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ABSTRACT 

TASK I - A procedure for estimation of irrigated land using full frame 
Landsat imagery and a sample of ground data was demonstrated statewide in 
1979. Relatively inexpensive interpretation of multidate Landsat photographic 
enlargements was used to produce a map of land irrigated at least once during 
the calendar year. 

Maps of irrigated land based on ground survey were also obtained for a 
sample of ground sample units allocated for each hydrologic basin in the state. 
The Landsat and ground maps were then linked by regression equations to enable 
precise estimation of irrigated land area by county, basin, and statewide. 

Land irrigated at least once in California during 1979 was estimated to 
be 9.86 million acres, with an expected error of less than 1.75 percent at 
the 99 percent level of confidence. This figure was found to be within one
half of one percent of a corresponding acreage estimate developed by the Calif
ornia Department of Water Resources (DWR) using data obtained from conventional 
ground mapping and sampling techniques. Most basin acreage estimates of 
irrigated area were estimated to be within 2 to 6.5 percent of their true 
values 95 times in 100. 

To achieve the same level of error with a ground-only sample would have 
required a minimum of 3 to 5 times as many ground sample units statewide. The 
operational cost for a ground-only sytem would therefore, based on preliminary 
figures, be in the range of 1.5 to 2.5 times that required for a corresponding 
Landsat-ground system. An additional advantage of the Landsat-aided approach 
is the availability of a complete area map for irrigated land. This product 
would not be forthcoming from the ground-only system unless a complete area 
mapping was done at considerable extra cost. 

The Landsat-ground estimation procedure demonstrated in Task I has been 
designed to complement current DWR mapping programs. On the average, one 
seventh of the state of California is mapped to crop type and land use each 
year by DWR. These data are then used by the Department to assist in the plan
ning and management of the State's water delivery system. The Task I Landsat 
system's role is to enable inexpensive, statewide estimation of land irrigated 
in any given year, broken down by county and basin. As such, the Landsat pro
cedure represents a new capability for obtaining near-real time data on changes 
in agricultural water use throughout the State. 

TASK II - A procedure for relatively inexpensive computer classification 
of Landsat digital data to irrigated land categories was developed further 
during the previous year. This technique is designed to replace the manual 
Landsat classification employed in Task I where cost-effective. The objectives 
of a DWR inventory system utilizing this digital technique are to (1) produce 
regression estimates of irrigated land area as in Task I for counties, basins, 
and statewide; and to (2) provide a digital data base for easy computer-based 
production uf map products of varying kinds. 

Classification results based on the ratio of Landsat band 7 to band 5 (a 
vegetation greeness indicator) gave good results for several counties in the 
California Central Valley in 1979. Comparison of 7/5 ratio acreage values to 
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DWR ground survey figures for the same year or adjusted to the same year showed 
a difference of only 0.3% in Sacramento county and 1.5% in Kern County. Diff
erences in Tulare and Kings counties were 6.8 and 10.8 percent respectively. 
None of the Landsat acreage figures just cited were adjusted by regression on 
ground sample unit data. 

Regression of Landsat 7/5 ratio irrigation class acreage data from seven 30 
minute by 30 minute blocks covering the Sacramento Valley floor in 1979 qave a 
ground-calibrated acreage estimate to within 8 percent at the 95 percent con
fidence level. Correlations between matching Landsat and ground sample unit 
measurements were found to be somewhat lower than those experienced with the man
ual technique of Task I. Stratum-specific classification and the use of Landsat 
brightness measures were proposed to correct this problem. 

TASK III - This task has been directed towards development of manual Landsat 
interpretation techniques for crop type mapping. During this reporting year. 
effort was focused on (1) obtaining regional crop distribution data and crop 
phenology data useful in the interpretation process, and on (2) the initial dev
elopment of a procedure for manually and inexpensively mapping small grains acre
age with Landsat color composite imagery. Definiti on of an effi cient sma 11 grains 
mapping technique will be important in providing more accurate identification of 
small grains fields on current DWR map products. 

TASK IV - The objective of this task is to develop a baseline, computer-based 
mapping and area estimation system capable of meeting many of the California DWR's 
land use information needs. Work during the previous year has focused on (1) dev
eloping an efficient multicrop Landsat classification procedure; and on (2) dev
eloping simulation techniques that will allow identification of cost-effective 
crop area estimation procedures using registered Landsat and ancillary data. 
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1.0 INTRODUCTION* 

The state of California is the location of one of the most complex and 
productive agricultural industries in the world. Ca1ifornia 1s agriculture 
is diverse, with no single crop dominating the State's farm economy. With 
the cultivation of some 200 crops, most crops individually account for less 
than two percent of the State's total gross farm income. 

California's gross cash receipts from farm marketings in 1980 totalled 
$13.7 billion. With this income, California continues as the leading farm 
state, with nearly ten percent of the total from only three percent of the 
nation's farms. The State leads the nation in the production of 49 crop 
and livestock commodities and is one of the top five producers in another 
25. California accounts for half of the nation's cash receipts for fruits 
and nuts and for about one-third of the vegetables. 

This abundance of agricultural production results from the cultivation 
of the State's 3.8 million hectares (9.8 million acres) of farms. The 1980 
production was composed of 25 million metric tons (27.6 million tons) of field 
crops, 11.2 million metric tons (12.3 million tons) of vegetables and 10.2 
million metric tons (11.2 million tons) of fruits and nuts. California's 1 
production for 1980 was a record 46.5 million metric tons (51.2 million tons). 

Much of the success of this agricultural production is founded on the 
availability of water for irrigation. The California Department of Water 
Resources (DWR) estimates that approximately 3.8 million hectares (9.5 million 
acres) are irrigated at least once during the growing season. This water is 
derived from surface sources, groundwater extraction and the construction 
of large-scale water transport projects. Agriculture is the prime recipient 
of the available water, utilizing about 85% of the supply. 

In 1957, California Water Code Section 10005 established the California 
Water Plan. It is a "comprehensive master plan to guide and coordinate the 
planning and construction of works required for the control, protection, 
conservation and distribution of the water of California to meet present and 2 
future needs for all beneficial uses and purposes in all areas of the State." 
The responsibility for updating and supplementing the Plan was assigned to the 
Department of Water Resources. 

liThe Department carries out this responsibility through a statewide 
planning program, which guides the selection of the most favorable pattern for 
the use of the State's water resources, considering all reasonable alternative 
courses of action. Such alternatives are evaluated on the basis of technical 
feasibility and economic, social, and institutional factors. The program 
comprises: 

* All principal measurements and calculations were performed using customary 
units .. 

1 Department of Food & Agriculture, State of California, "California 
Agriculture - 1980" 

2 Department of Water Resources, State of California, liThe California Water 
Plan Outlook in 1974," Bulletin No. 160-74, November 1974 
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Periodic reassessment of existing and future demands fQr 
water for all uses tn the hydrologic study areas of 
California. 

Periodic reassessment of local water resources, water uses, 
and the magnitude and timing of the need for additional 
water supplies that cannot be supplied locally~ 

Appraisal of various alternative sources of ground water, 
surface water, reclaimed waste water, desalting, geothermal 
resources, etc. - to meet future demands in the areas of 
water deficiency. 

Determination of the need for protection and preservation of 
water in keeping with protection and enhancement of the 
environment. 

Evaluation of water development plans. 3 

A summary status of conditions and expectations is published every four years 
in the form of a comprehensive bulletin (Bulletin 160) that is used to provide 
information to aid in guiding and coordinating the use of California's water 
resources. 

To meet these responsibilities, DWR has long recognized the need for 
specific land use data as an input to state water planning. Since the late 
1940's the Department has been performing a continuing survey to monitor land 
use changes over the State. Because of manpower and budgetary constraints, 
only a portion of the State (approximately one-seventh) is surveyed during any 
given year. In DWR's surveys, two types of output are produced, (1) land use 
surveys which record the nature and extent of present water-related land --
development, and (2) land classification surveys designed to determine the 
location and extent of lands with physical characteristics suited to specific 
kinds of development. The more pertinent of these surveys to the projects 
discussed in this report, is the land use survey. It is compiled through the 
interpretation of current 35 mm aerial photography supplemented with field 
inspections. Tabulations of the acreage of each specific land use class are 
then summarized by 7-1/2 minute quad sheet, county and other area subdivisions 
such as water agency or hydrographic area. Figures 1-1 and 1-2 show the land 
use legend and a completed land use map prepared by DWR. 

As seen in Figures 1-1 and 1-2, each parcel of agricultural land has 
been designated as either irrigated, the prefix "i II , or non-irrigated, "n". 
This condition is determined by the interpretation of aerial photography and 
the gathering of supplementary field data as mentioned above. From the data 
collected, DWR is able to generate maps showing the land use classification to 
cover type, including crop identification, and the acreage of irrigated lands. 
Since each land use is associated with a specific water demand, total water 
consumption forecasts can then be made. Due to the limitations of the one 
date survey, however, the DWR survey is not considered accurate as to the 
proportion of acreage devoted to small grains or multiple cropping. 

3 Ibid 
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In addition to their normal survey techniques, DWR has been actively 
participating since 1975 with NASA and the University of California on several 
projects designed to investigate the feasibility of estimating irrigated acreage 
and determining cropping practices within the State utilizing a Landsat-based 
remote sensing system. Based on the results of these studies, information 
acquired from the analysis of satellite imagery may become a valuable supplement 
to the land use information presently collected by DWR. The use of the satellite 
system allows DWR the opportunity to analyze data from several dates during 
the growing season and the ability to collect data over the entire state in one 
year. 

-3-



ACRICUl TURE 

Each palc",1 or altlicullulal 18nd u.'" i. labeled with e nOlellon con.i.line be.ieelly or Ih,.,e .rmbal •• Th'" 
, .. ,lor the.", ie • lowe, c •• ", -I- 0' -n- Indiealine whethe, th", pe,cel Ie Ini,.I",d o. nonirrl,aled. Th .... follow.,d by • 

capillI 1",\1"" end numb ... which d .. nol", th", u ... "oup end .~ciric ue'" ea ahown brlow. 

C SUBTROPICAL fRUITS f fiELD CRD~S \I Wiacellanaoul Inn'" 

I Cr,p.'Nit CottDn 19 BUlhbe"' •• 

l Le",onl Sern ... a, 20 Su • .,be"I •• 

l O,anc,· '1 •• '1 P.pp ... (.U I,POl) 

4 Oa ••• H ..... 
5 A"ocad.1 Swl·r ....... ~ PASTURE • 011" •• • Cam (held or ...... t) 
7 MilecUlnlo, .. l\,IblrOplcll 7 C,.," I.,ch"m, I 

2 
Alhl,. Ind .If.l,. '-1.""', 
Clo"., 'nllt. • s..d", 

DECIDUOUS FRUITS AND NUTS 
, C •• II' .... n. J ,... ... d p"''''' 

D 10 a •• ". Cd,,., H., , .... p ..... ,.. 

I Appl •• II Wllecliln.o"'l fi.ld V VINEYARDS 
l Apricota 

T TRUCK AND BERRY CROPS l ChlrYl •• R RICE 
5 P. ache. and Necta,in •• ArtlchN" 

• P •• '. A.p.rl.". IDLE 
7 Phu.,. a.,,,, (I, •• n) L-O\d C'top~d "llh", \,)'1,. P"I 

• PnIr"I" • C ... eNp. th,.... ,.'n low. no. uJ I eod I. , FI" • C.,.,.. .. Ii", • • 1 ."nrl, 
10 "hcallanaoulo. mh..:l dlcld- 7 C.I.." 2 H .... lInd, NI"C p"p&l~d hr 

..o .. a • Lillo"" (.11 Iyp .. ) crop pr.dUoC' I ...... 
12 AIII'onda 9 W.lon ..... ". Ih.and c .. cum~'. 
Il Walnut. (all k.nd.) 

S 10 l),uO,,1 ."d •• rlie SEMIACRICUL TURAL AMDINCI. 
C CRAIN AND HAY CROPS OEHT AL TO ACRICUL TURE II P ••• 

Barlal' 12 Pe,,,.,, I ,. ·""" •• eI, 
Wh •• t IJ I ••• , pot.,o •• 2 ' •• d I ... (11 •••• oc1l. and pew· 

l 0.18 14 S,,,,,,,,h Iry) 

6 WueaUan"ouI .ruf ",I •• d hi)' IS TOlllat041 l Daltl •• 
... d .... in 16 FI .... ,. and nur •• ". Lawn ., .... 

Speciel conditions a,'" indica led by the rollo .. inC additional aymbole .nd combinalion. or symbols. 

A ABANDONED ORCHARDS AND VINEYARDS 
F FALLOW (tlll.d bul nol c,oppad .1 II .... 01 IW"'.,' 
S SEED CROPS 

Y YOUNG ORCHARDS AND VINEYARDS 
X PARTIALLY IRRICATED CROPS 

INTERCROPPING (0< lnhrpl.nlln,) 10 Indle.l.d., lollo .. a: i ~ _ • ",.Ion crop pl.nl.d b.I .... " 
T9 - ro .. a 01 yo"", ... Inul tu .. 

UC • URBAN CO~IoIERCIAL 

UC 'Uleallln.oul •• 'lbU.hmln •• (olfiC' •• and , .... 
1011 ... ) 

UC 2 Houla 
UC 1 101010" 
UC 4 Apartmenu, b.,.,.c'u (Ihrtr. family unll1 and 

ter •• r) 
UC Inultutlona (hoapit,h, prhonl, ,.form.tori •• , 

'.ylwnl •• IC' .• hlvLn.c • "'Ionably/atlble l.· 
,.ald .. ", population) 

UC 6 School_ ()'.rd. IDIIIIPP.-ci •• pera'II, U I ..... 
• nouc h) 

UC Uunl&:apat .udlto,lUolD.. Ih •• t.,., ch\.ltch.,. 
b"Ud.nl'. and .Iand. ..Ioe I.t.d with ,.e. 
.,act, •• 'oo,b&.11 II.dh..,.,. b ••• batt pa,kl. ,odlo 
a,e"., .• IC. 

UC 

1.11 

UI 

UI 

UI 
1.:1 
UI 
UI 
UI 
UI 

UI 

6 
7 

• 9 
10 
1\ 

I' 

.... e.lI.n.~u' hich w"., YI. (Indic .... , hl'~ . 

.. "., Y" noL co".r,d abo •• ) 

UI. URBAN INDUSTRIAL 
.... n.J.clwLn.. • ••• I!nblln.. and .,n.,al p'o
c ••• In. 
E.I,.cli •• Ind".tlu. (oU '1.ldl. ,oct. Q\,II"I". 

.,av.1 PilI. publiC d\.I.II'IPl. ,eck and .,."'~ 

proc".ln. pl.nl •• I'C.) 
SID"" .nd d'ltubullon ( .. ..,.hou •••. lub
'I,tton •• ,.Uroad "", •• h,lIlna ,..rdl. lanll '.,c', 
.le.) 
S ... mUla 
0.1 "flnu ••• 
P'P" ",";1 • 
'-C. It pacllinc pl,ntl 

!Ii',el .rtd .1 um un." II''' II. 
f'nll' ... d Vlllt.bJ .. canr"4'fI' • Ind •• n.,.1 rood 
r'oc f"': ·n, 
.. ,.c •••• !"'t.~u. h •• h •• tl' w •• !1"d,,_I •• I hl.t-. 
.el., u •• noJl C o .... ,.d abo ... ) 

URBAN 

UV • URBAN VACANT 

UV .. he.llenaou' fIII", •• ed aI'" 
UY 4 "lIcIlllnloul , ...... r ••• 

ua. URBAN RESIDENTIAL 
On. end '_0 f •• U,. tAn .... includLnc 1IIU., C0w11 

RECREATION 
IIR R~SID~NTIAL 

Re 

RT 

P 

p.rft'I,nenl end lu""rn., horne I"CI' • JthU'l a 
pramedl, r,cn"ion,1 "'1. (The 'ItI:", .. "d 
numb., 0' hou'" p., .C,. II Lndlc'l.d .. " 1 
nutnb .. in ,h •• "mbol.) 

CO .... ERCIAL 

COfNT\rrcl,1 .,.,. within. p,unaril, "c,...,.,on.1 
&I" (Includ •• ..-01."0 ,'.0"1. ho .. :., 110"'. 

'IC.) 

CAMP Ap;D TRAILER SITES 

C.mp and 1r,lh, '11" In' prllr.&lI!,. "",.lllonal 
I"~ • 

PARKS 

NATIVE 
NV NATIVE VI[CETATION 

NR RIPARIAN VECETAT\O~ 

,... R S ... .,."p' and tn •• h •• 
NR .... do ••• nd 

NW WAT!R SURFACE 

NC NATlV! CLASSES U~S!CII~CAT!D 

Figure 1-1. Legend developed by the California Department of Water Resources 
and used in their land use surveys. 

-4-



I.R --
• 
I 

-2 
IF7 

I 
i IG 

i 

i" 

\ 

Iii \ 
I ;, __ 1 

~ 

-

IF7' 

IFZ 

IF? 

IriS .' " 

., -, . 
/FZ 

........ 
,... 
\ 

') 
!, 

I 
~ , 

/" : 

, , 
?1 •.. ~ ....... '" / 

,"~:;"'"""",,",.4,:~~;l::;·/ 
1';,,,...--110 ( ; 

o <1 /1\ 

Figure 1-2. An example of 
a completed 7-1/2 minute quad
rangle land use survey map 
prepared by DWR. 

. 

C. 
IF/O 

11'15' 

...\ 

~ /G IFZ 
l" 

1J 

~ 115 

12 

'\ Ir/S" 
1(; 

ITlf 

,,~.~ ~ 

IF~ 
"1 

Ir7 
c~ 

1FT! 
I 

'iFI" (R 
;2" 

-5-

r 
i, 

IFIP 11 
<" 

+1 
~ns 

1'1" 

/,f 

/976 
LAND USE 

II( 

Zf--ZZ 

TISDALE WEIR CALIF. 



2.0 OBJECTIVES 

Throughout the life of this Applications Pilot Test and the projects 
that directly proceeded it, there have been a number of fundamental questions 
which have motivated technique development and validation. These questions 
fall into three major categories; first, can a Landsat-based system deliver 
acceptable results on both the area of irrigated land and the area of specific 
crop types? Second, can we develop procedures that make optimal use of manual 
analysis of Landsat image products and digital analysis of Landsat computer 
compatible tapes? Third, can inventory systems that meet both the estimation 
and/or mapping requirements of the Department of Water Resources be developed? 
To answer these questions, the project work was divided into four major tasks: 

Task I - Estimation of irrigated land using manual 
analysis techniques 

Task II Estimation and mapping or irrigated land using 
digital analysis techniques 

Task III - Estimation/mapping of crop type using manual 
analysis techniques 

Task IV Estimation/mapping of crop type using digital 
analysis techniques 

Each of these tasks has specified information requirements associated with it. 
Tables 2-1 through 2-3 outline the mapping and estimation needs for each of 
the tasks, the relationship between them, the expanding sophistication of the 
tasks (from I to IV), as well as the constraints that have directed the pro
cedural developments. The goals detailed in these matrices have guided the 
operation of the project and provided the standards by which the results were 
evaluated. 

More specifically, for 1980 the following objectives were defined: 
(1) for Task I, complete the estimation of the total irrigated area of the 
State of California and perform a detailed evaluation of the procedures and 
results; (2) for Task II, continue the development of the MSS band 7-to-MSS 
band 5 ratio techniques for the digital estimation and mapping of irrigated 
land and demonstrate these techniques on three areas, the Tulare Hydrologic 
Basin, Sacramento County and the Sacramento Hydrologic Basin; (3) for Task III, 
continue development of crop phenology diagrams, plan for the development of a 
7.5 minute quad-based agricultural information system, and prepare for a 
limited manual survey of small grains; and (4) for Task IV, re-evaluate the 
results of crop type classification done in Kern County and continue the dev
elopment and demonstration of classification and sampling techniques for 
digital crop type estimation and mapping in the Sacramento Valley. (Figure 2-1) 
As in previous years, the completion and evaluation of the Task I statewide 
inventory dominated the project during 1980. Significant progress was also 
made on the other tasks, especially on the development of techniques for the 
digital estimation and mapping of irrigated land (Task II). 
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GRAINS) GENERALLY 10-20 PER BASIN 

" SAME SIGNIFICANT CROPS: F (AREA, 
WATER USE, WATER QUALITY) 
GENERALLY ~ 10 PER BASIN 

" COUNTY COUNTY 

TBD VARIABLE BY CROPS 5-20% 
@ 90-95 C.L. 

/I DETAILED ANALYSIS DETAILED ANALYSIS UrllT 
UNIT (DAU), COUNTY (DAU). COUNTY 

" TBD 1. AREA BY CLASS BY STRATUM 
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TABLE 2-2 

B. ~lflPP I NG 

TASK I 

1. LAND USE CLASSES VEGETATED/IRRIGATED 

TO BE MAPPED LAND IN AGRICULTURAL AREAS 

2. GROUND REGISTRATION 

ACCURACY 

MAXIMUM ERROR (95%) 150M 

MEDIAN OF ABSOLUTE ERROR 

(BASED ON REGRESSION FIT) 

"7 SPECTRAL CLASS PURITy1 NA oJ. 

"CLASSI~ICATION ACCURACY" 

4. REPORTING UNITS FOR NA 

INFORMATION SUMMARY 

5. MAP PRODUCTS (USGS QUAD- NONE ORIGINALLY PLANNED2 

RANGLE DOMINANT) 

1FREQUEfiCY OF MOST COMr10NLY OCCURRING LAND USE CLASS IN A GIVEN 
SPECTRAL CLASS. 

2THOUGH DIGITIZED "IRRIGATED" MAP AVAILABLE, AS IN II. 

