors. These random errors appear as horizontal
banding or striping in the image. We have developed a digital filtering
algorithm to remove these errors. A NOAA calibration algdrithm is then
applied to convert the numerical thermal image values into temperature.
Details of our work'fo correct the early NOAA protedure have beern discussed
in earlier reports.

The final error which must be corfected is a random mis-registration
of the thermal and visibie images which is due to causes unknown to us.
To correct this error, we first align the images as close as possible by
eye, then we select regions of the image which contain high contrast
features and compute the cross»corre1atiép between the two images over
these regions. The maximum cross-correlation determines the amount of
horizonfa1 and vertical translation required. We are able to register

 the two images to within one pixel with this procedure.
ETevation Data Correction

The elevation data on the digital terrain tapes which were mentioned
proviously also had to be corrected in order to put them in registration
with the NOAA images. The terrain data is taken from & universal trans-
verse mercator (UTM) grid, in which degrees longitude and latitude are
given uniform spacing. However, the satellite data.was corrected to have
uniform distance spacing, S0 it was necessary to apply a map-to-map trans-

formation to the elevation image. The resulting image is shown in figure 7,



with a corrected NOAA visible image for May 24, 1975 covering the same

area shown in figure 8 for comparison.
Future YWork on Kings River Modeling

We plan to continue o:r work to simplify the procedure for geometric
correction. When this is complete, we will apply the correction procedure
to as many of our available NOAA images as is practical.

ke will continue our work on the development of a snowmelt runoff
model for the Kings River basin. Trial runs of this model are planned for

late spring or summer 1977.
IV. DIGITAL IMAGE PROCESSING TECHNIQUES DEVELOPMENT

Our efforts in the specific technical field of digital processing
have followed two'para1191 goals: to pursue vigorously the specific areas
of work in which we feel we can make a valuable contribution and to -
incorporate into our facility the a1gdrithms‘and techniques developed by
others which seem to have the most merit in app]icétions.
A;' Geometric Correct{on of Satellite Images |

As discussed in section II11, remote sensing data acquired by satellite
sensors are affected by geometric distortidns that, if un;orrected, diminish‘
the accuracy ofuthe 1nf0rmationvextracted and thereby reduce the utility of
ﬁhe data. The raw data image is an array of digital data thCh represéﬁts
a geometrically distorted, two-dimensional perspective projection of some
portioh of the Earfh‘s surface. The desired 1ma§e is é geometrically |
corrected map prdjection_of the same ground area. |

The principal geomeﬁric errors associated with the data received from

- a satellite are the following:
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Figure 7. Digital Elevation Image

Figure 8. Portion of Geometrically Corrected
NOAA-4 Image for May 24, 1975
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(1)

()

(5)

- (6)

(7)

Panoramic distortion ~ Data samples are taken at equi-angular
intervals of the scanning mirror motion, which means that the
data does not come from reguiar 1ntervéls alohg the ground.
This produces a nonlinear stretching of the image along scan
Tines.

Earth rotation - During the image acquisition, the earth rotates
beneath the sensor. This causes both along-scas and cross-scan
distortion. |

Scan skew - During a 1ine scan, the satellite moves along a
ground track. Thus the ground swath swept out by the sensor is
not normal to. the ground track but is slightly skewed, which
nroduces cross-scan distortion

Velocity ~ If the sate111te ve10c1tJ varies, the spacing of
image samp]es on the ground will vary, caus1ng a cross-scan
sca]e var1at1on.

A1t1tude - Due to the non- c1rcu1ar nature of the satellite orb1t,

~and the non-spherical nature of the Earth s surface, the space-

craft aititude of the sate111te varies, causing scale changes in

the image data.

Attitude - If the att1tude of the satellite varies from the
nominal values, geametric distortions will result.

Mirror velocity - If the scanning mirror rdtates at other than

- the nominal constant angular rate, along-scan geometric distortion

" will occur.

- ‘Geometric correction procedures are-applied to the distorted received

images to transform them to.a desired map projection. Most of these pro-

© cedures are composed of two major steps, and require the usz of external
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reference information obtained from maps. An overview of the procedure
is shown in block diagram form below:
partially map

corrected projected
image image

bivariate
> polynomial =
transTormation

A&
Image GCPS ' map GCPs

map-to-map
transfprmation

raw data image |deterministic
- transforma-
tion

W

“’_-—._

oy -

digitization

T

map

In the first step, a model is developed to describe the known image
distortion as accurately as-isrpossib]e. A deterministic correction
tfansfdrmation.is théh synfhésiZed'from fhe.mode]; utiiizing the satellite
orbital parameters to adjust the transformation. An example of a deter-
ministic correction procedure devé1oped for NOMA satellite data is gjﬁen
in Appendix A. The deterministic correction produces a partially corrected
image which.cuhtainé residual distortions due to random erfors 6r to
dgterministicrerkors which were not accounted for fn the deterministic
transformatibn : o | - |

In the second step of the genera11zed geometr1c correct1on procedure,
externa] reference 1nf0rmat1on is used to character1ze a bivariate po]ynom1a1
- image transformation which is used to transform the partially corrected image

to the desired map projection. Ground control points (GCPs) are used to
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obtain the external information. A GCP 1is a physical feature which is
easily detected in thé image and easily located on a ﬁap.- The most
reliable GCPs are land-water interfaces, but airports, highway intersec-
tions, geological features, or agricultural field bouhdaries can ajso be
~used. The locations of these GCPs must be determined in the partia1ly
corrected image (dotted line labeled image GCPs in the f1gure above}.
The actual Tocations of the GCPs must be determ1ned from a map (or several
maps). This is typically accomplished by first digitizing the GCP loca-
tions on the map using a digitizing table or a graphics_tab]et. This
- establishes the GCP Tocations in the coordinate system of the digitizing
instrument. It is then necessary to perform a map-to-map transformation
on this data to fransform it to the desired coordinate system of the map
prdjected image. This transformation generally consists of scaling and
translation, but can also entail a transformation from one mapping system
tp another. The outputs of the map-to-map transformation are the map GCP's.
The coefficients of the bivariate polynomfal transformation are then
selected se as to minimize the sum of the squared errors between the image
GCPs and the transformed map GCPs. A network of g}@d points in the map
ﬁrojéctidn coordiﬁate system is mapped into the'coqrainaté system of the
partially corrected jmage. After determining the location of the output
pixels in the ihﬁut imagé, the image 1is résampied using a.bi1inear inter-
| po]at1on method which uses four ne1ghbor1ng input va]ues to compute the
output 1ntens1ty by two d1mens1ona1 1nterpo1at1on

We are act1vely try1ng to ref1ne and 1mprove on th1s procedure Qur
-f1rst step is the deveIopment of 1nteract1ve software for use with a
graphics tablet and a minicomputer which wi]l allow us to digitize GCP;

from maps, and then toranaiyze the effect each GCP has on the resulting
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transformation. With this software, we will easily be able to eliminate
those GCPs which appear to have been unreliably located ih either the
image or the map. Secondly, we are developing procedures which will
eliminate the need for the tedious acquisition of GCPs. Using a reference
image which has been geometrically corrected, we will select small, high
contrast regions in the image and compute a cross-correlation matrix
 between the reference image and a partially corrected image. The Tocation
of the maximum of the cross-correlation matrix will be used as a virtual
GCP. The virtual GCP should be more accurate than the previously obtained
GCPs, and will lead to a better correction transformation.

B. Acquisition of Ground Truth Information

In support of our work involving the use of remote sensing data in
hydrologic modeling, we frequently need to acquire information from maps.
Examples oflthe data required are: locations of ground control points,
watershéd boﬁndarieé, and boundaries of contiguous land use regions.

In order‘to meet thié requirément we are developing software to allow
interactive digitization:df map information, using a graphics tablet and
terminal interfaced to a minicomputer. The interactive capabi]ityAwili
allow uslto defétt and correﬁt errors dufing thé hroCess'df digitizatidn,
which will prbvide improved.acCuracy.

C. Lénd~Use Classification’

For the deve]opment of hydroTog1c modeIs which are 1ntended for use.
in analyzing proposed or ant101pated changes In watershed character1st1c,
important 1nf0rmat10n which can be acqu1red by remote sen51ng is the
classification of ex1st1ng Tand use,

“We are presently exploring procedures for determining.land use which

* are based on the efficient use of satellite image data and ground truth
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information. Using LANDSAT data, we have app11éd a]gorithms for maximum‘
likelihood classification to the Trajl Creek watershed néar Athens Georgia.
We found that this approach was not adequate, due to the difficuity in the
‘selection of training fields which were representative of the Tand uses
within a small watershed. We are presently exploring the application of
clustering algorithms to land use classification to determine the natural
groupings or classes within the image data. This approach has been applied
to two watersheds: Trail Creek, and Castro Valley, Califurnia. The results
have been very promising and an example is shown in figure 9. We are aiso
investigating the use of texture information in the clustering é]gorithms.

Another area of current research is an investigation of the relation-
ship between land cover, which can be remotely sensed by a satellite, and
1and'use, whiéh is the desired information. .The goal of ﬁhis study is tb-
determine which land uses can be reliably estimated from iand cover informa-
tion. This will Tead to a 1ist of land uses which can be determinedxby
remote. sensing. |
D. °Improvement of,Prodessing Capability

In the past six months a digita] image processiﬁg facility has been
acquired by the Depaftmént of Electrical Engineering ét UL Davis. Thé h
facility is currently operational, and work is under way to implement
a software picture processing system and to transfer software from the
Picture Processing Facility at .UC Berkeley. Beginning in March 1977, the
transition will be completed and all of our image brocessing work will be
conducted at the Davis facility. |
| A block diagram of the new Tacility is shown in figure.10. The major

hardware elements are as:follows:.
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Figure 9. Lahd Use CTéssification by C]ustéfing for
the Trail Creek Watershed Near Athens, Georgia
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| 1.  The digital processor is a DEC, PDP 117566 Fast Fortran Laboratory
System. This extremely fast minicomputer includes 32,768 words (16 bit)
of memory, a fast asynchronous Floating Point Processor, a DEeriter,

and 2 RK 05 disks with a total storage of 4.8 million 8-bit bytes.

2. A 285 card per minute.card reader.

3. One Kennedy Model 9300, 9 track 125 IPS, Dual-Density 800/1600 BPI
tape drive. - The 1600 BPI density is unique on campus.for this very fast
digital tape drive. '

4. A Tektronix 9054 X-Y digitizing tablet. The size is 30" x 40" and
the resolution is .01".

5. A large disk (not acquired yet because of Tack of funds),

‘6. Printer-Plotter. Versatec 12008, 11" wide and 200 dots/inch. Ver--
saplot 1 software package;

7. Image'display sysiem. Modél 70 manufactured by Internatiohal'lmaging
System (IZS), This display system includes powerful video rate processing
capability. A 256 x.256 fu11 coior 1mage.is refreshed digitally. Three
overlays are‘avai1ab]e.

8. vCo]dr television monitdr; “A high quality 19“ Conrac'color monitor.
9. High resolution CRT. A black-and-white precision recording cathode
ray tube with a 70 mm camera. This unit will be modified to allow the
photography of 1024 x 1024 full color images by the_ﬁse of sequentia1 filters.
‘10. Image scanner. HNot available. A 512 x 512 unit will be built at the |

- earliest possible time.

A Tektronix 4014 graphics terminal with supporting software will also be

connected to the PP 11/55.
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VI.

PUBLICATIONS AND TECHNICAL PRESENTATIONS

B. J. Fino and V. R. Algazi. "Unified Matrix Treatment of the Fast
Walsh-Hadamard Transform® IEEE Trans. on'Comp., vol. C-25, no. 11,
pp. 1142-1146, Nov. 1976.

V. R, Algézi, "Remote Sensing“, A technical pfesentation at the 3rd
Infocorp Assoc. Meeting (USACE.Automatic Data Processing Conference),
Davis, Calif., Aug. 17019, 1976. -
V. R. Algazi, "Image Processing in the Application of Remote Sensing
to Hydroiogy". Invited presentation at the US-Japan Semﬁnar on

Image Processing in Remote Sensing, College Park, Md., Nov. 1-5, 1975.

PROPOSED AND CONTINUING WORK FOR 1977

The work under this multicampus University of California grant is

being phased out over the coming year. By agreement with Dr. R. N. Colwell

and the NASA monitor the work on our portion of the grant will be principaily

concentrated on support work in digital image processing for the ASVT

program co-sponsored by NASA and the Corps of Engineers. Hence 1 and 2

below represent the phase out work on the "Integrated Study" grant. Item 3

is being continued until May 1978.

1.

Simulation work on RFC hydrologic model using evapotranspiration para-
meters acquired by remote sensing,'in[cooperation with RSRP, Berkeley.

Basic work on the use of NOAA data as an input to a snowmelt runoff

" model:

. data correction
- & geometric correction o _
. development of distributed snowmelt model
. statistic prediction of runoff
. trial simulations of model
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o

Digital image processing work in support of our work on hydrologic
modeling:

. geometric correction
. digitization of map information
. land use classification

Part of the budget requested in the period May 1, 1977 to May 1, 1978

will be used in the acquisition of computer peripherals for our work in the

operational application of remote sensing in hydrology.
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Conference, Tullahoma, Tennesses, March 1973, pp. 1287-1306.

R. J. C. Burnash, R. L. Ferral, and R. A. McGuire, "A Generalized
Streamflow SimuTatioﬁ System?, River Forecast Cenfer, Sacramento,
California, March 1973. _

R. Legeckis and J. Pritchard, "Algorithm for Correbting the VHRR
Imagery For Geometric Distortions Due to the Earth's Curvature and

Rotation", NOAA Technical Memorandum, washington D.C., dJanuary 1976.
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APPENDIX A

Deterministic Geometric Correction Algorithm for NOAA Satellite Data

The principal geometric distortions in the NOAA Very High Resolution
Radiometer (VHRR) images are due to the fact that the line scans are made
along the curved and rotating Earth's surface. As a result, the distance
between sampies as well as the area of the scene in the VHRR field of view
varies as the distancé fﬁom the nad{r increases. Although other variabies
'confribute to the geometric distortion of the images, the principal dis-
tortions can be eliminated by correcting the errors due to the curvature

“and rotafion of the Earth.

Radiometer Characteristics

The radiometer, as described by Schwalb [A1], is a two-channel scan-
hing instrument sensitive to energy.fn the visible spectrum (0.5 t0.0.7um)
and the thermal infrared spectrum (10.5 to.12.5um). The scanning instru-
ment is designéd to operate on a spacecraft with a sun-synchronous orbit
héving'a nominal altitude of 1501 km. Energy is gathered by an elliptical
scan mirror which is set at an angle of 45° to the scan axis and rotates at

400 revoiutions per_minuté.'fhe reflected energy is focused by a Cassegrainian-
type optical system and is detected by a silicon photo-voltaic detector in
the visible range and a thermistor bolometer in the infrared range.

The NOAA-3 and NOAA-4 satellites are operated in polar orbits. Over
the western portion of the U.S., the satellite moves toward the southwest,
in an orbit having an inclination angle (Q) of 78° at the equator, as shown
in figure A-1. |

The scan mirror of the radiometer rotates at a constant angular velocity
and the visible and -infrared detectors are'sémhled at a uﬁfform'raté(s) of

106,666 samples per second, ;so the acquired data is the same as would be
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obtained from a device having uniform angular sampling as shown in
figure A-2.
Assumptions
In order to simplify the geometric correction procadure, the follow-
ing assumptions are made: |
1.  The Earth is a sphere with radius (R) of 6371 km which rotates on its
north-snuth axis with a constant period (T) of 24 hours.
2. The following satellite parameters are assumed constant:
orbital angle of inciination of the equator, Q = 78°

{116.1 min for NOAA-3
115.0 min for NOAA-4

orbital period, P =
data sampling rate, S = 106,666 samples per second
angular scan rate, W = 400 revolutions per minute

Correction for Panoramic Distortion

Panoramic distortion appears in the VHRR images as a contraction_of
thé Earth'é features at inéreasing.distanée.ffom the.nadir; To remove this
distortion, an algorithm must be appiied to resample the original data so
that the new sample points correépond to equi-distant spacihg onvthé ground.
The panoramic correction procedure discussed here is based on an aIgorithm
developed by Legeckis and Pritchard [A2]. ‘

First refer to figure A-3 to determine the re?ationship between the

radiometer scan angle (a) and the geocentric viewing angle (¢). It can be

- shown that
tan(a) =_h0 ; B hy + g Eigéﬁl(¢) ) hé + §1T(235(¢),
. . : .
or o , .
o« = tan-} o + §inv(¢)v . (A-1)
R~ cos(¢)



Figure A-2
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‘where h, is the satellite altitude at the time of image acquisition.
The detector signals are sampled at uniform anguiar increments Ac.

Thus,

a=1A=1 E_gﬂ (A-2)

- where 1 is the ofigﬁna] sample number counted from the center of the
scan line. We wantvtc resample the original data S0 that the new samples
(indexed by N) represent the reercted energy at equidistant pbints along
the ground track of the scan line. Since from figure A-2, it can be seen
that the scanning is symmetr1c about the nad1r, 1t is only necessary to
der1ve the algorithm for one half of the Tine scan.

If D is the des1red d1stance between samples then:

b

R Ad

-and

N g = B2

9

From equations (A-1) and (A-2), we have:

S ... -1 sin{ND/R)
I == . tan - . (A-3)
emi ﬁg%ﬁ__ cos{ND/R) o

We wish to select the horizontal spacing (D) between sample points to -
be equal to the vart1ca1 spac1ng (L) between Tines. To determinz2 L, we
”  must take into account the forward motion of the satellite and’ the

rotat1on of the Earth, as f011ows.

L

e

ground d1stance between scan 11nes in km

(ground speed of forward mot1on)x(scan per1od)

(ground speed due to sate111te + ground speed due to

Farth's rotat1on)x(scan_per1od)
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The ground speed of the satellite (V) is given by:

_ 2w ;
VO = (A-4)

The three angles which are used to compute the componenté of the ground
speed due to Earth motion are the orbital inclination angle Q, the

latitude of the satellite sub-point &, and the angle ¢ betweén an instan-
taneous orbital plane and a latitudinal plane. It can be shown that these

angles are related by:

cos @
cos O ' (A-5)

COsS € =

Figuré A-&. shows the two components of Earth rotational velocity (V),
consisting of one ajong the scan (Vs), and another aldng the forward
direction of motion (VF). The magnitude of the rotational velocity is
given by: |

v = ZnRTcosm (A-6)

Thus, the ground speed due to Earth's rotation is: -

VF =V cos e

_ 2nR cos $ CoS € (A-7)

_ 2mR cos Q
T

From (A-4) and (A-7), we can determine L:

_|l2mR , 21R cos Q | 1
L:f [_P ¥ T } W

- 2R {1, cosQ ' o _ |
- i ] - (A8)
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Letting D = L, by substituting (A-8) into (A-3) we have:

B R sin(Nag)
I=K tan [ o 51%05(%)} ~ (A-9)

where
=S
k"21rw
- CoS
ap = 20+ oS
N=20, T, 2, ...

For a given value of N, we compute I from'equation (A-9). Since this
I is not necessarily an integer, we compute the new radiometric sample
N by linear interpolatidn between the original radiometric values of the
integer sample numbers which bracket I.

Correction for Earth's Rotation

Because of the rotation of the Earth and the inclination of the
satellite's orbit, the subsate111te point of every scan line of the rad10-
meter is displaced westward, The amount of displacement depends on the
latitude, inclination of the satellite orbft and the instananesus angle.uf
intersection of orb1fa1 p]ane and the latitudinal plane. This effect
introduces skew d1stort1on 1n the resu1t1ng image. |

Referring to figure A-4 and eqqat1ons (A-5) and (A-6), we see that the

drift velocity in the direction of the scanning motion is given by:

n

VS V sin e

2wR cos8 sine
T :

IETrR(r.:os.za-cos_zQ)”2
T
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From fidure A-4 we see that x = ND is the distance from thé subsatellite
point to the new sampling point N. The drift can be compensated for by
adding the drift distance for m lihes, mAx, to the distance x if the new
sampling point is on the right of the subsatellite point and subtracting

it if it is on the left. Thus, equation (A-3) becomes:

- (ND £+ mA X
sin(——5—=—2)
I= o tan | R : (A-11)
& 0 ND +m A X - _ :
R - cos{T——¢p—)

substituting equations (A-8) and (A-10) into (A-11), we have:

_ -1 sin(N A ¢ * mA B) ~
I =k tan —— - (A-12)

9 - cos(NA ¢ £m2a )

where

1

bd

AB

%E (cos®o - c0520)1/2

It can be shown that mAB s small compared to NA¢, and that I.can
be accurately approximated by the first two terms of its Taylor's series

~ expansion:

h,*R) ‘
1| sinae) |, m k AB[[—QR_:J cos (Nag) “]] (A-13)

h. + R : - Tt 2. g T a RmY : i
; h o+ R h +R) - S
7 - cos(N A ¢{} %Jljiif} _ 2{ 0 . } cos{N A ¢) + 1- :

where Kk, Ad, AB, m, and N are defined above. Note that the sign of thé .

1=k tan”

~second term on thé right of equation (Ae13) is posjtive if tha_new_samp1e is
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on_the right side of the subsateliite point, otherwise it is negative.

Equation {A-13) serves as the basis for the algorithm for the
correction of panoramic distortion and Earth rotation distortion. However,
before it can be applied to an image, two pafameters must be determined:
the altitude of the satellite (ho) and the latitude of the satellite sub-
point (8) at the time of image acquisition. |

In early trials of the correction algorithm, we found that the _
algorithm was very sensitive to changes in the aitiiude of the sateliite.
It was necessary to use the altitude of the sateliite at the time of image
acquisition instead of using the nominal value for this parameter. Russel]
Koffler of NOAA-NESS supplied us with NOAA-4 orbital ephemeris data which -
gives the altitude at each minute during an orbit.

| The latitude of the satellite sub—point at the time of image acquisition
varies from day to day. Ve found that it was not adequate to use a nominal
.#alué for this'parameter; In fact, this parameter varies during image
acquisition, since the satellite is moving during the time the image is
being sensed. .Hovaér,-we fdund that éccuraﬁé distortion correction could
be obtained by using a latitude value corresponding to the satellite
location ét.the center of the imége,

It is necessary to calculate the latitude from reference data in the
image, as this information is not'avai]able from the ephemerié data."wé
have developed -an algorithm for calculating this parameter which is based
on a NOAA féchnicéi Memorandum by Ruff and Gruber [A3].

We first select a reference point in the center of.the_origina]_image
which is easily detected in the ihage, and which has a known 1atiﬁude (er).'

- In our work, we chose the intersection of the Middie Fork and the South Fork
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of the Kings River as our reference point. We then determine the sample
number (Ir) of this reference point in the image, measured from the
center of the image, with positive to the left, or west on the image.

The satellite nadir angle (o) for this reference point is given by:

a=1, ggﬂ | (A-14)

the satellite zenith angle (z) is:

o [R+hy
Z = sin R sin o (A-15)

. From equations (A-14) and (A—]S),_we.can_ca]cuiate the geocentric viewing
angle o:

b=z-a . {A-16)

the satellite Tatitude is then computed from:the fo]1ow1ng expression:

a1 sin-ef - cosQ sing _
8 = sin [ | cos § ] (A-17)

The reader is directed to the paper by Ruff and Gruber [A3] for the

details of the derivations of these equations.
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" Rotation"; NOAA Technical Memorandum HESS, Environmental Science
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A3: Ruff, I. and A. Gruber, “Graphical Relations between a Satellite and
a Point Viewed Perpendicuiar to the Satellite VeTecity Vector {Side
Scan)", NOAA Technical Memorandum NESS 65, Washington, D.C., March
1975

APPENDIX B

Least-Square Geometric Correction Algorithm

Images which have been geometrically corrected using deterministic
algorithms such as is described in Appendix A will still contain résiduai
d1stort1ons due to random errors or to deterministic errors which were not
accounted for in the determ1n15t1c correction. In the second step of a
geometric correction pﬁocedure, a least-squares transformation is applied
to correct the residual errors. In the procedure which we employ, external
reference information is used to characterize a bivariate polynomial image
transformation which is used to transform the partially corrected image.
to the desired map projection.

Using image coordinates (xi,yi) and map coordinates (xm,ym), the trans-

formation is the following:

. ' 2 2
X = ao'+ 4 % +aZ.an ¥ a3 Xp ¥ a4 Ym ¥ 25 Xp Yy
- 2 2
Y5 = by + by Xyt by Yo b by Xyt by v+ by X Yo

To determine the coefficients ao, .;;, a and b, s b, locations

of over 100 ground confrol points (GCPs) are determ1ned on both the part1a11y
| corrected image and on the appropriate USGS 1 250 000 scale maps The
coefficients are chosen to minimize the sum of the squared errors in the

image coordinate system between the 1mage GCPs and the transformpd map GCPs.
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The problem of calculating the coefficients can be seen to be a problem of
multiple regression, and a variety of techn1ques are available for 1ts
solution. Let ( 30 ¥ ) be the coordinates of the jth GCP in the image,

and (X . .) be the correspond1ng coordinates in tha map. Define the

following parameters:

_Rj = xij
137 g

%25 7 Y
Z3j'= x%j

Zyy = Yoi
L5 ™ *mj ymj‘

then subtract the arithmetic mean from each of these parameters:

ry = (R

N
- R}  where R= ] R
Zyj = (Z kJ k) where Z, = ‘g ij

and where N is the number of GCPs.

' The desired coefficients a s ..., as are given by the following:

] [T Ty Tz T -TT5T? 5]
Bl | Tor  Ta 2 T Tos Sy
3= Ta1 Taz Taz Taa o Tas | |5
1Ty Tap Tas Tag Tys >
‘.“5; Ter Ts2 Tsz  Tea Tos B S5
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N
where T, , jzlsz Zp;
?
and S, = Y. Z, .
k. j="|J ki

The equations for the coefficients bo, cees b5 are very similar, and will
not be given here. | | |

For the image transformation to be correct, the 1ocatf0ns of the GCPs
must be determined very'aﬁcurate1y and carefully. In order to do this,
we display:256x256 sections of the 512x512 image on a video monitor and use
a cursor to iocate the GCPs. When we havé located all of the points which
are not under a cloud cover for that date, we compute the transform
coefficients and transform the map GCPs to the partially correcfed 1mage.
This allows us to observe the errors in GCP locations, and we then refine
our image GCP locations if necessary. This avoids errors in GCP selection
such as choosing.the wrong feature in the image as the desired GCP. The
transform coefficients are then recomputed. |

This algorithm has been applied to images for four dates, and in each
case, the coefficients for the square terms of . the transformation were
much smalier than those for the linear terms. This indﬁcates that most
~ of the highly nonTinear diétortions_have‘been*removedﬂby the deterministic
correction algorithm.

Having now acquired the desired transformation, the positions of the -
output pitture eleﬁents dh the input image are determined. The image is
then réSamp1éd,"u§1ng the bilinear interpolation, in}whichAthe four neigh-

boring input values are used to compute the output intensity by
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two-dimensional interpolation. A discussion of the resampling procedure

can be found elsewhere [B-1, B-2].
REFERENCES

B1: Van Wie, P., et al, "LANDSAT Digital Image Rectification Systeﬁ
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Space Flight Center, Greenbelt, Maryland, Nov. 1975. |

B2: Bernstein; R. And Ferneyhough, D. G., Jr., "Digital Image Processing",
Photographic Engineering and Remote Sensing, Vol. 41, No. 12, Dec.

1975, pp. 1465-1476.
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Chapter 3

WATER SUPPLY STUDIES BY THE BFRKELEY CAMPUS RSRP GROUP
(Remote Sensing-Aided Procedures for
Water Yield Estimation)

Co—Investigator:' Siamak Khorram, Berkeley Campus
Contributors: Edwin Katibah
Randall Thomas

3.000 INTRODUCTION

During the present reporting pericd most of the work that has been
performed by the Remote Sensing Research Program (RSRP) persomnel at
Berkeley Campus has continued to deal with water supply studies. The
focus of these studies is on the development of remote sensing-aided
procedures Lo provide cost-effective, timely, and satisfactorily
accurate estimates of various important components of hydrologic models.
Specifically, procedures are being developed for estimating the areal
extent of snow, the water content of snow, the amount of solar radiatiom,
and the loss of water to the atmosphere by evapotranspiration. The
values obtained for these components by means of remote sensing will
be used as inputs to each of the two state-of-the-—art water yield fore-
cast models currently being operated by the Califormnia Department of
Water Resources (DWR). These are (1) the California Cooperative Snow
Survey's (CS8S) model, and (2) the model of the federal-state River
Forecast Center {RFC). The RSRP effort is being currently conducted
in close coordination with that of other NASA Grant participants,
particularly the efforts of the Algazi group on the Davis campus as
described in Chapter 2 of this progress report. This cooperative
effort involves an analysis of the sensitivity of the RFC runoff
. Forecast model to its input components, particularly the model response
that results from using a remote sensing-aided evapotranspiration estimate
as one of the major input parameters.

This work, to be completed with the preparation of procedural
manuals, describes the step-wise process which might best be followed
by managers of water resources in using remote sensging as an aid to
vater resources inventory, development and management, Therefore, it
is considered appropriate in this progress repori to briefly summarize
our findings to date relative to the preparation of procedural manuals.
Most of the work that is about to be presented has been brought to
completion during the present reporting period. As will presently be
seen, however, that work is placed in proper context by first summarizing
some of the work which our group has previously done, then describing
our research activities dutring the present reporting period, and con-
cluding with the first iterations of various procedural manuals that we
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“are in the process of preparing in order to maximize the prospect that
water resource managers will effectively use remote sensing techmiques
of the type that we have been developing.

3.100 MATERIALS AND METHODS

The information contained in this section is divided <into the
three major phases with which our remote sensing research has dealt,
each phase constituting a major input component to water yield forecast.
models. The phases deal with remote sensing-aided procedures for the
estimation, respectively, of:

1) Snow areal extent
2) Snow water content, and

3) Evapotranspiration and solar radiation.

3,110  Supmary with Respect to the FEstimation of Snow Areal Extent

A different weans of estimating areal extent of snow has been

developed and tested by RSRP than is traditionally used. The RSRP method

is based upon the analysis of Landsat color composite imagery divided
into equal image sample units (ISU's). Two or more dates of Landsat
color composite. imagery are used for the anmalysis.

At the time of a Landsat overpass low altitude aerial photography
is flown over randomly selected transects in the appropriate watershed.
The image sample units as they appear on the Landsat imagery are
transferred to the aerial photography. Estimates are then made of the
percent of the ground that is snow-covered, based upon interpretation of
the aerial photography in each ISU. Each such estimate is placed into
one of five snow-cover condition-class categories used iIn this part of
the study. Approximately one-half of the image sample units, as they
appear on the aerial photography, are used in the training of the
interpreter, the other half belng used for testing of the interpretation.

The 1nterpreter, thus armed, views the tralnxng image sample units
on Landsat imagery of each pre—selected date. He uses the snow cover
condition eclass estimates on the training ISU's (as interpreted on the
“aerial photography) to guide the training: Once trained, the photo
interpreter then interprets the Landsat winter data (w1th the summer data
syperimposed),  image sample unit-by-image sample unit, except for the
training ISU's. Some of the imape gample units that he interprets are
‘those found on the supporting aerial photography. The interpreter’'s
classification of these "testing " 18U’'s on the Landsat imagery is then
statistically related to the snow cover condition class estimate on
the "testing" 1SU's found on the aerial photography. This is done by
means of a ratio estimator statistie. This statistic is then used to



- correct the interpreter's estimate of the areal extent of snow from
Landsat data. The multistage sampling technique just described enables
the researcher to establish the confidence intervals with a given
probability (e.g. 95%) around the estimated values of the areal extent
of snow.

- 3.120 Summary with Respect te the Estimation of Snow Water Content

Snow water content is estimated by integrating snow areal extent
data, as described asbove, with ground measurements collected on several
snow courses used by the California Department of Water Rescourcas. This
Landsat-aided snow water econtent estimation system utilizes a stratlfled
double sample d=sign.

In developing the procedure presently to be described, RSRP personnel
selected three dates of Landsat imagery to provide conventional snow
course measurement data. Over 2,200 image sample units were interpreted
manually using analagous to that previously described for estimation of
snow areal extent. The resulting informatiopn was rhen transformed into
snow water content indices by a first order, time specific model. The
watershed was classified into six unique stzata to control the overall
basin snow water content index.

A comparative cost-effectiveness analysis was conducted :
simultaneously with the interpretation and statistical work. Investigations
with respect to cost focused on an analysis of the CCSS budget, an
estimate of rhe cost of snow survey work within the Feather River Basin
in 1974, and a determination of average costs for typical ground and’

“image sample units. Parallel investipgations with respect to effectiveness
included an examination of the precision and accuracy of existing
snow water content and water yield estimates.

The results obtained to date indicate substantial potential cost
and/or precisicn advantages to be gained by use of conventional ground
measurement snow course data integrated in a double sampling framework _
with Landsat-derived information.

3.130 Summary with Respect to the Estimation of Evapotranspiration

The problem of obtaining an estimate of evaporation from the soil
throughout a given area is a very difficult one., In most instances,
however, the problem is simplified by using representative point estimates
in catchments (watersheds) or sub-catchments. Tf vegetation is present,
the estiwation of areal evapotranspiration (ET) is even more difficult
because of the diversity of evaporating surfaces and the consequent need
for a proportionally larger number of ET measuring points, which are often
‘expensive £o imstall dnd maintain. Judging from our work, as described
below, the use of remote sensing techniques, combined with a limited '
number of appropriate ground measurements, can help solve some of the

. problems that are entalled 1n the est1mat1on of evapotransplratlon area-—
by-area. : : o '



As will presently be seen, the remote sensing-aided system developed
by our RSRP to estimate evapotranspiration is designed to give timely,
relatively accurate, cost-effective evapotranspiration estimates on a
watershed. The methodology is based on estimation of the major components
that serve as inputs to ET estimation models (i.e., solar radiation,
elevation, slope, temperature, etc.). We have tested the methodology
in the Spanish Creek watershed which i= a sub-basin of the Feather River
watershed in the northern part of California’s Sierra Nevada mountains.
In this methodology, a multistage, multiphase sample design is utilized
to estimate evapotranspiration losses, area-by-area, throughout the
watershed. Basically, there are three increasingly resolved levels of
data, each of which is sampled. The first level is composed of satellite
and topographic data. Vegetation, terrain and meteorclogical types of
information are defined for a convenient base resolution element, in this
case a small group of Landsat pixels. Based on this information that
is associated with each base resolution element, an estimate of
evapotranspiration is made for that location. The appropriate ET
equations, defined as Level I models, must be able to perform adequately
on this "least resolved" information available from the first data level.
Adequate performance is defined as a generation of ET estimates strongly
correlated to actual ground-measured or ground-based estimates of = ,
evapotranspiration and to the runoff forecast analysis of the California-
River Forecast hydrologic model after ET results have been used a3 one
of the major inputs.-

After an estimate of evapotranspiration has been made for each basin
resolutior element, the resolution elements (here 3 x 3, 4 x4, or 5x 5
blocks of pixels) are grouped into primary sampling units (PSU's). Within
each PSU selected, a series of secondary sampling units (SSU's) is
defined and photographed at large scale with light aircraft. At the SSU
stage of sampling design, more specific information concerning local
vegetation canopy, soil, and local climatic conditions is available
as opposed to that obtalnable from information at level one. Thus level
two evapotranspiration models, employing more data types and more refined
data, are used to generate evapotranspiration estimates for each PSU. A
sample consisting of two of the SSU's per selected PSU, is then randomly
chosen for further analysis on the ground. For each of these selected -
S5S8U's detailed ground measurements are made of vegetation canopy geometry,
color, ete. as well as of soils and liter—organic debris conditions. The
detailed information that is derived from this third level is then used
to drive evapotranspiration prediction models. The full watershed estimate
of evapotranspiration is developed by first using the ground based
evapotranspiration estimate to calibrate the SSU estimate derived from
photo data and then expanding the calibrated SSU estimates to the PSU stage
by utilizing the SSU selection weights developed earlier. TFimnally, the
PSU evapotranspiration estimates are expanded, each over the appropriate
stratum and then to the entire watershed, by applying the PSU selection

)
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weights (proportion of evapotranspiration in the given PSU relative
to all other PSU's in the wdtershed) driginally calculated. This
sampling technique allows a confidence interval value to be assoc1ated
with the estimates.

Level T ET models utilize the first level of information resclution
and provide the first estimate of ET for the appropriate PSU's.
Empirical and semiempirical formulas are applied in this level. These
formulas are modified based on the measured values of evaporation data
in the watershed of interest. The input for these models comes primarily
from Landsat, envirommental (meteorological) satellites, ground
meteorological stations, and digital topographic data. The variables
to be derived from these data for the above models are surface
temperature (daily average, minimum, maximum), all solar radiation
components, relative humidity, precipitation, and cloud cover (Khorram,
1974). '

_ Solar radiation is a major input to both first and second level ET
models. We have developed an accurate, site-specific, timely, and
inexpensive methodology for estimation of net shortwave, net longwave,
and net solar radiation. This technique is fully described in our

May 1976 NASA Grant report.

The basis for the evapotranspiration models that are applied to the
second level of information resolution is that of energy conservation,
which is a proven law of thermodynamics. TFor this level, the energy-
balance method is combined with other methods for consideration of
vegetation canopy effects and advected energy processes. The objective
of the model applied at Level II is to capitalize on vegetation
canopy, geometry-composition, and other surface data avawlable from
aerial photography to provide improved evapotranspiration estimates for
the appropriate photo SSU's (Khorram, 1974).

:The third information resolution level in the remote sensing—
aided evapotraunspiration estimation system allows use to be made of both
the simple and the more sophisticated models. The approach used
requires one to select and develop those evapotranspiration estimation
equations which are most ratiomal and physical in terms of the actual
processes involved. A combination of empirical, energy balance, ‘and
aerodynamic methods should be examined for this level. :

.3.200 CONTINUING RESEARCH SINCE MAY 1976

3.210 SnOW'Quéntification

In previous progress reports prepared by personnel of car

. Remote Sensing Research Program, techniques were described for using -
temote sensing as an aid in estimating (1) areal exterit of snow and (2)
snow water content, {(These techniques have been briefly summarized



in the preceding sections of the present report.) These two techniques
togather comprise the snow quantification research that our group
currently is completing. Because both of these techniques h.ve
demonstrated their ability to characterize efficiently the resource
parameters which they were designed to estimate, procedural manuals
are now being compiled for each technique.

Since application of the "areal extent of snow" technique is the
first step in the snow water content estimation procedure, the two
systems are linked through information and data gathering requirements.
To help the potential user of such snow quantification systems, refine-
ment of both techniques and the preparatioa of procedural manuals
constituted the primary research objeckives of our group for the May
1976 to May 1977 reporting period. Tt was determined that the most
significant single improvement in areal extent of snow estimation {and
‘hence in snow water content estimation) could be achieved by optimizing
the basic estimation elements, i.e. the image sample units (ISU's).

The ISU's used for the previous research were approximately 2000
by 2000 meter blocks (400 hectares) laid out over the watershed being
investigated. We arrived at this ISU size because it allowed enough
samples to be taken from supporting low altitude aerial photography
while minimizing the number of ISU's for the interpreter to analyze., This
reduced the interpretation time and, thus, interpreter fatigue. While
this ISU size provided the necessary analysis capabilities for achieving
thHe ultimate research objectives, it was realized that at least two -
advantages could be gained from “optimized" ISU size.

The first improvement would be reduced sample variance. The
hypothetical relationship between ISU size and sample variance is
illustrated in Figure 1. : '

"Sample Variance ——

Image Sample Unit (ISU) Size —o— o

Figufe 1. Hypothetical relationship between image
: sample unit (ISU). size and sample variance



Interpretation Time

Image Sample Unit (ISU) size - W

Figure 2 . Hypothetical relationship between Image Sample Unit (ISU) size
: : and interpretation time, :



"Thus, if the image sample size were reduced, tile sample variance would
be reduced also, (Figure 1), but the interpretation time (and
interpreter fatigue and thus inaccuracy) would be increased (Figure 2).

If, in view of these "trade-offs", we could optimize the variance
and interpretation time with respect to one another, our techniques
" for estimating the areal extent of snow and snow water content would
be expected to improve in terms of both estimation accuracy and speed
of operation. Consequently the final result of this research could be
expected to be an optimization of both variance and time consideration as
seen in Figure 3.
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Figure 3. Hypothetical determination of optimal variance/versus
interpretation time per image sample unit size. ‘



To caleculate the actual curves for ISU size versus Sample
variance, and ISU size versus interpretation time, three dates in the
winter of 1973 were chosen (April 4, May 10 and May 27) and three
18U sizes ( 100,255 and 400 hectares, respectively) for each date
were also selected. The analysis procedure that was used followed
that used previously in estimating the areal extent of snow as described
in our May 1976 Annual Progress Report. Accurate accounting of both
interpretation time and sample variance was obtained for each ISU
size on each date of analysis to facilitate the optimization procedure.