I I I I I IV 

A. IRRIGATED, NON-IRRIGATED, TED ALL DWR LAND USE CLASSES· 
EXCLUS ION AREAS • AREAS OF LAND USE CHANGE 

B. IRRIGATED AREA BY DATE • MULTICROPPED AREAS 
• WATER USE CLASSES 
• OTHER: WATER QUALITY; DRAINAGE 

X: 115M, Y: 160r1 As IN II 

x:45M, y:55M BETTER IF POSSIBLE FOR SMALL FIELD 
AREAS 

85% + 70% + 
HIGHEST ON SIGNIFICANT CLASSES 

ANY AGRICULTURAL AREA As I N II 

1. TABULAR SUMMARY, 7.5' MAP,DIGITAL DATA BASE 
1:125,000 MAP 

2. HARDCOPY 
COLOR/B&H PRINT 
TRANSPARENCIES 

3. DIGITAL DATA BASE 
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TABLE 2-3 

C. CONSTRAINTS 

TASK 

1. COST PER AGRICULTURAL 

ACRE (JAN. 79 DOLLARS) 

2. TIME REQUIRED FOR INVENTORY 

EXCLUSIVE OF PLANNING 

3. SPECIAL EXPERTISE REQUIRED 

REMOTE SENSING 

BAS I C SAMPLI NG 

ADVANCED SAMPLlIlG 

CUSTOM PHOTOPROCESSING 

COMPUTER PROGRAMMING 

4. SPECIAL EQUIPMENT REQUIRED 

PHOTO LAB 

DIG ITIZER 

BATCH MAINFRAME 

INTERACTIVE DIGITAL 
ANALYSIS SYSTEM 

I 

1 - 2¢ 

1 YEAR 

YES 

YES 

NO 

YES 

NO 

YES 

PREFERRED 

PREFERRED 

NO 

II III IV 

1.5 - 4¢ 2 - 3¢ TBD 
(EXCLUDING HARDCOPY) 

1 YEAR 3 Mos.-l YR. VARIABLE 

YES YES YES 

YES YES -
NO PREFERRED YES 

NO PREFERRED PREFERRED 

PREFERRED PREFERRED YES 

YES YES YES 

PREFERRED PREFERRED YES 

YES PREFERRED YES 

PREFERRED NO YES 



~ I 
~ 

Tas k I 
Tes t Site 

Task III 
Test Sites 

~ 

~ 

Figure 2-1. 

~;:;: 
';'; 

::::: 

t~ 
1 
~ 

I 
~ 

.;.: 

I 
~ 

~ 
:;:;~:;:;:;: 

;~:~: 
:~: 
!::~ 

T--
I 
I 
I 

Test Site Locations 

~ 

:~ 

-10-

Task 
Test 

II 
Sites 

. . 
.... a·.} .. I 

~" ... ;'!- __ J _ 
r' .. ,. I 

• I 
I I 

I ~:,_~ __ 
I , 

--~-..! 

Task IV 
Test Sites 

T--
I 
I 
I 



3.0 ESTIMATION OF IRRIGATED LAND USING MANUAL ANALYSIS TECHNIQUES (TASK I) 

When attempting to produce a highly accurate, repeatable estimate of 
irrigated land over a state as large and complex as California,-a detailed 
analysis flow is an integral part of the design process. Based on our exper
ience on previous projects (see Wall, Baggett, et al, 1980), five major sub
tasks were defined to guide the processing of the data from the initial def
inition of information requirements to the final production and evaluation 
of results. Figure 3-1 presents the analysis flow with its five major 
attributes: 

Design and sample allocation 
Stratification and sample frame construction 
Landsat measurement 
Ground measurement 
Estimation, results and evaluation 

In keeping with the flow presented in Figure 3-1, the Task I description 
that follows will adhere to that organization. The first four sub-tasks 
are summarizations of work reported on in the 1980 report. The estimation, 
results and an evaluation of the results, as well as recommendations for 
modification to the inventory system are presented in detail. 

3.1 Design and Sample Allocation 

Specifying the inventory design required addressing several key issues: 
(1) definin9 the information required by the California Department of Water 
Resources; (2) generating a data set to be used as a preliminary population 
model to test and refine the previously used estimation system; (3) applying 
statistical techniques (Monte Carlo) to the data set to simulate model per
formance; with the simulation testing various mathematical models, evaluating 
the stratification scheme and determining expected sample sizes for hydrologic 
basins; (4) specifying the mathematical model, stratification procedures and 
sample frame for the 1979 inventory; and, (5) computing the actual sample 
allocation. 
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Figure 3-1. Task I analysis flow. Task I was divided into five major organizational sub-tasks: (A)design 
and sample allocation; (B)stratification and sample frame construction; (C)Landsat measurement; 
(D)medium scale photography and ground measurement; and (E) estimate summary, evaluation and report. 
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Figure 3-1 (cont'd) 

-14-

FIELD CREH 
ORGAN IZATI ON 

\I 

FIELD CREW ANNOTATION 
OF FIELD BOUNDARIES 
ON 7~' QUADRANGLES 

& LABELING OF FIELDS 
L-__ --.-___ ._--" 

1/ 

r DIGITIZE MAP S~EETS I 

GENERATE SU~1f'lARY 
COUNTS BY SAMPLE UNIT~ 

7~' QUAD~ COUNTY & DISTRICT 



TASK I: ANALYSIS FLo\~ 

CD ESTIr1ATE SUf-1NARY} EVALUATION} REPORT 

DIGITIZED COUNTS DIGITIZED COUNTS DIGITIZED COUNTS 
FRm1 LAimSAT FRO~l f1SP FRor'l GROUND 

\11 

:>f SCREEN DATA 1< 
\ '/ 

PRODUCTION OF IRRIGATED AREA 
ESTIf.1ATES BY COUiHY J STRATUlt 

BASIN AND STATE 

COSL TIi1L \11 DHR 
VARIANCL 

~ EVALUA TI Oil k 
IRRIGATED 

MEAS U REf'lENT PROPORTION 
ERROR DATA DATA 

\1/ 

RECor-1~lEND,4 T IONS - DHR OPERATIONS 
& FINAL REPORT -- CONSIDERATIONS 

Figure 3-1 (cont1d) 

-15-



3.1.1 Definition of Information Reguirements 

A necessity in any project is to strictly and accurately define infor
mation requirements. This procedure demands frank appraisal by the user 
agency as to what is really needed and a straightforward explanation of what 
can be expected from a particular remote sensing system. Certain fundamental 
questions designed to carefully define DWR's information needs were posed. 
These questions, and the responses provided by DWR, formed the base upon which 
the Task I design was built. Table 3-1 briefly summarizes those questions and 
responses. 

Table 3-1. Design requirements for the statewide estimation of irrigated 
land. 

· Type of information? 

· Areas of summary? 

· Time? 

· Accuracy? 

· Cost? 

· Technology constraints? 

Estimation of the proportion qf 
irrigated land 

Hydrologic Basin (10) 
County (58) 
State 

. Inventory data summary within one 
year, exclusive of planning phase 

Estimate precision control at 
hydrologic basin level 

True value of proportion irrigated 
to fall within + 5% of estimate 95 
times out of 100 

Not formally specified, but in the 
range of 1 to 2 cents per agricultural 
acre 

. Must be implementab1e by current DWR 
personnel and processing capabilities 
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3.1.2 Generation of Test Data Set and Monte Carlo Simulation 

Once inventory information needs were established, the sample design 
phase progressed to the next step; evaluating the previously used estimation 
procedures and developing an improved system to meet refined and updated 
inventory objectives. To proceed with this evaluation, data collected and 
analyzed for a previous study conducted on fourteen counties was used. This 
data set consisted of 141 10cationa11y matched pairs of Landsat and ground 
data sample segments (each sample segment ~ 5 square miles). Using this 
paired data, Monte Carlo simulations were performed to: (1) test an alter
native to the regression estimator used to link estimates made at various 
phases (Landsat, aerial photo, ground); (2) examine the value of stratif
ication (originally designed to control measurement error) for controlling 
sampling error; and (3) compute the approximate number of sample segments 
needed to achieve a sampling error of ± 5% at the 95% level of confidence 
within a hydrologic basin. 

The Monte Carlo simulation was used to test the relative performance 
of two estimators: regression and biased ratio. The biased ratio was 
evaluated as an alternative since this estimator exhibits lower variance 
under certain conditions. The form of these estimators, including their 
variance estimators, is given in Appendix 2. The results of this evaluation 
showed a lack of any significant difference between the two estimators' 
performance as exhibited by very similar values of average bias and standard 
error of the estimate at both the 95% and 99% levels of confidence. Except 
for small sample sizes, the regression estimator exhibited lower bias and 
variance than did the ratio estimator. Though the regression estimator was 
judged superior to the ratio over most strata, the Monte Carlo did not clearly 
indicate which estimator, if either, was "the best" to accomplish the objectives 
of the statewide inventory of irrigated land. Based on these results, a more 
in-depth analysis of other mathematical estimators was performed. 

Using the same data set for the l4-County Study, two additional estimators, 
the simple random sample (SRS) and unbiased ratio were evaluated with the 
biased ratio and regression forms. The performance of all four was evaluated 
deterministically by predicting group variance (cr2) and correlation (cr) 
between Landsat and ground. By determining the Jariance of the estimators 
using variable sample sizes the relative performance of each estimator could be 
evaluated. That estimator exhibiting the lower variance for given sample sizes 
would be preferred for the statewide inventory. 

By examining variance plotted against sample size (sample size ~anging 
from 2-25, including an estimate of variance for very large sample Slzes, 
n+oo), it was shown that the regression estimator was superior to.al1 o~hers 
for large sample sizes (n ~ 5). For small sample sizes both ratlo estlmators 
were superior to regression but indistinguishable from each other. Because 
of the standard error of the biased ratio estimator was at best 13% less than 
that of the unbiased ratio estimator and given the advantages of using an 
estimator with no bias, the unbiased ratio estimator was recommended for use 
with small sample sizes. 

-17-



The second objective of the Monte Carlo tests was to evaluate the 
agricultural practice stratification used in the Sacramento Valley fourteen 
county test. This stratification, based on field size and land use, had 
been designed to control measurement error associated with the manual inter
pretation of agricultural land that varies considerably in "ease" of inter
pretation and accurate line placement. The major purpose of the Monte Carlo 
test, in this instance, was to evaluate the utility of the stratification in 
reducing sampling error as well. When the stratification and regression 
estimators were combined in the Monte Carlo simulations, stratification did 
little to reduce sampling variance. Since this result would have significant 
implications for this and future studies, further investigation of regression 
variance behavior was performed. It was found that stratification would 
significantly decrease the variance only if the mean square error for the 
stratified case is significantly less than the mean square error of the un
stratified case. (i.e. only if the regression slopes and/or intercepts 
differed significantly between strata.) After reviewing the Monte Carlo 
results, the stratification done for the fourteen county test site was re
designed in anticipation of achieving differing regressions. (The recommended 
stratification scheme is described in Section 3.1.3.) 

The final function of the Monte Carlo simulation was to compute the 
approximate number of sample segments that would be needed to achieve the 
stated accuracy requirements. As DWR was responsible for the collection of 
the ground sample data (Phase II), the preliminary computation was to provide 
a guideline for planning DWR manpower requirements. Computation of the final 
sample size for the 1979 APT inventory is discussed in Section 3.1.4. For 
each sample size (n = 5, la, 15,20 ... ) used in the Monte Carlo tests, the 
number of samples (n*) which gave estimates of irrigated proportion that fell 
within 5% and 10% of the true estimate was determined. This number was con
verted to a percentage by dividing by the number of cycles (m) and multiplying 
by 100: (n*/m x 100). These percentages were then graphed against sample size. 
Preliminary sample sizes necessary to achieve +5% error 95 times out of 100 
were then predicted from these graphs by hydrologic basin. Based on this pre
liminary analysis a maximum number of BO segments per hydrologic basin, or BOO 
units for the entire state, was used by DWR for planning. 

3.1.3 Specification of the Mathematical Model, Stratification Scheme 
and Sample Frame 

The Monte Carlo simulations described in Section 3.1.2 provided the 
information needed to refine the mathematical estimators used to produce the 
Task I estimate of irrigated acreage. The simulations also indicated that 
modifications to the stratification scheme would be necessary if the strat
ification was to be used to reduce sampling as well as measurement error. 
The sampling frame remained similar to that used in the previous studies 
(cluster sample units, 1.6 x B.O kilometers in size [1 x 5 miles], prior to 
adjustment for stratum boundaries). 
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Specification of the Mathematical Model 

As in the previous studies, the primary equations (estimators) used to 
link Landsat and ground area measurements to produce estimates of irrigated 
area were of the linear regression type. The general form of these equations, 
as adapted to the irrigated lands problem, was established in previous studies. 
In the present study. two phases were employed: a census at the Landsat 
phase (Phase I) and a simple random sample within strata at the ground phase 
(Phase II). Section 3.5 and Appendix I discuss the estimation procedure and 
present the equations for estimation of irrigated land and associated error. 

Specification of the Stratification Scheme 

Based on the results of the Monte Carlo analysis (Section 3.1 .2), the 
stratification scheme used for this year's statewide estimation was modified. 
The modifications were designed to reduce sampling variance as well as control 
measurement error. These new strata were composed of areas that, on Landsat 
1:1,000,000 color composite transparencies, appear to be: 

Table 3-2. Stratification scheme used in the allocation of sample units 
for the Task I estimation of irrigated land. 

Stratum Number 

2 

3 

4 

5 

6 

7 

Stratum Oescription 

Generally dry farmed 

Field crop areas dominated by fields 
less than 16 hectares (40 acres) in size 

Field crop areas dominated by fields 
less than 16 hectares (40 acres) in size 
with known high proportion irrigated 

Field crops dominated by fields 16 
hectares (40 acres) or larger in size 

Orchards and vineyards less than 16 
hectares (40 acres) in size 

Orchards and vineyards 16 hectares 
(40 acres) or larger or larger in size 

Unusual agricultural areas 

The procedure used to produce the statewide stratification 
Section 3.2, Stratification and Sample Frame Construction. 
stratification scheme was evaluated at the end of the Task 
will be discussed in Section 3.7. 

is described in 
This revised 

I inventory and 
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Specification of the Sampling Frame 

For the geographic areas, sampling frames usually are constructed as either 
a point system referenced by coordinates or an arbitrary clustering of areas 
into some convenient size unit (e.g. rectangular areas). The project objective 
as well as statistical and implementation considerations all enter into deci
sions which lead to the lIoptimum" strategy for sampling the population. Photo
related variables were (and may be in the future) a major part of the system 
either as a separate phase or as an aid to ground data collection. Therefore, 
the sampling frame should allow maximum use of the photographic capabilities 
for a given expenditure of effort. For this reason, point systems are not 
practical; to photograph a large number of different points with a single or 
pair of images is very costly. A cluster system is more economical since larger 
units allow additional information to be obtained at little incremental cost. 

Initially, the decisions on sample unit size and configuration were based 
largely on practical considerations as insufficient data existed to simulate and 
optimize sample unit dimensions for large area inventories in California. A 
nominal 1.6 x 8.0 km (1 x 5 mil sampling unit was used in the preliminary 
studies because: (1) DWR's standard aerial survey photography covers a one-mile 
wide strip, (2) a five mile length is easily located and flown over several 
dates, and (3) the north-south orientation corresponds to DWR's survey techniques. 

These same considerations were valid for the present study; thus, the nom
inal 1.6 x 8.0 km (1 x 5 mil north-south oriented unit was maintained. Two 
modifications were made, however. Given the choice during sample frame develop
ment of having two small or one large sample unit, the larger unit was favored. 
This was done to decrease the errors due to possible misregistration of units 
when they transferred onto maps and Landsat enlargements. The second change 
was in sample unit orientation. The north-south orientation was maintained in 
the Central Valley and other agricultural areas where road networks were prim
arily oriented north-south. The sample units in upland areas and small valleys 
were oriented along major landforms and/or main thoroughfares. This was done 
to prevent having a large number of small sample units at the expense of having 
only a very few large units, and increasing driving efficiency for the ground 
data collection. 

3.1.4 Sample Allocation Computation 

As can be seen in the analysis flow (Figure 3-1), the sample allocation 
computation was based on input from two major sources: (1) the specification 
of the mathematical model, stratification scheme and sample frame and (2) a 
sample unit list summarized by stratum and county. 

Since the sampling design for Task I included the use of stratification 
allocating the sample units required the distribution of sample units among'the 
strata for each hydrologic basin. The distribution of units could have been 
simple proportional to the relative size of each stratum. Since the 1976 14-
County Study gave estimates of within stratum variance (a2 ) and correlation 
(p~, the optimum (theoretically giving smallest variance) allocation of sample 
un,ts to each stratum (n.) can be accomplished by minimizing variance subject 
to a cost constraint, as'follows: 
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minimize: 

subject to: 

where: 

V(Y) = (1 ) 

(2) 

V(Y) = estimate of variance of the estimate of basin 
proportion irrigated 

L = number of strata 

h = stratum index 

Wh = proportion of basin occupied by stratum h 

Ph = sample correlation between Landsat and ground 
data in stratum h as determined in the l4-County 
Study 

A2 
a = sample variance of proportion irrigated for ground 

Yh data in stratum h as determined in the l4-County 
Study 

nh = sample size in stratum h 

Nh = population size in stratum h 

C = maximum relative cost permitted in basin 

ch = weighted average relative cost of stratum h 

The values of L, Wh and Nh came from summary tables for each hydrologic basin. 
The basin summary tables were compiled from similar tables constructed for 
each County. The information summarized on the county table was derived from 
detailed county sample unit lists that described each sample unit in terms of 
agricultural practice stratum, presence or absence of grain and/or vegetables 
and relative ease of ground access. 

The constraint function (Equation 2) uses the average relative cost of 
ground checking a sample unit in a particular stratum (ch). In the l4-County 
Study all sample units (SUs) were located on the floor of the Sacramento Valley 
and were considered equally accessible. As sample units were allocated over 
the entire state for the 1979 inventory, the assumption of equal accessibility 
was not valid. Therefore, sample units were divided into three accessibility 
categories. Relative cost weights (ch) were then determined for each stratum. 
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* After all terms were defined, a computer algorithm, FCDPAK , was used to 
minimize Equation 1 subject to Equation 2. 

For each hydrologic basin, the total number of sample units was allowed 
to vary over the range of 30 to 200. FCDPAK determined the optimal allocation 
of these units to each stratum (n h). Percent confidence intervals at 95, 98, 
99 and 99.9% levels of confidence were also calculated for each allocation. 
These percent standard confidence intervals were then plotted against the 
total sample size. Figure 3-2 illustrates a typical plot using the Tulare 
Basin allocation. From these plots, the total number of sample units re
quired to achieve ~3~% at the 95% confidence level was determined by inter
polation. As the stated inventory accuracy objective was +5% at 95% con
fidence level, this more conservative criteria insured against the possib
ility that chance alone would cause a failure to meet the stated goal in any 
hydrologic basin. As seen in Figure 3-2, the total number of sample units 
required to meet the +3~% at the 95 criterion in the Tulare Basin was inter
polated to be 65. This value is then compared to the FCDPAK values bordering 
this interpolated estimate (i.e. 62 and 81 sample units). The FCDPAK stratum 
allocation within the Tulare Basin for the 62 and 81 sample units is tabulated 
in Table 3-3. 

To achieve the desired stratum-level allocation of the 65 basin units, a 
second interpolation was performed using the optimal FCDPAK stratum allocation 
for 62 and 81 basin units. This procedure was used for all the hydrologic 
basins. The resulting allocation of sample units by basin and by stratum is 
given in Table 3-4. 

After all the sample units were allocated by stratum for each of the 
hydrologic basins, the units were physically annotated on map sheets for sub
sequent ground survey by DWR personnel. Measurement of both the sample units 
on the ground and the Landsat census is described in the following Sec~ions. 

3.1.5 Summary 

TRe design process is a critical element in any inventory activity. It 
serves to specify the framework for data acquisition, analysis, summary, and 
storage and retrieval. By specifying this framework, all phases of an inven
tory are performed in a coordinated fashion, thus increasing the probability 
of successfully achieving the stated inventory objectives. For the design 

* FCDPAK (Feasible Conjugate Direction Package for the Solution of Differ-
entiable-Mathematical Programs) was developed by Best (1972) to solve the 
general problem of maximizing a function subject to linear and/or nonlinear 
constraint functions. The program's only shortcoming is that solutions to 
nh are generated in noninteger form. This problem was solved by use of the 
following contingency table: 

integer (n h) < 0.1, then nh = integer (n h) 

integer (n h) ~ 0.1, then nh = integer (n h) + 1 
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Figure 3-2. Percent standard confidence interval plotted against total sample size 
for the Tulare Basin. 

Table 3-3. Allocation of sample units by stratum. The values \'Iere calculated by 
interpolation from the allocation shown in Figure 3.2. 

Stratum Values from Values used Values from 
FCDPAK by interpolation FCDPAK 

1 4 4 4 

2 0 0 0 

3 0 0 0 

4 44 46 61 

5 5 5 5 

6 9 10 11 

7 0 0 0 

Total 62 65 81 

Accuracy ±3.6 @ 95 ±3.5 @ 95 ±3.1 @ 95 
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Table 3 .. 4. Sample unit allocation by stratum for each hydrologic basin. 

STRATUM 

HYDROLOGIC BASIN 1 2 3 4 5 6 7 TOTAL 

Central Coastal 26 7 28 8 5 6 80 

Colorado Desert 42 4 8 4 58 

North Coastal 4 6 30 12 52 

North Lahontan 12 26 38 

Sacramento Valley 8 10 39 5 4 6 72 

San Francisco Bay 19 4 11 7 14 55 

San Joaquin 6 5 53 5 14 83 

South Coastal 12 18 9 11 24 8 82 

South Lahontan 7 39 6 52 

Tulare 4 46 5 10 65 

California 86 62 48 301 69 41 30 637 
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process to be successful, the interrelationships between data collection, de
cision-making, and management must be understood, documented and integrated 
into the design. Only by understanding these interrelationships in concert 
with historical inventory practices can realistic assumptions be made, func
tional relationships documented, and operational systems developed and imple
mented. 