3.220 Evapotiranspiration

The methodology developad by the Remote Sensing Research Program
for evapotranspiration estimation utilizes some watershed physiographic
data as well as data with respect to climatic variables. The
physiographic data consists of vegetation type, ground cover, and
elevation. The climatic data consists of temperature, humidity, wind,
precipitation, solar radiation, and a few standard meteorological
constants. The specific climatic data required for use in ET models
varies with the level of modeling. Level I ET models use solar radiation,
temperature, humidity, and precipitation as the main variables,
Level IT and III ET models utilize the required input variables for
Level T as well as a psychrometric constant, the ratio of saturation
vapor pressure to temperature, canopy resistance, aerodynamic
resistance, and atmospheric conductance, All ET models and their
required input data are described in the May 1976 NASA Grant report.

Solar radiation is one of the major input components for all
three levels of ET models and is the ultimate source of the earth's
energy as well as being the driving force for all of the hydrological
processes. Therefore, the ability to better estimate solar radiation
could produce significant improvements in our ability for site specific
estimation of both water supply and vegetation water demand (consumptlve
use). The RSRP group has developed a remote sensing-aided technique
and model for estimating solar radiation. The climatic input variables
to the model include temperature, cloud cover and albedo. The
estimates are site-specific as a fiunction of slope, aspect, latitude,
day length, elevation, and vegetation type. Based on such information
a net solar radiation map has been produced of the Spanish Creek
Watershed. . The primary results are in general agreement with values
reported in the literature for similar areas in the same latitude but . .
are, of course, more specific-in terms of site, time and accuracy.

" Some of the evapotranspiration estimation models have been tested
in the previously mentioned Spanish Creek Watershed (SCW). The
- physiographic characterlstlcs of the SCW have been determined and the
areal distribution of input parameters for both solar radiation and
"Level I ET models have been documented. AS an example, the watershed-
wide map of water loss to the atmosphere (evapotranspiration) for -the
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Figure 4.

Areal distribution of daily potential evapotranspiration
estimates in inches for August 14, 1972, over the Spanish
Creek Watershed, based on the Jensen and Haise equation.

Red = 0.1 - 0.28 Green = 0.31
Orange = 0.28 Green blue = 0.31
Yellow = 0.29 Blue Green = 0.32
Brown = 0.30 Blue = 0.33 - 0.38

3=10




SCW is shown in Figure 4. This ET map is based on the Jensen and Haise
model (Khorram 1975).

Performance evaluation of ET models could be obtained by two
means: 1) by comparing results obtained when using the models with
corresponding measured values of actual and/or potential evapotranspira-
tion made on the ground; and 2) by evaluating the results from runoff
forecast models as obtained whern remote sensing-aided estimates of
ET were used as a direct input. - In our research, because of the lack
of measured evapotranspiration data on the ground, the second method
is being used for evaluating the results and the California River
Forecast Center (RFC) hydrologic model (sometimes referred to as the
Sacramento Model) is being used for this evaluation. This study is
being carried on in coordination with U.C. Davis (Algazi) group.

As explained in Chapter 2, that group has been involved for several
years with the sensitivity analysis of RFC models not for the Spanish
Creek Watershed, but for the Middle Fork of the Feather River Watershed.
(MFFR). Consequently, it became apparent that, in order to maximize
the integration between our research efforts and those of the U.C.
Davis group, all of our evapotranspiration models that had been developed
for the Spanish Creek Watershed should be reapplied to the Middle fork
of the Feather River. This has lead to two problems: 1) determining
the physiographic characteristics of the MFFR watershed; and 2)
collecting the necessary input climatic data for that watershed.

Much of the RSRP evapotranspiration research in the last few months

has involved working on reapplication of the methodology developed

for the Spanish Creek Watershed for our new Watershed.

The new watershed (MFFR) is much larger than the old ome, with
greater diversity in vegetation type, elevation differences, and slope
and aspect.. The boundaries of both the Middle Fork and Spanish Creek
watersheds and their locations with reference to the entire Feather
River Watershed are shown in Figure 5 .

3.221 Climatic Data Collection for ET Models

Climatic data required for use in the remote sensing-aided
evapotranspiration estimation system is not fully available within the
watershed covering the Middle Fork of the Feather River. The number of
meteorolcglcal stations in this catchment is limited. Also, data
pertaining to only a few types of climatic parameters has been taken at
each station. A similar problem existed within the Spanish Creek
Watershed, and the personnel of the Remote Sen51ng Research Program, with
the cooperation of several U.S. Forest Service employees working on the
Plumas National Forest, collected additiomal climatic data for that area.
This data was composed of "Weather Bureau Class A" evaporation pan data
and evaporimeter data. Evaporimeters were designed by RSRP persounel
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Figure 5. Boundary limits of Spanish Creek Watershed (old one),
: Feather River Watershed, and the watershed covering middle
fork of Feather River (new one).
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with the cooperation of the Californla Department of Water Resources

at Red Bluff. Both the evaporation pan and the evaporimeter data are
collected siwultaneously. This additional data was collected at each of
4 localities on the Plumas National Forest, viz. Mohawk, Mount Hough,
Quincy, and the U.C. Forestry summer camp at Meadow Valley.

Since the date for application of ET models for the new watershed
(MFFR) is 1975, to correspond to the analysis date of the RFC
‘hydrologic model by the Algazi group at U.C. Davis), there cannot
at this late date be any pan evaporation and evaporimeter data
collected for this new watershed. According to the sensitivity analysis
of the RFC model by the U.C. Davis group, the runoff variation is most
sensitive to evapotranspiration in the springtime. Therefore, the
spring of 1975 will be the first candidate time during which to
incorporate ET information into our water yield forecast model. This
eliminates the use of some of the eclimatic data colliected by the
Forest Service ranger stations during the fire séason (middle of May
to middle of October). ‘

Within the MFFR there are only 14 meteorological stations which
are listed in Table 1 . The data types cnllected in these stations
include temperature (dry bulb, wet bulb, max., min.), humidity, wind,

precipitation, and cloud cover.

This data is collected by USDC Environmental Data Service
(National Climatic Center), Plumas National Forest, and the Califormnia
Department of Water Resources., Table 2 . summarizes all the data
sources, including data type, used in ET models. ' '

3.222 Physiographic Characterization of the Middle Fork of Feather
River Watershed

_ In order to use remote sensing to maximum advantage in

. characterizing the physiography of each portion of the watershed
covering the Middle Fork of the Feather River a 3-step process-was
required:

1. Geometric correction of Landsat data

2. Boundary determination of the watershed

3. Vegetation/terrain and topographic analysis of the watershed

The vegetation/terrain analysis is dependent partially on the
watershed boundary determination, which is in turn almost fully. o
dependent on the geometric correction of Landsat data. The geometric
correction of the Landsat data is, of course, mecessary for other

phases of the evapotranspiration estimation procedure beyond the scope
of physiographic characterization. The watershed boundary determination
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Table 1, Existing ground meteorologleal stations within and around the
watershed covering the Middle Fork of the Feather River.

Station Name

Brush Creek

Bucks Creek Pump House
Challenge

Forbestown

Greenville Ranger Station
Mohawk Ranger Station
Oroville Ranger Station
Plumas Creek State Park
Portola

Quincy

Sagehen Creek

Sierra City

Sierraville Ranger Stations

Vinton

Woodleaf Oroleve

Latitude (N) Longitude (W) Elgvation(Feet)
39°41° 121°21! 3560
39°55! 121°20" 1760

2900

40°08? 120°56" 3560
39°47" 120°38" 4370
39932 121°34" 300
39°45" 1209427 5165
39°48"7 120°28" 4850
39°55°7 120°57 3408
39°26 120°14" 6337
399347 120°387 4150
39°45? 120°22°7 4975
39°49° 120°11° 4950
121°11" 3340

39°31"
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Table 2. Available Ground Meteorological Station Data Within the Middle
Fork of the Feather River Watershed for 1975

Meteorological Temperature. Precipitation Relative

Stations ") Humidity
Brush Creek ves
Bucks Creek
Pump House yes
Challenge
Ranger Station yes yes yes
Forbestown yes vyes
Greenville Ranger
Station : yes yes
Mohawk Ranger
Station yes ves
Oroville Ranger
Station yes yes ves
Plumas Creek
Ranger Station yes yes
Portola yes yes
Quincy yes _yes ves
Sagehen Creek ves
Sierra City yes yes
Sierraville
Ranger Station yes ves
Vinton yes ves
Woodieaf
Oroleve yes
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is necessary in this, and other phases of the evapotranspiration research
{1) to reduce computer time in analysis procedures, (2) to provide an
acceurate summary of the data specific to each parameter of interest,

and (3) to provide a meaningful visual presentation of the results. The
vegetation/tarrain analysis is being used as a basis for albedo mapping’
of the watershed. Albedo is one of the important input parameters for
solar radiation estimatiomn.

Geometric Correction of Laidsat Digital Data

The Landsat digital data, as we received it from the EROS data
center, contained a certain amount of spatial distortion as compared
with map projections commonly in use. In order to rectify this data,
it was necessary to lay out a network aof geometric controls over the
specific Landsat scenes. A cransformation equation was then generated
to convert the Landsat data to its planimetric position. This
geometric rectification of Landsat digital data is a necessary step to
facilitate further analysis and to enhance the appearance of visual
results.

Much of the topographlic data used in this evapotranspiration
research is derived from United States Geological Survey Topographic
Series maps, based on the transverse mercator projection system. This
data includes elevation, slope, aspect, and watershed boundaries. Other
necessary data, such as location of the ground meteorological stations
within and around the watershed, must be determined. Watershed-wide
distribution of data collected at these stations must be comparable
(location-wise) to. the Landsat digital data and its manipulations. The
final products of the research effort must all be of common appearance,
as far as the boundary of the research area is concerned. This makes
it necessary to correct the Landsat data to the map projections used by
‘the other data sources, in this case the transverse mercator projection
system.

A total of 35 c.ntrol points were located in and around the Middle
Fork of the Feather River Watershed, These points were related directly
to river courses or water bodies. Control points located along river:
courses were located at major river/stream intersections and on bends
in the rivers. Dams on lakes and reserveirs provided for the most’
accurate control point locatiom available due to the almost vertical
displacement of apparent lake {(or reservoir) shorelines. Control
points were located both on the Landsat digital data and on U,S. Geological
Survey 1:250,000 topographic series maps. These control points were '
first located on the topographic maps. Then they were identified on
the Landsat digital data, and displayed in a simulated infrared coler
enhancement form on a color television monitor. A variable ®, ¥ cursor

3-16



on the color television monitor allowed each control point to be identified
in terms of its nearest Landsat picture element (pixel). Location of

the control points used for this study is shown in Figure 6 . The
control points based on the 0.8.G.S5. topographic maps were digitized to
provide their coordinate information. This coordinate system was then
statistically related to the x, y coordinate values for the control

points as located on the Landsat digital data. A linear regression

model was then generated to give the transformation equation necessary to
geometrically relocate the Landsai digital data to the transverse mercator
map projection data.

Boundary Determination of the Watershed (MFFR)

Determination of the watershed boundary on the Landsat digital data
is necessary to:

1. Accurately determine the water imput and output for the Watershed'

2, Minimize computer expenses by keeping the area that is to be
analyzed to the smallest possible dimensions.

3. Provide an accurate and meaningful summation of computer generated
data for the watershed.

4, Provide useful visual presentation and hardcopy of the resulte.

The location of the watershed boundary is done in conjunction with the
geometric transformation of the Landsat digital data. The watershed
boundary is carefully determined and annotated on the same U.S.G.S.
1:120,000 topographic series maps as are used in locating the control
points. The watershed boundary is digitized at the same time as the
control points. This gives a geometric description of the watershed
boundary relative to the control points (see Figure 6 ).

The digitized boundary can now be incorporated to the Landsat digital
data using the transformation equation previously generated.

Vegetation/Terrain Analysis of the Watershed

Knowledge of the spatial distribution of vegetation/terrain features .
in the Middle Fork of the Feather River Watershed is necessary for
generation of albedo indices. Albedo is used directly as an input to the
. short wave radiation model, which ultlmately is used in the watershed-W1de
caleulation of evapotranspiration.

Approximately sixteen categories of vegetation/terrain features will
be used in the final classification. The following categories represent
the current vegetatlon/terraln types under consideration:

Red fir forest

‘Mixed conifer forest

Eastside timberland-chaparral complex
Mixed hardwood forest

3-17




Doy e [T
T,
Ehere—rte [N
P e—
- - 3
s e S ‘\f\ o)
TV o - © - ) <
D= ' e e Ll =
C— Y T —— g .
s Crmansabeme Dt Garer ’J
I LA "}
O v DQF— 1 ‘.I
- N ' . {
PRUI T, : TP s
e
MiooLe Fork OF THE o R
FeaTHER RWVER T —— o

NASA GRANT EVAPOTRANSPIRATION STUDY
Mask ControL PoinTs

Figure 6, Boundary limits and location of control points within the
o ~watershed covering middle fork ¢f Feather River.

3-18




B

Figure 7. Distribution of Landsat test sites throughout the Middle

Fork of the Feather River Watershed and surrounding area.
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Middle Forke/Lake Oroville
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Riparian bardwoods
Foothill pine-oak wpodland
Brush—-chaparral complex
Sagebrush

Grassland-meadow

Marshland
Agriculture/rangeland
Water

Urban

Exposed soil

Exposed bedrock
Serpentine-vegetation complex

In order to determine how closely these vegetation/terrain types
could be identified on the Landsat digital data, ten test sites were
selected in and around the Middle Fork of the Feather River Watershed.
These sites were selected from 1:120,000 scale high altitude aerial
photography of the watershed area, as acquired by  the NASA Earth
Resources Program. Each of these sites is approximately 10,000 acres
in size (100 x 100 Landsat picture elements). The sites are distributed
throughout the watershed as shown in Figure 7 . All the test sites were
identified on the Londsat digital data, and on 1:30,000 to 1:120,000
scale infrared ektachrome aerial photography. A computer compatible tape
of the ten sites was made from the Landsat digital data. The ten 100 x
100 pixel sites on the computer compatible test were clustered accordlng
to an algorithm in & computer program known as ISOCLAS.

ISOCLAS performs a modified version of the clustering algorithm
known as ISODATA to multispectral scanner data. The acronym ISODATA
stands for Iterative Self-Organizing Data Analysis Technique (A). As
its name imples, the algorithm is arrived at through an iterative
procedure which groups similar "objects™ into sets called clusters. The
algorithm was originally developed by Hall and Ball (1965 and 1967) of
the Stanford Research Institute. A clustering technique based on :
ISODATA and suitable fer use in processing multispectral scanner
data was developed by Kan and Holley (1972). To distinguish between the
original and revised programs, the multispectral scamner version
became known as ISOCLAS,

This procedure will, ideally, separate all of the data into

distinct groups or clusters, the center of each cluster being represented .

by its mean. The process is initiated by assigning each data point
to the nearest estimated cluster center (absolute distance is calculated
to each cluster mean)., After all of the data has been assigned,

" new means are calculated and tests are made to see if clusters should be

split or combined. A cluster is split if the standard deviation of the
cluster exceeds a specifie threshold value. Two clusters are combined
if the distance between cluster centers is smaller than the specified
thrashold. A cluster is deleted if it has fewer than some specified
~number of points. The data is reassigned, after each split or combining
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iteration, to the new clusters and the process continues until the
desired number of iterations has been obtained..

Since ISOCLAS is used in this case as a training device for the
watershed-wide image classification of vegetation and terrain features,
two approaches were evaluated on the initial ISOCILAS runs. In the first
approach, all ten test sites were considered to be a portion of the same
population of picture element reflectance values. The program was
instructed to go through twelve iterations to reach no more than forty
separate clusters. In this algorithm, the same minimum distance was
sought between the cluster means. Also the same maximum (threshold)
standard deviation was sought among the picture element reflectance
values that makes up each cluster. Consequently, clusters found in one
test could be absolutely related to clusters found im other test sites
without any intermediate statistical manipulation. The advanrage of
using this technique relies on the established statistical relationship
between clusters in each test site. Instructions to the image
classification program, which will ultimately analyze the watershed for
vegetation/terrain clagses, are relatively simple and straightforward.
Similar (but not exactly the same) vegetation/terrain groups, easily
identified on the aerial photography, were grouped into single clusters,
due to the limitations of the number of classes available in the program.
Although only fifty clusters are possible using this teehnique, it was
estimated that approximately one hundred clusters would be needed to
adequately characterize the entire range of vegetation/terrain classes
found in the watershed when all test sites were analyzed in this fashion.
A still more detailed classification might have been desirable, but was
considered to be out of the scope of this project.

In order to minimize the restrictions which the ISOCLAS routine
placed on the absolute number of clusters available, each test site was
analyzed independently. The ISQCLAS program was again instructed to
consider twelve iterations of no more than forty classes, However, using
this approach it was possible to have up to forty clusters for each
test site., 1t was found that, while not perfect, this technique
represented the desired vegetation/terrain classes much more accurately
than in the previous technique. Confusion in vegetation/terrain classes
still existed, however, but generally in features with similar reflectance
values. The fact that some vegetation/terrain classes were confused in -
the TSOCLAS clusters even though they were distinct on the aerial
photography, probably can be attributed to the differences in texture
of different features. This texture consideration is a function to which
the ISOCLAS analysig is not sensitive. o :

One of the Eest site blocks taken on September 9 , 1975 -, in~

color. infrared small scale aerial photography (original scale, 1:120,000)
is shown in Figure '8 . ‘This site, located on the eastern edge of the
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Middle Fork of the Feather River Watershed in the Sierra Valley region,
is composed of the following six vegetation/terrain classes:

. Bare soil

. High density eastside conifer
. Low density eastside conifer
.  Brush/chaparral .

. Sagebrush

. Sagebrush/bare soil

(=L L UL I L

The lLandsat raw data display of the same area for August 13, 1972, is

shown in Figure 9 . Both images are spectrally similar due to the season

in which both were acquired and also due to the similar speectral

rendition of each. Some banding can be observed due to improper functioning
of the four sensors scanning six bands.

The ISOCLAS routine was instructed to differentiate amongst up to
forty elusters for this test site, However, the natural appearance of
the p.cture element values for this site limited the area to nineteen
"natural"™ clusters. Two of these clusters were from within an area that was
affected by a bad data line introduced by the ISOCLAS program, thereby
leaving only seventeen clusters. These seventeen cluster$ appear to
represent the vegetation/terrain classes found on the aerial photography
fairly well, with no major confusion classes. Displaying the ISOCLAS
results in such a way so that the clusters are 2asily interpreted presents
a minor problem. The ISOCLAS clusters, each represented by a different
color, are shown in Figure 10 ., Organizing the clusters so that they
will represent actual, visible ground vegetation/terrain classes is
difficult when this type of display is used. In order to diaplay the
ISOCLAS eclusters in a more meaningful manner, ratios of the Band 7-to-
Band 5 reflection mean values of each cluster were determined. Theses,
values were then ranked and a color was assigned to each value (Clark
1946). The ratioing method is based on the fact that vegetation in
various forms and in different conditions (especially in the healthy
condition) reflects relatively large amounts of near—infrared (Band 7)
energy compared to visible red wavelength (Band 5) energy. Thus,
the higher Band 7/Band 5 ratios are likely to indicate vegetation. Of
course different pisut species have different Band 7/Band 5 ratios;
therefore, it was found possible to assign spectrally ordered colors to
the numerically ranked Band 7/Band 5 ratios. Other terrain features,
such as bare soll, bare ground, and water tend to have their own unique
" ratios, thus making it relatively easy to identify them. Table I is
a listing of the nineteen clusters found in this test site with their
associated Band 7/Band 5 ranked mean ratio values and the corresponding
assipned colors. The Band 7/Band 5 ratio-ranked display presents a more
meaningful representation of the ISOCLAS clusters than the display
utilizing the random assignment of colors to the clusters (see Figure 11 ).
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Figure 8.
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Small scale aerial photographs of ISOCLAS block 1 taken by
U2 aircraft on September 9, 1975.
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Figure 9. Raw data digital display of ISOCLAS block 1 based on Landsat
dat. including bands 4, 5 and 7.
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"ISOCLAS DEFAULT DISPLAY, BLOCK

Figure 10. Default display of ISOCLAS block 1 based on Landsat data.
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Table 3. List of 7/5 ratios and clusters identified on type ISOCLAS block 1
for each vegetation-terrain.