The current design effort for the 1979 inventory had the benefit of close 
cooperation with the user agency, California Department of Water Resources, 
who provided invaluable management and decision-making insight and critical 
information needs on a state-wide basis. Furthermore, DWR conducted the com
plete ground survey effort providing the sensitive, costly, and compulsory 
ground data to drive the state-wide estimation process. 

Based on the combine~ DWR input and pr~vious studies cgnducted by 
the Univers Ity of California, important historical data were avaflable for 
the design process. The experience and the data were used to (1) generate and 
refine assumptions, (2) evaluate various estimator alternatives, (3) evaluate 
the effect of stratification on sampling and measurement errors, (4) calculate 
estimates of variance and data plane (i.e. Landsat-ground) correlations, both 
critical for the sample size calculations, and (5) generate accessibility/cost 
constraint functions paramount in the sample allocation process. 

After numerous analyses, the inventory design was completed and implemented. 
The 1979 design may be summarized as follows: 

GOAL: 

DATA TYPES: 

SAMPLI NG FRAf.1E: 

Estimate the proportion of irrigated acreage in 
the state of California to within ±5% allowable 
error at the 95% level of confidence. 

• Multitemporal Landsat color composite imagery en
larged to a scale of 1:150,000 (Phase I) 

• Ground data collected by DWR; supplemented with 
35mm aerial photography (Phase II) 

• USGS maps at scales 1:1,000,000,1:250,000,1:62,500 
and 1:24,000 

• U-2 color infrared aerial photography at a scale 
of 1:130,000 and 1 :24,000 

• Sampling frame of area units (clusters) 

• 1.6 x 8.0 km rectangular sample unit 

• Orientation of sample units predominately north
south; a 11 m'led to vary wi th 1 oca 1 topography and 
road network 
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STRATIFICATION: 

r·1ATHEMATICAL ~10DEL 
AND SAt,1PLE ALLO
CATION 

• Hydrologic basin, county 

• Agricultural practice/land use 

• Small grain and vegetable 

• Exclusions 

• Two phase design 

• Census at Phase I (Landsat) 

• Simple Random Sample within strata/basin at Phase II 
(ground data) 

Phases linked using regression estimator for large 
sample sizes and an unbiased ratio estimator for 
small sample sizes 

When the statewide inventory is completed, a detailed evaluation of the 
Task I design process can begin. The evaluation will allow further refinement 
of assumptions, sampling frame (including size, shape pnd orientation of SU's), 
two phase sampling, stratification, sample allocation, and the estimation pro
cedure (i.e. equation used to link phases and predict errors; and, procedures 
used to aggregate strata estimates into final estimates). 

3.2 STRATIFICATION AND SA~1PLE FRAME CONSTRUCTION 

Stratification is a commonly used technique designed to reduce variance 
by systematically placing boundaries that separate homogeneous units. For 
Task I the major purposes of stratification were to: (1) allow summary of data 
by administrative units (hydrologic basin, county and state), (2) reduce 
sampling and measurement error, (3) enhance the allocation of sample units, 
and (4) flag areas for early and/or multiple ground data collection. The pro
duction of three stratifications was necessary to address the purposes just 
described: (1) administrative boundaries were defined by use of a DWR-supplied 
map delineating hydrologic basins and county boundaries were located from USGS 
1:24,000 and 1:250,000 scale topographic maps (Figure 3-3); (2) an agricultural 
practice stratification was developed to reduce sampling and measurement error 
and enhance the allocation of sample units; and (3) areas of small- grain and 
vegetable cultivation were stratified to help optimize ground data coll~ction. 
The latter two stratifications will be described in Sections 3.2.1 and 3.2.2 
As shown on the analysis flow (Figure 3-1), a merged stratification was formed 
that became the basis for the sample unit list required to compute the sample 
all ocati on. 

-26-



North Coastal 

San Francisco 
Bay 

Sacramento Valley 

----------,------- -
i 
i 
i 

• i ._._._._._.-·--T..,: ....... · . 
• j 

Teturn, ~ 
./' ( PI~ma<;, 

------S-.I ~f"""'-----
,Ienn . Bul'e ~I.'" 

• (~ • . I·" '_. 

North Lahontan 

San Joaquin 

Central Coastal 

South Coastal 

Figure 3.3. Counties and hydrologic basins of California. 
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3.2.1 Agricultural Practice Stratification 

The agricultural practice stratification was based on two general 
factors that are critical to both manual and digital classification of 
Landsat land use and field size. When defininq_1and use for the purpose 
of estimating irrigated agriculture, there are several pertinent factors 
to be examined: (1) the presence/absence of any agriculture; (2) histor
ically known or topographically defined areas of dry1and vs. irrigated 
agriculture and (3) variations in agricultural cropping practices within 
a generally irrigated area (i.e. field crops vs. orchards). The problems 
caused by small field size affect the human analyst where detecting and 
identifying fields as well as accurately drawing boundaries becomes 
difficult and tedious and to the computer where the edge effect of mixed 
pixels and precise registration of acquisitions is critical. 

To minimize interpreter variability, the entire state (approximately 
30 Landsat frames per date) was stratified by a single analyst into one of 
the seven strata described above. Since the minimum sample unit size was 
one square mile, areas less than that were not delineated (areas less than 
one square mile are subject to measurement for total irrigated acreage on 
Landsat but were considered too small to act as individual sample units). 
Stratification was done by overlaying clear acetate on 1:1,000,000 Landsat 
color composite transparencies and delineating the appropriate stratum. 
Mu1titempora1 Landsat imagery was used to verify the consistency of the 
delineation. Since quite different agricultural practices and, therefore, 
quite different strata may appear similarly on any single date of imagery, 
it is very important to utilize the mu1titempora1 capability and synoptic 
coverage of full frame Landsat to obtain an accurate, repeatable strat
ification. Figure 3-4 shows an example of the agricultural practice strat
ification used in the Sacramento Valley. 

3.2.2 Small Grain and Vegetable Stratification 

In order to direct the collection of field data two additional strat
ifications were necessary. Areas of small grain and vegetable cultivation 
have historically posed a problem in ground data collection due to: 
(1) early harvest of grains and subsequent p1owdown, and (2) multiple crop
ping in vegetable areas. To ensure ground data acquisition at the optimum 
time, areas of grain cultivation and vegetable cultivation were stratified 
separately on 1:1,000,000 Landsat transparencies for each hydrologic basin. 

After examining historical data on vegetable cultivation, boundaries 
of historical vegetable cultivation areas published by the California Crop 
and Livestock Reporting Service were transferred to the Landsat imagery. 
These boundaries were refined by reference to the Landsat image~y to account 
for land use changes and urban encroachment. 

Small grain cultivation areas were delineated through analysis of 1976 
through 1978 Landsat imagery. The grain areas were then classified into: 
(1) dryland grain farming; (2) areas of less than 21 percent grain; (3) 21-40 
percent grain; and (4) greater than 40 percent grain. 
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Stratum Number Stratum Descri ion 

2 

3 

4 

5 

6 

7 

Figure 3-4. 

Generally dry farmed 

Field crop areas dominated by fields 
less than 16 hectares (40 acres) in size 

Field crop areas dominated by fields 
less than 16 hectares (40 acres) in 
size with known high proportion irrigated 

Field crops dominated by fields 16 
hectares (40 acres) or larger in size 

Orchards and vineyards less than 16 
hectares (40 acres) in size 

Orchards and vineyards 16 hectares (40 acres) 
or larger in size 

Unusual agricultural areas 

Agricultural practice stratification. 
was completed for the entire state and 
sample units that were ground checked. 
southeast of center and marked with an 
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Areas where multiple cropping occurs were examined through historical 
data and information from the county farm advisors. Most multiple cropping 
in California occurs in grain areas, where grain is followed by a field 
crop such as corn or beans, or in vegetable areas, where one vegetable crop 
follows another. The previous delineation of the grain and vegetable cult
ivation areas, therefore, included the majority of the multiple crop areas. 

3.2.3 Formation of the Merged Stratification 

Merging the agricultural practice, small grain and vegetable strat
ifications as well as locating administrative and exclusion areas was nec
essary before the sample unit list could be generated. Locating admin
istrative boundaries, such as counties, exclusion areas (established wild
life refuges, cities), and assigning an access code is facilitated by ref
erence to available maps. Since the agricultural practice and croptype 
stratifications were based on the spatial and spectral information provided 
by Landsat, it was felt that an appropriate base for the merging of these 
functions was a combination of 1 :250,000 scale USGS topographic maps and 
1 :250,000 scale Landsat enlargements. Enlargements were made on a county 
basis, by reference to the USGS maps. These enlargements and the assoc
iated maps provided the base upon which the sample frame of 1.6 x 8.0 km 
(1 x 5 mile) units was created. The subsequent sample unit lists provided 
the population from which the ground data units were selected. In addition 
to providing the sample frame base, the combination of information available 
from the maps and enlargements was critical for accurate transfer of the 
sample unit boundaries selected for ground checking to the 1 :24,000-scale 
(7.5') USGS maps used by DWR for field work. 

For each of the 58 counties in California, the land use strata, grain 
cultivation boundaries and vegetable cultivation boundaries were enlarged 
from the original 1:1,000,000 scale to the 1 :250,000 scale Landsat prints. 
By matching topographic features on both the original transparencies and 
the enlarged prints, accurate transfers of the boundaries were made. 
County boundaries were drawn from the 1 :250,000 scale maps and overlayed 
on the merged strata boundaries. At this point all image defined agri
cultural phenomena were tied to the county base map. Hydrologic basin 
boundaries, provided by DWR, were transferred onto the overlays for those 
counties that were split into more than one hydrologic basin. Accurate 
location of this boundary was particularly important in those areas where 
the basin boundary crossed agricultural land, since misplacement of the 
boundary would result in farmland being transferred to the wrong basin. 
See Figure 3-5. 

3.2.4 Generation of Sample Unit List 

When the merging of the strata and the location of county, hydrologic 
and exclusion areas was complete, each county consisted of a set of irreg
ularly shaped polygons defined by some combination of the strata. Each 
polygon was labelled indicating the appropriate land use stratum, the 
presence of vegetables, the presence and proportion of grain and the general 
accessibility of each polygon. The merged and annotated overlay was then 
placed over a gridded template of 1.6 x 8 km (1 x 5 mile) sample units and 
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Figure 3-5. The merged stratification 
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table stratifications. Subsequent to 
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of 1.6 x 8 km rectangles was overlayed 
and sample units numbered and summarized 
for the allocation procedure. 
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the 1:250,000 USGS map. In those areas where the predominant field pattern 
was oriented north-south, the sample unit grid was placed to coincide with 
section lines. This was done to increase the ease and efficiency of the 
field data collection effort. In areas where the topography or historical 
land development caused the dominant field pattern to be oriented in other 
directions (i.e. Salinas Valley) the sample unit grid was placed so as to 
conform with the developed road/field pattern system. The sample unit grid 
was traced onto the county boundary overlay for all areas that fell within 
the stratified area. 

Although a sample unit was nominally defined to be 8 km (5 mi) long, 
actual length varied from 1.6 to 11.2 kilometers (1 to 7 mi). Editing of 
the sample units removed those less than 259 hectares (640 acres} in area 
and those portions of units that were less than .4 kilometer (.25 mile) wide. 
Each sample unit was then numbered and placed in a sample unit list. 

The information from the sample unit list was summarized in a table for 
each county. Similar summary tables were made for each hydrologic basin. 
The basin summary sheet was used to calculate average relative access cost 
within each stratum and the proportion of the basin represented by each 
stratum. This information, along with the number of sample units in each 
stratum (the population size) was used to compute the stratum sample sizes 
as described in Section 3.1.4. 

3.2 Preparation of 7.5 Minute Quads for Ground Measurement 

After the units to be ground surveyed were randomly selected, the 
boundaries of these sample units were visually transferred from the 1 :250,000 
scale overlay to USGS 7.5 minute quadrangles (scale = 1 :24,000). Since DWR 
uses the 7.5 ' map as the base for their land use surveys the quadrangles 
were a logical, compatible choice for field crew use. After the sample unit 
boundaries were transferred, each unit was labelled with its sample unit 
number and its stratum label. 

Finally, a recording form for the entire hydrologic basin was prepared. 
It contained a summary of those sample units that had been selected for each 
county within the basin including their stratum labels, whether or not the 
field work was to be done twice in the season (vegetable and grain strata 
were field checked early), and the name(s) of the 7.5' quadrangles involved. 
This summary recording form and the frosted overlays were sent to the ap
propriate DWR district offices having jurisdiction over each of the hyd
rologic basins. A map showing the approximate location of 637 sample units 
ground checked by DWR is shown on Figure 3-6. 

3.3 LANDSAT MEASUREMENT 

Earlier work in the estimation of irrigated acreage as well as in other 
agricultural projects has relied on the use of multitemporal Landsat data to 
monitor the dynamic agricultural environment. As in previous projects, the 
1979 estimation procedure was based on the complete measurement of agricul
tural land on Landsat imagery at three critical time periods. The recommended 
acquisition windows were based on expected crop calendar, county cropping 
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Figure 3-6. Distribution of ground (Phase II) sample units. Each of these 637 
units was checked by DWR to determine the location of irrigated fields. 
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practices, historical cropping trends and consultation with DWR personnel. 
These three time periods were late July-early August when maximum canopy 
coverage is expected; May to monitor small grains; and late September-early 
October to aid in the detection of multiple cropped acreage. 

3.3.1 Landsat ACquisition 

The full frame Landsat 1:1,000,000 transparencies required for inter
pretation were ordered by NASA/Ames Research Center through the EROS Data 
Center (EDC) using normal ordering procedures. To obtain complete coverage 
of California thirty-three scenes are needed. Normally, California's 
virtually cloud-free summers over major agricultural areas provide ample 
opportunity to select from a large variety of acquisitions to obtain the 
optimal data set. In 1979 the satellite and ground processing problems 
often combined to severely limit or nullify any choice of acquisitions. 
Although certainly not the optimal date selection, three time periods of 
imagery were generally available for each of the counties. 

3.3.2 Enlarging and Mosaicing Landsat Frames 

In 1979, as in the earlier projects, measurement at the Landsat phase 
was done on 1 :150,000 scale enlargements of each county. On a county basis, 
each available Landsat frame was evaluated for image quality (i .e. line drop, 
"smearing"), color balance, exposure and miscellaneous items such as cloud 
and smoke. Following this evaluation, the best combination of dates and 
frames was selected for enlargement. 

When the enlargement was completed, each county was mosaiced together 
and mounted on stiff posterboard. Counties that would have a mosaiced size 
greater than approximately 750 cm x 1 meter were divided and mounted on 
separate boards. This size limitation facilitated handling and inter
pretation as well as storage. 

3.3.3 Generation of Recording Forms 

Forms for recording the interpretation done on the mu1titempora1 Landsat 
enlargements were created for each county. To produce the form, the 1 :150,000 
scale county boundaries plotted by Ca1trans were located on one of the com
pleted mosaics for each county. The county boundary was then traced onto a 
second overlay; the originally plotted boundary was archived. The agricul
tural practice strata, exclusions and hydrologic basin boundaries were trans
ferred from the 1 :250,000 scale overlays by interpretation. The agricultural 
practice strata boundaries were necessary because (1) interpretation respons
ibilities were divided between analysts based on these strata boundaries, and 
(2) digitization of interpretation results was needed by stratum. Exclusion 
areas were also transferred from the 1 :250,000 overlays; reference was also 
made to 1979, U-2, 1 :130,000 scale CIR aerial photography to refine boundary 
placement. The hydrologic basin boundaries were needed for summarization of 
results and as a logical way to divide work between the Berkeley and Santa 
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Barbara campuses. Superimposed on the overlay, which was now a composite 
of county, agricultural practice strata, exclusion and hydrologic basin 
boundaries was placed a grid that defined the borders of 7.5 minute quad
rangles. The grid was used as a mechanism for organizing interpretation, 
a unit for documenting the time required to perform interpretation and as 
a potential area for summarization and comparison of results with DWR's 
land use surveys. 

3.3.4 Interpretation of Multitemporal Landsat Imagery 

The interpretation logic and procedures for identifying irrigated 
land in California are basically the same that have been used in the past 
projects. The analyst is required to make a decision on whether a part
icular parcel of land is irrigated. To do this the analyst relies on a 
variety of image characteristics and logical expectations of the presence 
and appearance of irrigated land. 

Providing the analyst with sufficient data to develop reasonable 
expectations is critical to accurate measurement at the Landsat phase. 
Prior to interpreting a particular county the analyst was given a variety 
of ancillary information upon which to build his expectations. These 
included (1) California Crop-Weather which is published on a weekly basis 
by the California Crop and Livestock Reporting Service and summarizes 
weather conditions over the state as well as land preparation, planting, 
growth condition and harvesting of field crops, fruit and nut crops, veg
etable crops and livestock (pasture and range conditions). The information 
is summarized by region and provides the means for constructing year/reg
ional specific crop calendars; (2) Agricultural Commissioner's crop reports 
for 1979 which list county acreage by crop type; (3) California-Arizona Farm 
Press that publishes weekly reports on all facets of agriculture in the West 
including land preparation planting, irrigation and water problems, pest and 
disease management, fertilization, plant variety performance, economic market
ing and tax issues, legislation and harvesting; (4) California Grower and 
Rancher - a monthly published magazine on agriculture in California (written 
and published regionally); (5) 1979, U-2, 1 :130,000, color infrared photo
graphy of the majority of agricultural land in California, and (6) antecedent 
DWR land use survey quads and summary statistics. Using all or a subset of 
the available data, the analyst builds a mental model of what he expects to 
see on the dates of Landsat imagery provided for each county. 

Image characteristics traditionally used in manual photographic inter
pretation are exploited in the analysis of Landsat imagery. For the majority 
of the interpretation, the most critical characteristics are (1) pattern (is 
this an area of agricultural fields?) and (2) color (is this field the color 
expected for an irrigated field on the date being analyzed?). Other critical 
characteristics that analyst relies on are texture, shape of fields, and 
location of fields. These last three characteristics are particularly import
ant when interpreting the mountain areas, along rivers and streams, (inter
mingled riparian vegetation) on the fringes of well developed agriculture 
and in areas of dispersed agriculture such as the foothills. 
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The interpretation procedure called for analysis to be done in a 
specific manner. The structure of the interpretation system was designed 
to (1) eliminate variability in the method interpreters use and (2) allow 
for a detailed evaluation of the separate parts of the analysis system. 
The procedure called for: 

Within each hydrologic basin assignment of a 
single interpreter was made to each stratum. 
An interpreter may analyze more than one stratum 
per basin, but no stratum should be interpreted 
by more than one analyst . 

. Using the 7.5' grid as a base, interpretation 
proceeded on a quad-by-quad basis moving left 
to right and top to bottom . 

. Interpretation was done on the mid-summer date 
first, the spring image second and fall date last. 
In strata where irrigated agriculture dominates, 
the analyst delineated areas that were not showing 
active vegetative growth in July/August. These 
areas were marked with a single dot. The overlay 
was then placed over the May image and the blocks 
marked with a single dot were checked; if these 
areas were interpreted as irrigated cropland in 
May, a second dot was added. The analyst then 
proceeded to the final date and checked the 
remaining singlely-dotted areas. 

Within each 7.5' quad the analyst recorded the 
time required to interpret each stratum on each 
date. 

Re-checked areas as necessary. 

3.3.5 Digitization of Measurement Results 

Upon completion of the interpretation, the results must be tabulated 
for input to MPHASE. The first step in this process was to locate the 
sample units that had been selected for ground checking. Accurate location 
is absolutely vital to the estimation procedure since the comparison of 
ground proportion irrigated to Landsat interpreted proportion irrigated 
"corrects" the estimate and provides the data needed to compute accuracy 
statements. Location was accomplished by reference to the 7.5' quadrangle 
maps with an overlay of the ground annotated sample units. By visual 
comparison of the ground data (field pattern) and map features (i .e. roads, 
canals, railraods) to the 1 :150,000 scale Landsat enlargements, accurate 
location was possible. 

The proportion of irrigated land was then calculated by digitizing 
the total area of each sample unit and the area that was irrigated. Each 
sample unit was digitized and recorded separately. The remainder of the 
interpretation was digitized by stratum within each county. 
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3.4 GROUND MEASUREMENT 

For each of the 637 Phase II sample units, DWR district personnel made 
a field-by-field inspection to determine the presence of irrigation. Using 
7.5' USGS quads with the plotted sample unit outlines as a base, field 
boundaries were drawn and each field coded. In many cases, detailed ground 
data including specific crop type mapping was done. At a minimum, the ground 
crews mapped parcels as irrigated or non-irrigated grain, safflower, field 
crop, pasture, other agricultural classes or lawn areas; fallow, farmsteads, 
feedlots, or dairies; native vegetation, water surfaces or unsegregated native 
vegetation; and six classes of urban. More than one visit was made to many of 
the units to verify multiple cropping. 

When collecting the field data DWR often used their previously mapped land 
use survey quads (Figures 1-1 and 1-2) and the 35mm color aerial slides from 
which the maps were derived as aids for defining field boundaries. Color infra
red 1:130,000 scale aerial photography flown by the U-2 during the spring and 
early summer of 1979 was also used extensively as soon as it was available. 
For a few units where access was particularly difficult, low altitude aerial 
observation of the unit provided the necessary information. 

Each of these sample units was then tabulated by DWR and acreages out-
put in a variety of forms: (1) by hydrologic basin - individual sample units 
listed by county (Figure 3-7); (2) by 7.5' quadrangles - sample unit(s) and 
county; (3) by county-cumulative summary of all sample units within the county; 
and (4) by DWR district-cumulative summary of all sample units mapped by the 
individual district offices. In total, DWR personnel ground checked (at least 
once) and tabulated approximately 520,400 hectares (1,286,000 acres) across the 
State. 

3.5 ESTIMATE OF IRRIGATED AREA 

Estimates of land irrigated at least once during 1979 were produced by 
county, by hydrologic basin, and statewide. These numbers, together with their 
associated estimates of error, would represent the principal product of an 
operational version of the inventory system demonstrated in this study. Tables 
3-5a, 3-6a, 3-6b & 3-7 present the 1979 estimates. The estimates reported in 
those tables should not be considered 'simple numbers' to be accepted without 
question, but should in fact be treated as dynamic values that depend on sample 
frame, measurement system, and estimation procedure among other factors. Con
sequently a review of the major inventory procedures and assumptions is important 
in understanding and using the final estimates. 

The characteristics of the sample frame, sample allocation, and measure
ment components of this Landsat-aided irrigated lands inventory system were 
described previously in Wall et al (1980) and have also been summarized in the 
previous sections. The focus~ere will be to explain how the resulting Landsat 
and ground measurement data were converted into irrigated land estimates. 
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TABLE 3-5A: RtSULTS OF 1979 STATEHIDE INVENTORY OF IRRIGATED LAND 

STRATIFIED 
BASIN EST I11ATE (PERCENT 100 X ABSOLUTE 

OF AREA IRRIGATED S . E. AT 95% C. L. 
IN SAMPLE FRAME) 

NORTH COAST ~3.52 2.04 * 

SAN FRANCISCO 21.85 1.22 * 

CENTRAL COAST 31.91 1.84 * 

SOUTH COAST 45.79 2.88 

COLORADO DESERT 82.15 1.40 * 

SOUTH LAHONTAN 27.38A 3.81A 

NORTH LAHONTAN 58.73 2.68 

SACRAMENTO 65.38 1.80 * 

SAN JOAQUIN 74.78 2.55 * 

TULARE 82.04 2.00 * 

STATE 67.09 
95: 0.89 
99; 1.17 

------- ._- ----

RELATIVE S. E. 
AT 95% C. L. 

I 
I 

I 

3.81 

5.56 

5.77 

6.28 

1.70 

13.91A 

lJ.56 

2.75 

3.41 

2.44 

95: 1.32 
99: 1.74 
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BASIN 

NORTH COAST 

SAN FRANCISCO 

CENTRAL COAST 

SOUTH COAST 

COLORADO DESERT 

SOUTH LAHONTAN 

NORTH LAHONTAN 

SACRAMENTO 

SAN JOAQUIN 

TULARE' 

STATE 

TABLE 3-5B: FOR COMPARISON ONLY - UNSTRATIFIED RESULT& 
Of 1978 STATEWIDE INVENTORY OF IRRIGATED LAtm 

UNSTRATIFIED 
ESTIMATE (PERCENT 100 X ABSOLUTE 
OF AREA IRRIGATED S.E. AT 95% C.L. 
IN SAMPLE FRAME) 

53.18 2.39 

21.19 2.20 

32.58 2.15 

45.25 2.40 

82.25 1."30 

27.38 3.81 

53.73 2:45 

65.44 1.63 

75.16 2."31 

81.'46 2.09 

67.04 
95: 0.88 
99: 1.15 

RELATIVE S.E. 
AT 95% C.L. 

4.49 

10.37 

6.60 

5':31 

1."58 i 

13.91 

4.17 

2.49 

3.08 

2.57 

95: 1.31 
99: 1.72 
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TABLE 3-5c: UNSTRATIFIED TASK I ESTIMATES CORRECTED FOR TYPE OF ALLOCATION TO STRATA 

BASIN 
100 x I\BSOLUTE 
S. E. AT 95% C. L. 

NORTH COAST 3.11 
SAN FRANCISCO 1.96 
CENTRAL COAST 2.27 
SOUTH COAST 2.73 
COLORADO DESERT 2.15 
SOUTH U\HONTAN 3.31 
NORTH LAHONTAN 2.52 
SACRAMENTO 2.30 
SAN JOAQUIN 2.34 
TULARE 2.51 

STATE 95: 1.09 
99: 1.43 

- --- - -- -- ----- -- -------



TABLE 3-6a: Stratified summary statistics for the area within the sample 
unit frame. Regression with factor 5. 

Acres Standard 95% 
Within Proportion Acres Error C.1. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53521 321070 6029 12238 
San Francisco 191654 0.21852 41880 1108 2329 
Central Coast 1380040 0.31906 440316 12572 25420 
South Coast 598866 0.45787 274203 8510 17223 
Colorado Desert 818231 0.82147 672152 5670 11447 
South Lahontan 235626 0.27383 64522 4402 8977 
North Lahontan 175456 0.58726 103038 2297 4695 
Sacramento 3388466 0.65381 2215413 30327 60823 
San Joaquin 2788914 0.74778 2085494 35419 71145 
Tulare 4080305 0.82038 3347400 40721 81'{69 

State 14257457 0.67091 9565489 64477 127020 

TABLE 3-6b: Summary of irrigated and total acreages wi thin the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Excl & Total Total 
Excluded Outside Outsid e Basin Basin 

Acres Acres Irrig Acres Irrig 
Basin (81) (82) (B3) (A1+B1+B2) (A3+B3) 

North Coast 13946 11855644 25715 12469486 346785 
San Francisco 512 2586376 5623 2778543 47503 
Central Coast 13475 5789056 24725 7182571 465041 
South Coast 62133 6289499 63810 6950499 338013 
Colorado Desert 28421 11852213 10830 12698865 682982 
South Lahontan 4377 16668221 17338 16908224 81860 
North Lahontan 0 3891697 14942 4067153 117981 
Sacramento 211744 13452904 37823 17053114 2253236 
San Joaquin 542467 6704753 51098 10036134 2136592 
Tulare 123300 5977461 42352 10181065 3389752 

State 1000375 85067824 294255 100325656 9859744 
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Table 3-7. County estimates based on the weighted-unstratified model. 

Inside Prop Acres S.E. Excl <l.ttside Ex & <l.tt Total Total 
County Acres Irrig Irrig (acres) Acres Acres Irrig Acres Irrig 

Alameda ~~808 0.204~~ Z~18 216~ 512 482615 501i ~~i4Bf l~~n Alpine 061 o.~oo 23~~~~ 2ig~ 
0 45~a~g 6~ Amador 

31g823 8: YaJ2 
0 

2ar ldlo~26 23~40~ Butte 14982 l201 6 
Calaveras 0 O. 0 0 ~5ll5 10 ~ Z~~Z!~ 'O~ Colusa 401r~ 8:~6~~ 3JiIn 2~886 5510 
Contra Costa l1a 0 ' ~~5 0 J39~0? 603 3J~~~f Del Norte 1 '6 O. f90 0 0 6 24r El [brado 1§ , 0.1169§ 22~5 Ig 2 0 '1122~0 1~28 166 '8 6 422g 
Fresno 149 186 0.8300 12449 1 100 06 50435 2051156 1 89 3 13 6 125244 

Glenn 

T~' 0.
63ri 2~g6r~ 2~~6~ 10061 461681 860 842140 

1!i~~ Humboldt 
5 ~g 6 !t! 511~1 0 

~~olia~ ~~§t ~n~a5a~ Imperial id~~1 960a 51~ ~ Inyo 
12 82~~ 110 ,o~ ~l2 354g0 

1111 
Kern O. 86r ~i~~n 

0 521~641 ~~64l1 Kings 6Z4804 O. O~ 4 35962 ~a6 JJ 10~g ~8 ~g4 Lake O. 0 1 ~8~0 0 ~ 60 2t nta Lassen 118r~ O. 0 6 4f4 2 180~ 11~ 5 Los Angeles 0.1826 25~5g 1~601 3~ t~ 2~F8 2 ~1601~ ~2~18 Madera J~8 §2 0.65910 210 3 3 64 3914 A1~~ 1 6284 2 9 94 

Marin 0 O. 0 0 0 

2!ij1H 
4§~ 1~~i~n 5g1!~~ Mariposa 

8:1§gg~ 
0 0 0 

MendIcino 13~~~~ 2~21O a
610 0 15~~ Merced 51 g19 1 140 181085 

Modoc 2°6l4 0.1404~ 150 60 8§1~ 6940 

lii!lH 
11OZ4 2~6gP2 lab~1~ Mono 6 10 0·a81 f 21~j!l 

0 111 201g 2 
Monterey 511204 

O. 5! 4j06
1 8006 206 42 

21~ ~ Napa 4S~1l O. ~1 40 
1~ g~ 10~ 18 ~ 1151 5 2 Nevada ~1 1 

O. 2 2g 0 a1~g~~ 12~ 18111 18~ 3 Orange 0.41 6 3513 0 21 508448 

Placer 16~d§j 8:igi§~ 6562g 1~4i~ 406 
42g~~?~ 2~ll 16igagd 664~~ Plll11as 21Jl$~ ~d~4~ 

0 
24~i Ri verside 4542g 0'52 ~ ~1~a5 Sacramento 3 60 O. 2 2 223 1 2Z0~50 1 5~ 46 86gr 22 10 

San Benito 1241111 g:4~~~2 4118 1~~~~ 
0 1 0014 1 2 12~~J~1~ 4~ 09 San Bernadino l~i~~1 ~Og~~ 0 1~~aze~1 ~165~ 6 151 San Diego 0.4191 25192 21~ 444 19 6 San Francisco 0 O. 0 

12061 
0444 San Joaquin ~10511 0.15262 5~n~a 68121 1216~2 ~~~~ ~ 4211 5~6~6j San Luis Obispo 34008 0.10101 49150 21 5 1518858 2 15002 

San Mateo 

'§!l~ 
0.1l8262 2222 ~06 0 

ln~!~~ 82~ 2r
6OO r49 

Santa Barbara 0.44l~~ ~~~~~ "i~ 
518 l~U 1~ ~~~~ ~ 6~~ Santa Clara 0.4

1 Santa Cruz 2154 
Shasta 1126 8 g:a~102 5 518 0 

2r?rJ 
8426 

2~al!l! or' Sierra ~g40 O.~ 6
J 1~I~~a fg9~~ ~oog 3 B2 ~ 163?tl 26 zg Siskiyou 

~8gJ~ 
O. , 420 b 

Solano O. 31111 2~90l 1 822 22111 26~~ 51 1 1£9~4~ Sonoma 0.2119~ 1j15 0 881805 ~160 100 641 
40§164 Stanislaus 489541 0.8252 40 004 41 49 191184 211631 95896 

Sutter ~1~~~4 0'n5~44 fS~jg~ 2~14~ 5JZ~~ 0 4i)6~ ~§~~~6S 1~~~§~ Tehama 

92933~ 
O. 9 19 1 18 ~64f21 Trinity 
8:83065 

0 .J 02 0ag 41g- 13!!ll! 116 Ig Tulare 111956 11261 36906 213 1 
Tuolll11ne 0 O. 0 14~ 6io 641 

'l ~~~!l 
641 

Ventura lr~1J2 O.61J2~~ ~808~ ~~~~~ 1~~~~ l ~~~~ 3~g5 '016g~ 
Yolo 4 1107 O'tl~ 3 ld~ 110 19~ 3g~~92 Yuba 1 1194 O. 1 2240 

State 14251459 9558250 1000375 85061840 294255. 100325656 9852506 
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3.5.1 Data Screening 

Before the sample unit measurement data could be used to produce estimates, 
they were screened to detect errors in locating sample unit boundaries, inter
preting irrigation status, digitizing field boundaries, and recording data. 
Figure 3-8 illustrates this process. 

The first step in this procedure was to convert digitized or tabulated 
irrigated count data from individual Landsat and ground sample units to pro
portional values. Resulting irrigated proportion values were then compared 
from spatially-matched Landsat and ground sample units. An error check was 
initiated when such spatially-matched units were found to differ by more than 
a previously specified constant. The size of this constant was arbitrary. A 
value of 10 percent of sample unit area was chosen as a 'reasonable' constant 
for the 1979 demonstration under the assumption of high expected Landsat-to
ground correlation. As experience is gained, previous information on error 
bounds can be used in formal tests for outliers. 

The initial step in an error check consisted of a verification of key
punching or count accumulation errors on data forms.* If detected these errors 
were corrected and the Landsat and ground sample units were again compared 
using the 10 percent rule. If no errors of this type were detected for sample 
units differing by 10 percent or more, then sample unit boundary locations were 
checked. To facilitate the location check, the boundary of the ground sample 
unit in question was plotted on color infrared highflight photography. This 
was accomplished with use of the 1 :24,000 acetate overlay for the ground unit. 
Visual comparison of this boundary as seen on highflight and on a corresponding 
Landsat image and sample unit overlay enabled detection of Landsat sample unit 
location errors. When these errors occurred, the Landsat sample unit was moved 
to its proper position and irrigated/non-irrigated area redigitized. Field 
boundaries within the ground sample unit were also checked against the high
flight aerial photography. If errors were detected, ground data boundaries 
were redigitized only after consultation with and approval of DWR personnel. 
On very rare occasions, the ground sample unit itself was found to be mislocated. 
When this occurred, the ground sample unit location was declared the proper 
location and the Landsat sample unit moved accordingly. 

The final step in the sample unit screening process was a check of the 
irrigation classification on a field-by-field basis. Questionable ground field 
labelling was detected by reference to the presence of vegetation indicated on 
the color infrared highflight photography used to check location. Changes in 
ground field labels were made only after consultation with and the approval of 
DWR personnel. Landsat sample unit irrigated/non-irrigated labelling was 
checked by reference to the multidate [andsat imagery itself as well as to the 
highflight photography. If labelling errors were systematic (i .e. consistently 
made and of the same type over sample units in a given stratum) then the entire 
stratum was reinterpreted and redigitized - including the sample unit areas. 
On the other hand, if labelling errors were found to have a random pattern, then 
no changes were made to either the sample units or to the stratum. 

* This step should always be included, regardless of whether the error limit 
is exceeded. 
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FIGURE 3-8. TASK I - SCREENING MEASURED DATA 
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After sample unit data were screened and corrected where appropriate, 
they were entered into a data file for use in producing estimates. Other 
inventory data were also checked. Digitized count data for stratum-wide irri
gated/non-irrigated area, area irrigated outside the sample frame, and area of 
exclusions were checked for completeness and proper scaling of digitizer output 
on a county-by-county basis. Summing of these areas over counties within 
basins was also verified. County and basin boundary locations and digitized 
total area figures were checked as well. 

3.5.2 Basin and Statewide Estimates of Irrigated Area 

An Overview of the Estimation Approach 

Year-specific estimates of irrigated land within a hydrologic basin were 
produced in the following way. First, for areas within the sample frame, a 
relationship was established between the screened Landsat measurement of 
irrigated land by sample unit and the corresponding ground measurement. Then, 
given the relatively inexpensive basin-wide Landsat measurement of irrigated 
land, the relationship between Landsat and ground data was used to 'predict ' 
or estimate the basin-wide ground value of irrigated land. This approach is 
illustrated in Figure 3-9. There the relationship between Landsat and ground 
observations is represented by a straight line. Thus, for example, if the 
proportion of total sample frame area irrigated at least once was determined 
to be 50 percent based on digitization of Landsat interpretation, use of the 
straight line in Figure 3-9 would give a basin-wide ground estimate of approx
imately 45 percent. To see this result, project a vertical line from .5 
(i.e. 50%) on the horizontal Landsat axis to the solid straight line. Then 
project a horizontal line from the point just intersected on the straight 
line to the vertical ground axis. A value of .45 should result. 

Application of this conceptually simple method of irrigated land est
imation is predicated on the probability sampling approach employed in this 
study. For the area estimation problem, probability sampling can be described 
as a procedure whereby 1) a population of area elements (say individual acres) 
is grouped into sample units; 2) each such unit is assigned some probability 
of selection; and then 3) a sample of these units are then selected at random 
according to those probabilities for measurement of irrigated area. Given 
this objective method for establishing and selecting sample units, estimates 
of irrigated area having known error properties can be constructed. In part
icular, the Landsat-to-ground relationship can be used to produce an estimate 
of basin-wide irrigated land that 1) tends to be centered on the true value 
of ground-measured irrigated land in the basin, and for which 2) an objective 
statement of error can be given. Measurement data obtained through non-prob
ability (or subjective) sampling does not enable specification of estimation 
procedures with these two properties. 

The within sample frame estimation procedure just described produced the 
values for irrigated proportion shown in numerical column 1 (counting left to 
right) in Table 3-5a, and the values of irrigated acreage shown in column A3 
of Table 3-6a. A small percentage (approximately three percent statewide) of 
irrigated land did, however, lie outside the sample frame. This irrigated acre
age was located in areas excluded from the interior of the sample frame (e.g. 
urban zones and marsh areas) or in small pockets of agricultural land outside the 
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Figure 3-9: Schematic for Linear Regression Line" 
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sample frame (e.g. along stream courses in footnill or mountain areas). 
Measurements of irrigated land in these areas were made only on Landsat and 
not calibrated with ground data. Figures for this category of irrigated 
acreage are reported in column B3 of Table 3-6b. Total basin-wide irrigated 
acreage was computed by adding the values shown in columns A3 and B3 and is 
reported in the right-most column of Table 3-6b. Plus or minus values for 
error, shown in columns 2 and 3 of Table 3-5a and columns A4 and A5 of Table 
3-6a, were based on within-sample frame estimates only. No statement for 
error on irrigated land outside the sample frame was available due to the 
absence of an established Landsat-to-ground measurement relationship. 

The Specific Procedure: Regression Estimation 

Given this general overview of the estimation process, we may now proceed 
to a more formal description of the procedure. Within-sample frame estimates 
of irrigated land were produced using a regression estimator. The estimator 
itself was an equation that related Landsat measurements to ground measurements 
of irrigated land. It was constructed by 'fitting' a straight line through the 
spatially paired Landsat measurements (random variable X) and ground measure
ments (random variable Y) of irrigated proportion. This fitting was accomplished 
by minimizing the squared deviations between the line and the actual paired 
(x,y) values. Having established this line (e.g. the solid line shown in 
Figure 3-9), the basin-wide Landsat measurement for irrigated land was substituted 
into the straight line formula to produce an estimate of basin-wide ground 
irrigated land. Use of the simple linear regression estimator assumed that 
1) the relationship between X and Y was in fact a straight line; 2) the variance 
of Y about the regression line was constant over the range of X; and 3) the errors 
(distance between the line and the actual (x,y) observations) were independent of 
one another. In addition, it is assumed that the XIS are fixed when computing 
the regression slopes and intercepts, and that the expected error for any value 
of X should be zero. 

The expectation that these assumptions would hold was based on results of 
earlier pilot studies (Wall, et al, 1977, 1978). Selection of the regression 
estimator over other possible--linear estimators was in turn based on results of 
two studies reported last year (Wall, et al, 1980). The first of these, a 
Monte Carlo exercise, compared ratio (straight line relationship forced through 
the origin) and regression estimators over a range of sample sizes~ individually 
by stratum and for strata combined. A second study compared the relative sam
pling efficiency of simple random sampling, biased and unbiased ratio sampling, 
and regression sampling over a range of sample sizes under expected inventory 
conditions. Both studies indicated the general superiority of the regression 
estimator. The unbiased ratio estimator was found to be superior at very low 
sample sizes, but was not used in producing the final 1979 inventory estimates 
due to a problem associated with its use when X and/or Y were close to zero. 

Two major regression estimation approaches were used with the 1979 survey 
data. The first, or primary, procedure for producing irrigated land estimates 
was that of stratified regression estimation. If the relationship between X 
and Y is linear and if the slope of the regression or its intercept with the 
Y (ground) axis differ significantly between land use strata, then a stratified 

-50-



estimator should produce less biased stratum-specific estimates of irrigated 
land and should (depending on sample size) give a lower basin-wide sampling 
error. Since a principle assumption (to be tested) in the 1979 inventory was 
that the land use strata were in fact different in this respect, the use of 
the stratified regression estimator was appropriate. 

Sample unit observations (measurements) of X and Y were reported as the 
proportion of sample unit irrigated as opposed to area irrigated. This was 
done in order to eliminate error due to differences in computing total area 
of spatially-matched Landsat and ground sample units. These observations 
were in turn weighted by size (area) of the sample unit.* Motivation for 
weighting was based on the concern that smaller sample units would be subject 
to proportionally higher measurement error rates due to ground registration, 
digitizing, and, in some cases, interpretation error. The effect of sample 
unit weighting was to give each acre sampled equal weight in determining the 
regression line. If the error or variance about the regression line did in 
fact decrease with increasing size of sample unit, then weighting should 
transform the scatter of paired (x,y) data points to a more linear condition 
and thereby produce a lower sampling error. 

A regression line of the form: 

y = a + bx 

was then fitted through the scatter of matched (x,y) sample unit size -
weighted observations in each land use stratum. The resulting estimates for 
regression line intercept (a) and slope (b) minimized the sum of squared de
viations between actually observed y's and the corresponding, estimated values 
(y) taken from the regression line. An irrigated proportion estimate for an 
entire stratum was then obtained by substituting the measurement of Landsat 
irrigated proportion (X) for that entire stratum into the regression model 
above. These estimates represented the proportion of the area within the 
sample frame within the given basin whtch was irrigated at least once during 
1979. 

A stratified estimate of irrigated proportion for the area within the 
sample frame within. a given basin was produced by forming a weighted average 
of stratum estimates, where the weight assigned to each stratum represented 
the proportion of basin-wide sample frame area included inside the given 
stratum. An estimate of irrigated proportion within the statewide sample 
frame was formed in similar fashion. Weights were assigned to the estimates 
of proportion irrigated for each basin according to the relative sample frame 
area within each. A weighted sum of proportions was then formed to produce 
the statewide, stratified estimate. 