Vegetation/Terrain Class Cluster Band 7/Band 5 Ratio
High density eastside 5 : 2.4534
conifer 7 2.1284
Low density easiside 9 : 2.0276

conifer

Brush/Chaparral _ 10 1.5688
Sagebrush/Bare Soil 12 1.6127
2 ' ' 1.1484
4 ’ 1.,1032
8 o 1.1236
16 1.1812
.Sagebrush 1 1.2037
3 1.3381
6 1.17531
Bare Seoil 11 1.0396
13 1.0960
14 1.0844
15 . 1.0592
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The final assigoment of specific ISOCLAS clusters to vegetation/
terrain classes is the result of associating the Band 7/Band 5 ratio
television display results with the high altitude aerial photography
and the computer priut out of the ISOCLAS clusters. Specifiecally,
areas represented on the 7/5 ratio display which can be accurately
identified on the aerial photography as a specific vegetation/terrain
class, are located on the computer printout. The computer printout
is organized on an x and y format with a separate character representing
each cluster. All clusters found within the area identified from the
coordinates are then placed within the vegetation/terrain class
previously identified. This procedure is done until all clusters have
been assigned to a specific vegetation/terrain class. The result of
this cluster classification of the ISOCLAS results can be seen in
Figure 10, Table 3 lists the 7/5 ratios and clusters for each
vegetation/terrain type identified in the ISOCLAS block "1" test site.

By use of the analysis method shown in Table 4, it is possible
to facilitate the identification of vegetation/terrain classes in
which some classification confusion exists.

The ISOCLAS statistical summaries for each cluster form the basis
for the training of a classification routine which will ultimately place
every picture element into its predetermined vegetation/terrain class.
While the 7/5 ratio method provides useful information for cluster
distribution, it cannot be expected to decide, statistically, to group
clusters into vegetation/terrain classes. The development of 3
method for measuring class (or cluster), separability is extremely
important due to the individual clustering performed by ISOCLAS on each
of the ten test sites. A methology for the determination of class
‘separability based on Scheffe has been applied to this analysis.
Statistical analysis using Scheffe 1959 method allows significance
probabilities to be calculated for all cluster pairs. These probabilities
are displaved in matrix form., Class pairs with significance probabilities
below specific threshold values are considered to be separable for
classification purposes. Thus individual clusters can be statistically
compared to other clusters within a given test site and all other clusters
in the remaining nine test areas.

Clusters determined not to be separable by this technique are combined.
If the various components comprising a group of clusters are found to be
inseparable from one another, while representing a number of different
vegetation/terrain classes, stratification of the entire population of
picture elements (the Middie Fork of the Feather River, in this case)
on the basis of major vegetation/terrain features may be necessary.
Regardless of the outcome of the Scheffe based class separability tests,
the statistical summaries for each separable cluster or cluster-group
are used to train the classification routine used at RSRP called CALSCAN,
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Pable 4 . Band 7/Band 5 ratios and.coloy aséignmants for ISOCLAS block 1

Band 7/Band 5 Ratio® Numerical Order Cluster . _Color Assignment Group
2.4534 1 5
2.1284 2 _ |
2.0276 3 g Lavenders & Reds
1,6127 4 .12
: —
1.5688 3 10
1.3381 6 Browns & Oranges
1.2037 7 i )
1.1812 3 16
1.1751 9 17
1.1751 10 6 Yellows
1.1484 11
—
1.1236 12 8
1.1032 13 4 Greens
1.0960 14 13
1.0844 15 14
1.0592 16 15 Blues
1.0396 17 11 _ :
T 18 - ' Black
e e— 19 -_ . )

#The actual equation fer the Band/7/Band 5 ratio is:

2 % (Band 7 mean scene brightness value of cluster n) + (Band 5
mean of scene brightness velue of cluster n) vhere n goes
from 1 to 17 inclusive.
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CALSCAN is a maximum likelihood classifier based on the Purdue University
image classification program, LARSYSAA. The CALSCAN ‘
program utilizes the IFOCLAS cluster training statisties to classify

each picture element within the available population into a specific
vegetation/terrain class.

The vegetation/terrain classification performed by the maximum
likelihood classifier can be converted into areal distribution of albedo
using a technique documented in our portion of the May 1975 Grant Report
(Khorram 1975). The albedo calculation can then be used in a shortwave
radiation model, necessary for the calculating of evapotranspiratiom in
the Middle Fork of the Teather River Watershed. This method utilizes data
obtained through conventional ground measurement of snow courses integrated
into a double zampling framework with Landsat-derived data. Further
investigation on optimizing image sample unit size and automatic
analysis is expected to improve the precision of the snow water content
estimates over the watershed.

Level I and IT evapotranspiratcion estimation models have been
developed. Level I models are based on first information level and utlllze
solar rudiation, temperature, and humidity as the main input variables,
Level II models are based on energy-halance and Level III models are
based on energy-balance, together with aerodynamic and canopy resistances.
Level T ET models have been applied to the Spanish Creek Watershed with
satisfactory results. The results of ET models can be directly applied
to the operational hydrologic model (inown as Federal-State River Forecase
Center Model) used by the California Department of Water Resources.
Comparison of simulated runoff values after and before the ET results
have been used as an input in order to provide the information necessary
for evaluation of ET models.

Based on our coordination with U.C. Davis NASA Grant participants,
the Middle Fork of the Feather River Watershed was chosen as a test area
and the spring of 1975 was chosen as the period for which data would
be tested there. Currently, RSRP personnel are applying to this new
watershed as deseribed above.

3.300 SUMMARY/CONCLUSINN

The methodology that has been developed by personmnel of our RSRP
for a remote sensing-aided system to estimate the various components of
‘a water yield model will give timely, relatively accurate, and cost—
effective estimates over snow-covered areas on a watershed-by-watershed
basis. These components are snow areal extent, sSnow water content, water
loss to the atmosphere (evapotranspiration) and solar radiation. The
system employs a basic two stage, two phase sample of three information
rtesolution levels to estimate the quantity of the above-mentioned components




of the water-yield model. The input data for this system requiring
spatial inforwation is provided by Landsat, by environmental
(meteorological) satellites. by high and low flight aerial photography,
and by ground observationm.

The general concept of multistage sampling has been used
successfully by RSRP in several other remote sensing research experiments
"involving manual and automatie data analysis. The design of this
project facilitates the performance of valid statistical analyses. This
is extremely important so that future results from different approaches
can be analyzed with tespect to one another and to prior research.
Confidence intervals have been applied to all estimates discussed herein,
thus providing figures relativé to the accuracy of results.

Sources of input data for RSRP research on water resources include
the entire spectrum of envirormental data gathering systems currently
operating. Satellite information sources include Landsat and NOAA,

" The primary photographic data base consists of large to medium scale
photography obtained by our group. Ground data is collected with the
cooperation of both federal and state agencies such as U.S5. Geological
Survey, MNational Climatic Center, U.S. Forest Service, California
Division of Forestry, and California Department of Water Resources.

In the case of snow areal extent estimation, we have completed the
manual analysis. One of the advantages of our technique versus
conventional methods is that curs not only corrects the interpreter's
snow areal extent classification to plot/ground values based on testing
results, but also minimizes variation in final classification results
between interpreters. Thus, a consistent result can be expected even
though areal extent of snow estimation is performed on different areas
by different interpreters. Also, the double sampling method, which in
effect calibrates the more coarsely resolved Landsat based estimates,
provides a pgood data bank for more accurate estimation of parameters of
interest. ' : S

Judging from the results obtained when using the remote sensing-
based techniques described above, it can be concluded that there is a
substantial advantage in terms of both cost-effectiveness and précision
to be gained through their use, as compared to other, conventional
methods. Further investigations in automatic analysis of the areal extent
of snow as well as further refinement of the corresponding manual inter-
pretation technique are needed, in order to allow the user to make an
intelligent choice as to the level of sophistication that he desires or
can affort. The preliminary procedural manual for a remote sensing-aided
system for snow areal extent estimation is described in Appendix I.
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From the results obtained in our snow water content study to date,
it can be shown that a potential cost and/or precision advantage is
to be gained in this area, by also, by use of remote sensing-aided
methodology. Our method utilizes data obtained through conventional
gromd measurement of snow courses integrated into a double sampling
framework with Landsat-derived data. Further investigations on optimizing
image sample unit size and on the use of automatic analysis techniques
probably would improve the precision of the snow water content estimates.

Level I and Level II evapotranspiration estimation models have been
developed. Level I models are based on the first information level
and utilize solar radiation, temperature, and humidity as the main input
variables. Level II models are based on energy-balance and Level III
models are based on energy-balance, and on aerodynamic and canopy
resistances. Level T ET models have been applied to the Spanish Creek
Watershed with satisfactory results. The results of ET models will be
directly applied to the cperatiomal hydrolagic model (known as the
Federal-State River Forecast Center Model) that currently is being used
by the California Department of Water Resources. Comparison of simulated
runoff values after and before using ET results as an input will
provide the information necessary for evaluation of ET models., As a
result of our coordination with the U.C. Davis NASA-Grant participants,
(Algazi, et al) the Middle Fork of the Feather River Watershed 'was chosen
as a test area on which to apply hydrologic data for the spring of 1975.

‘Currently RSRP personnel are applying to this new watershed the ET

estimation models which they previously had developed for the Spanish
Creek Watershed.

Solar radiation is the major sources of energy for hydrological
processes. Specifically, the quanitity of net radiation constitutes the
key parameter in earth surface energy-balance equations utilized in
hydrological modeling. A remote sensing-aided system developed by RSRP
for solar radiation estimation is designed to give time and location-
specific estimates on a watershed or subwatershed basis, This system

utilizes some constant physiographic data and some climatic variables,
Our methodology, as applied to Spanish Creek Watershed, has provided

very satisfactory results. Solar radiation results, therefore, are
being used as one of the major inputs in our‘evapotranspiratiop;mudels.

In summary, our investigations have shown that remote sensing
can cost-effectively provide much major input data required for
hydrologic models. In several specific instances we have shown that the
use of our methods can help water resources managers by making
available to them better water resources inventories and more accurate
water yield predictions, thereby permitting them to devise and implement
better management practices, Based on such experience, as we near the
end of our research on remcte sensing as applied to water supply, we
are preparing and refining various Procedural Manuals, as described
in Appendix I, IT and TII.
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3.400

CONTINUED RSRP RESEARCH ON WATER SUPPLY

The following continuing aspects of our work in the estimation
of snow areal extent, smow water content, solar radiation, and
evapotranspiration are summarized below:

1.

Our concluding efforts to document both the nature and

the performance of state-of-the-art water yield forecast:
models will soon be completed. This effort, carried out in
coordination with the U.C. Davis NASA-Grant participants

has been found to be necessary to fully evaluate both snow
quantification and water loss eatimation procedures utilizing
remote sensing techniques. Both the Federal-State River
Forecast Center model (RFC model) and the snow quantification
models used by California Cooperative Snow Survey (CCSS) continue
to be examined. Performance documentation continues for the
CC5S8 models and performance for the RFC model will be stated
concisely in our next report within the countext of the forecast
agssumptions and model inputs.

Development and application of water yield forecast models will
be continued. This work includes refinement of sample design
and techniqué development for estimation of snow water

content, solar radiation, and evapotranspiration,

Concluding investigations will be made relative to the appliéa~

tion of evapotranspiration and solar radiation models to

our new watershed covering (as it does in order to better in-
tegrate our final tests with those of the Algazi group at
Davis) the Middle Fork of the Feather River (MFFR).

The models will continue to be examined, based on duta acquired
during the spring of 1975. Our concluding work on this MFFS
watershed (MFFR) can be outlined as beiow, and in recognition
of the faect that several of the listed activities already have
been completed or nearly so:

a. Watershed boundary determination

b. Vegetation/terrain analysis

¢, Topographic analysis (elevation, slopc, and aspect maps)

d. Completion of existing climatic data co»lectlon

e. Application of solar radiation models

f. Completion of ground data collection

g. Application of Level I evapotranspiration

h, Modificarion and application of Level II evapctransplratlon
mpdels and development of Level III ET models

i. Performance of semsitivity analysis for different inputs.
in ET and color radiation models.
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Sensitivity analyses will be completed for critical parameters
in water supply models, In conjunction with the Algazi group,
RSRP is developing water parameter (water loss) estimates to
be included in current RFC and CCSS hydrologic models. The
performance change in the models with and without these remote
sensing-aided estimatas, and based on the U.C. Davis system
will be determined. Feedback on model performance will allow
modification of the remote sensing—aided water parameter
estimation sampling design and methodology so as to improve
hydrologic model performance,

We soon will complete our evaluation of the costs of information-
gathering using conventional and remote sensing-aided methods.
This effort continues especially in the coutext of the RFC
Sacramento River model and the CCSS volumetric model. Cost

data on semi-automatic/automatic remote sensing~aided

estimation of basin snow areal extent, snow water content,
evapotranspiration, and solar radiation needs to be evaluated

to a greater extent than has been possible up to the present
time.

As a corollary to item 5, above, we soon will complete our
analyses of cost-effectiveness of conventional vs. remote sensing—
aided water supply estimation systems. In the near run,

systems for estimating intermediate parameters used in ultlmate
water yield prediction will be compared. In the longer run,
systems actually producing water runoff estimates also will

be subjected to comparative analyses. Coordination here will

be especially strong between RSRP and the Social Science group
personnel of the Berkeley campus who comntinue to participate in
this integrated study (see. for example Chapter 6 of the present
report).

Development of an automatie (computerized) system for watershed-

wide integration and interpolation of point data will be furthered,
This system, when fully developed, would estimate the distribution
of point data (i.e. precipitation) over the watershed of interest.

In light of progress made on the foregoing we will prepare:

a., A final documentation of assumptions, structure, information.
levels, advantages, and limitations of remote sensing-aided
systems for snow quantification and evapotranspiration
estlmatﬂon and

b. A fipal version (insofar as our efforts under the present
grant will permit) of procedural manuals on remote sensing as
an aid for watershed-wide estimation of 4 factors of wvital
importance in estimating water supply in snow-covered areas,
viz. snow areal extent, snoW water content, solar radlatmn,
and water loss to the atmosphere.
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In addition to the above, as per agreement with our NASA
monitors, we will prepare Procedural Manuals dealing with

the use of remote sensing in the inventory .and management

of a given area's entire resource complex, (i.e., its timber,
forage, soils, minerals, fish, wildlife and recreational
resources in addition to its water resources). While a great
deal of research leading to the preparation of such manuals
could be performed to advantage, we believe that we can prepare
a useful document by making maximum use of remote sensing-—
related work that we have done during the past several years
for NASA Department of Interior and Department of Agriculture
dealing with most of the above components of the total resource
components,
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APPENDIX T

PROCEDURAL MANUAL
REMOTE SENSING AS AN AID IN DETERMINING THE AREAL EXTENT OF SNOW

A, Introduction

The term "areal extent of snow" pertains to the surface area of the
terrain in a specified watershed that is covered with snow at a given
time or seasonal state.

For many years the need for an improved method of estimating snow
areal extent has been recognized by hydrologists and others concerned
with the prediction of water runoff and the estimation of water yield,
watershed-by-watershed. Among the methods showing greatest promise is
the one dealt with in this Procedural Manual. That method seeks
to make maximum use of modern remote sensing techniques, including those
which result in the acquisition of aerial and/or space photography of the
watershed at suitably frequent intervals. Because of an advantage known
as the "synoptic view", it !s possible on space photography, and even
on high-altitude aerial photography to cover vast watershed areas with
only a very few frames of photography. As will presently be seen, this
advantage can be of great importance to those wishing to use such
photographs as an aid in determining the areal extent of snow.

Of the several remote sensing-based techniques that have been
developed for estimating snow areal extent only two will be mentioned
here since they appear to be both representative apd highly promising.
The first is based merely on the delineation of the apparent snowline
on the photographs. The delineated portions of the photographs are then
measured in such a way as to provide an estimate of the areal extent of
the snow-covered area. This technique is described fully by Barnmes and
Bowley (1974).

A second technique has been developed which utilizes a two-stage
sampling scheme to arrive at an estimate of the snow-covered area. The
procedure for employing this technique is described herein. As will
presently be seen, the technique employs as much ancillary (i.e., non-
remote sensing-derived) information as possible to aid in the accuracy
of the final estimate. Furthermore, the design of the model that is
employed when this technique is used is such as to largely eliminate
final estimate discrepancies, even when two or more photo interpreters
are used as a team, since a statistical evaluation of each photo
interpreter's results is made. The method, overall, is sufficiently
simple and inexpensive to permit it to be used in addition to, rather
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than instead of, more conventional methods, thereby providing additional %
confidence in the final estimate of snow areal extent on which

operational decisions must be made, in any given instance, by the

hydroleogist or other resource manager.

When this second method is used by a competent image analyst, in
addition to his determining the total area that is covered with snow, E
he also derives detailed locational information of great value, i.e.,
he determines the exact portions of the watershed that are snow-covered
and differentiates them from the snow-free areas. This can be of great
advantage in relation to his desire to make accurate estimations of
water yield and water runoff rates because the rate of snow depletion
for a given portion of the watershed obviocusly is a2 function of its slope,
aspect, vegetative cover, and other locally-variable factors.

-y

B. Procedure

The procedure described here for estimating areal extent of snow
is based upon a two-stage analysis of remote sensing imagery. The §
first stage entails the use of Landsat® color composite imagery while
the second stage employs low-altitude, large scale zerial photography.
The following description provides a step-by-step guide to the use of
this method in estimating the areal extent of snow:

Step 1. Prior to the start of the winter season (i.e. the season 4
when the snowpack is to be measured) all of the projected dates when
Landsat will be overflying the area of interest during the snow survey
period should be systematically listed. In compiling this list ome
should keep in mind that there is sidelap of about 20 to 30 percent
{depending upon the latitude of the area) between the 115-mile swath
that is covered by Landsat on one day and that which the same vehicle
covers on the following day. Therefore, this factor needs to be
considered as the list is being made of all possible dates for the
acquisition of Landsat imagery of the area of interest.

Step 2. During the snow-survey peried, on each date when a Landsat
overflight of the area of interast is about to be made under what is 3
predicted to be suitably cloud-free conditions, by prior arrangement
steps should be taken to procure nearly simultaneous low-altitude
aerial color photography of preselected flight lines, thereby acquiring
the previously mentioned "second stage sample'., An optimum scale for
such photography is approximately 1/30,000, and 35mm negative coloy film
is preferred. -

*The term "Landsat" applieqlto various unmanned earth resources technology
satellites (formerly called "ERTS"), each of which provides images of the
surface of the Earth on an 18-day sun-syanchronous cycle (0930 local sun
time, approximately) from an altitude of approximately 570 miles and
covering a swath width of approximately 115 miles.




Step 3. The second stage photography procured in Step 2, aBove
'should be promptly processed and from it stxndard "3R" prints (i.e.,
size 3~1/2" x 5') should be made.

_ Step 4. As promptly as possible after the corresponding Landsat
overflight has been made, and again by prior arrangement (in this case
normally with the EROS Data Center at Sioux Falls, South Dakota)
black-and—white MSS (multispectral scanner) transparencies should be
obtained from bands 4, 5 and 7 covering the entire watershed area of
interest. The standard 9" x 9" transparencies produced by the EROS
Data Center are preferred, In addition, either at the time when the
first of this snow-season Landsat photography is being acquired, or at
some earlier date, an additional summertime (snow-free) set of Landsat
imagery also should be acquired for comparative analysis, as indicated
below (see Step 15).

Step 5. In each imstance, on the Landsat imagery that has been
acquired the boundary of the watershed or other area of 1nterest should
be delineated.

' Step 6.  For each of the frames of Landsat imagery required in
making the delineation of Step 5, a simulated color infrared color
composite should be made, using the three bands (4,5 and 7) to make a
"triple exposure” on negative color £ilm in the manner descrihed in
Appendix 1 of this Procedural Manual..

Step 7. From the resnlting negative c¢ilor composites, reflection
prints (rather than transparencies) should be made to a size of _
approximately 8" x 10". In those instances whers more than one Landsat
frame is required to cover the area of interest, the Landsat frames
originally selected (and the corresponding areas copied and printed
from them) should overlap each other sufficiently to provide complete
coverage of the entire watershed or other area of interest.

Step 8. Either at the time when the first of the wintertime Landsat
sets of 1magery is obtained, or prior thereto, a set of acetate overlays, -

each about 9" % 9" in size and gridded at various intervals into .
squares, should be prepared. In any given instance the size of the grid
should be governed by time, accuracy, and cost constraints. Obvicusly,
in most instances as grid size decreases, the accuracy, cost and tlme
factors all increase. : : '

Step 9. Through the use of geographic features that are readily

- located on Landsat imagery, each successive frame of such imagery should

be indexed so that the gridded acetate overlay can be registered im = - -
exactly the same way with respect to each of the frames that cover a
glven ared.
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Step 10. BSimilarly, the grids, as they appear on the Landsat
framrs of imagery, should be transferred to the low-altitude photos
(i.e., the stage two photos taken at large scale with 35mm color £ilm)
and then labelled in such a manner that any grid unit (i.e., any image
sample unit) can be easily located there and readily cross-referenced
to the corresponding Landsat imagery. :

‘Step 11. The indexed grids as they now appear on the low-altitude
vhotngraphy should be interpreted for areal extent of snow. Generally
four to six snow-cover classes should bhe used, based on the proportion
of the grid that appears to be snow-covered. An example using six
classes could be: Class 1, 0-19 percent; Class 2, 10-25 percent; Class:
3, 25-50 percent; Class 4, 50-75 percent j Class 5, 75-90 percent;

Class 6, 90-100 percent. (It has been found that, dne to the large
amount of detail visible on the large. scale prints it is a fairly easy
task for each grid unit to be placed in a specific elass with a high
degree of certainty.)