Estimates of acreage irrigated were obtained by simply (1) multiplying 
stratum-specific estimates of irrigated proportion times the total area with
in the sample frame in that stratum; and then (2) summing the resulting acre-

* Sample unit size expressed as the area in the given sample unit relative 
to the average area for sample units in the same land use stratum and basin. 
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ages over strata to produce an acreage irrigated figure for each basin. To 
this basin total was added the irrigated acreage identified through manual, 
interpretation of Landsat imagery in areas outside of the sample frame.** 
In most cases this represented a small percent of the total irrigated acre
age within a given basin. 

An estimate of the total statewide acreage irrigated at least 
1979 was produced by direct addition of the totals for each basin. 
figures for statewide within-sample frame and outside-sample frame 
acreage were also obtained and reported. 

once during 
Separate 

irrigated 

The second major approach used to estimate area of irrigated land was 
that of unstratified regression estimation. This procedure will be the most 
efficient of the two approaches, that is give the lowest sampling error for 
fixed sample size, when the regression line slopes and intercepts do not 
differ significantly between strata. The unstratified estimate was con
structed by pooling the spatially-matched (x,y), weighted observations from 
each separate stratum within a given basin into one 'grand' stratum. Each 
observation was weighted accordiDg to the size of the given sample unit 
relative to the average sample unit size in the entire basin. A regression 
line was then fitted through these paired (x,y) observations and the result
ing relationship was used to estimate ground irrigated area in the manner 
described above in the discussion of Figure 3-9. 

The resulting basin estimates of irrigated proportion were multiplied by 
the area within their corresponding sample frames to produce estimates of 
within-sample frame irrigated acreage. To this total was added the acreage 
identified by Landsat interpretation as irrigated outside the sample frame. 
Statewide estimates of irrigated proportion and acreage were obtained in a 
manner analogous to that described for the stratified case. 

Appendix IA presents the mathematical formulation of the estimation 
problem and the equations used to produce the basin and statewide estimates 
of irrigated land. Review of this appendix is highly recommended for a 
complete understanding of the method and assumptions involved in the esti
mation process. 

3.5.3 Basin and Statewide Estimates of Error 

Error associated with the regression estimates of irrigated area des
cribed in the last section can be separated into two components. These are 
known as bias and sampling error. Bias can be defined to be the difference 
between the true value of irrigated area for the administrative area in 
question (the area within the sample frame within a given basin in this case) 
and the expected value of the estimator when averaged over all possible samples 
of given size. In the general linear model if the relationship between X and 
Y is true1y a straight line over the range of X, then the regression estimator 
of proportion or area will be unbiased (Cochran 1977). Data from previous 
pilot studies (Wall et £1 1977, 1978) and from Y versus X plots for the 1979 
inventory (see the Evaluation section) indicated that the relationship was 

** Includes wildland, range, and urban areas outside the contiguous boundary 
of the sample frame, and areas excluded from the interior of the sample 
frame - e.g. urban areas, urban fringe, wildlife refuges, small areas of 
rangeland, etc. 
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very near linear, and therefore the bias was expected to be small relative 
to the size of the sampling error. Consequently, the regression estimators 
were assumed to be minimally biased in this inventory demonstration. 

Sampling error is the error introduced by measuring only a portion of 
ground units instead of the whole area as would be done in a standard 
California Department of Water Resources mapping survey. Estimates of 
sampling error were obtained for the regression estimators described in the 
last section. These estimators were based on the formulas for the variance 
of paired (x,y) observations about the appropriate regression line. Appendix 
IB presents these formulas and illustrates their use in producing the error 
values reported in Tables 3-5a and 3-5b. 

Three different expressions of sampling error are provided in those 
tables. The first, absolute error in percent, represents error expressed 
as a percent of the area in the sampling frame. It was computed by multi
plying the estimated standard error (the square root of the regression 
variance), which is expressed in units of percent of sample frame, by a 
statistic (Student's t) used to give the desired probability with which the 
true value of irrigated proportion should be covered by the interval 

~ ~ 

p - (std error x t) ~ p ~ p + (std error x t) 

where p represents the estimate of proportion irrigated, expressed in percent 
(i.e. x 100) for a given area - e.g. a basin or statewide. The product (std 
error x tl-a) is termed the absolute sampling error at the l-a level of con
fidence, or alternatively, the l-a percent confidence interval half-width for 
absolute error expressed in percent. For each basin, a was set to 5 percent 
so that the confidence interval covering p shown in the equation above was 
expected to include the true value of p 95 times out of 100. This statement 
assumes that repeated estimates of p will tend to occur according to a normal 
(bell shaped) distribution centered on the true value of p. Absolute sample 
error values are given for stratified sampling in column #2 of Table 3-5a 
(counting left to right) and in column #2 of Table 3-5b for unstratified 
sampling. Statewide error is reported at the 99 percent level of confidence 
as well as at the 95. 

If error as a percent of the irrigated proportion estimate is of interest, 
then the second expression for error will be of value. This expression, termed 
relative error in ercent was defined by dividing the estimated standard error 
by the estimate [p itself, then multiplying the result by the appropriate 
Student's t - statistic. Thus the 1 - a percent confidence interval half
width expressed as a percent of the estimate was (std error f p) x t l _a x 100. 

This expression was also termed the relative sampling error in percent at the 
l-a level of confidence. Estimates for relative error are shown in column #3 
of Tables 3-5a and 3-5b. 

A third expression for error was reported in column A5 of Table 3-6a. 
This error represented absolute error expressed in acres and was computed by 
multiplying the estimated standard error times the total number of acres in 
the basin sample frame, and the resulting product times the appropriate 
Student's t - statistic. Thus column A5 represents the l-a (95) percent con
fidence interval half-width in acres. The full confidence interval, centered 
on the estimated acreage irrigated within the sample frame, will be expected 
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to include the true value of irrigated acreage 95 times out of 100 if the 
estimates are normally distributed about the true value. 

It must be emphasized that the errors provided in this report apply 
~ to irrigated proportion or acreage estimates within the s~mple frame. 
No error statements are available for the Landsat measurement of irrigated 
acreage outside the sample frame. The additional error assQciated with this 
outside acreage is likely small on a statewide basis, as only three percent 
of the irrigated acreage fell in this category. Statistically valid state
ments of error for this acreage will be available if such areas can be econ
omically included within a sample frame in future inventories. 

3.5.4 County-Specific Estimates of Irrigated Land and Associated Error 

The basin regression estimators were also used to produce estimates of 
the area irrigated within individual counties. This approach was used because 
the per county ground sample sizes were generally too small to develop stable 
county-specific, Landsat-to-ground regression equations. 

The primary method for generating county estimates was as follows: 

1) irrigated area within a given county within the sample frame of a given 
basin was determined by digitizing the Landsat interpretation; 

2) total area of the sample frame associated with a given basin in the 
county was also determined by digitizing; 

3) these data were then used with basin-specific, unstratified regression 
equations developed from weighted observations* to predict irrigated 
area within the county; 

4) an estimate of total irrigated area within a given county was formed 
by adding the predicted value of irrigated area within the sample 
frame, obtained in the previous step, to the Landsat-measured irrigated 
area outside the sample fram~; and 

5) standard error was computed for the county, within-sample frame estimate 
of irrigated acreage using the formula for the variance of a predicted 
value. 

The equations necessary to implement this procedure were similar in form 
to those used in the stratified basin estimation problem. These equations are 
presented in Appendix IC. Errors reported in Table 3-7 represent error prim
arily due to sampling and were based on the formula for the sample variance 
of values predicted by regression. That is, since the regression equations 
used to estimate county irrigated proportions were not developed exclusively 
on the given county data set, an additional component of variance (for pred
ication) was added to the usual regression expression for variance. Further
more, errors for county estimates were reported under the assumption that the 
regression estimates of irrigated area were minimally biased. The validity 
of this assumption will be examined during the coming year's evaluation. 

* observations weighted by the area within each sample unit relative 
to the average area within the sample units in the given basin. 
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County error values given in Table 3-7 are cited at the one standard error 
level (i.e. Student's t was set equal to one). Thus the true value of irrigated 
acreage was expected to fall within plus or minus one standard error (for re~ 
gression with prediction) of the estimated value 68 times out of 100 - assuming 
a series of estimates themselves would be distributed normally and centered on 
the true value. As in the case of the basin estimates, no error statement was 
available for irrigated land outside the sample frame. 

/ 
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3.6 RESULTS FROM THE 1979 STATEWIDE INVENTORY OF IRRIGATED LAND 

3.6.1 Basin and State Estimates 

Basin and statewide results from the 1979 California Irrigated Lands 
APT are shown in Tables 3-5a, 3-6a and 3-6b. Table 3-5a presents results in 
terms of estimated irrigated proportions and associated absolute and relative 
errors for the area with the sample frame. Table 3-6a provides corresponding 
results in acres and Table 3-6b gives irrigated acreage totals for areas out
side the sample frame as well as within. All figures reported in these tables 
were based on stratified regression estimation. This was designated the 
primary design for this inventory. 

Inspection of Table 3-5a shows that, statewide, the percentage of land 
within the sample irrigated at least once during 1979 was estimated to be 67.1 
percent. On a basin basis, there was a tendency for lower proportion irrigated 
in the cooler, moister hydrologic units (located in the coastal and northern 
portions of the state). Highest percentages irrigated occurred as expected in 
desert and mid to southern Central Valley areas. 

An absolute measure of irrigated area is provided by the irrigated acre
age figures shown in column A3 of Table 3-6a and in the last column on the 
right in Table 3-6b. Column A3 represents the acreage irrigated in the sample 
frame, while the column cited in Table 3-6b gives the total acreage over areas 
within and outside the sample frame. Reference to the last row shows that the 
within-frame estimate of statewide irrigated acreage was 9.57 million acres. 
Addition of the 'outside' irrigated acreage to that figure brought the total 
estimated statewide irrigated acreage in 1979 to 9.86 million acres, a dif
ference of approximately three percent. 

Estimates of total basin irrigated acreage given in the last column of 
Table 3-6b are seen to range from 47.5 thousand acres in the San Francisco 
hydrologic unit to nearly 3.4 million acres in the Tulare unit. Of the total 
9.86 million acres irrigated statewide, 78.9 percent (7.78 million acres) was 
located in the three basins encompassing the Central Valley. These basins 
were the Sacramento, San Joaquin, and Tulare hydrologic units. The four coast
al basins - North Coast, San Francisco, Central Coast, and South Coast - con
tained 12.1 percent (1.20 million acres) of the total irrigated acreage in the 
state in 1979. The remaining irrigated acreage, 9.0 percent (0.88 million 
acres), was located in the desert/mountain North Lahonton, South Lahonton, and 
Colorado Desert hydrologic basins. 

Inspection of the second numerical column (counting left to right) in 
Table 3-5a shows that in all basins the confidence interval half-width, ex
pressed as a percent of the sample frame, was within plus or minus five per
cent, 95 percent of the time. In fact, the highest absolute error was 3.81 
percent* in the South Lahonton unit and the next highest was 2.88 percent in 
the South Coast basin. Statewide absolute error was, under the assumptions 
presented in the previous section, estimated to be less than or equal to 1.17 
percent of the sample frame 99 times out of 100. 

* only an unstratified estimate was available for the South Lahonton basin. 
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Relative error, expressed as a confidence interval half-width in numerical 
column three of Table 3-5a, was found to exceed plus or minus five percent 
of the estimate at the 95 percent level of confidence in four basins out of ten. 
In three of these cases - San Francisco, Central Coast, and South Coast - the 
estimated relative error did not exceed 6.28 percent for stratified regression. 
Statewide, the 99 percent confidence interval half-width for relative error was 
estimated to be 1.74 percent for stratified regression. 

Column AS of Table 3-6a shows that this statewide error represented 127 
thousand acres at the 95 percent level of confidence. The corresponding value 
at the 99 percent level of confidence was approximately 166,800 acres. It is 
important to emphasize that these error figures were estimated for QD!l the 
irrigated acreage within the sample frame. Error values for the approximately 
three percent of statewide irrigated land outside the sample frame were not 
available. 

Stratified Versus Unstratified Regression Results 

Unstratified regression estimates were prepared and are reported in Table 
3-5b. These results were obtained in order to determine the effect of strat
ification on estimates of irrigated proportion and associated error. 

Comparison of Tables 3-5a and 3-5b shows close aqreement between irrig~ted 
proportion figures, both statewide and for individual basins. The state totals 
differed by only 0.05 percent of sample frame area from each other. Correspond
ing basin estimates differed by no more than one percent of sample frame area. 

Overall, the stratified regression approach produced smaller basin con
fidence interval half-widths (both absolute and relative) in four out of the 
nine basins where both estimates were available. No stratified estimate was 
available for a tenth basin, the South Lahonton, because all sample unit ob
servations had been classified to a single stratum. All values shown for this 
basin were based on unstratified regression estimators. 

In the four basins where stratified regression was superior, significant 
differences in regression slopes or intercepts between two or more strata 
were evident (see Tables 3-11 and 3-12 in the evaluation section). Differences 
between strata regression coefficients were generally much less pronounced in 
the five basins where unstratified regression produced smaller confidence 
interval half-widths. This result is consistent with the commonly accepted 
conditions under which stratified regression is expected to be superior to 
unstratified regression. 

"Two additional factors contributed to the difference between errors re
ported for the stratified and unstratified cases. The first of these was a 
relative gain in precision for the unstratified estimate due to a larger 
number of degrees of freedom than given to the corresponding stratified estimate.* 

* As explained in Appendix IB, degrees of freedom for the stratified case 
will (by equation 28) always fall between the smallest of the terms nh - 2 
and their sum. In contrast, degrees of freedom for the unstratified 

L 
case equaled (~ nh) - 2) a value larger than maximum value for 

h=l 
stratified sampling. Tables 3-32 and 3-33 in the evaluation section present 
the computed degrees of freedom for each estimate of error. 
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For a given size of standard error this meant a smaller Student's t value 
and therefore a narrower confidence interval half-width for the unstratified 
estimate. 

A second factor favoring narrower unstratified confidence intervals 
was a more stable sample unit weighting procedure. Recall that the weight 
assigned to each unstratified observation was determined relative to the 
average area of all sample units in a given basin, while that of stratified 
observations was computed with respect to only the average area within sample 
units occupying a given stratum. Weights based on the latter (stratified) 
procedure should tend to be somewhat more variable than those based on the 
former. More variable weights, in turn, contribute to higher sampling var
iance. 

Even allowing for the considerations cited above, the error performance 
of stratified regression relative to unstratified was considered disappointing. 
In order to determine if some other factor might have limited precision gains 
due to stratification, an examination was made of the method for aggregating 
stratum (x,y) observations to produce unstratified values. The procedure had 
been to simply treat these observations as being obtained from sample units 
allocated in an unstratified, random manner. In effect, the observations were 
defined to represent a single, undifferentiated data set. Unstratified re
gression formulas outlined in Appendices IA and IB were then applied to these 
data to produce the values shown in Table 3-5b. 

If the number of sample units selected from each land use stratum had 
been proportional to the relative size (area) of that stratum, the estimates 
of unstratified sampling error obtained by the procedure described above should 
not be biased.* However, allocation of ground sample units to strata was opt
imal and not proportional in the 1979 inventory. Thus the estimates of un
stratified error reported in Table 3-5b could be either higher or lower than 
those obtained by an 'inherently' unstratified sample. Appendix II presents 
an evaluation of this problem, including a comparison of standard errors com
puted according to the formulas cited earlier versus standard errors predicted 
for an 'inherently' unstratified allocation. 

Table 3-5c gives the estimated 'inherently' unstratified values for ab
solute error in percent. Comparison with Table 3-5b shows that the 'inherently' 
unstratified figures were higher than the original estimates in eight out of 
the nine basins where observations from separate strata had been aggregated 
together. Comparison to Table 3-5a shows the stratified absolute error to be 
less than the corresponding 'inherently' unstratified values in seven of the 
nine basins where a stratified estimate was available. These basins are ident
ified by asterisks in Table 3-5a. Statewide, the stratified estimate of ir
rigated proportion gave a 22 percent reduction in sampling error when compared. 
to the 'inherently' unstratified estimate. 

* Since random selection of units within strata in this manner would tend to 
mimic the random selection of units from an unstratified sampling frame. 

-58-



It appears from this analysis that, in addition to providing separate 
estimates by stratum, the stratified design may give reduction in sampling 
error in some basins and statewide. However, further operational experience 
with this design will be necessary to verify this finding. 

Summary of Results 

Viewing the error estimates as a whole, the original goal of ± five 
percent 95 times out of 100 was met in all ten basins on the basis of absolute 
error and in six out of ten based on relative error.* This conclusion will be 
valid if the assumptions made for regression estimation in the 1979 were. in 
fact, true_ In addition, the relative size (percent) error for measurements 
of irrigated acreage outside the sample frame must be no larger than the with
in frame values. Otherwise, percent errors for the total irrigated land by 
basin will exceed those reported here. 

The same qualifications apply to the statewide estimated errors. Table 
3-5a reports these to be less than two percent at the 99 percent level of 
confidence for both absolute and relative error. Both were less than one 
percent at the 95 percent level of confidence. 

Given the fact that this was a first-time inventory over most of the state, 
the estimated error performance obtained in 1979 should be considered quite 
good. Information gained on sample variance, correlation, and strata perform
ance by basin will allow improved error performance in subsequent inventories 
and reduce the cost to achieve given levels of performance. 

Continuing Evaluation of Results 

An accuracy assessment of the Irrigated Lands APT estimates of irrigated 
land and associated error is presently underway. APT estimates for 1979 are 
being compared with corresponding estimates produced by the California Depart
ment of Water Resources. These DWR figures are based on 1) 'wall-to-wall' 
irrigated land and crop surveys performed by the Department for several coun
ties in 1979, 2) California Agricultural Commissioner reports for 1978 extrapol
ated to 1979, and 3) Crop and Livestock Reporting Service 1978 sample estimates 
extrapolated to 1979. Comparison of acreage estimates is proceeding on a county
by-county basis, seeking to identify sources of error in either source. DWR 
county estimates will then be aggregated into basin and statewide estimates for 
comparison to the figures developed by the Landsat-aided inventory. 

3.6.2 County Estimates 

Table 3-7 displays the county irrigated land estimation results. Pro
portion of the sample frame irrigated was seen to range from zero in several 
counties, located primarily in coastal and mountain areas, to a high of 86 
percent in Imperial County. Many Central Valley counties had within-frame 
irrigated proportions of 75 percent or more, and most were greater than 60 per
cent. 

* Relative error was within 6.3 percent 95 times out of 100 in three of the 
remaining four basins in the case of stratified sampling. 
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Total county irrigated acreage, reported in the column on the right, 
varied widely. Counties having the most irrigated acreage included Fresno 
(1.25 million acres), Kern (.99 million acres), and Tulare (.78 million acres). 
Several others topped 500,000 acres including Imperial, Kings, Merced, and 
San Joaquin counties. The total statewide estimate of irrigated acreage based 
on addition of county totals was 9.85 million acres. This figure compares 
favorably to the statewide estimate of 9.86 million acres reported in Table 
3-6b, the actual difference (7,238 acres) representing less than one tenth of 
one percent of the Table 3-6b value. 

Standard errors ran approximately 5 to 15 percent of the estimated 
irrigated acreage within the sample frames of counties having sizable amounts 
of irrigated land. Standard errors ranging from 20 to 50 percent of the est
imate were not uncommon in counties containing smaller acreages of irrigated 
land. As expected, these county errors were larger than their basin counter
parts. This was due to the fact that 1) the original ground sample was allo
cated to control error at the basin level, not the county level, and 2) the 
county estimates of within-frame irrigated acreage represented predictions 
using the regression equations developed for the basins. When the regression 
estimator is used in a predictive fashion, an extra term must be added to the 
variance formula to account for the variation of observations about the re
gression line. The net result is a larger error interval than would be obtained 
if samples were allocated for precision control at the county level. 

It is recommended that the reported standard errors be used as a guide to 
expected error only when the sample frame contains most of the irrigated land. 
In some counties, primarily those with smaller total irrigated area, the pro
portion of irrigated land found outside the sample frame was large. Since no 
error statement was available for these areas, the reported standard error may 
significantly under estimate the true value. Future surveys may be able to 
include a large portion of these areas within the sample frame, thereby elim
inating this source of uncertainty. 

Table 3-8 illustrates the points made in the previous paragraph. This 
table compares the county acreage estimates obtained in the 1979 inventory 
with those provided by the California DWR. The DWR figures were obtained from 
their own complete area surveys in 1979 for several counties and from extra
polation of 1978 California Agricultural Commissioner and Crop and Livestock 
Reporting Service reports for other counties. The fourth numerical column 
following every county shows the difference between the corresponding irrigated 
acreage estimates as a percent of the DWR estimate. Inspection of this column 
indicates that the percent difference between estimates was within or very near 
to the predicted standard error value for counties having significant amounts 
of irrigated land. However, larger errors than predicted sometimes occurred in 
counties with smaller acreages of irrigated land. 

The comparison shown in Table 3-8 should not be considered final. An 
evaluation during this coming year will seek to identify the source of dif
ferences between county estimates. Since error may be found in either or both, 
final conclusions regarding the performance of the Landsat-aided county est
imation procedure for irrigated acreage must be withheld at present. 

-60-



TABLE 3-8. 

ESTIMATES BY COUNTY DIFFERENCE 
(IN THOUSANDS OF ACRES) (IN THOUSAHDS 

OF ACRES) 

COUNTY DHR APT 

ALAMEDA 14.4 12.3 -2.1 
ALPINE 603 4.9 -1.4 
AMADOR 4.6 8.7 +4.1 
BUTTE 252.6 236.4 -16.2 
CALAVERAS 2.7 1.1 - 1.6 
COLUSA 307.5 312.0 + 4.5 
CONTRA COSTA 58.3 67.2 + 8.9 
DEL NORTE 5.8 8.7 + 2.9 
EL DORADO 7.1 4.2 - 2.9 
FRESNO 1310.8 1252.4 -58.4 

I GLENN 240.0 251.5 +11.5 
C"I 

HUMBOLDT 24.8 28.8 + 4.0 ....... 
I 

IMPERIAL 527.4 515.0 -12.4 
INYO 16.5 13.3 - 3.2 
KERN 991.5 986.0 - 5.5 
KINGS 613.7 556.5 -57.2 
LAKE 16.3 14.6 - 1.7 
LASSEN 80.2 71.7 - 8.5 
Los ANGELES 41.2 32.9 - 8.3 
l·lADERA 353.1 279.3 -73.8 
MARIN .6 .5 - .1 
I1ARIPOSA .8 .3 - .5 
l'lENDOC I NO 21. 7 23.5 + 1.8 
l1ERcED 492.4 587.4 +95.0 
MODOC 172.0 161.9 -10.1 
MONO 36.8 40.8 + 4.0 
f10NTEREY 184.5 235.8 +51.3 
NAPA 18.0 15.5 - 2.5 
NEVADA 11.1 5.0 - 6.1 

COUNTY ESTIMATES 

A COMPARISON OF DHR ESTIMATES WITH APT 
ESTIMATES BASED ON WEIGHTED-UNSTRATIFIED VALUES 

DIFFERENCE 
AS PERCENT 
OF DHR'S 
ESTIt1ATE 

-111.6 ORANGE 21.2 
-22.2 PLACER 42.3 
+89.1 PLUMAS 37.7 
- 6.4 RIVERSIDE 250.0 
-59.3 SACRAMENTO 196.7 
+ 1.5 SAN BENITO 54.2 
+15.3 SAN BERNARDINO 72.1 
+50.0 SAN DIEGO 85.0 
-40.8 SAN FRANC I seo 0.0 
- 4.5 SAN JOAQUIN 573.2 
+ ll.8 SAN LUIS OBISPO 58.4 
+16.1 SAN MATEO 4.8 
- 2.4 SANTA BARBARA 90.9 
-19. ll SANTA CLARA 42.0 
- .6 SANTA CRUZ 24.0 
- 9.3 SHASTA 53.0 
-10.4 SIERRA 16.4 
-10.6 SISKIYOU 196.0 
-20.1 SOLANO 179.6 
-20.9 SONOMA ·35.0 
-16.7 STANISLAUS 402.0 
-62.5 SUTTER 298.6 
+ 8.3 TEHAMA 97.2 
+19.3 TRINITY 1.4 
- 5.9 TULARE 710.9 
+10.9 TUOLUMNE 2.9 
+27.8 VENTURA 111.9 
-13.9 YOLO 327.0 
-55.0 YUBA 97.9 

STATE 9894.2 

13.5 
,'6.5 
13.7 

249.6 
224.6 
48.6 
68.1 
73.0 
0.0 

539.9 
66.8 
3.0 

79.7 
27.9 
24.4 
63.9 
19.8 

208.7 
179.1 
29.5 

409.2 
285.8 
114.0 

.8 
776.1 

.6 
101.7 
337.5 
93.3 

9852.5 

-2.7 -12.]" 
+24.2 +57.2 
-24.0 -63.7 
- '/1 - .2 
+27.9 +14.2 
- 5.6 -10.3 
- 4.0 - 5.5 
-12.0 -111.1 

-33.3 -5.8 
+ 8.4 +14.l! 
- 1.8 -37.5 
-11.2 -12.3 
-14.1 -33.6 
+ .4 + 1.7 
+10.9 +20.6 
+ 3.4 +20.7 
+12.7 +6.5 
- .5 - .3 
- 5.5 -15.7 
+ 7.2 + 1.8 
-12.8 - ll.3 

+16.8 +17.3 
- .6 -lf2.9 
+65.2 + 9.2 
- 2.3 -79.3 
-10.2 - 9.1 
+10.5 + 3.2 
- 4.6 - 4.7 

-41.7 - 0.4 



3.7 EVALUATION OF THE 1979 IRRIGATED LANDS ESTIMATION PROCEDURE 

3.7.1 Evaluation of Differences Among Strata 

Analysis of Variance 

One of the major test and evaluation objectives of the 1979 irrigated lands 
inventory was to determine whether the relationship between Landsat measurements 
(X) and ground measurements (Y) varied significantly between different land use 
strata. Stratified sampling will give lower basin-wide standard error than un
stratified sampling when there are significant differences between strata re
gression slopes or intercepts. In addition, stratum-specific estimates of 
irrigated area will be biased if an unstratified estimator is used when strata 
regression coefficients differ significantly. 

An analysis of variance was performed to obtain a measure of statistical 
difference between regression coefficients. Three hypotheses were tested. These 
were 

Hl bh = bk for all h,k (i.e. all strata regression slopes are equal 
withi n a given basin), 

H2 ah = ak for all h,k (i.e. all strata regression intercepts are equal 
withi n a given basin), and 

H3 bh = bk and ah = ak (i.e. all strata slopes are equal and all strata 
intercepts are equal in a given basin). 

for all h,k 

To test these hypotheses, four models relating ground to Landsat measurements 
were formulated. The first, Model 0, expressed Y as a linear (regression) 
function of Landsat X plus a term for error about the regression line, where 
both the intercept and slope were allowed to vary between strata. That is 

where 

(Model 0) 

= ground measurement (irrigated proportion) in sample 
unit i of land use stratum h, 

= Landsat measurement of irrigated proportion in sample 
unit i of stratum h, 

ah = regression line intercept in stratum h, 

bh = regression line slope in stratum h, and 

ehi = term for error (=Yhi - (a h + bhX hi ) ) about the 
regression line in sample unit i of stratum h. 
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A second model was defined for the case where all strata slopes were assumed 
to be constant in a given basin. Thus 

(Modell) 

In a similar fashion, a model appropriate to the case where all intercepts were 
constant was defined by 

Yhi = a + bhx hi + ehi (Model 2) 

Finally, a model for the case where both the slope and intercept were assumed 
to be constant for all strata in a given basin was given by 

(Model 3) 

An additional assumption in each model above was that the ehi were independent 
of one another and were each distributed according to a normal distribution with 

2 
a mean of zero and a constant variance of cr . 

A test of hypotheses 1, 2, and 3 was then performed by comparing, through 
a one-way analysis of variance, Model 0 with alternative Models 1, 2, and 3 
respectively. An F statistic, a measure of the difference in residual* var
iation about the regression line for one model versus another, was constructed** 
for each of the three model comparisons. Differences in residual variation bet
ween the models were due to the assumption that one or both of the regression 
coefficients were equal across land use strata in a given basin. The F value 
calculated in this manner was referred to tabulated percentage points of the 
F-distribution. The hypothesis in question was rejected if the table showed 
that the probability of obtaining the calculated F value under the assumption 
that the hypothesis was true was less than or equal to .05. 

Table 3-9 summarizes the calculated F statistics for each basin assoc
iated with the tests of hypotheses 1, 2, and 3. The degrees of freedom (df) 
used to locate the proper tabulated F value are also qiven there. Two entries 
for df are given: the first vl = no. of strata minlJs one, and the second 
v2 = no. of ground sample units in the basin minus the number of strata. 

* A residual was defined to be the difference between an observed Yi and the 

corresponding regression line estimated value Yi for a given value of xi' 

~*where F = 

(sum of squares for error for Model ,1 ,2. or3) - (sum of sguares for error Model 0) 

Difference in degrees of freedom between models 

mean square for error for Model 0 

-63-



Inspection of the right-most column in Table 3-9 shows which hypotheses 
were rejected at the five percent level of significance in the various basins. 
Thus, differences among slopes were found to be statistically significant at 
the five percent level in only the North Coast and San Francisco hydrologic 
basins. Differences among intercepts were seen to be significant in the San 
Francisco and Central Coast basins. When hypotheses of both constant slopes 
and constant intercepts were considered, rejection occurred in the three basins 
mentioned above plus the Tulare unit. 

In order to identify which regression coefficients were causing rejection 
of the hypotheses, contrasts (differences) were formed between pairs of strata 

. slope or pairs of intercept values and these were then evaluated for statistical 
significance. The Scheffe method for simultaneous confidence intervals was used 
to establish this significance. This method tests whether the difference between 
the two slopes (or intercepts) under question is significantly different than 
zero; if the confidence interval about the difference did not include zero then 
the hypothesis of no difference between the two strata coefficients was rejected 
at the given level of statistical significance. The rejection level chosen for 
these pairwise tests was again five percent. Table 3-10 summarizes the results 
for tests of difference between regression slopes in the North Coast and San 
Francisco basins. 

The results shown in Table 3-10 can be related to the values of the slope 
c0efficients for each basin (shown in Table 3-11). For example, the small slope 
reported for stratum 5 in the North Coast was found to be significantly different 
from both the slope in stratum 2 and the slope in stratum 3, but the latter were 
not different from each other or that of stratum 1. Similarly, the low slope in 
stratum 4 of the San Francisco unit relative to that of stratum 3 caused rejection 
of the hypothesis of equal slopes. 

Construction of Scheffe confidence intervals for regression intercepts showed 
that only those contrasts involving stratum 4 in the San Francisco hydrologic unit 
and stratum 3 in the Central Coast unit were declared significant at the .05 level. 
Table 3-12 lists the regression intercepts by basin. Intercepts in the two strata 
just mentioned are clearly much larger than their counterparts in other strata. 
Inspection of Tables 3-11 and 3-12 indicates that both the slope and intercept in 
stratum 1 of the Tulare basins were probably responsible for the rejection of H3 
in that hydrologic unit. 

The statistical tests of difference between regression coefficients described 
above do not, however~ provide a complete picture of between stratum differences. 
They identify only the most significant contrasts. The relative importance of 
differences in slope and intercept must be judged in the larger context of their 
overall impact on the basin-wide estimate of irrigated area and the associated 
estimate of error. Important factors to consider in this regard include l} the 
relative area in each stratum, 2} the relative dispersion of observations around 
the regression line in each stratum (summarized in the form of an (X,V) correl
ation coefficient, and their pattern of dispersion*, 3) the proportion of land 
irrigated in each stratum, and 4} the sample size in each stratum. For example, 
if a stratum had little area and was only moderately irrigated, it might have 
little impact on estimated error even if its regression coefficients differed 

* including l} the shape of the X,V distribution as a whole, 2} the resulting 
pattern of residuals about the regression line, and 3) the distribution of 
residuals with respect to the size (area) of sample unit 
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Table 3-9: Resulting F Statistics from ANOVA for Hypothesis HI' H2 , and H3 

HI: Model o vs Model 1: 

North Coast F = 6.485 i: d.f. = 3,41 
San Francisco F = 3.238i( d.f. = 4,46 
Central Coast F = .672 d.f. = 5,67 
South Coast F = .357 d.f. = 5,69 
Colorado D. F = .168 d.f. = 3,50 
South Lahonton - ----- = 
North Lahonton - F = .699 d.f. = 1,33 
Sacramento F = 1.188 d.f. 5,60 
San Joaquin F = 1. 223 d.f. = 5,64 
Tulare F = .821 d.f. = 3,57 

H2 : Model o vs Model 2 : 

North Coast F = .955 d.f. = 3,41 
San Francisco F = 3.464* d.f. 4,46 
Central Coast F = 2.833';'( d.f. = 5,67 
South Coast F = .187 d.f. = 5,69 
Colorado D. F = .653 d.f. = 3,50 
South Lahonton -
North Lahonton - F 1. 816 d.f. 1,33 
Sacramento F = .767 d.f. = 5,60 
San Joaquin F = .576 d.f. = 5,64 
Tulare F = .219 d.f. = 3,57 

H3: Model o vs Model 3: 

North Coast F = 4.148 d.f. = 6,41 
San Francisco F = 2.180 d.f. = 8,46 
Central Coast F = 3.150 d.f. = 10,67 
South Coast F = .678 d.f. = 10,69 
Colorado D. F = 1. 775 d.f. = 6,50 
South Lahonton - ----- -----
North Lahonton F = 1.139 d.f. = 2,33 
Sacramento F = .927 d.f. = 10,60 
San Joaquin F = .856 d.f. = 10,64 
Tulare F = 2.585* d.f. = 6,57 

''''Hypothesis of no significant differencerej ected at (l =,05 
significance level; i.e. if hypothesis in question was true, 
the observed values for the regression coefficients would 
only occur less than or equal to 5 times in 100 trials - an 
event that would not support the hypothesis of no significant 
difference. 
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TABLE 3-10. 
/ 

Results for Scheffe Tests of Difference 
Between Regression Slopes** 

North Coast: S2 = d·F a;d,n-r 
= 3F so S ~ 2.919 

.05;3,41 

Stratum Slope 95% Confidence Interval 
Pair Difference Bounds 
i,j S. -s· 1. J var(s.-s.) 1. J Lower 

1,2 .02665 14.42131 -11. 058 
1,4 .14126 14.40935 -10.939 
1,5 .49147 14.41359 -10.590 
2,4 .11461 .01490 .242 

* 2,5 .46482 .01914 .061 
~I~ 4,5 .35021 .00718 .103 " 

San Francisco: S2 = 4F .05;4,46 so S == 3.225 

1,2 .20339 14.57468 -12.108 
1,3 .06439 14.56028 -12.241 
1,4 .81463 14.58922 -11. 503 
1,5 .23452 14.55941 -12.071 
2,3 -.13900 .02940 .692 
2,4 .61124 .05834 .168 
2,5 .03113 .02853 .514 

j'~ 3,4 .75024 .04394 .074 
3,5 .17013 .01413 .213 
4,5 -.58011 .04307 - 1. 249 

* 95 percent confidence does not cover or1.g1.n, so hypothesis of no 
significant difference between slopes is rejected at the a = .05 
significance level. 

,;h~Scheffe tests for contrasts among S' s for cases (North Coast & 
San Francisco) where F-test rejected (a = .05) H : Si = Sj for all 
i,j (Model 0 vs. Modell). 
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Table 3-11. Stratum specific regression coefficients (slopes) by basin. 

Stratum Stratum Stratum Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 5 6 7 Strata 

North Coast 1. 15704 1.12994 ------ 1.01535 .66512 ------ ------ ------

San Francisco 1.07466 .87125 1.01024 .25999 . 84011 ------ ------ ------

I Central Coast 1.18087 1.00293 . 88619 1.00307 ------ .96214 1.08628 ------
0"1 
........ 
I South Coast 1.66812 1.16774 1.05261 1 . 08444 1 . 08301 ------ 1.24437 ------

Colorado Desert ------ ------ ------ 1.02018 1 .06329 1 .04550 1.05981 ------

South Lahontan ------ ------ ------ ------ ------ ------ ------ 1.01276 

North Lahontan ------ .86718 ------ .96226 ------ ------ ------ ------

Sacramento .71822 .77358 ------ .92217 .91926 .98465 1.12657 ------

San Joaquin 1. 19883 .87839 .92879 .87361 .87616 .98050 ------ ------

Tulare .82957 ------ ------ .99478 .85035 .93739 ------ ------, 



Table 3-12. Stratum specific regression coefficients (intercept) by basin. 

Stratum Stratum Stratum Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 5 6 7 Strata 

North Coast -.00252 -.00314 ------ -.00078 .05955 ------ ------ ------

San Francisco -.00003 . 10773 -.01338 .22019 .07198 ------ ------ ------

Central Coast -.00211 .01121 . 13282 -.03373 ------ .02657 .00461 ------I 
0'1 
co 

South Coast -.00939 .03526 -.03146 .05243 .02061 -.02321 I ------ ------

Colorado Desert ------ ------ ------ -.01468 -.00329 .03503 .01557 ------

South Lahontan ------ ------ ------ ------ ------ ------ ------ -.00418 

North Lahontan ------ . 11668 ------ .01837 ------ ------ ------ ------

Sacramento .03807 .14329 ------ .02478 .03804 -.00073 . 00694 ------

San Joaquin -.00802 .05844 .04166 .07735 .15221 .00863 ------ ------

Tulare -.06613 ------- ----- .00068 . 03058 .03827 ------ ------



significantly from those of other strata in the.same basin. A measure of this 
impact would be the estimated stratum standard error computed according to 
Equation 21 or 22 of Appendix lB. Yet even inspection of standard errors must 
be tempored by consideration of the sample size used to compute both that error 
and the underlying regression coefficients in the first place. Larger stratum 
sample size might stabilize regression coefficients at different values as well 
as reduce estimated sampling error. 

Clearly, the problem of determining the real significance of differences 
in X,Y relationships between strata is not simple. Decisions regarding the 
'effective ' importance of differences and resulting recommendations regarding 
which strata to keep must be made relative to the objectives of the inventory. 
If only basin-wide estimates are of importance, if simplicity in conduct of 
the inventory is desired, and if the presence of strata do not significantly 
decrease basin-wide standard error, then an unstratified design is to be pre
ferred. On the other hand, even if difference in basin error is negligable, 
a requirement for within-stratum estimation would necessitate a stratified 
design. 

Supplementary Analysis of Differences Between 
Stratum Statistics 

A number of statistics were calculated in order to more completely evaluate 
the difference between the seven major land use strata. These statistics, sum
marized in the following tables, were developed for the case of stratified reg
ression estimation with weighted sample unit observations described earlier. In 
addition to the stratum-specific regression coefficients given in Tables 3-11 
and 3-12, the list includes: 

Table 3-13 - estimate of proportion irrigated in each stratum 
by equation B, 

Table 3-14 - estimate of standard error in each stratum as a percent of 
percent of the sample frame by equations 17 and lB, 

Table 3-15 - estimate of the square of (X,Y) correlation by 
stratum, 

Table 3-16 - stratum weights, i.e. the relative proportion of 
total basin area in each stratum, 

Table 3-17 - ground sample size in each stratum, 

Table 3-1B - stratum sample unit population size, i.e., the 
total number of sample units in each stratum in 
a given basin, 

Table 3-19 - estimated irrigated acreage in each stratum from 
the expression inside the summation sign in equation 9, 

Table 3-20 - estimated standard error in acres in each stratum from 
the expression inside the summation sign in equation 19 
times the square of the area in the given stratum, 
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Table 3-21 - estimated coefficient of variation (QV) for each 
stratum, where CV = 100 times Table 3-14 value 
divided by Table 3-13 value, and 

Table 3-22 - estimated 95 percent confidence interval ha1f
width by stratum (equal to Table 3-21 value times 
Student's-t with df = nh - 2). 

Examination of regression coefficient values in light of this information, 
especially stratum weights, irrigated proportions and standard errors, cor
relation, and sample size, lead to several observations: 

1) Stratum 1 slope tended to differ from those of other strata in several 
basins. This appeared to be due to low proportion irrigated.smal1 samole 
size, and resulting difficulty in establishing a stahle regression line:. 

2) At least one stratum was found to be significantly different from others 
in the three northern-most coastal basins: 

a) Stratum 5 in the North Coast unit gave a low slope indicating a 
tendency for Landsat over-estimation of irrigated land. Exam
ination of the plot in Figure 3-10 shows that this did not occur 
in all sample units. A preliminary analysis (discussed in the 
next section) indicated that error here was due to the difficulty 
of determining from tandsat imagery whether orchards or vineyards 
were irrigated. As this stratum represented 20 percent of the 
sample area for the North Coast basin, its maintenance as a 
distinct stratum seems to be advisable; 

b) Stratum 4 in the San Francisco unit gave both slope and intercept 
significantly different from other strata. Landsat-to-ground 
correlation was extremely low (.52). reflected in the fact that 
the regression line itself was nearly flat. However. the hig~ 
intercept and low slope were largely due to one outlier observation*. 
Otherwise. the Landsat measurements in stratum 4 tended to over
estimate. rather than under-estimate ground proportion irrigated. 
(See Figure 3-11) Since this stratum occupies only seven percent 
of the sample frame. it would be desirable from a sampling stand
point to combine stratum 4 with other strata. Successful com
bination would. however. depend upon a careful review of the 
reasons for error in stratum 4 and an analysis of the reoccurring 
impact of this stratum on the error associated with a combined 
stratum estimate. Ideally. this year's evaluation will identify 
the sources of Landsat measurement error in stratum 4 leading to a 
minimization of this problem in future inventories. A decision 
to combine strata must also be weighed against the possibility of 
increasing bias in stratum-specific estimates when these are 

* A single observation can have significant impact on the location of a 
regression line at low sample size. In this case, one observation havi~g a 
high weighted Landsat proportion irrigated pulled the regression line down 
and the intercept up. The sample size was seven. 
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desirable (e.g. for county prediction); 

c) Stratum 3 in the Central Coast unit had an intercept significantly 
higher than others in that basin. This appears to have been 
due to the difficulty in detecting young vineyards on Landsat 
imagery. 

This error manifested itself in several low to medium proportion 
irrigated sample units (see Figure 3-12), thereby pulling the 
intercept up and the slope down. Thus, contrary to the impression 
given by the slope, Landsat over-estimation generally did not occur 
in this stratum. With this understanding in mind, combination of 
this stratum with other field crop strata would appear feasible. 

3) Apparent, though not statistically significant, differences did occur 
in other strata. For example, in the South Coast the slope for stratum 
2 differed from the slopes for other field crop strata. This was also 
true for the field crop strata in the Sacramento basin. A relatively 
high intercept was also obtained for stratum 2 in the Sacramento 
unit. The proportion of sample unit area in stratum 2 was not large 
in either basin, being 13 percent in the South Coast and 8.3 percent 
in the Sacramento basin. Combination with other strata appears to be 
feasible. 

4) Though statistically insignificant, stratum 7 tended to have a higher 
slope than either the field crop or orchard strata. Inspection of Y 
versus X plots showed this was often due to one or two outlier obser
vations, though there did seem to be a slight tendency to under-estimate 
irrigated acreage. This tendency was expected given the diversity of 
land use patterns occurring in stratum 7 and the attendant difficulty 
in detecting some irrigated fields. 