Step 12. This set of classified grid units should now be divided
into a training and a testing set. The training set should be located
on the gridded acetate overlays to the Landsat imagery dnd should
include a wide range of snow appearance types covering the range of
snow-cover classes, :

Step 13. The interpretation set~up should now be constructed.
It should consist of a coincident image viewing device, such as a
mirror-stereoscope or a transfer scope, the set of 8" x 10" Landsat
summer color composite primnts, for which the determination of snow areal
extent is to be made, and the set of classified grid units, as seen
on the low-altitude aerial photography, corresponding to the gridded
‘winter color composite primts. ,

Step 14. As the detailed interpretation of the Landsat winter
photos begins, one 8" x 10" summer Landsat print should be placed
under the stereoscope (or transfer scope) along with the corresponding
scene on the gridded winter Landsat print set. The prints should be
adjusted so that conjugate images can be fused by the photo interpreter
(i.e., so that all common features can be made to coincide with each
other, one image viewed with each eye), thus allowing the interpreter A
to assess both the snow areal extent and the vegetation/terrain conditions
in each grid unit.

Step 15. The interpreter should next engage in the task of training
himself to recognize different snow-cover condition classes within grid
units based on: (a) underlying vegetation/terrain features (as seen
- on the summer Landsat print), (b) the snow cover visible on the gridded
winter Landsat print, and (¢) the appearance and subsequent classification
-of the grid units as seen on the low-altitude aerial photography.
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By viewing through the coincident image device and observing how each
grid unit in the training set appears during the winter and summer,
and by then referring to the training set grid units on the low-
altitude aerial photography, the interpreter can effectively complete
this training task in very short order.

Step 16. Once trained, the interpreter should then proceed to
classify each grid square on the winter Landsat print (in terms of the
snow areal extent class to which it belongs) according to his synthesis
of the information available as he perceives it on the summer and winter
Landsat prints. v

Step 17. After all of the winter dates of imagery have been
classified, the interpreter’'s initial interpretation results are ready
for the testing phase: Therefore, at this point the results of the
grid classification (as made on the low-altitude aerial photography
testing set) should be compared to the results obtained by the interpreter
in all applicable grid units. A ratio estimator statistic, as
described in detail in Appendix 1 of this Procedural Manual should then
be applied. This statistic will provide the adjustment calibratiom -
necessary to correct the interpreter's initial interpretation results.

Note: It is apparent from the foregoing that, even if this
procedure is highly successful, its end product is merely aan accurate
determination of the areal extent of snow, together with an accurate
delineation of each portion of the watershed area according to the
snow-cover class to which it belongs. This is an essential step leading
to a prediction of water runoff and the estimation of water yield.

. The remaining steps are discussed in other procedural manuals.
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A Specific Case Study

The following case study describes uses that our RSRP
personnel have made of the foregoing procedure for the
Feather River Watershed, Califormia.

On April 4, 1973 the majority of the Feather River Watershed
(located in the central Sierra Nevada Mountains, California) was
imaged in a virtually cloud—free condition by the Landsat Satellite
In oxder to document the existing ground conditioms in
greater detall than that provided by the satellite imagery, a photo—
graphic mission was flown over the watershed on April 6, 1973, TFour
transects were flown using a motorized 35mm camera to acquire
photography at a scale of approximately 1:30,000 on the negative.

Landsat imagery from August 31, 1972 was chosen for use as the
vegetation/terrain base for the snowpack analysis procedures. The
“August 31 and the April 4 Landsat images of MSS bands 4, 5 and 7
were photographically combined to produce simulated color infrared
enhancements on color negatlve film using the previously mentioned
technigue.

The simulated color infrared enhancemeént of the August 31, 1972
Landsat scene was photographically reproduced to give a 16" x 20"
color print of approximately 1:250,000 scale. The April &, 1973
Landsat color infrared enhancements were enlarged to precisely the
same scale as the August 31, 1972 1magely and prlnted to give
overlapplng 8" x 10" prints. : .

An acetate grid (each grid block equalling approximately 2000
meters on a side at a scale of approximately 1:250,000) was attached
to the vegetation/terrain Landsat image. The grid blocks, termed
image sample units (ISU), were transferred to the large scale
photography where applicable. The image sample units on the large
scale aerial photography were coded as shown in Table 1 .

Table 1

Definition of the five classes used in this. snow
areal extent estimation problem

Code ' " 8riow .Cover Class : - Midpoints
-1 No snow present within ISU ' 0

2 0-20% of ISU covered by snow L1
3 20-50% of- ISU covered by snow .35 .
4 50-98% of ISU covered by smow - R

5 98-100% of ISU covered by snow .99
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The interpreter then engaged in the training phase to familiarize

‘himgelf with the imagery and image classification technique. Onece

tyained, the interpreter proceeded to classify all the image sample
units on the 8" x 10" Landsat color print for the winter dates.

A more detailed description of this process will be found in steps 12-16
of the preceeding Section B — Frocedure.

The classified imapgery was then subjected to statistical analysis.

The following are the results from the Aprll 4th Landsat areal extent
of snow analysis. .

Snow Cover (Condition) Class

o

Total number of ISU's @ 1 2 3 4 5
Classified pex class @ 403 289 214, 453 859

To derive the approximate number of hectares in each class, the
image sample unit totals per class were multiplied by the number of
hectares per image sample unit (400) with the results indicated below:

Snow Cover (Condition) Class

f
i

1 2 5 4 - 5
Hectares = 1.612  1.156  8.56  1.812  3.436
© X103 X103 X104  x105 X105

Then to establish the approximate amount of actual snow-covered

“area per class, the number of hectares/class were multiplied by the

snow cover class midpoints (from table 1) for each ¢lass, as indicated
below in the following tabular summary:

Snow Cover (Comditiom) Class

1 2 3 4 5
Sndw Cover -
Condition Class . :
‘Midpoint o ' .10 - .35 LTh .99
Hectares of snow. B - 4' . 4 LT R
per class _ 0 1.156x10° 2.996x10° 1,341x107 3.402x10
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Table 2

Interpretétinn results of the testing phase, areal extent of
snow estimation for the April 4, 1973 Landsat and April 6, 1973
large scale aerial photographlc data.

Large Scale Aerial Photographic Data
Snow Cover Condition Class
1 | 2 3. L .4 | 5
1 6 1
2 10 1
m
oy
i
~
U.
a8
=EHE 2 6 2
(=]
o
] Bt
ao| ©
w | ©
S
ol g4 1 12
R
vl o
o
s o
T
Al .
0 |5 6 33
Fey to Table 2:
£,
i

where fi = Tmage sample unit interpretation
- ~frequencies

index for Table 2

s
l
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Table 3

Interpretation results of the testing phase, areal extent'of sSnow
estimation for April 4, 1973 Landsat and April 6, 1973 large scale

aerial photographic data. Also included is a listing of uncorrected.

large scale aerial photographic and Landsat image estimates of snow
areal extent per image sample unit by snow cover ¢lass.

Large Scale Aerial Photographic Data

. SBnow Cover Condition Class

1 C2 3 & 5

0 40

0 6 0|1

A ' : : 1407 - 1296

3 40 | 296
| =2
H1°0 _
/| g 40 |10 40 1
a o
ol R :
E E ] 40 140f 296
FERN
By 40| 2 (140 6 {140 2
b [}
518
| O
-
o
=
wn

796 11296 | 12

5 ' ' ‘ : ' 2961 396

1396 | 6[396] 6

: PR ¥!
Key to Table 3: i
X, ==
il
where: X', = Landsat image estimate of snow areal -

extent per image sample unit by snow
cover condition class in hectares




By adding the hectares of snow per class together, the total
surface area of snow in hectares was established. Thus for the
April 4, 1973 Landsat date the estimate of snow areal extent was
found to be 5.158 x 10° hectares. This value, however, may be biased
by any errors which occured during the classification of the Landsat
image sample units for snow arxeal extent. The uncorrected areal
extent of snow estimate can be "corrected" by comparing the interpreter
classification results with a series of preselected, preclassified
image sample units, chosen forx testlng purposes from the large
scale aerial photographs.

Interpretation results not falling in a given snow cover condition
class for both the large scale aerial photographic and Landsat
image data represents a wisclassification of image sample units
by the interpreter from Table 2. Thus it can be seen that 13 out
of a possible 80 image s-mple units misclassified. This misclassifica-—
tion error cam then e represented by a statistic, the population
ratio estimator (Cochran, '1959) which will be used to correct the.
initial areal extent of snow estimate of 5.158 x 10° hectares derlved
from the Landsat image classificatdion.

The statistical approach is defined as follows:

Fad ~ o
Y, = XR = the final, corrected areal extent of snow estimate
where: X =z X, = the uncorrefc.ted Landsat areal extent of

snow estimate

given: that: X.= the Landsat interpretation estimate of snow areal
: - extent per image sample unit by snow cover class

j = the index for 4ll Landsat image sample units

N = the total number of Landsat image sample units
classified for snow areal extent

where:

>

|
)
II

the population ratio estimator

i

given that: ¥ = > Y4} + n = average snow areal extent value for the
. - =1 | large scale photographic 1mage same .
' unit estxmates ;

average snow areal extent value for the
i=1 . . Lazndsat image sample unit estimates.

Bl

1l
SN/
L
NE

H

i

S T



and that: n = the total number of image sample units used in the
testing phase

i = sampling index

y.= large scale photography sﬁow areal extent estimate
for image sample unit i

Xié Landsat snow areal extent estlmate for image sample
unit 1 .

Since the uncorrected Landsat areal extent of snow estimate (X} has
 been calculated to be 5.158 'x 103 hectares, the value for the population
ratio estimator, R, must be determined fo solve for the Llnal, corrected
Landsat areal extent of snow estimate, Y., (from the equation Y = XR).
Table 3 represents an expanded versiomn of Table 2 designed to facllltate
the ealeculation of the population ratio estlmator, R]. The table ha

been enlarged to include listings of snow cover condition class/image
sample unit, specific large scale photography estimatesof snow

areal extent and Landsat areal extent of snow estimates.

large aerial photography estimate of snow areal extent
per image sample unit by snow cover condition class
in hectares

¥i

snow cover coadition class| | number of hectares
midpoint per image sample unit

and;

]

i,

5 image sample unit interpretation frequencies

additionally,

n the number of image sample units used in the testing phase

K
2.

i=1

index for Table

P
!

where:

ad K

the number of imterpretation result blocks in Table = 11 .

R, the population ratic estimator, can now be calculated by solving for Y
~and X from the data presented ip Table3 . Thus, if
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peil
Il
M=
h
s
.[.
=}

and

then ' X = 264.15 and Y = 259.80
'Consequently,h't‘he*popglation'ratio estimator is calculated to bé .9835
(recall that R = ¥ + X). ' '

A
Finally, to solve for ¥,, the final, corrected areal extent of
' snow estimate, the population ratio estimator is multiplied by the
unicorrected Landsat snow areal extent estimation. Thus,

% = xk = (5.158 X 10°) '(.9835) = 5.073 X 10° hectares.




APPENDIX II

PROCEDURAL MANUAL

REMOTE SENSING AS AN ATD IN DETERMINING THE WATER
CONTENT OF SNOW

1.0 Introduction

This procedural manual describes the use of Landsat data in
combination with conventional ground snow course data to provide an
estimate of watershed or subbasin snow water content. The technigque
is designed to be readily implementable in current operational water
runoff forecasting models. Only a small initial capital investment
is required and man-time raquirements need not be substantial. The
technique is designed to complement current snow measurement methods
by providing spatial information on snow water content. Consequently
it permits more accurate estimates to be made on a basin or subbasin
basis. Normally, snow water content estimates are obtzined directly
from ground-based snow course or snow Sensor measurements. The
procedure described herein introduces a stratified double sampling
approach that relates the ground-based estimates to snow areal extent
data gathered from Landsat imagery. The resulting relationships enable
low~cost remotely sensed data to statistically characterize the
spatial and temporal variability of specific snow. depletion environ—
ments sampled with ground snow course data, In this manmner,
satellite data can be used to determine the weight assigned to a
particular snow course measurement and also to prov1de more freduent
assessmnent of smow water content.

'For determining snow areal extent, itself, this technique
utilizes the Landsat-based procedure described in our Snow Areal Extent
Procedural Manual as the remote sensing input. However, non-Landsat
remotely sensed data types could potentially provide useful
‘information to characterize the spatial variability, watershed-wide
with respect to spow water content. TFor example, meteorological satellite
data could be used with the Snow Areal Extent Procedure to provide wore
frequent (daily) information, although of lower spatial resolutiom, basin-
wide., The technique can also be refined by the usetr, if desired, '
to incliude machine processing of the satellite data.

2.0 General Approach

The following provides an overview of the remote sensing—aided snow
water content estimation procedure.
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Sample Design and Measurement

A stratified double sample method is used to develop a basin-wide
estimate of snow water content. Under this approach, snow water content
information for the whole watershed, as obtained inexpensively on a
sample unit basis from Landsat data is combined with that gained from
a much smaller and more expensive sample of ground-based measurements
at snow courses (see Figure 13). The result is a basin-wide estimate
of snow water content based on Landsat data calibrated by regression
on snow course data. Since much of the watershed snow wter content
variation is accounted for by information gained from the Landsat
sample stage, an overall estimate of basin snow water content is possible
at more precise levels than available for the same cost from
conventional snow course data alone.

The sequential sampling/measurement process proceeds by first
locating a sample grid over the watershed. Snow areal extent estimates
are quickly made for each sample unit by manual techniques (See
Snow Areal BExtent Procedural Manual) for the previous snowpack build—up
dates and then for the specifie forecast date. The snow areal extent
data is then combined by a linear equation to generate an index parameter
that is correlated with snow water content information that is specific
to the forecast date for each sample unit. This linear model is
designed to reflect the relationship between snow areal extent and
snow depletion behavior, and is specific to the watershed being studies.
Some users may choose to develop more complex, phy51cally realistic
areal extent-to-water content transformations.

By speecifying the precision and level of confidence desired in the
basin-wide snow water content estimate and by considering measurement
costs in- relatlon to the available budget, one is able to calculate
the necessary ground subsample size. Ground snow water content measure-
ments are then allocated to Landsat-based snow water content-index
classes (strata) accordlng to w31ghted random stratified sampllng
procedures.

Regression relationships are developed between the Landsat
snow water content index data and the ground snow water content measure-
ments. ~These equations are then used to correct all Landsat-~based '
data by ground values of spnow water content. The ground corrected
values of Landsat-based snow water content information in each stratum
or class are added to give a total basin-wide estimate of snow
water content together with" an associated PrECISlOH statement.



STRATIFIED MULTIDATE LANDSAT DATA PLANE
CALIBRATED BY SNOW COURSE MEASUREMENTS
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Results and Their Applications

The Landsat-aided snow water content estimation procedure is
designed to generate an estimate of total watershed snow water content
and an associated statement of precision for a given forecast period.
The estimate may then be related by regression equations directly to
basin water yield for a given period. Or the statement may be used
as another predictor variable in current snow survey or river forecast
equations. Grid overlays, when placed either on watershed maps or
directly on Landsat imagery, give a location-specific estimated snow
wateér content index for each sample unit., Such information can
be used to produce improved hydrologic modelling progedures incorporating
this spatial data.

. Performance Criteria

Performance criteria for this procedure consist of 1) the precision
and accuracy of the estimate of snow water content over the watershed
versus the cost of making the estimate, 2) the timeliness of the estimate;
and (3) the value of any in-place map products of improved quallty that
can be produced through use of the procedure.

3.0 MATERIALS AND METHODS

The stepwise procedure for estimating snow water content with the
aid of remote sensing is described below:

Step 1: &n overall plan Should first be developed which will
facilitate adoption of the remote sensing—aided snow water content
estimation procedure by the user organization. This implementation
plan should comsider (1) available budget, (2) requirements for either
training or obtaining image interpreter(s), (3) type of products
desired, e.g. watershed and/or sub-water shed estimates or in-place
snow water content maps (4) performance requirements in terms of estimate
ptecision and satellite image acquisition to forecast turnaround time
requirements (5) interface cf the snow water content procedure with
current operational forecdsting operations, and (6) startup equipment
(stereoscope, photographic laboratory facility) and labor rvequirements.

Step 2: Color composites should be prepared from Landsat imagery
and/or from other satellite imagery types, (e.g. weather service)
and the appropriate image sample unit (ISU) grid should be placed over
each watershed of interest. In the performance of this step, black-and-
white Landsat transparencies should be obtained (e.g. from the EROS
NData Center) and transformed intoc a simulated infrared color composite
by a sample photographic procedure described in our "Snow Areal Extent
Procedural Manual®. In the color-combining i icess, an ISU grid is
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randomly placed over each image so as to cover the watershed of
interest. Watershed boundaries should he located on the satellite
imagery from 1:250,000 scale U.5. Geological Survey topographic data
via use of optical rectification devices (if available) or by maqual
transfer from map to image. A complete description of the buoundary
dnd sample grid overlay is given in the Snow Areal Extent Procedural
Manwal., Grids on all dates must be in common register. Square image
sample units each 400 hectares in size, are recommended. This

size is large enough to stabilize variance and small enough to give
location—-specific snow water content~related informatiom at reasonable
cost. The user may choose to modify these image sample unit dimensions
as experience is pained with the estimation procedure.

Step 3: The snow areal exient should then be estimated for each
Landsat ISU for previous season(s) or current season spow build-up dates.
Fach ISU should be interpreted, manually, as to its average snow areal
extent cover class according to a snow environment-specific technique
described in the Snow Areal Extent Procedural Manual. - Previous dates
of imagery used should inelude: 1) sne of the images covering the
average date of maximum snow accumulation in an average SnoWw year;

2) at least one image from an early season snow date in the current

snow season; and 3) if possible, another image from a date well into

the snow season representing average snow distribution for that date.

As will later be discussed in Step 5, these previous snow season images
'~ are used to maximize the correlation between the satellite-derived

snow water content indices and ground measurements of snow water content
for any given sample unit on the forecast date in question. '

Step 4. Snow areal extent should be estimated by ISU for Landsat
snow season forecasting date of interest, again using the procedure
described in the Snow Areal Extent Procedural Manual, ‘Length of the
delay that can be tolerated between image acquisition by the satellite
and imagery receipt by the user will depend on the use of the snow water
content estimate. A very short turn-around times (hours) will be '
required for weekly ~r sub-weekly water yield forecasts, but longer times
usually will be satisfactory for monithly or seasonal forecasts.

Step 5: Snow areal extent data should mnext be transformed to snow
water content data by Landsat ISU., Snow water content is estimated '
from the following first order, time-specific model, designed to reflect
‘physical snow depletion behavior in a given melting eavironment: -

1 3
X, =2 (.) (G) K
i = i
i=1 - 1] A
‘where Xj = estimated snow water content index for image sample unit i,
_cqrre;ated tg cor;gspond;ng actual ground’Snow water content data,
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M,. = snow cover midclass point based on photo interprétation;

- expressed on a scale of 0.00 to 1.00 for image sample unit
i on the jth Landsat snow season date,
G, = weight (related to snow depletion zone behavior characteristies)
t assigned (0.00-1.00) to a past Mi4 according to the date of
the current estimate,
Ki = the number of times out of j that sawple. unit i has greater
tlian zero percent snow cover, and
J = total number of snow season dates considered.

The basic assumption of this simple model is that the greater the sum

of areal snow extent over all dates used and the more often snow is present,
the higher will be the expected snow water content, This model is

most appropriate in mountainous environments. Each user may want to

specify a more sophisticated, and more physically realistic model for

his own watershed(s).

Definition of the weighting factoxr, G4, will be watershed specific.
Generally, weights should approach 1.00 as the dates of imagery approach
the date of -forecast. The justification of the weighting relationship
is that successively more recent climatic events have progressively
more importance in determining the actual snow water content on the
forecast date in question. To insure reasonably high correlation
between X; and corresponding snow water content values, there ssually
should be at least three snow season dates considered (j> 3). Normally,
one or two dates of Landsat imagery would be required during the early
_snow accumulation season. Ocecasionally, j may be only twe, such as
when the first date consists of an April lst snow water map, based
on the past year's Landsat data, and the second is the current early
snow season date in question. In all cases the sample unit grids
on all dates must be in common register with respect to a base date
grid location. Starting initial weight suggestions are : 0.25 for
the previous vear image that is representative of an average maximum
snow accumulation date; 0.50 for the early snow season aate; 0.75 for
dates occurring a month or two before the forecast date; and 1.00

for the forecast date and for all dates occurring within one or two
months prior to the forecast date.

. Step 6: The ISU's should next be classified and summarized into
snow water content strata. Stratification is used to minimize the-
variance of the final snow water content estimate. Wtihout prior
experience on a given watershed, it is best to define two or three
-strata for first implementation. These strata can be defined by
dividing the range of ISU snow watér content indéx values over the -
watershed into two or three natural groupings (seen by plotting snow

3-60



water content index versus number of ISU's). If no natural groupings
are present, then the range of ISU snow water content index values
should be divided into two or three ranges having approximately equal
numbers of IS5U's in each stratum.

After each ISU has been coded as to its stratum, the number of
ground sample units (GSU's) consisting of snow courses required to
satisfy the precision user criterion (allowable error), as
estahlished by the user for the snow water content estimate, should
be calculated by stratum. (The procedure which our group would
consider most suitable for sample size dekermination on the ground
is in the process of development).

Initial implementation of this procedure requires previous
information regarding the variability, in each stratum of the snow
water content index, and also a determination of the correlation between
IS and GSU data, the total number of ISU's needed per stratum, and
average ISU and GSU costs. This data is most efficiently gained by
obtaining Landsat data for a previous spow season that was as similar
to average as possible. Steps 1 through 5 should be followed for a
mid-season snow date. The stratification portion of Step 6 should then
be performed to eclassify ISU's into strata from which the total
number of ISU's per stratum is immediately gained. The variance
in Landsat snow water content index by stratum can then be calculated
by the standard statistical formula for variance. WNext, current
ground snow courses and snow sensor locations should be determined
relative to the given ISU in which they fall. The overall correlation
coefficient between ground sSnow water content measurements and

- Landsat-based snow water content index values should then be calculated
for the matched ISU's and GSU's. Additional correlation coefficients
also should be determined for each stratum if z sifficient number
(e.g. > 10} of snow courses exist for each stratum,

Image preparation and interpretation costs should also be
documented during this initial exercise. Labor, materials, and overhead
costs should be documentad on an ISU basis as in the example given
in Table . Cost per GSU (snow course) measurement czan be st be
developed from tlie individual user organization's pre—existing data.

All cost data for sample allocation should represent operational costs.

Step 7: Tor the first year of actual implementation, the calculated
number of GSU's per snow water content index stratum should be
allocated for given ISU's in those strata. This allocation should be
based on equal probability selection from the tabular summaries of
ISU's generated in Step 6. Consequently, ISU's should be numbered ,
from 1 to Ny in a given stratum and a random number table (or calculator/
computer analogue) used to select the calculated number of ISU's to
which GSUjis will be matched.
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" TABLE 1.

EXAMPLE CALCULATION OF IMAGE SAMPLE UNIT COSTS FOR A LANDSAT—AIDED

MANUAL SNOW WATER CONTENT [NVENTORY!

Total Cost

Pre-Inventory

A,

image Acquisition

3 LANDSAT dates with

3 bands per date

@ $3 per band; the costs

of 2 of these dates amortized

over 5 dates $12.60

Resource Photography

(Med fum Scale Aerial
Photography for Image
Analyst Environmental

- Type Training) L $14.29

Image Sample Unit

Grided LANDSAT Color Composite

Print Generation

Fitm, PFOCESSlng, and
Printing

3 dates @ $11 per date

The costs of 2 of these o
dates amortized over 5 dates 515.40

Labor
0.5 hours per date @$13. 50/hr

~including ovérhead, 3 dates;

the costs of 2 of which are
amortized over 5 dates $ 9.45

Cost per image 5amp]e unit assuming 2218 (780,000
image sample units in the watershed(s) of interest.

ACost;per.lSUZ

4,006

$.006°

$.007

$.004

. Cost data based on 1975 UnEVErSIty of Ca]:fornla figures.

" test watershed)

Two $500 flights amortlzed over 5 years, 7 dates per year, and two

watersheds
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TABLE 1 (continued)

Total Cost

1. Inventory

A,

TOTAL

interpreter Training

I hr per date, @ $13.50/hr

3 dates, the costs of 2 of

which are amortized over

5 dates $18.90

Image [nterpretation

Ave., 6 hrs per'date
@ $13.50/hr (2218 Image
Samplie Units)

3 dates, the costs of 2 of
which are amortized over
5 dates $113.40

Data Keypunching

6 hrs per date @ $13.50/hr;

3 dates, the costs of 2 of

which are amortized over : ‘
5 dates $113.40

Computer Analysis of
image Analyst Results

0.075/hr @ $h0/hr $ 3.00

Selection of Random
Numbers to Befine Ground
Sample Units

0.5/hr @ $13,50/hr amortized
over 5 dates @ $13.50/ht 5 1.35
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$.009

$.051

$.05]

$.001

5.001

5,136




The snow course or sensor should be located in a snow accumulation
and depletion environment representative of the average of such
environmenits covered by the given I8U. If it is not efficient to
reallocate an already established network of snow courses and sensors,
then the snow water content stratum should be identified for each such
ground unit by determining the stratum associated with the ISU
covering that ground location. After several years of using this
remote sensing—aided technique for snow water content estimation, the
user may Ffind it desirable from a precision (i.e. variance control)
standpoint to reallocate some ground courses ito achieve the optimum
stratum-by—stratum GSU sample sizes caleculated previously. However,
before this is done, updated GSU saumple sizes should be calculated
using stratum-specific ground or image snow water content variance
data averaged over Successive seasons.

Step 8: FEstimates of watershed or sub-watershed snow water
content should be calculated, using the equation described in
step 5. The values thus obtained should be entered into statistical
or physical models to predict water yield. For example, the user could
employ the remote sensing-aided snow water content estimate as an input
variable in a regression ecuation for predicting water runoff,

Step 9: Finally; the utility of the above-described procedure
for using remote sensing as an aid to estimating snow water content
should be evaluated in meeting the water yield forecasting _
organization's legal or contractual requirements, Utility can be
judged by new information gained (e.g. watershed physical relationships),
forecasting accuracy or Drecision improvement, cost savings, or
forecast timeliness. Information gained on the precision/cost
effectiveness of the procedure and the sensitivity of the water yield
forecast models to the resulting snow water content estimates can be
used to:

1) refine the model (Step 5) used to calculate the snow water
content index,
2) better define snow water content index strata,

3} generate better GSU sample sizes and allocation strategies,
and

4) refine the actual snow areal extent interpretation and imagery
enhancement and analysis procedures used in Steps 2, 3 and 4.
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4.0 ABSTRACT

Agricultural water demand information for arid or semi-arid climates
is important for effective water resource management. Remote sensing method-
ologies utilizing high altitude photography or LANDSAT ‘imagery provide accurate,
economic alternatives to conventional survey techniques. Manual and digital
remote sensing techniques described herein are capable of producing information
for semi-operational water demand predictions by California state and county
agencies who must maximize the use of the finite amount of Tocal, state and
Tederal water.

4.1 - INTRODUCTION

Food and energy production are primary research frontiers for the future.
A recent study by a major research organization predicts the following effects
of world exponeTtial'population growth to impact mankind during the 1980
to 2000 period:

* intensified landuse pressures and a growing Tist of critically
short mineral resources will come into being

* 4pternational trade of all types will veach a new high with
particuiar increases in foodstuffs, minerals, and energy;

* international cooperation in agricultural research and production
will increase as the world seeks to maximize its ability to
feed itself;. '

1 The TERSSE study (Total Earth Resources Systems for the Shuttie Era)
was conducted by General Electric for the National Aeronautics and Space
Administration to identify high priority areas for the 1980-2000 time
frame. Many of the findings in this study are based on an assumed pop-

- ylation growth from 3.2 billion in 1973 to around 7 billjon in the year
2000.  General Electric Space Division: Definition-of the Total Earth
Resources System for the Shuttle Era (General Electric, Philadelphia,

1974) Vol. 3, p. 4. :
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* government funded research and development coupled with the
use of large scale modeling data banks will increase in
societies such as the United States where government is
expected to act as the catalyst to conduct resource eco-
logical surveys.

In the United States, there is enough water to meet projected agri-
cultural demands to the year 2000 given the amount of countrywide preci-
pitation and groundwater supplies. A major proB]em, however, is that
often this water is not where the demand exists® (see Figure 4-1). One
response has been the development of large scale water transport projects.
The State Water Project and A11-America Canal in California, and the Welton-
Mohawk Project in Arizona arg recent prime examples of our technological
response to such conditions.® Another response is to drill more and deeper
wells, essentially mining groundwater supplies.? One has only to examine
temporal LANDSAT images of the Colorado High Plains, Texas, Kansas, Nebraska,
and the Dakotas to see the proliferation of center pivot irrigation systems
mining groundwater in these areas.

The effective management of inter-regional water transport and increased
groundwater extraction is dependent upon accurate water supply and demand
statistics at the regional, state, national, and even international level.
The bagic need for such information caused investigators conducting the
TERRSE® study for the National Aeronautics and Space Administration (NASA)

¢ U.S. Department of Agriculture: Recommendations on Prime Lands.
(U.S. Government Printing Office, Washington, D.C. 1976), pp. 22-23.

3 Estes, John E. and Leslie W. Senger: Remote Sensing for Monitoring

a Water Transportation Project - The California Aqueduct. Paper pre-
sented at the XII Congress of the International Association of Aeronautics
and Astronautics (Baku Azerdaydzhai, USSR, 1973).

4 Falkenmark, M. and G. Lindh: "How Can We Cope with the Water Resources
Situation by the Year 2015?" Ambio Vol. 3, pp. 114-122.

2 Bowden, L. W. (ed.), 1975. Manual of Remote Sensing, Vol. II, Falls
Church, Va. American Society of Photogrammetry, pp. 1973-1978. Also
see Poracsky, J., 1976, "Distribution of Center Pivot Irrigation Systems
in Southwest Kansas," University of Kansas Center for Research, Inc.,
Tech. Rept. SAL-7606.

6 The basic criterion for the inclusion of a mission was that there be a
reasonable change of the mission being performed during the 1980's

time frame under consideration. Definition of the 30 missions were based
on the following inputs to the study: 1) mandated tasks of Major Federal
Organizations; 2) information requirements of the Other Dominant Organi-
zations; and 3) assessment of the relative amenability of the information
classes to remote sensing. On the basis of a review and evaluation of
these inputs a list of 40 basic TERSSE missions was synthesized. General
Electric Space Division, op. cit. (see Footnote 1 above), pp. 3-11.
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FIGURE 4-1. While the Pacific Northwest received its usual abundant
rainfall in 1976, the midwest United States suffered a severe water
shertage. South Dakota farmer Don Clelland, suffering through the long
drought, took his case to a higher court. He plowed a plea for rain into
a stubble field. (Associated Press Wirephoto in the Los Angeles Times,
November 29, 1976, p. 1).
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to identify two priority missions as:

* Survey and ‘inventory the volume and distribution of
surface and groundwater to assess available supplies
for urban and agricultural consumption.

* Survey and monitor U.S. crop1and to calculate Tong- and
short-term demand for 1rrigation water.

Such information is incorporated into water supply and demand models
which rely heavily on historical-data and past trends in water supply and
use.

The basic premise for utiiizing remote sensing in acquisition of
water demand information stems from the fact that several of the key para-
meters cannot be economically monitored on a seasonal or long-term basis
without such technology. For example, water resource managers responsible
for areas which are solely dependent on ex0t1c water transported from
other reg1ons can easily pred1ct next year's agricultural water demand by
examining the present year's canal records. However, for areas dependent
on both imported water and groundwater, manageys have a difficult time
assessing water demand because there i$ usually nc way to accurately
measure the amount of groundwater pumped. Consequently, canal records

alone produce a serious underestimate of local water demand. If the aguifers

being mined are continually lTowering the water table, as is common in many
western states, & serious overdraft situation may develop. Continuation
of such pract1ces could eventually lead to the regional depletion of an
aguifer and subsequent loss of valuable agricultural production. Planned
recharge of the aquifer through accurate Tong-term water demand pred1ct1nns
could rectify this situation. Remote sensing techniques can be used to in-
ventory agricultural acreage. These data in conjunction with average

irrigation rates can provide accurate multiple-year water demand predictions.

In the short-term, agricultural water demand information could be
applied to seasonal intra-regional transport of water if & serious imbal-
ance is jdentified in a geographic area. For example, a near real-time
water demand estimate in May could alert water resource managers that
new water demanding acreage has come into production in a region where
previous groundwater mining had aiready jowerad the water table. An admin-
istrative decision to acqu1re.add1t1ona1 water from alternative sources
could be made in order to maintain the groundwater Tevel. An appropr1ate
taxation schedule could also be applied to those users who continually mine
groundwater and escape payment for transported water necessary to recharge
the acquifer.

For several years prior to the TERRSE eva1uation, NASA funded the
University of California to develop remote sensing procedures to be used in

i
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predicting water demand. 7 University researchers interfaced with Califor-
nia's local, regional and state agencies to document the accuracy and cost-
effectiveness of remote sensing aided agricultural water demand predictions.
These studies have focused on the identification of critical water demand
parameters which can be inventoried by high altitude and LANDSAT-analysis
techniques. A study area in Kern County.. California wiil be used to demon-
strate, in a step-by-step manner, the application of remote sensing tech-
niques to water demand prediction.

4.12 Kern County, California Water Demand Study Area

California contains approximately one quarter of all the irrigated
Tand in the United States and the irrigation of these 8,000.0C0 acres
accounts for more than 85% of the water used invCa1ifornia.3 The State
Teads the nation in agricultural production with a gross crop value
$4 billion annually, with another $2 billion in value-added by processing.
These statistics provide ampie testimony to the wealth producing ability
of irrigated land in California. '

As population figures continue to mount in this most populus of
the 50 states, the water supply problem will be the same as it has been
in the past; not of insufficiency, but maldistribution. About 75% of the
State's precipitation and runoff occurs north of San Frarcisco, while about
75% of the need for and use of water occurs south of this point. The
problem of maidistribution will continue to be solved by water transporta-
tion ... and eventually coordination with large scale desalinization projects
when this technique becomes econgmically viable with the costs associated
with future import developments. '

Kern County, California (Figure 4-2) is the second most productive
agricultural county in the United States with an estimated value of direct
farm marketing in 1975 of over $744,000,000. Production is primarily
dependent ?B the irrigation of about 926,000 harvested acres (374,000
hectares).'V HKern County consumed more than 820,000 acre-feet of California
Aqueduct water in 1976 at a mean cost of $20 per acre-foot for the 16 ‘
county water districts. Groundwater in excess of two million acre-feet,

! Estes, Joim E., et al., "Water Demand Studies in Central California"

in An Integrated Study of Earth Resources in the State of California Using
~ Remote Sensing Techniques, Berkeley; University of California, Annual

Progress Report, May 1976, pp. 3-10 to 3-23.

8 Irrigation Districts Association of California. California Water
Resources Development (Irrigation Districts Association of Califonia:
Sacramento, 1975). S —_—

9 Ibid.

10 Stockton, James, W., 1975 Ahnua1 Crop Report for the County of Kerh;
(U.S. Department of Agriculture, Bakersfield, 1976). pp. 1-8. -
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A T IS S 8 SPTIID EIN0 H05 TR Rt S 2 A NG 5 B SR SV
UNIVERSITY OF CALIFORNIA AT SANTA BARBARA
WATER DEMAND PREDICTION STUDY AREA
KERN COUNTY, CALIFORNIA

Y
WEST KERN COUNTY
LANDSAT-1, 17 OCTOBER 73. BAND 5

FIGURE 4-2 . The agricultural water demand prediction study area in
Kern County, California. Situated in the semi-arid southern part of
the San Joaquin Valley, it is the second most productive agricultural
county in the United States.
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or four times that amount being imported by the state project, is ex-
tracted annually. Kern County's dependence on groundwater at rates ex-
ceeding a safe yield has resulted in ? continuous decTine of water table
1eve15 +throughout most of the county. 1

Analysis of projected California Water Project deliveries through
1990 indicate that irrigation water applied to crops and water used to
- replenish groundwater supplies account for approximately 85% and 10% of
the Kern County water demand respectively. Urban-industrial and recreation
demandsaccount for the remaining 5%. Even with the maximum supplies
of imported state water contracted in 1990 (the actual need or demand for
which wi1l be realized as early as 1980) Kern County will continue to
overdraft its basin if any expansion of irrigated agr1cu1ture occurs with-
out additional importations.

In 1970, Kern County Water Aegncy {KCWA) developed a digital computer
model of their groundwater basin. The model was initially driven by
historical data and relied heavily on agricultural landuse data derived
from terrestrial surveys. The purpose of the model was total simuiation
of water transmission and storage throughout the Kern County water basin.
Based upon an analysis of all model inputs, it was determined that remote
sensing could provide data on several critical variables. The most dynamic .
variable in the model 1is the amount of irrigation water applied to agri-
cuitural lands. Water may either be pumped from local groundwater basins,
Towering groundwater levels, or imported from other regions. MNeither the
amount of groundwater pumped nor the amount of irrigation water applied
is known. Yet, accurate estimates for both are required as model inputs.
The amount of water applied is best estimated from the total number of
irrigated acres and the water requirements of the cropland under a given
set of environmental conditions. The majority of remote sensing research
in agricultural water demand mode11ng has been directed at prov1d1ng th1s
information.

Research on the development of remote sensing technigues for the gen-
eration of agricultural water demand information has lead to the remote
sensing-user agency data fiow illustrated in Figure 4-3. In this capacity,
remote]y sensed agricultural acreage data (i.e. croptype fallow, double
cropp1ng, etc.) are extracted primarily from LANDSAT and high altitude
imagery. The irrigation rates from anciilary sources may be refined through
remote sensing (i.e. croptype, pre-irrigation, salinity leaching require-
ments, etc.). These two data sets are then interrogated to yield the out-
put irrigation water demand prediction statistics. These statistics are

T ern County Water Agency, Annual Report - 1972 and 1973 KCWA,
Bakersfield, 1974, p. 8.

2 fhe Kern County Water Agency's groundwater model was developed by
‘TEMPO, Center for Advanced Studies, Santa Barbara, California, a sub-
s1dary of General Electric.




used by the usepr agencies to optimize water management decisjons. The
~following section discusses how one should proceed to empiricaily identify
the major components of agricultural water demand for a given environment.
Subsequent sections describe in a procedural manner, the specific aspects
of remote sensing aided cropland and croptype 1nventor1es and the genera-
tion of water demand estimates. Cost estimates and equipment requirements
are provided in Appendix 1.

AGRICULTURAL WATER DEMAND INFORMATION FLOW

REMOTE SENSING DATA STREAM PRE-PROCESSING
* LANDSAT ORIENTED P -
« GEOMETRIC CORRECTION
= HIGH ALTITUDE SUPPORT o AND RI_EGISTRATION
. |* RADIOMETRIC CORRECTION
— SENSOF erfors
— atmospheric conditions
_ ANGILLARY DATA ]
* INPUT TO ALL LEVELS AS —-1 ‘
AVAILABLE AND APPROPRIATE | -
= ground truth EXTRACTIVE PROCESSING
— a priori statistics ..
* FEATURE EXTRAGTIGN
~ training set development
* CLASSIFICATION
- water demand model parameters
Y
'WATER DEMAND MODEL ‘MANAGEMENT DECISION
o INPUT *PUBLIC SECTOR
L — acreage estimates — pian and operate irrigation projects
-~ irrigation rates —dv=-{ - manage other water uses
« QUTPUT ' ' * PRIVATE SECTOR
- water demand prediction statistics - agribusiness

Casavanto: Bovsssts Sonsiva Tindt Pubvprite of Caliternin ar Surte Burhar

Figure 4-3. A diagrammatic representation of data Flow through a remote
-sensing water demand prediction system. Once user information require-
ments are defined, the remote sensing data stream is processed {pre-
processing and extractive processing) in conjunction with ancillary data
to provide acreage and irrigation rate estimates. These basic

inputs into the water demand prediction essentially drive the model.
Ylater demand predictions are then used in both the public and private
management decision sectors.
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42 WATER DEMAND PREDICTION VARIABLES

4.21] Resolution of Prediction

Water demand predictions have both "spatial" and "temporal" resolutions,
which means they pertain to a given area (a square mile, state, etc.) over
specific time periods (monthly, yearly, etc.). In addition to spatial and
temporal resolution, we may also consider a "categoric" resolution which
specifies the level of information detail used in the classification scheme
from which water demand predictions are derived, (e.q. irrigated vs. non-
irrigated being general data, croptype data being more specific). The
level of detail or specificity of a water demand prediction in each of
these three dimensions will affect its utility as well as cost. In general,
more specific data is both more useful and more costly. Planned and antici-
pated needs for water demand data should therefore be carefully examined
on a case-by-case basis to match the resolution requirements of a specific
application with appropriate procedures to acquire data at that detail.
Spatial and temporal resolutions are usually well defined by the type of
apriication. For example, water demand on a regional ten year basis may be
adequate for general planning purposes while water demand on a yearly field-
by-field basis may be required for specific canal routing or taxation purposes.
Categoric resolution is usually governed by the need to achieve given accuracy
levels. Even before specifying categoric resolution, however, it is necessary
to select the appropriate categories or variables to be used in the water
demand prediction. Figure 4-4 graphically illustrates those variables
considered to be of importance to agricultural water demand prediction in
the Southern San Joaquin Valley of California. It should be noted that
there are two primary components of a water demand prediction, Vv1z. acreage
and irrigation rates. Each environment should be individually assessed in
a similar manner when attempting a water demand prediction. Furthermore, it
is necessary to perform this assessment in a quantitative manner, as will
be discussed later using the Kern County example.