Combination of Strata 

Looking at the strata results as a whole, it appears that combination of 
strata is possible. The field crop strata (2,3,4), originally distinguished on 
the basis of field size and irrigated proportion, did not appear to be distinct 
enough statistically to justify separate sample allocation or estimation. Possible 
exceptions to this statement were found in the San Francisco and Central Coast 
basins. However. even in these cases. combination of field crop strata appears 
feasible due to the relatively small area occupied and the potential for reduction 
of Landsat interpretation error in future surveys. Combination of the orchard and 
vineyard strata (5 and 6) also appears to be justified. No significant differences 
occurred between these strata when they appeared together. 

In order to examine the characteristics of a sampling system based on combined 
strata, sample observations from the 1979 inventory were combined according to the 
strategy suggested above. The resulting design consisted of four strata. Strata 
1 and 4 in this alternative system represented the old strata 1 and 7 respectively. 
Irrigated proportion and land use pecularities particular to these strata, and the 
resulting potential for regression line dissimilarity indicated their retention as 
separate strata. The new stratum 2 included the old field crop strata 2, 3, and 4. 
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Table 3-13. Stratum specific estimated irrigated proportions for the regression with 
factor 5 model. 

Stratum Stratum Stratum Stratum Stratum Stratum Stratum 
Basin 1 2 3 4 5 6 7 

North Coast .00798 .21113 ------ .67396 . 27509 ------ ------

San Francisco .00243 .51289 .34070 .28836 .42541 ------ ------

Central Coast .02720 .34778 .71218 .46554 ------ .40857 .27636 

South Coast .14877 .56574 .54253 .43472 .58444 ------ .42603 

Colorado Desert ------ ------ ------ .83780 .45308 .77228 .16097 

South Lahontan ------ ------ ------ ------ ------ ------ ------

North Lahontan ------ .49251 ------ .60926 ------ ------ ------

Sacramento . 11172 .49514 ------ . 80795 .84907 .80352 . 18216 

San Joaquin .24434 .69949 .76775 .76142 .91143 .83626 ------

Tulare .22866 ------ ------ .83807 . 81983 .79309 ------

All 
Strata 

------

------

------

------

------

.27383 

------

------

------

------



Table 3-14. Stratum specific standard errors by basin (for regression with factor 5). 

Stratum Stratum Stratum Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 5 6 7 Strata 

North Coast .00386 .00935 ------ .01217 .02690 ------ ------ ------
San Francisco .00082 .03606 .01290 . 01260 .01728 ------ ------ ------

I Central Coast .00845 .01736 .02504 .01402 ------ .00685 . 01638 ------....... 
O'l 
I 

South Coast .02718 .02940 .01228 .06300 .02470 ------ .05035 ------
Colorado Desert ------ ------ ------ .00770 .01835 .01326 .00570 ------

South Lahontan ------ ------ ------ ------ ------ ------ ------ .01868 

North Lahontan ------ .02590 ------ .01496 ------ ------ ------ ------

Sacramento .02094 .04055 ------ .01154 .01053 .02308 .02005 ------
San Joaquin .07732 .03301 .07576 .01568 .02687 .02133 ------ ------
Tulare .12756 ------ ------ .01143 .01779 .02152 ------ ------



Table 3-15. Stratum specific correlations (r-squared) by basin. 

Stratum Stratum Stratum Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 5 6 7 Strata 

North Coast .63539 .99353 ------ . 97328 .78615 ------ ------ ------

San Francisco .65395 .93971 .94151 .27521 .77777 ------ ------ ------
I Central Coast .80274 .93563 .89170 .99360 ------ .99799 .95985 ------...... 

...... 
I South Coast .70659 .85953 .99370 .46772 .90461 .66180 ------ ------

Colorado Desert ------ ------ ------ .97265 .98967 .99480 .97127 ------

South Lahontan ------ ------ ------ ------ ------ ------ ------ . ',8344 

North Lahontan ------ .84469 ------ .94865 ------ ------ ------ ------

Sacramento .86876 .80802 ------ .97178 .99903 .9975" .76432 ------

San Joaquin .85171 .97235 . 92251 .94077 .98507 .96010 ------ ------

Tulare .34735 ------ ------ .95386 .99403 . 95887 ------ ------



Table 3-16. Stratum weights by basin. 

Stratum Stratum Stratum Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 5 6 7 Strata 

North Coast .03454 .07292 ------ .68697 .20557 ------ ------ ------

San Francisco .44406 .03675 .14115 .07532 .30272 ------ ------ ------
Central Coast .48399 .03898 . 32005 .08047 ------ .04389 .03262 ------

I 

'" CD South Coast . 19413 • 13041 . 14428 . 14415 .31175 .07528 I ------ ------

Colorado Desert ------ ------ ------ .88490 .01453 .09378 .00679 ------

South Lahontan ------ ------ ------ ------ ------ ------ ------ 1.00000 

North Lahontan ------ • 18842 ------ .81158 ------ ------ ------ ------

Sacramento . 13820 .08331 ------ .66369 .03693 .02469 .05317 ------

San Joaquin .05663 .01798 .04362 .70035 .03871 . 14270 ------ ------

Tulare .01868 ------ ------ .81368 .04626 . 12138 ------ ------



Table 3-17. Stratum specific sample sizes by basin. 

Stratum Stratum Stratum Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 5 6 7 Strata 

North Coast 4 6 27 12 49 

San Francisco 19 4 1 1 7 15 56 

Central Coast 26 7 28 7 5 79 
I 
'-I 
1.0 South Coast 10 18 9 11 25 6 81 I 

Colorado Desert 42 4 8 4 58 

South Lahontan 33 

North Lahontan 12 25 37 

Sacramento 8 10 39 5 4 6 72 

San Joaquin 6 4 4 43 5 14 76 

Tulare 4 46 5 10 65 



Table 3-18. Stratum specific population sizes by basin. 

Stratum Stratum Stratum Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 5 6 7 Strata 

North Coast 7 17 176 55 255 

San Francisco 44 7 14 8 19 92 

Central Coast 287 29 1 81 47 19 20 583 
I 
co 
a South Coast 63 51 26 42 89 25 296 I 

Colorado Desert 263 7 39 5 314 

South Lahontan 115 

North Lahontan 20 64 84 

Sacramento 212 150 951 60 47 73 1493 

San Joaquin 93 28 51 769 42 201 1184 

Tulare 45 1294 58 1 91 1588 



Table 3-19. Stratum specific estimated irrigated acres for the regression model. 

Stratum Stratum Stratum Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 5 6 7 Strata 

North Coast 165 9235 ------ 277745 33925 ------ ------ 321070 

San Francisco 207 3612 9217 4162 24681 ------ ------ 41880 

Central Coast 18167 18709 314555 51700 ------ 24748 12442 440321 

I South Coast 17295 44183 46878 37529 109115 ------ 19205 274205 
ex> ...... 
I 

Colorado Desert 606611 5387 59258 895 672150 ------ ------ ------

South Lahontan ------ ------ ------ ------ ------ ------ ------ 64522 

North Lahontan ------ 16282 ------ 86757 ------ ------ ------ 103039 

Sacramento 52317 139783 ------ 1817003 106254 67215 32821 2215392 

San Joaquin 38591 35081 93407 1487225 98387 332819 ------ 2085511 

Tulare 17431 ------ ------ 2782438 154753 392784 ------ 3347406 

State 144173 266886 464056 7151169 532501 876824 65363 9565494 



I 
ex> 
N 
I 

Table 3-20. Standard errors in acres by stratum and basin for th regression withfactor 
5 model. 

Stratum Stratum Stratum Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 5 6 7 Strata 

North Coast 80 409 ------ 5015 3317 ------ ------ 6028 

San Francisco 70 254 349 182 1003 ------ ------ 1109 

Central Coast 5644 934 11060 1557 ------ 415 737 12577 

South Coast 3160 2296 1061 5439 4611 ------ 2270 8508 

Colorado Desert ------ ------ ------ 5575 218 1017 32 5672 

South Lahontan ------ ------ ------ ------ ------ ------ ------ 4402 

North Lahontan ------ 856 ------ 2130 ------ ------ ------ 2296 

Sacramento 9806 11448 ------ 25952 1318 1931 3612 30319 

San Joaquin 12212 1656 9217 30627 2901 8489 ------ 35430 

Tulare 9724 ------ ------ 37948 3358 10658 ------ 40737 

State 19537 11870 14440 56075 7399 13805 4330 64490 



I 
ex> 
w 
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Table 3-21. Stratum specific coefficients of variation for the regression with 
factor 5 model. 

Stratum Stratum Stratum Stratum Stratum Stratum Stratum 
Basin 1 2 3 4 5 6 7 

North Coast 48.37 4.43 1. 81 9.78 

San Francisco 33.74 7.03 3.79 4. 37 4.06 

Central Coast 31.07 4.99 3.52 3.01 1. 68 

South Coast 18.27 5.20 2.26 14. 49 4.23 11 . 82 

Colorado Desert 0.92 4.05 1. 72 3.54 

South Lahontan 

North Lahontan 5.26 2.46 

Sacramento 18.74 8. 19 1. 43 1. 24 2.87 11 . 01 

San Joaquin 31.64 4.72 9.87 2.06 2.95 2.55 

Tulare 55.79 1. 36 2. 17 2.71 



I 
co 
+:. 
I 

Table 3-22. Stratum specific estimated 95 percent confidence interval 
half-width in ,acres 

Stratum Stratum Stratum Stratum Stratum Stratum 
Basin 1 2 3 4 5 6 

North Coast 208. 13 12.30 3.72 21.79 

San Francisco 71 . 19 30.25 8.57 10.96 8.78 

Central Coast 64. 12 12.52 7.23 7.55 5.34 

South Coast 42. 13 11 . 02 5.35 32.29 8.74 

Colorado Desert 1. 86 17.43 4.20 

South Lahontan 

North Lahontan 11 . 72 5.08 

Sacramento 45.86 1 8. 89 . 2.89 3.95 12. 36 

San Joaquin 87.86 20.31 42.46 4. 16 9.38 5.56 

Tulare 240.03 2.75 6. 91 6.26 

Stratum 
7 

28.92 

15.24 

30.56 



Orchard and vineyard strata were combined to form the new stratum 3. Statistics 
corresponding to those presented in Tables 3-11 through 3-18 were generated for 
the new stratified sampling scheme and are shown in Tables 3-23 through 3-30. 
Stratum estimates of irrigated proportion and variance were obtained using the 
formulas for stratified regression presented earlier. Observation weights were 
again based on the size of the sample unit relative to the average size of sample 
units over all units in the given stratum. 

Review of these tables for the four strata case shows that X,Y correlation 
in the new strata 2 and 3 was generally higher than average correlation among 
strata that were combined. However, combined strata correlation was in some 
cases somewhat lower than that obtained in original strata. Combined strata 
standard errors tended to be no larger, and in many cases smaller, than those 
obtained for the original strata. Regression slopes in new strata 2 and 3 tended 
to stabilize in the range of .9 to 1.1 and intercepts in the range -.02 to .08. 
In only two cases were stratum sample sizes, after combination, less than 10 units. 
Problems of small population size in some basins were reduced as well. Low pop
ulation size remained a problem in stratum 1 of the North Coast and in the new 
stratum 4 of the Central Coast, South Coast, and Colorado Desert basins. 

From the standpoint of minimizing hydrologic basin estimate error, the 
performance of the four strata design relative to that of the seven strata and 
unstratified designs is shown in Table 3-31. There it can be seen that differences 
in standard error between the stratified and unstratified designs tended to be 
small, with the exception of the three northern-most coastal basins. The same was 
true with respect to the 95 percent confidence interval half-widths. Of the two 
stratified designs, the four strata scheme tended to give somewhat lower estimated 
error. 

Conclusions Regarding Stratification 

Thus, on the basis of estimated error, no one strategy for stratification 
appears to be consistently superior. Reductions in estimated variance due to 
stratification generally occurred when significant differences in the size of 
regression coefficients occurred between strata. This was especially evident in 
the coastal basins. Elsewhere, gains in basin-wide precision were not found to 
be significant.* It would seem attractive to argue that stratification should be 
applied where the difference in estimated basin-wide error justified it. Other
wise, stratification should not be required, thereby simplifying sample allocation, 
Landsat interpretation and irrigated land estimation. 

* A more recent study, however, suggests that gains due to stratification may 
in fact be possible in the Colorado Desert, Sacramento, and San Joaquin basins. 
These results, reported in Appendix II, were obtained when unstratified sampling 
error was adjusted for type of sample allocation used in 1979. 
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Table 3-23. Stratum specific regression coefficients (slopes) by basin for 
the combined strata. 

Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 Strata 

North Coast 1. 15704 1.02000 .66512 ------ ------

San Francisco 1.07466 .88723 . 84011 ------ ------

Central Coast 1 . 18087 .92868 .96214 1 .08628 ------

South Coast 1.66812 1.00234 1.08301 1 .24437 ------

Colorado Desert ------ 1.02018 1 . 0561 8 1 .05981 ------

South Lahontan ------ ------ ------ ------ 1.01276 

North Lahontan ------ .94382 ------ ------ ------

Sacramento .71822 .91061 .94781 1.12657 ------

San Joaquin 1.19883 .87829 .95794 ------ ------

Tulare .82957 .99478 .87537 ------ ------
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Table 3-24. Stratum specific regression coefficients (intercepts) by basin 
for the combined strata. 

Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 Strata 

North Coast -.00252 . 00082 .05955 ------ ------

San Francisco -.00003 .04708 .07198 ------ ------

Central Coast - . 0021 1 .07961 .02657 .00461 ------
South Coast -.00939 .05421 .02061 -.02321 ------

Colorado Desert ------ -.01468 .02007 .01557 ------

South Lahontan ------ ------ ------ ------ -.00418 

North Lahontan ------ .03981 ------ ------ ------

Sacramento .03807 .03725 .03034 .00694 ------

San Joaquin -.00802 .07240 .04432 ------ ------

Tulare -.06613 .00068 .05704 ------ ------



I 
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Table 3-25. Stratum specific estimated irrigated proportions for the regression 
with factor 5 model where strata 2,3,and 4 and strata 5 and 6 are 
combined. 

Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 Strata 

North Coast .00798 .63217 .27509 ------ ------

San Francisco .00243 .34997 .42541 ------ ------

Central Coast .02720 .63402 .40857 .27636 ------

South Coast .14877 .50589 .58444 .42603 ------

Colorado Desert ------ . 83780 .72575 .16097 ------

South Lahontan ------ ------ ------ ------ .27383 

North Lahontan ------ .58725 ------ ------ ------

Sacramento .11172 .77055 .84170 . 18216 ------

San Joaquin .24434 .75897 .85749 ------ ------

Tulare .22866 .83807 .79161 ------ ------



Table 3-26. Stratum specific standard errors by basin for the combined strata. 
Regression with factor 5 estimator. 

Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 Strata 

North Coast .00386 .01045 .02690 ------ ------

San Franc isco .00082 .01295 .01728 ------ ------

Central Coast .00845 .01848 .00685 . 01638 ------I 
co 
~ 

South Coast .02718 .01570 .02470 .05035 I ------

Colorado Desert ------ .00770 .00162 .00570 ------

South Lahontan ------ ------ ------ ------ .01868 

North Lahontan ------ • 01207 ------ ------ ------

Sacramento .02094 .01102 .01074 .02005 ------

San Joaquin .07732 .01409 .01871 ------ ------

Tulare . 12756 .01143 .01699 ------ ------



Table 3-27. Stratum specific correlations (r squared) for the combined strata. 

Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 Strata 

North Coast .63539 .97664 .78615 ------ ------

San Francisco .65395 .84616 .77777 ------ ------
I Central Coast .80274 . 911 95 .99799 .95985 ------1.0 

0 
I 

South Coast .70659 .95383 .90461 .66180 ------
Colorado Desert ------ . 97265 . 99276 .97127 ------

South Lahontan ------ ------ ------ ------ .78344 

North Lahontan ------ .93665 ------ ------ ------

Sacramento .86876 .96463 .99753 .76432 ------

San Joaquin .85171 .93992 .96675 ------ ------

Tulare .34735 .95386 . 96692 ------ ------



Table 3-28. Stratum specific weights for the combined strata. 

Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 Strata 

North Coast .03454 .75989 .20557 ------ ------

San Francisco .44406 .25322 .30272 ------ ------
I Central Coast .48399 .43950 .04389 .03262 ------1.0 

--' 
I 

South Coast .19413 .41884 .31175 .07528 ------

Colorado Desert ------ .88490 .10831 .00679 ------

South Lahontan ------ ------ ------ ------ 1 . 00000 

North Lahontan ------ 1 .00000 ------ ------ ------

Sacramento • 13820 .74700 .06162 .05317 ------

San Joaquin .05663 . 76195 .18141 ------ ------

Tulare .01868 .81368 . 16764 ------ ------



Table 3-29. Stratum specific sample sizes for the combined strata. 

Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 Strata 

North Coast 4 33 12 49 

San Francisco 19 22 15 56 

Central Coast 26 42 5 20 79 
I 

1.0 
N South Coast 10 38 25 25 81 
I 

Colorado Desert 42 12 5 58 

South Lahontan 33 

North Lahontan 37 37 

Sacramento 8 49 9 6 72 

San Joaquin 6 51 19 76 

Tulare 4 46 15 65 



Table 3-30. Stratum specific population sizes for the combined strata. 

Stratum Stratum Stratum Stratum All 
Basin 1 2 3 4 Strata 

North Coast 7 193 55 255 

San Francisco 44 29 19 92 

I 
Central Coast 287 257 1 9 20 583 

\.0 
tAl 
I South Coast 63 11 9 89 25 296 

Colorado Desert 263 46 5 314 

South Lahontan 115 

North Lahontan 84 84 

Sacramento 212 1101 107 73 1493 

San Joaquin 93 848 243 1184 

Tulare 45 1294 249 1588 



Table 3-31. Comparison of Stratified and Unstratified 
Regression Estimates of Standard Error and 
Confidence Interval Half-Width 

Basin 

North Coast 
San Francisco 

Central Coast 
South Coast 
Colorado Desert 
South Lahonton 
North Lahonton 
Sacramento 
San Joaquin 

Tulare 

- Standard Error 

7 Strata 

.00982 

.00578 

.00911 

.01421 

.00693 

.01868 

.01309 

.00895 

.01270 

.00998 

4 Strata~'," 

.00968 

.00618 

.00911 

.01203 

.00693 

.01868 

.01207 

.00881 

.01208 

.01001 

Unstratified~'" 

.01187 

.01906 

.01080 

.01207 

.00647 

.01868 

.01207 

.00817 

.01161 

.01047 

- -95 Percent Confidence Interval Ha1f-Width- - - - -

Basin 7 Strata 4 Strata~''" Uns t rat i f ie d~'," 

North Coast .02040 .01958 .02387 

San Francisco .01215 .01297 .02198 

Central Coast .01842 .01825 .02150 

South Coast .02876 .02405 .02402 

Colorado Desert .01399 .01398 .01296 
South Lahonton .03810 .03810 .03810 
North Lahonton .02676 .02451 .02451 
Sacramento .01795 .01766 .01630 

San Joaquin .02551 .02420 .02312 

Tulare .02004 .02009 .02093 

"k Variance not corrected for original allocation procedure 
(See Section 3.6.1 and Appendix II; see also Table 3-5c). 
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This approach to the stratification decision must be weighed against the 
desirability of producing accurate sub-basin estimates, on either a county or 
land use stratum basis. In this context, some form of stratification might be 
appropriate even in those basins not stratified for reduction of basin-wide 
error. 

In order to maintain the greatest flexibility in future surveys, some form 
of stratification will be desirable. Given the results to date, the four strata 
design would be the most likely candidate. Actual implementation of this design 
should also address two other stratification problems identified in this study. 
The first of these was the occurrence of irrigated land in dispersed agriculture 
outside the sample frame, occasionally occupying an important segment of ir
rigated acreage at the county level. In a future inventory, an attempt should 
be made to incorporate some or all this land in one of the four strata - with 
the fourth stratum (the original stratum 7) appearing to be the best possibility. 

The second problem was the occurrence of irrigated land in areas excluded 
from the interior of the sample frame. These areas generally constituted an 
urban/agriculture mix or marsh lands not ordinarily used for agriculture. Grouping 
exclusion areas with the new stratum 2 or creating a separate sampling stratum 
should be considered in a future survey design. 

Summary of Findings and Conclusions 

1) Differences did exist between strata in some basins - some statistically 
significant and some not; 

2) Where strata having significant area differed in slope or intercept, strat
ified regression gave smaller estimated error than unstratified regression. 
This occurred in four of the nine basins where a comparison was possible; 

3) Analysis of differences between strata suggested a four strata approach. 
The four strata regression estimate of the 95 percent confidence interval 
half-width was smaller than its seven stratum counterpart in seven of the 
nine basins where a comparison was possible; 

4) Several instances of low Landsat-to-ground correlation occurred. These are 
evaluated in the next section; 

5) Exclusive of interpretation error per se, the dryland stratum suffered from 
lack of adequate imagery, low proportion irrigated, and in a number of cases, 
low sample size. As a result, the proper sample allocation and estimation 
procedure in this stratum is open to question. 

6) Inclusion of a greater proportion of exclusion areas and agricultural land 
outside the contiguous sample frame should be considered in future surveys; 
and 

7) The four strata design would serve as a starting point for a revised strat
ification scheme in future inventories. 
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3.7.2 Comparison of Alternative Estimators 

Description of the Estimators 

Bias in estimates of within-sample frame irrigated area and the size of 
the associated estimates of the sampling error can be affected by the type 
of equation used to link Landsat and ground observations. Different equations, 
or estimators as they are called, perform best under certain assumptions about 
the joint distribution of Landsat (X) and ground (Y) observations. Two prelim
inary, pre-1979 inventory, comparisons of alternative irrigated land estimators 
were described in Wall et ~ (1980). These comparisons indicated that the re
gression estimator should give results with lowest error at moderate to large 
sample sizes - but conclusions were tentative, depending on statistics derived 
from the Sacramento basin in 1976. Availability of data obtained over the ten 
basins in 1979 permitted a comprehensive analysis of relative estimator per
formance. 