4.22 Kern County Example

In Kern County, California a need exists for yearly water demand data
spatially aggregated to nodal polygons approximately three miles square. These
data are used as input to a groundbasin hydrologic model. The total Kern
County hydrologic system is both complex and dynamic. The KCWA groundbasis
model must therefore incorporate detailed, yet relatively stable geologic
information, in conjunction with constantly changing agricultural land use
information. The most dynamic element of this system is the amount of irri-
gation water applied to agricultural lands. This water may either be pumped
from local groundwater basins, with a negative impact on groundwater levels,
or imported from other regions, thus potentially having a positive impact on
local groundwater levels. At present, approximately 1,150,000 acre-feet
of wz.er is imported yearly through state and federal projects. However,
since the exact amount of groundwater pumpage and irrigation water applied
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AGRICULTURAL WATER DEMAND PREDICTION VARIABLES

CROPLAND OR CROPTYPE ACREAGE ESTIMATES 1—

inftucnced by

* FALLOW LAND ) v ’ OuUTPUT
* MULTIPLE CROPPING [croptype {or cropland) acreage] x [irrigation rate] =
: + DRY FARMING ' - AGRICULTURAL WATER DEMAND PREDICTION

* OTHER VARIABLES

IRRIGATION RATE

r‘n,lhryuu'd by
« CROP TYPE ON A PER FIELD BASIS
« PRE-IRRIGATION
+ PHYSIOGRAPHIC VARIABLES
~ 5ail type
- 50il moisture
— soil salinity leaching requirement
» METEOROLOGICAL VAHIABLES
- evepotranspiration
— precipitation
» WATER PRICING
+ OTHER VARIABLES

Geagrapln: Remuote Sensing Onir, Universitv-ol Caltlrtiin of Sania Harbire

Figure 4-4. The range of variables considered to be of importance in determining
agricultural water demand in the Su_uthérn San Joaquin Valley of California.
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to the Tand is not known, accurate estimates for both of these quantities are
required as model inputs. In areas where complete metering of groundwater
pumpage is not available, as is common in Kern County, the total amount of
applied water (i.e. demanded water) must be estimated by knowledge of frri-
gated acreages and water application rates. Even for this specific appli-
cation there exists a wide spectrum of technigues which can be utilized to
generate water demand predictions, as illustrated in Figure 4-5. These vary
primarily according to the generality of the two primary inputs, i.e. acreage
and application rate estimates. For the specific variables discussed in

this report the two most extreme Tevels of input generality have been used..
These Tevels entail irrigated cropland acreages and countywide average
application rates for the most general approach, and croptype acreage and
application rates as the most specific approach. It should be pointed out
that thﬁ optimization of operational procedures may result in some intermediate
approach.

Given that the spatial and temporal resoiutions have been defined (nodal,
yearly) it is possible to proceed to quantitative assessments of the impact
of each major variable (refer back to Figure 4.4 for 1listing). Four major
variables have been investigated to determine their impact in a Targe water
district (Wheeler Ridge-Maricopa Water District) of Kern County. These vari-
ables have been selected for study because of their anticipated importance
and/or their amenability to study using remote sensing techniques.

Each variable, i.e. croptype, fallow land, pre-irrigation., and double
cropping, has been individually investigated to quantify the particuiar
effect on the accuracy of its inclusion or exclusion in a water demand pre-
diction procedure. For most variables, the effect on accuracy has been quanti-
fied for both of the two basic prediction methods, one using cropland data
and the other utilizing croptype data.

The variations in accuracy due to the inclusion or exclusion of a
variable in a specific water demand prediction using cropitype data is quanti-
fied by comparing nodal croptype water demand predictions to the same
- predictions which have been improved through the consideration of the parti-
cular variable. For the purposes of comparison, the improved croptype
prediction is assumed to be 100% correct. The difference in accuracy is cal-
culated as the percent error of the prediction which did not consider the
variable being investigated.

The difference im accuracy due to the inclusion or exclusion of a vari-
able in a water demand prediction using eropland data is quantified in the
following process: 1) The unimproved cropland prediction is compared to the
improved croptype prediction. The latter prediction, as before, is assumed
to be 100% correct. "If the two predictions are compared the resulting improve-
ment in accuracy is due not only to the inclusion of the variable in question,
but also to the inclusion of croptype data. In order to separate the improve-
-ment due to croptype data, it is necessary to make an additional comparison.
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RANGE AND SPECIFICITY OF AGRICULTURAL
WATER DEMAND PREDICTION PROCEDURES
FOR THE KCWA GROUNDBASIN MODEL

ANNUAL, NODAL
CROPLAND
ACREAGES

COUNTY
AVERAGE
IRRIGATION
RATE

» More Gener;>

ANNUAL, NODAL
CROPLAND ANNUAL,
ACREAGES NODAL

TTTDISTRICT T BRES
AVERAGE | DEMAND
IRRIGATION PREDICTIONS

ANNUAL, NODAL
CROP-SPECIFIC
ACREAGES

CROP-SPECIFIC
IRRIGATION

<More Specific -

SELECTED RANGE OF KCWA MODEL
PROCEDURES POSSIBLE INPUT *
UNDER STUDY PROCEDURES REQUIREMENT

* The Kern County Water Agency hydrologic model
requires that the water demand prediction data be
spatially accurate to at least the nodal (9 x 9 sq. mile)
level.

Geography Remote Sensing Unit, Universiiv of California at Santa Barbara
Figure 4-5. The range of procedures from general to specific

which may be employed to estimate nodal aaricultural water
demand in Kern County.
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2) If an improved cropland prediction is compared to an improved crop-
type prediction, the resulting difference in accuracy is due to the in-
clusion of croptype data anly. If this percent accuracy value is sub-
tracted from the percent accuracy value resulting from the first compari-
son {unimproved cropland versus improved croptype prediction) the result-
ing difference is the change in accuracy caused by the inciusion of the
variag1e inTa cropiand water demand prediction. Results are presented

in Table 4-1.

TABLE 4-1

Summary Ranking of Water Demand Prediction Variables

Investidated to Date and Their Influence on Nodal

Water Demand Predictions in the Wheeler Ridge-Maricopa
Water Storage District

Rank Variable Prediction District-Wide Mean Nodal Range of Nodal
Procedure Increase in Water Demand Errors (%)
Prediction Accuracy Due to
Inclusion of the Variable (%)

i Fallow Cropland 7.9 0-75
Land Croptype 8.0 0-98

2 Croptype Cropiand vs. |
Croptype 6.3 0-90
3 Multipie-  Cropland 2.8 0-19
Cropping Croptype 3.6 0-16
4 Pre- Cropland 2.8 0-20
Irrigation Croptype 3.3 0-29

One of the most interesting effects noted in Table 4-1 is that produced
by fallowing practices (8.0%), which exhibits a somewhat larger impact on
water demand prediction accuracies than croptype data (6.3%). Since fallow
Tand usually receives no irrigation, the rationale for its large impact
is §imple; its exclusion from mod2is will result in over-estimations equal
to the irrigation rate otherwise assumed. Also of major importance are
the errors attributable to the lack of croptype data, which will be equal.
to the difference between the assumed irrigation rate and the true crop
specific irrigation rate. Both fallow and croptype data were found to have
two to three times the impact on water demand prediction accuracies when
compared to multiple-cropping and pre-irrigation data. ' Of even greater
jmportance is the larger range of potential nodal errors (nearly 5 times
that of multiple-cropping and pre-irrigation) which are possible when crop-
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type and falilow land data are not included in a prediction procedure.

This research was conducted to identify, in a quantitative manner,
the individual effects of seyveral variables on water demand predictions.
Analyses were compieted on a nodal basis using both of the major data
gathering techniques, i.e. cropland and croptype inventories. This
research is proving useful for determining the specific types of infor-
mation necessary for accurate water demand predictions. From similar
ranked variable 1ists, water resource manaders may be able to design an
optimum data collection system for their respective regionshy selecting
those components most responsible for maximizing accuracy levels.

It is important to remember that these variables are not necessarily
independent, and any prediction procedure may incorporate one as a subset
of another. For example, a thorough croptype inventory would be expected
to include a1l four components, i.e. croptype, multiple-cropping, fallow
and pre-irrigation data. The summary Table 4-1 thus documents only the
individual impacts associated with each data component and suggests what
types of data should be obtained.

4.3 PROGEDURAL MANUAL FOR USE IN REMOTE SENSING CROPLAND INFORMATION
FOR_WATER_DEMAND PREDICTIONS .

4,31 Introduction

The purpose of the procedures discussed in the previous section was
to identify those specific types of information that should be <incorporated
into a water demand prediction procedure to achieve a desived accuracy level.
When studied in conjunction with the feasibility and costs associated with
their acquisition it should be possible to develop cost-effective procedures
that meet specific applications requirements. An analysis of major water
demand variables and acquisition costs may indicate that an adequate pre-
diction can be generated from cropland data alone or cropland data at some
basic Tevel of refinement, e.g. by identification and subsequent subtraction
of fallow acreage or addition of multiple-cropped acreage. This section
will detail those procedural steps necessary to accomplish a cropland inven-.
tory, using as an example a reagion Tocated in Kern County. As one might
suspect, practical means for economically predicting water demand cannot
be developed in jsolation from the environmental characteristics of the
region to which they are to be applied. Each location will possess some
unique characteristics that might significantly affect the acquisition costs
for each specific type of water demand information. Some examples of these
- characteristics include: cloud cover conditions (both daily and seasonally),
field shapes and sizes, crop assemblage and relative proportions of each
type. phenologies for each crop, local cultural practices {e.g. harvesting
techniques, etc.), possible stratifications of the region into more homo-
genous sub-regions or "strata," and confusing "other" classes such as natural
vegetation, - Similarly, one cannot ignore the avaiiability of various sources
of remote sensing imagery, nor the suitability of each availabie tyne of
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Step 1.

'1magery for specific purposes. It is strongly recommended that a feasi-

bility study or at Teast "trial run" of each procedure be accomplished
before undertaking any single procedure on a large-scale basis, The
following steps are therefore not offered in a rigid procedural format
but rather act as a conceptual ordering of stages that should be under-
taken only after all the interrelated aspects are properly understood.

4,32 Procedure

Acquisition of Suitable Imagery: Acquiring suitable imagery is perhaps
the most critical aspect of remotely mappingcropland acreage. Flying and
developing costs associated with singie purpose aircraft missjons for crop-
lands mapping often are prohibitively high. In addition to satellite imagery,
several alternatives exist, including the acquisition of multi-purpose
photography on a cost-sharing basis with those who might find such photo-
graphy useful for other purposes. Care should be exercised, however, to
ensure that such photography would adequately meet the requirements for
cropiand mapping. Some sources of multi-purpose photography are:

* Commerc1a1 firms that photograph jarge regions on a routine
basis {e.g. yearly)}

* MASA high altitude photography f]own for various research
institutions _

* Various other service agencies (e.g. in the United States these
include USDA-SCS and ~SRS)} that systemat1ca11y inventory crop,
soil, or water resources.,

In assessing the value of these sources one should examine and weigh their
relative merits on each of several grounds including:

1. The time frame for availability of the {imagery (e.g. is it avail-
able monthly, annually, or only every five to ten years?). A crop
calendar is helpful in matching availability to temporal require-
ments on a monthiy or seasonal basis (crop calendar development:

is deferred here until the following section dealing with crop-
type identifications). :

2. The suitabi1ity of the scale and spatial vresolution characteristics
of the imagery for extracting needed cropland information. '

3. The spectral characteristics of the imagery.
4, The costs associated with acquisition“of the imagery.

5. The probability that cont1nued acquisition of suitable imagery
will be possible in the future, if needed. _
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Step 2.

Step 3.

Regardless of the source of the imagery, photographic transparencies are
preferable to prints for the techniques discussed herein because of their
high resolution characteristics, Figure 4.6 shows an example of muiti-
date LANDSAT multispectral imagery.

dequisition of a Suitable Base Map: A photogrametrically controlled
(i.e., spatially accurate) base map i1s required to ensure that reliable
croplands acreage statistics can be obtained from the mapped data. An
accurate base map also ensures that information gathered in one year can
be directly compared to that of other years. This map should include any
features that will aid in the visual transfer of information from the 1magery
to a map, such as rivers, aqueducts, roads, and survey networks,

There are usually several sources of suitable base maps, most of which
are governmenta]. Within the United States, examples include statewide
planning agenc1es and various county departments such as assessor offices, -
water agencies, transportation departments, etc. The United States -
Geological Survey (USGS) topographic maps or their equivalent, especially
those of scales smaller than 1:24,000, provide a nearly ubiquitous nation-
wide base map source. Figure 4~7 is an exampie of a base map Tor Kern
County. '

Production of a Work Copy: A work copy of the base map should be
drafted or photographically created on frosted acetate or similar trans-
lTucent material. This copy of pertinent base map features must be capable
of accepting pencil annotations because croplands data to be acquired by
image analysis will need to be annotated directly onto this copy. The
purpose of the base map features (such as roads, etc.)} is to allow simple
orientation between the imagery and this work copy.

: It is very useful to match the scale of the photography to that of
the work copy. This allows the visual transfer of cropland detail to be
accomplished with relative ease by direct overlay of the translucent map
onto the photography. Standard tracing or Tighted dratiting tables provide
the necessary illumination for exam1n1ng the photography through the trans—
Tucent base map. _

If photographic prints must be used, either the work map needs to be

nearly transparent, in which case pencil or even ink annotation is difficult,

Step 4.

or other means must be used for simultaneously examining the work map and
the photography Various devices are available for this task, ranging from
simple mirror stereoscopes to sophisticated optical transfer scopes.

SeZectzon of a Suztable Classification Scheme and Subsequent Image -
Imberpretation: 1n developing such a scheme, the photo interpreter usually
will need to work out with the potential user of the croplands map a compro-
mise between (1) that which the user considers ideal for his purposes, and
(2) that which the photo interpreter finds is consistently identifiable on
the jmagery which he must interpret. In some instances the development of a
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LANDSAT -1 MSS 5, 1974: Kern County California, USA
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Figure 4-6. Six date sequence of LANDSAT-1 MSS band 5 imagery
for a test site in Kern County, California. In this imagery
healthy vegetation appears dark.
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Figure 4-7. Pertinent detail in basemap, such as survey network,
roads, canals, etc., allows rapid correlation of image information
to a planimetric base. (Source: Kern County Water Agency —
Polygonal Zones and Node Points.)



photo interpretation key to the classes that are to be identified should
be undertaken at this point.

b

In those instances in which preliminary tests show that the neces-
sary crop classification can be done from (multidate) LANDSAT imagery,
great cost savings usually can be effected by the use of such imagery.
Several approaches are avai{lable for the interpretation of croplands data
from LANDSAT imagery. The approach followed will govern the amount and
type of imagery acquired, type of work copy used, and image interpretation
procedure. It has been Tound in numerous tests that mapping accuracies
usually can be maximized by taking full advantage of seguential LANDSAT
overpasses., When an adequate number of images are 1nvoived (such as
monthly throughout the growing season), highest accrurcies seem possible
using a simple dichotomous decision rule: i.e., on any given date of
imagery, an actively growing crop is or is not visible. A significant
advantage of this binary decision rule is that failow or abandoned land
can be removed from active cropland status. Fallow land, especially, is
nearly impossible to identify on single date inventories. This simple
dichotomous procedure requires only one LANDSAT MSS band, i.e., band 5,
taken % the red spectral region (.6 to .7 um). The combined orbits of
LANDSAT's 1 and ¢ presently offer the potential of 9-day coverage cycies,
or approximately 40 imaging dates per year. The availabiiity of such a
large amount of coverage requires that a catalog be maintained of all
available imagery. Microfilm browse files and a computerized geographic
search service are available from the USGS Earth Resources Observation
System {EROS) Daia Center, Sioux Falls, South Dakota, and elsewhere. NASA
publications are also available that specify geographic coordinates and
image characteristics for each LANDSAT image created. These sources should
be examined to determine frame number, cloud cover, and overall quality
of each potential image. As with photography, LANDSAT image {ransparencies
are generally preferable to prints for the techniques described herein
because of their higher resolution.

When LANDSAT imagery is to be used, the scale and material used for
the work copy wiill be dependent upon the technique used to transfer in-
formation (from image to map) and the jnterpretation scheme. Standard
1:1,000,000 scale LANDSAT imagery will, of course, require an 8X enlargement
if 1:125,000 scale work maps are used. If the imagery is enlarged to
1:125,000 a frosted acetate work map is suitable since, as previously
discussed, it §s translucent and will accept penciled annotations. This
work map can He placed upon the imadery and interpretations directly
annotated upon the acetate. Alternatively, opaque material can L= used
for the map if other means are involved in correlating the image toc map,

such as a mirror stereoscope or optical transfer device,

When croplands information is being interpreted from LANDSAT imagery,
the primary interpretive cues are grey ievel (or color if color composites
are used) and field shape. In many regions, including the western two-thirds
of the United States, for example, the interpretation and transfer tasks
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Step 5.

Step b.

are facilitated because field shapes are usually rectangular and in alignment
with a systematically surveyed grid network, If the muitidate MSS band 5
dichotomous procedure is used on any given date a field is classified as
being "cropland" if it appears dark on MSS band 5 imagery on that date,
indicating healthy vegetation. UWith some training the interpreter should
be abie to accurately distinguish between vegetated fields and natural
vegetation, the former usually appearing more uniform and darker in tone
than the latter. Since several images may be involved in each inventory

it is necessary to verify and annotate each field as to its cropland
status. It is sometimes best to begin a new work copy for each inventory.
If possible, this work copy should indicate the previous status of all
fields to assist the interpretation of questionable fields. Interpreters
making use of color composite imagery should become familiar with all
distinguishing stages of agricuitural fields. These stages include freshly
plowed, young crop, mature crop, dry crop (e.g., bariey near harvest),
defoliated crop {e.g. , cotton), and stubble or burned over conditions.
Irrigation activities may also be noticeabie on LANDSAT imagery during
yaung crop stages., .

Interpretation of the Photos and Anmotation of the Base Map: These
two tasks usually are accompiished in concert. Since the tasks need
to result in the production of accurate cropiands information, they should
be accomplished by someone familar with both the agricultural region and
type of photiography being used. While the work performed in this step
typically is the most time-consuming, it merely employs the classification
schemes and implements the procedures that have been described in the
previous step.. When several inventories are to be performed over a period
of years different colors can be used to distinguish one inventory ¥rom another
In this manner it is not necessary to compietely redo each successive
inventory. The work copy of the croplands map can be placed upon new photo-
graphy, in which case only changes need to be annotated. This procedure
allows for the simple production of change maps which depict only the
changes in cropland acreage between any two inventory periods. Five or
six inventories can be easily distinguished by proper color choice.

Production of the Final Copy of the Cropland Map: Usually this copy
should be made on drafting paper. It should have inked features and be

syitabie for blueline reproductiorns. An adhesive tone/pattern in the form

of "press transfer" material can be used to delineate all cropland acreages.
This material can simply be removed if the land should revert to non-crop-
land status. Updates of this map require only the addition or removal

of vattern to those regions where the photo interpreter detects change.

The legend of the final copy should clearly indicate all photography and/or
imagery used in the composite cropland. Figure 4-8 is a final copy crop-
Tands map made from the six dates of LANDSAT imagery shown in Figure 4-g,

‘Figure 4-9 is a final copy croplands map. for the entire San Jaoquin Valley

portion of Kern County.




1974 Croplands and Crop Type:
Kern County, California
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Source Wheeler Ridge - Marnicopa Water Storage District 1974 Crop Field Survey
Geography Remote Seosing Unit, University of Californis, Sants Barbarme

Figure 4-8. Upper portion is croplands data as interpreted
from LANDSAT imagery in Figure 4-6. Lower portion shows
same area as inventoried by field procedures, i.e. "wind-
shield" survey.
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Fiqure 4-9. San Joaquin portion of Kern County as interpreted from multidate NASA high altitude photography.

scale is 1:125,000.
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Step 7.

Produection of Vanious Reproduction Copies, as Requirved: It is usually
desirable to produce several blueline copies of each inventory., One should
always be designated as the archive copy, since the final copy is continually
updated. If it is necessary to produce a large number of copies, it is
preferable to create a photographic transparency of each update; this trans-
parency can serve both as an archive copy for future reference and as a
master from which all blueline copies can be made, thereby saving the
original. Photographic reproduction can aiways be used when it is necessary

"~ to enlarge or reduce the scale of the inventory map. g

Step 8.

Proceed to the Making of Subsequent Analyses, as Appropriate: Obviously
a cropland map should rarely, iT ever, be regarded as an end 1n 1tself. The
ultimate usefulness off the procedure that has just been described

normaily will be found in the extent-to which it facilitates, among other

things: (A) the estimation of water demand, month-by-month and year-by-
year, as imposed by those agricultural crops within the project area that
are in need of irrigation; (B} a general approximation of agricultural.yield
in each portion of the area; and {C) the development of intelligent plans
for future Tand use.
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4.4 REMOTE SENSING CROP SPECIFIC INFORMATION FOR WATER DEMAND
PREDICTIONS

4.41 Introduction

For many purposes it is not sufficient merely to determine, field-
by field, whether crops are being grown. Instead, there is a need
to know the specific type of crop. In contrast to the relatively simple
croplands mapping procedure just discussed, crop identification requires
a great deal of training and optimizing to maximize accuracies. On the
plus side, crop-specific information allows more accurate water demand
predictions and can be used in a greater variety of applicaticns (such
as agricultural reports, etc.). Axiomatically, the potentially wider
audience increases the possibility of cooperative ventures to obtain such
data.

The procedural manual will describe the following remote sensing
approaches to obtaining crop specific information:

(A) Manual interpretation of multidate High Altitude color
infrared photography (1:125,000) and enlarged LANDSAT
(1:125,000) color composites.

(B) Digital classification of multidate HANDSAT computer
compatible tapes (CCTs) using LARSYS' image processing
software.

(C) Digital classification of muitidate LANDSAT transparencies
using a point densitometer and standard statistical
analysis software.

These techniques represent a continum from manual interpretation (A)
requiring very modest resources, to the digital CCT method (B) which
requires substantial hardware and programming expertise. The digital
crop identification procedure based on manual point densitometer readings
(C) is an intermmediate alternative available to those with access to
modest densitometric equipment and standard statistical software packages.
An agency should select that procedure which is most compatible with
existing data requirements and agency resources. For the purposes of
this procedural document, both the manual (A) and digital CCT method (B)
are applied to a common 54 square mile study area in the Wheeler Ridge-
Maricopa Water Storage District of Kern County, California. For compara-
tive purposes the techniques are applied to similar temporal data sets.

T LARSYS is an acronym for a pattern recognition program: developed by
the Laboratory for Applications of Remote Sensing, Purdue University,
Indiana.
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Since these techniques require several of the same procedural steps it
is instructive to analyze the procedures in unison. The Tlast technique
(C) based on point densitometry will be discussed separately.

4,42 Manual (A)*gnd Digital CCT (B) Crop Identification Techniques;
Image Inventory, Assessment, Acquisition and Formatting

Image Imventory: The cataloging of available imagery takes on
added importance when specific crop identifications are undertaken.
Final classification accuracies are very dependent upon the dates of
imagery used since interpretations usually rely both upon the timing and
sequence of stages that a field undergoes. 1In some instances imagery
must be acquired during a limited time period when two otherwide in-
distinguishable crops may be correctly discriminated. The acquisition of
both high altitude photography and LANDSAT imagery should first begin
with a geographic search of EROS Data Center's image files. For example,
for the 1974 growing season a search would provide most of the information
shown in Table for the Wheeler Ridge-Maricopa study area. '

Suittability and Acquisition: The suitability and subsequent purchase
of imagery should be evaluated in terms of percent cloud cover, spectral
and spatial resolutien, and particulariy the phenological make-up of the
crop assemblage. IT possible, a "browse" file should be consulted to
view tentatively selected LANDSAT imagery. If this is not possible, a
single LANDSAT channel from each date in transparency format aids in the
selection of CCT's. For the high altitude photography, there is practically
no way to detect cloud cover, color balance, or vignetting problems prior
to the actual purchase.

Examination of Table 4-2 reveals ihat, for the Wheeler Ridge study,
the LANDSAT digital CCT's were selected so as to be comparable with the
high altitude data set. As these dates are spaced at approximately four
month intervals throughout the 1974 growing season they represent a reason-
able first-cut at multidate crop identification for the crop assemblage
in the Southern San Joaquin Valley. A more rigorous method of selecting
optimum LANDSAT channels for crop identification is introduced in the section
on manual densitometry/digital classification.

Format: The high altitude color infrared photography and LANDSAT
color composites (bands 4, 5, and 7) are purchased in positive, hard copy
format for the manual crop identification procedures. An alternative
approach for the creation of the LANDSAT color composites is to color combine
the three channels either optically or photographically.

For the LANDSAT digital analysis the multidate CCTs must be geometri-
cally rectified so that each date is mutually congruent with -other
(see Figure 4-10}. This processing requires substantial image processing
software. In this instance the Jet Propulsion Laboratory's VICARS software
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Table 4-2. 1973 AND 1974 HIGH ALTITUDE AND LANDSAT IMAGERY

Available for the Wheeler Ridge-Maricopa Test Site

LANDSAT
*k *kk
Date Band Quality Cloud Cover Suitability

1. 11/04/73" PPPP 10% good

2. FEregeis GGGG 70% unusable
3. 12£10/£13 GGGG 10% unusable
4, 12/28/73 GGGG 50% unusable
5. 1/15/18 P EPp 0% good

6. 2/02/74 PP-P 10% good

T 2l2Uf% PPRP 0% good

8. 3/10/74 PPPP 40% good

9. 3/28[714, EP PP 60% unusable
10. 4/15/74 g ppp 10% good

11. 5/03/74 GGGG 70% good

1e: - 5f21)ia PGPP 0% good

13. . 6/08/74 PGGG 30% good

14. 6/26/74 GGGP 0% good

15. 7/14/74 PGGG 40% not advisable
16. 8/01/74, GGPG 40% good

17. 8/19/74 PPPP 10% good

18. 9/06/74 PPPG 40% good

19. 9/24/74 GGGG 50% good
20. 10/12/74 GGPP 30% good
21. 10/30/74 --- - n.a. no listing
22. 11/17/74, GGG - 40% unusable
23. 12/05/74 PPPG 10% good

24. 12/23/74 el il 2 10% good

HIGH ALTITI'DE

Photographic Quality
*

Yoo RVEREEE G 0% good

2. 4/04/74, G % good

3. 8/15/18; G 0% good

4. 12/06/74 F 0% good

Indicates CCTs or high altitude photography purchased.

** MSS bands 4, 5, 6, and 7 respectively. Quality codes are G = good
*** Suitability in terms of cloud-free test site coverage. F = fair
P = poor

not available
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Figure 4-10. A comparison of unrectified (top) and
rectified (bottom) Landsat images of the same area.
For further explanation, see text.
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was used to contrast stretch,] rectify, and in some cases spatialiy filter
{fourier) the image (Figure - 4-11). If image rectification is not possible,
single date classifications might be attempted. However, sat1sfact0ry
single date resuits are possible only if great care is taken in the
evaluation of crop cycles.

4,43 Manual (A) and Digital CCT {B) Crop Identification Techniques:
Ground Truth, Fieid Boundary Overlay and Crop Phenology Information

Ground Truth: A limited amount of field verified crop information
is required for remote sensing crop identification procedures. This in-
formation is used to "train" the manual interpreter or digital classifier
concerning the crop signatures in a specific region. It may also be used
to assess "test" field classification accuracies.

When available, one should try to obtain the field verified data from
existing sources. For our example, the Wheeler Ridge-Maricopa Yater District
provided 1974 spring and fall crop maps compited for district planning
purposes. These inventories were conducted by district personnel using
standard terrestrial survey techniques. Based upon an analysis of this
data in conjunction with the high altitude photography the study area
was subdivided into three parts: a training area, an adjacent primary
test area, and a more distant secondary test area for signature extension
tests. The primary and secondary test area boundaries coincide with the
9 square mile “nodal” units of the KCWA hydrologic model. Specifically,
the primary test area encompasses model nodes 197, 205, and 206 and the
secondary test site encompasses nodes 198, 199, and 204 {see Figure 4-12).

When conducting ground truth surveys, limiting factors such as time
and money usually preclude a complete inventory. Obviousiy, if it were
economically possible to make a compiete check there would be no need to
use remote sensina to collect data. Sampling eliminates the necessity
of doing a complete field check. It reduces costs, increases speed, and
improves the accuracy of the Timited amount of training and test data
required. Obviously, such estimates are subject to error. Representative
sampling errovs must be small and the sample unbiased to achieve accurate
results. When sampiing a new environment of unknown characteristics the
most reliable procedure is one which relies on a stratified systematic
unaligned sample. An example is shown in Figure 4-13. The resulting
sampie combines the advantages of randomization and stratification with
 the useful aspects of systematic samples, while avoiding poss1b111t1es
of bias because of possible periodicities.

1 GEQOMA is the VICARS program used to rectify the LANDSAT channels to
congruent geometry. VICARS is an acronym foi Video Image Communication
and Retrieval System.
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REPRODUCIBILITY OF THH
ORIGINAL PAGE IS POOB!

FOURIER TRANSFORM OF LANDSAT (BAND 6)
AUGUST 19, 1974, IMAGERY

SN LSS, RZi1e

Each LANDSAT channel had fourier transform, contrast stratching, snd geometnic rectification image processing
techmiques applied.

Geography Remote Senging Unst Uniermity of (sitornis Se-ia Barbars P|

Fiqure 4-11. [Illustrated here is the result
obtained when the VICARS software is used
to rectify Landsat imagery.
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REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

AGRICULTURAL GROUND TRUTH:
NODES 197, 198, 199, 204, 205, 206 OF THE
WHEELER RIDGE - MARICOPA WATER STORAGE DISTRICT*

| NODE 198 |

NODE 197

1o~} Natural Vegetatior
5 Otne:
M1 Multipie cropping

lield was not ciass.! s

* Fwid invesnigation provided by Wherier R I
Maricops Water Storege Distriet, Keen County
Calitorniz_ and Geography Remore Senv ing Un.
Univer ity of Catiforrma, Sants Barbara Calidosnis

NODE 204 NODE 205 NODE 206

Aemote Linit, Univeruity of Calitorne Sants Barbars

Figure 4-12. Agricultural Ground Truth provided by the Wheeler Ridge-
Maricopa Water Storage District. This data was primarily used to assess
classification accuracies. Additional similar information was used to
select training fields.
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A STRATIFIED SYSTEMATIC UNALIGNED SAMPLE
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[ ®
Alignment on Rdndom Element of Marginals

Figure 4-13.  Example of a stratified systematic unaligned sampie grid.
First point A is selected at random and a given number of fields inventoried
surrounding that point. The x coordinate of A is then used with a new
random y coordinate to Tocate B, and a second random y coordinate to E,

and so on across. the top row of strata. By a similar process, the y
coordinate of C and y coordinate of B are then used to locate D, of E and

F to locate G, and so on until all crop classes have sufficient

training e]ements The number of sampie elements should vary depending

on the complexity of the original crop assemblage. The greater the

number of different crop types., the larger the sample needs to be.

Further information regarding this sample technique or others may be
obtained from Sampling, Coding and Storing, Flood Plain Data by Brian d.

L. Berry, Agricultural Handbook No. 237, Economic Research SEFV1CE: bn1ted
States Department of Agriculture. ‘
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Field Boundary Overlay: For the manual interpretation of bath high

- altitude and LANDSAT false color imagery it is helpful to create a

field boundary overlay of the training and test area (Figure 4-14). 1In
this manner it .is possible to keep an accurate account of individual

field identifications and croptype for the selection of training fields
and for the assessment of classification accuracies. These overlays

are simpie field boundary outlines extracted at contact scale (1:125,000)
from the high altitude photography. Since it is recommended that LANDSAT
color combined images be optically enlarged to this same scale the overlay
may be used for both manual procedures.

Crop Phenology Information: As previously mentioned, the regional
"crop calendar" is of primary importance when seiecting dates of imagery
to be used in a crop classification. This data is often avaiiable from
existing sources. For exampie, the University of California Agricultural
Extension Office in Bakersfield provided most of the crop calendar
information in Table 4-3 . A monthly description identifies the phen-
ological stages through which individual crops progress. Comments at the
right of the table provide additional descriptive information on the ap-
pearance of each crop. 4 priori probabilities seen at the far Teft of the
tabTle are derived from 1973 crop acreage statistics for this region. The
crop calendar and associated a priozi probabilities represent the most

important collateral information used by interpreters in the manual crop
“identification procedures.

4.44 Manual Crop Identification (A): Training Field Selection, Key
Creation, Classification and Water Demand Prediction Results

Training Field Selection and Key Creation: Once the ground truth
data, field boundary overlays, and multidate high altitude or LANDSAT
imagery are avaiiable the training fields may be selected. During the
selection procedure one should evaluate the ground truth and coliateral
information (e.g. crop specie, soils, etc.) to be certain that training
data is selected from homogeneous “strata“ representative of the test
region. 0rd1nar11y the training data is selected from areas which surround
the test region. For both the LANDSAT and high altitude manual approach
each training field is individually located, cut out, and placed into
a key format as shown in Figure 4-15. Note that the training fieid number
is found on the left with the four multidate images of each field appearing
from left to right as they progress through the growing ‘Season.

Ideally, the crop key should be developed from the same imagery as
that used by the interpreter in the test region classification. For
example, the individual training fields in Figure 4-15 were extracted
from the same high altitude photography used fo produce the test region
in Figure 4-16. This eliminates potential variations caused by atmospheric
. -conditions or photographic processing that could create d1fférences between
the keys and imagery to be classified.
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 Figure 4-14. Fie’ld Boundary overlay of the Wheeler Ridge-Maricopa Water Storage District.



TABLE 4-3 .

PHENOLOGICAL CYCLE OF SELECTED CROPS IN THE SOUTHERN SAN JOAQUIN VALLEY PORTION OF KERN COUNTY, CALIFORKIA

E CROP CALENDAR
Probability 1974 HARKS
of Qecurrence Craop Type i J d REMARK
D p {D Cotton s bare soil in Mer & Apr; young in May & June;
521 [:ottun+ % YR WM ¥ W H_/ meture in July, Aug, Sept; defolimted in Sept & Oct;
_ plowed under by Dec. 15. N
Grapes depending on age will appear as bare soil in Rpr; |
[ Y/H M mature in Avg when fleld may have broad stripped look &
3 Grapes Y / still shows some degree of red to red bleeck thru Rov & Dec
Apr imege should eppear as bare soil of young crop. Aug
5% P.e]nns+ H H MH image will show & mature crop or bare soil signature, Nav
] _ & Dec pignatures way be other cropa; previously melons. |
4 . Signatures for spring tomatoes will be bare soil in Nov
:4.51’- {2;?"%333 HoH H & Dec. Young crop in lightly rowed crop in Apr & Aug.
1
4.5% Tornatoes+ M YM R Fall tomatoes will appear mature in Aug and show signs i
(fal1) of crop in Nov & Dec & be bare soil in Apr. :
PO Lettuce’ B H - Apr 18 the only date where lettuce fields should appear
(L, to be in erop
s " " H Apr signature of sugarbeets should range between tha: of |
33 Sugarbaets a young & mature crop. Other dates should sppsar ms Lare
i notl. —— v—
; ¥ Most almonds here appear to have a bare soil signature
3 Almonds L for all dates except Hov when rields heve reddish tinge.
,- ok Small grains will appear as wmature erop in Apr: bar
i» 3 5rall Grain MHH H s 8oll in other dates. F pri ¢
1% 'Fal]uw .@% B—g- .B—g- _B_;_ Will appear zs B light bare soll aignature on all da‘tes.
N Depending on area and datz this sigpature mey range from
2% hatural . that of bare soll %o = erop but will usually iack regulsr
Vegetatiqn shope of & cultivated field,
1z Oranges{young) ¥ ¥ ¥ Wil) appear as a rowed field of young erops on g1l lates,:




TABLE 4-3 (continued)

]
: CROP CALENDAR
ProbabiIityb . 1973 1374 !
of Decurrence Crop Type K D d F B A H¥ 0 J A S§ 0 N B :
| | . ' Signature will appear as & meture field on all dates; i
ix Orznges MfH ¥ H HIMNIH H HIMIH B HIH mgt;:g mey or may not be evident. i
‘(mature) . ;
" i P in imege examples from this ares sppear malure” |
1% Peppers” sl e e S YM R - e e e e e Y ¢ bare sofl on other dates. !
Im examples of onions in this srea appear ag bare '
1% . | Onfons Sl Y YBOYRL B R R R H - e e e e iates.
+ Safflover appears az & young to mature crop in Apr and
it saffiower - - - -~ =Y H MH H - - I 8g bare soil en other deteu, !
. ' In this test area, plums appesr dark in Aug and red to
1z Plums = = =~ = =~/ ¥Y1Y¥Y M M| BIH M - black on LANDSAT & & lightly roved pink on highflicht {
al) other dates. !
&= _ * - - to - Potatoes will appesr reddish in Apr; red to pink in Augi
é% 1% Potatoas - - Y M M [HWH M[H M/H M/H[H/H/A other dates as bare soil. '
) . , M lxi H il B H .
- 15% Alfalfa(hay) - AN F # W|W®H|T¥® H’ M.falfa appears as smooth, reddish tone on all dates of |
- - LANDSAT. On highflight, alfalfa appears pink to red vi-h
8 fine linear texture present,
J2B% Alfalfa(seed) Al = - e e P Y| MM OMPH|He - <o
#are Sofl - o Statistics for probabllity of occurrence are based on histarical data and field verification information supplied
Yaung Crap ¥ by local water districts
Miture Crop M / denotes approximately one half manth
Defoliated D ﬁ! this type of symbol indicates that aTthough the crop 1s being harvested it may sti11 appear mature
Hirvesting H * small grain {s used here to denote fields identified as wheat or barley
Stubble s

?enuﬁes c{?ps which are typically double cropped;that s a given field contains tomatoes in the spring and lettuce
n the fa

+



WHEAT/BARLEY LANDSAT

FIELD NO. 173 4/74 8114 12/74
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Figure 4-15. Example (reduced) of a wheat/barley image key for both

the high altitude and LANDSAT manual crop identification procedures.

FIELD NO. refers to the training field number from which each field was
extracted. Note the slits which allow analysts to compare training

fields with test fields. A key such as this is developed for each croptype
in the study area.
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Figure 4-16. Test Region Color Infrared High Altitude Photography
(original 1:125,000; here reduced) Wheeler Ridge-Maricopa Water District.
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The key, along with the crop calendar previously discussed {refer
to Table 4-3), comprise the training data for the manual finterpretation
methodology. Interpreters can use the image keys as overiay devices in
order to match up a particular test field with what appears to be a simi-
far croptype in the training field keys. Most interpreters work con-
secutively from node to node and from field to field in order to classify
the test fields. Interpreters keep in mind the relative total acreage
(frequency of occurrence) normally exhibited by each croptype within the
project area when deciding upon the classification of a given Tield. This
information is provided in the crop calendar (Table 4-3). Once the initial
interpretation of the entire project area has been completed, a comparison
of total assignments versus expected probabilities may lead to a revision
of questionable classifications which can increase accuracies significantly.

Interpreted field croptypes may be annotated directly upon a work
copy of the field boundary map or listed on answer sheets indexed by field
identification codes. Answer sheets with each field's acreage included
can be used quickly to transform specific crop application rates and
acreages into water demand.

The cues used to manually identify each croptype will depend upon
the crop signatures present, their relative proportions, the dates and
quality of Tmagery used. Interpretation schemes can range from simple
choices {such as "anything growing in dJanuary is a grain crop®) to in-
tegrative, multidate decisions. Each environm