The objective of the estimator comparison performed following the 1979 
inventory was to (1) determine if several well known linear estimators produced 
significantly different within-frame estimates of irrigated proportion, and to 
(2) determine which linear estimator tended to give the lowest estimated sam
pling error. Estimator behavior was compared under stratified and unstratified 
conditions, and with sample unit observations weighted by sample unit size and 
not weighted in any way. 

The list of estimators of irrigated proportion and variance is given below: 

1) Regression estimator: a straight line relationship between 
X and Y that may intercept the y-axis at any point; this 
estimator will not be significantly biased if the relationship 
between X and Y is linear; it will give the lowest sample var
iance among the class of parametric linear estimators if the 
paired (x,y) observations are distributed about the regression 
line in the same manner over the range of X; i.e., the error 
variance (or equivalent of the variance of Y) is independent 
of X. 

Two forms of the variance for this estimator were considered in 
this evaluation: 

a) a form of regression variance that used the set of Landsat 
sample unit measurements (xi) obtained in the 1979 sample to 
compute the variance of the estimated slope; this was the 
form of the variance used to estimate errors reported in the 
results section. 

b) a form of regression variance that used the expected (average) 
value for the variance of slope assuming the entire population 
of (xi) by basin to be normally distributed; this form of 
variance is most often used in computing sample size, n; but 
is not sample-specific; 
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2) Biased ratio estimator: a straight line relationship between X and 
y that must pass through the origin; this estimator will be biased 
on the order of lin, i.e. the bias will decrease in direct proportion 
to the increase in sample size; this ratio estimator will produce the 
lowest sample variance among the class of simple linear estimators 
when the variance of Y increases in direct proportion to the size of 
X; 

3) Unbiased ratio estimator: of the several suggested in the literature 
the one by Goodman and Hartley (1958) was selected for analysis here;' 
a straight line relationship between X and Y is assumed, but is not 
constrained to pass through the origin; this estimator should give 
the lowest estimated variance when the variance of Y increases in 
direct proportion to the square of X: 

4) Difference estimator: a straight line relationship between ~ and Y 
not constrained to pass through the origin; th~ estim~te of Y is 
obtained by estimating the gifference between Y and kX and then 
adding that difference to kX; this estimator is seen to have the same 
form as the regression estimator, except that the constant k is pre
assigned (instead of estimated as b) according to previous experience 
or according to some expectation based on a conceptual model of the 
relationship between X and Y; the advantage of the difference esti
mator, in addition to its simplicity, is that more degrees of freedom 
are available - thereby giving a smaller Student's t-statistic and 
therefore a smaller confidence interval half-width than a corresponding 
regression estimate, assuming k has been chosen properly; this potential 
advantage over regression is also shared by the ratio estimators; 

5) Combined regression and unbiased ratio estimator: at low sample size 
within a stratum the analysis reported last year in Wall et al (1980) 
indicated that the unbiased ratio estimator would give lower-estimated 
sample variance than its regression counterpart; thus a combined esti
mator was defined such that if sample size was less than or equal to a 
predetermined number in a given stratum, then unbiased ratio estimation 
was used - otherwise regression estimation was employed; combined re
regression/ratio estimates were computed for both forms of the regression 
estimator variance introduced above. 

The regression, biased ratio, unbiased ratio, and difference estimators are 
shown in Figure 3-13. There it can be seen that each uses a different estimate 
of slope and intercept for the straight line relating Y to X. A formal present
ation of each of the estimators described above is given in Appendix II. Note 
that the primary regression estimator (#la) described above and used to produce 
the estimates reported in the estimation results section, is termed regression 
with factor 5 (f5) in that Appendix. The second reqression estimator (#lb ahove) 
is denoted as regression with factor 3 (f3). Detailed estimation results for . 
each basin are presented in that appendix for each of the estimators introduced 
here. 

Comparison of Weighted Estimators 

When the estimators described above were applied to observations weighted by 
size of sample unit, sample unit size-weighted, or simply 'weighted ' , estimators 
resulted. These weighted estimators were than compared in terms of their estimated 
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FIGURE 3-13. TYPES OF LINEAR ESTIMATORS EXAMINED 

A. REGRESS I ON B. BIASED RATIO 

-
YiR = (y - BX) + BX 

V -
Y = - X = R X R - B 

X 
= A + BX 

ViR VR 
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XI 
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error and estimated basin proportion irrigated. The purpose of this comparison 
was to (1) identify the estimator(s) tending to give the lowest estimated error 
among the basin populations sampled, (2) determine the relative performance of 
the estimators under different joint X,V distributions, and (3) determine the 
difference between the regression estimate of proportion irrigated and similar 
estimates produced by the other linear estimators. It was recognized that the 
exact differences among estimators would depend on the particular sample of 
ground units drawn in each basin. However, major trends were expected to re
flect real differences. 

The method of comparison proceded by first ranking each estimator according 
to the size of its estimated error within a given basin. Thus, in the case of 
unstratified sampling, standard errors were ordered from lowest to highest with
in a given basin - the estimator having the lowest standard error being assigned 
the rank of 1 and the highest the rank of 5.* When a tie occurred, each estimator 
was assigned the average of the next two ranks not yet awarded. Standard errors 
were ranked separately in each basin. A similar procedure was followed in the 
stratified situation except that the 95 percent confidence interval half-widths 
were ranked instead of the standard errors. This was done to incorporate the 
estimator-specific effect of the formula (equation 28 of Appendix IB) used for 
calculating degrees of freedom in the stratified case. Tables 3-32 and 3-33 
present the standard errors, confidence interval half-widths, degrees of freedom, 
and estimates of irrigated proportion for each estimator by basin in the strat
ified and unstratified cases, respectively. Numbers in parenthesis represent the 
assigned ranks. 

Ranks were then summed by estimator over the ten basins. These rank sums, 
presented in Table 3-34, were used to judge the relative overall error performance 
of the different linear estimators. Use of ranks for this purpose enabled ident
ification of general trends while deemphasizing exact differences between est
imated errors resulting from the particular ground sample chosen. 

In order to explain the ranking results and thereby qualify the conclusions 
of the estimator comparison, the distribution of ranks over basins were consid
ered in the light of the joint distribution of X and V. Each estimator will tend 
to perform better or worse, depending on the shape of the joint distribution of 
Landsat (X) and ground (V) observations. Plots for each basin were prepared 
showing V versus X, the residuals of the regression versus X, and the residuals 
versus sample unit weight.** Sample unit observations represented irrigated 
proportions weighted by relative sample unit size. Stratified observations were 
weighted by the ratio of the sample size for the given sample unit (Ahi ) to the 

* The two combined regression/ratio estimators were not employed in the un
stratified case, leaving only 5 estimators. 

** The residual of the regression of y on x, defined, for a given observation 
x., to be the difference between the value y. predicted from the regression 

1 1 
and the value y. as observed on the ground. It is a measure of how well the 

1 
regression explains the dependent variable. A residual plot is intended to 
identify departures from assumptions of independence and specification; there 
should be no obvious trends in the plots. 

-99-



Table 3-32. Results for the various estimators using the stratified observations. 

BASIN 
REGRESSION REGRESSION UNBIASED 

(n) (f5) RATIO 
BIASED 

RATIO 

STANDARD ERRORS 

DIFFER- COMBINED COMBINED 
ENCE (f3) (f5) 

------------------------------ ------------------------------
North Coast 

San Francisc 0 

Central Coast 

South Coast 

Colorado Desert 

South Lahontan 

North Lahontan 

Sacramento 

San Joaquin 

Tulare 

.00982 

.00613 

.00929 

.01272 

.00701 

.01837 

.01302 

.00887 

.01335 

.00993 

.01005 

.00578 

.00911 

.01421 

.00693 

.01868 

.01975 .01051 

.01367 .00681 

.01693 

.01287 

.00727 

.01829 

.01123 

.01262 

.00703 

.01860 

.01309 .01307 .01315 

.00895 .01007 .01050 

.01270 .01518 .01398 

.00998 .00968 .00950 

.01059 

.00601 

.00944 

.01226 

.00688 

.01779 

.01263 

.00968 

.01372 

.00949 

.01036 

.00953 

.00939 

.01272 

.00702 

.01837 

.01302 

.00908 

.01317 

.01014 

.01058 

.00937 

.00922 

.01421 

.00694 

.01868 

.01309 

.00904 

.01295 

.01019 
______________ 95~ CONFIDENCE INTERVAL HALF WIDTHS ___________________ ___ 

North Coast (1) .01996 (2) .02040 (7) .04188 (4) .02138 (6) .02158 (3) .02095 (5) .02140 

San Francisco (3) .01283 (1) .01215 (7) .02897 (4) .01405 (2) .01250 (5) .02253 (6) .02293 

Central Coast (3) .01877 (1) .01842 (7) .03453 (6) .02267 (5) .01907 (4) .01894 (2) .01861 

South Coast (3.5).02553 (6.5).02876 (5) .02574 (2) .02526 (1) .02452 (3.5).02553 (6.5).02876 

Colorado Desert(5.5).01416 (2) .01399 (7) .01462 (4) .01415 (1) .01388 (5.5).01416 (3) .01401 

South Lahontan (3.5).03746 (6.5).03810 (2) .03725 (5) .03790 (1) .03624 (3.5).03746 (6.5).03810 

North Lahontan (3.5).02672 (5.5).02676 (2) .02670 (7) .02685 (1) .02583 (3.5).02672 (5.5).02676 

Sacramento (2) .01780 (3) .01795 (6) .02021 (7) .02124 (5) .01941 (4) .01819 (1) .01390 

San Joaquin (4) .02693 (1) .02551 (7) .03044 (6) .02800 (5) .02750 (3) .02643 (2) .02598 

Tulare (4) .01995 (5) .02004 (3) .01939 (2) .01905 (1) .01901 (6) .02034 m .02044 
__________________________ DEGREES CF FREEDOM _________________________ __ 

North Coast 

San Francisco 

Central Coast 

South Coast 

Colorado Desert 

South Lahontan 

North Lahontan 

Sacramento 

San Joaquin 

Tulare 

34.73 

19.16 

40.51 

52.86 

42.43 

31.00 

27.99 

52.95 

43.17 

49.81 

35.27 

18.51 

40.41 

38.61 

42.52 

31.00 

29.27 

52.82 

50.69 

51. 71 

16.41 33.91 

16.64 24.10 

31.43 

60.65 

1l7.93 

32.00 

30.82 

51. 73 

51l.97 

56.76 

Ill.62 

58.68 

1l5.57 
32.00 

30.13 

39.15 

56.26 

51l.08 

32.56 
21.18 

1l0.83 

59.23 

1l3.1l2 

32.00 

29. 16 

51l.61 

55.34 

55.10 

39. 15 

7.36 

1l2.03 

52.86 

"1l2.52 

31.00 

27.99 

55.65 

51.80 

52.60 

39.76 

6.96 

1l2.11 

38.61 

1l2.73 
31.00 

27.27 

55.29 

53. Oil 

51l.53 
___________________________ IRRIGATED PROPORTION ______________ _ 

North Coast 

San Francisco 

Central Coast 

South Coast 

Colorado Desert 

South Lahontan 

North Lahontan 

Sacramento 

San Joaquin 

Tul<lre 

.53521 

.21852 

.31906 

.1l5787 

.82147 

.27383 

.58726 

.65381 

.74778 

.82038 

.53521 .53451 .53600 

.21852 

.31906 

.1l5787 

• 821117 

.27383 

.58726 

.65381 

.71l778 

.82038 

.21163 

.32208 

.1l6696 

.82376 

.27683 

.58248 

.65183 

.75390 

.82246 
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.21785 

.32145 

.1l61l08 

.82281 

.27291 

.58362 

.65214 

.75258 

.82197 

.53530 

.21807 

• 32071l 

.45102 

.82058 

.27320 

.58559 

.65521 

.75432 

.82316 

.53472 

.21279 

.31949 

.45787 

• 8211l1l 

.27383 

.58726 

.65059 

.74635 

.82168 

.53472 

.21279 

• 319119 

.1l5787 

• 8211l1l 

.27383 

.58726 

.65059 

.74635 

.82168 



Table 3-33. Results for the various estimators using the unstratified observations. 

BASIN REG~BjION REGRESSION UNBIASED BIASED DIFFER- STRATA 
(f5) RATIO RATIO ENCE CG1BINED 

STANDARD ERRORS 

North Coast (2) .01082 (4 ) .01187 (5) .01636 (3) .01089 (1) .01063 .00968 
San Francisco (1) .01051 (5) .01906 (4 ) .01527 (3) .01128 (2) .01060 .00618 
Central Coast (2) .01072 (3) .01080 (5) .01416 (4 ) .01164 (1) .01062 .00911 
South Coast (3) .01214 (1.5).01207 (5) .01555 (4 ) .01322 (1.5).01207 .01203 
Colarado Desert (3) .00631 (4 ) .00647 (5 ) .00663 (2) .00630 (1) .00620 .00693 
South Lahontan (3) .01837 (5) .01868 (2) .01829 (4 ) .01860 (1) .01779 .01868 
North Lahontan (3) .01219 (1) .01207 (5 ) .01306 (4 ) .01264 (2) .01216 .01207 
Sacramento (1. 5) .00817 (1.5),00817 (5) .01001 (3) .00867 (4 ) .00918 .00881 
San Joaquin (2) .01164 (1) .01161 (5 ) .01366 (3) .01255 (4) .01259 .01208 
Tulare (4 ) .01008 (5) .01047 (2.5) .00998 (2.5).00998 (1) .00997 .01001 

95S CONFIDENCE INTERVAL HALF WIDTHS 

North Coast .02177 .02387 .03290 .02189 .02137 .01958 
San Francisco .02106 .02198 .03059 .02260 .02123 .01297 
Central Coast .02135 .02150 .02818 .02317 .02115 .01825 
South Coast .02417 .02402 .03095 .02631 .02401 .• 02405 
Colorado Desert .01265 .01296 .01328 .01262 .01242 .01398 
South Lahontan .03746 .03810 .03725 .03790 .03624 .03810 
North Lahontan .02475 .02451 .02650 .02564 .02466 .02451 
Sacramento .01629 .01630 .01996 .01728 .01831 .01766 
San Joaquin .02319 .02312 .02720 .02501 .02508 .02420 

Tulare .02015 .02093 .01994 .01994 .01991 .02009 
DEGREES <F FREEOCM 

North Coast 47.00 47.00 48.00 48.00 48.00 39.55 
San Francisco 54.00 54.00 55.00 55.00 55.00 23.88 
Central Coast 77.00 77.00 78.00 78.00 78.00 57.27 
South Coast 79.00 79.00 80.00 80.00 80.00 62.33 
Colorado Desert 56.00 56.00 57.00 57.00 57.00 42.58 
South Lahontan 31.00 31.00 32.00 32.00 32.00 31.00 

North Lahontan 35.00 35.00 36.00 36.00 36.00 35.00 
Sacramento 70.00 70.00 71.00 71.00 71.00 55.03 
San Joaquin 74.00 74.00 75.00 75.00 75.00 57.45 
Tulare 63.00 63.00 64.00 64.00 64.00 52.60 

IRRIGATED PROPORTION 

North Coast .53182 .53182 .56517 .53344 .53461 .53920 
San Francisco .21192 .21192 .18562 .20481 .20595 .21848 
Central Coast .32579 .32579 .31270 .32014 .32451 .31876 
South Coast .45251 .45251 .44940 .45121 .45289 .45504 
Colorado Desert .82245 .82245 .82626 .82386 .82255 .82107 
South Lahontan .27383 .27383 .27683 .27291 .27320 .27383 
North Lahontan .58725 .58725 .58990 .58925 .58881 .58725 
Sacramento .6544":! .65443 .66009 .65745 .65911 .65260 
San Joaquin .75164 .75164 .75685 .75532 .75565 .74769 

Tulare .81458 .81458 .81593 .81445 .81677 .81890 
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average size of sample unit in that stratum (Ah). Unstratified weighting was 
performed by ignoring strata and forming a weight from the ratio of sample unit 
size (Ai) for sample unit i to the average size over the whole basin (A). More 

detail on weighting is given in Appendices I and II. Figures 3-14 to 3-25 
show examples of the resulting plots for several basins. 

The relative error performance between stratified and unstratified appli
cation of the linear estimators was also evaluated. Differences in the relative 
ordering of the summed ranks for each estimator between stratified and unstrat
ified situations was noted. In addition, a comparison was made of the relative 
size of standard errors and confidence interval half-widths for corresponding 
stratified and unstratified estimates produced by the same estimators. 

Results for Weiqhted Estimators 

General observations regarding error ranking were as follows: 

(1) On the average, the regression and difference estimators produced 
the narrowest confidence interval half-widths for the stratified 
case, and the smallest standard errors for the unstratified case; 

(2) On the average, the difference estimator produced somewhat smaller 
standard errors and confidence interval half-widths than the re
gression estimator; 

(3) Stratified factor 3 (assumption of normally-distributed Landsat 
observations) and factor 5 (no assumption made on the distribution 
of Landsat observations) regression ranked closely. though factor 3 
gave smaller confidence interval half-widths in six out of ten 
basins; 

(4) The biased and unbiased ratio estimators generally gave the 
largest standard errors or confidence interval half-widths, the 
latter estimator having the average highest error ranking; 

(5) The combined unbiased ratio (at low sample size) and regression 
estimators had average error rankings midway between the regression 
and ratio estimators; and 

(6) Stratification produced smaller standard errors and confidence 
interval half-widths in four out of nine basins where a comparison 
was possible. 

Patterns of estimator error ranking relative to assumptions on the joint 
distribution of paired (x,y) observations were as follows: 

(1) The difference estimator did best in basins where the slope in all 
land use strata was close to unity (one); 
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Table 3-34. Rank sums for the various estimators 

Stratif1ed* 

Unstratified ** 

Unweighted *** 

Regression 
( f3) 

33 

24.5 

Regression 
(fS) 

33.5 

31 

20 

Unbiased 
Ratio 

53 

43.S 

38 

Biased 
Ratio 

47 

32.5 

27 

Differ
ence 

28 

18.5 

15 

Combined 
( f3) 

41 

Combined 
US) 

4S 

*Difference between one or more rank sums found to be sil?nificant at the (1=.10 level 
using the non-parametric Friedman statistic for comparison of blocked treatments. 
Dependence between estimators due to use of the same sample observations must be ignored 
to use this statistic. 

**Difference between rank sums found to be significant at the (1=.01 level using the 
Friedman statistic. 

***Difference between rank sums found to be significant at the (1=.01 level using the 
Friedman statistic. 
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Figure 3-20. Unstratified Weighted Ground Observations of Irrigated Proportion Versus Matching 
Weighted Landsat Observations for the South Coast' 
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(2) The regression estimator was superior in basins where the strata 
slopes differed significantly from one, or where high variability 
existed between slope values; 

(3) Error rankings for the ratio estimators improved somewhat when the 
variance of Y increased or varied over the range of X - but not 
enough to give the ratio estimators variance superiority over the 
regression or difference estimators; and 

(4) Stratification tended to reduce estimated error for all estimators 
when strata comprising a significant proportion of the sample frame 
had significantly different slopes or intercepts. 

Comparison of irrigated proportion estimates by basin showed that in all 
cases except one, the estimators gave values differing by no more than one 
percent of the sample frame area. This indicates that relative bias in the 
estimators is small and that the final choice should be based on flexibility 
(favoring regression), or sampling efficiency, and on the theoretical just
ification of estimators of variance. 

Comparison of the estimates of irrigated proportion to preliminary DWR 
figures for the same basins generally agreed with the error pattern ranking 
obtained from the standard errors and confidence interval half-widths. It 
was found that regression estimation was an even stronger performer than in the 
case of estimated error, but the need for verification of DWR figures prevented 
further analysis in this regard. 

Comparison of Unweighted Estimators 

Irrigated proportion and associated error estimates were also produced with 
unweighted sample unit observations. This was done in order to evaluate the 
relative performance of the four primary estimators (regression, both ratio, and 
difference) when the effect of sample unit measurement weighting was removed. 
Particular emphasis was placed on relating the estimated error to the form of the 
variation in Y over the range of X. 

The method used to perform this comparison was similar to that employed in 
examining the weighted estimators. Table 3-35 presents the standard errors, 95 
percent confidence interval half-widths, degrees of freedom, and estimates of 
proportion irrigated for the four estimators. Ranks for the standard errors with
in basins are shown in parenthesis. Plots of Y versus X, the residuals (Yi - Yi) 
versus X, and the residuals versus unweighted sample unit size were prepared 
1nd examined. Examples are shown in Figures 3-26 to 3-37. 

Results of the Unweighted Estimator Comparison 

Comparison of the unweighted estimates of error and irrigated proportion 
showed the following: 

(1) The regression and difference estimators gave the best standard 
error rankings; 
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Table 3-35. Results for the various estimators using the unweightcd-unstratified observations. 

) 

REGRESSION UNBIASED BIASED DIFFER-
BASIN (f5) RATIO RATIO ENCE 

STANDARD ERRORS 
North Coast (3) .01686 (4) .01982 (2) .01572 (1) .01560 
San Francisco (2) .01020 (4 ) .01385 (3) .01052 (1) .00990 
Central Coast (2) .00950 (4 ) .01225 (3) .01021 (1) .00940 
South Coast (2) .01161 (4 ) .01358 (3) .01251 (1) .01158 
Colarado Desert (1) .00859 (4 ) .00929 (3) .00885 (2) .00875 
South Lahontan (3) .01618 (4 ) .01643 (2) .01523 (1) .01505 
North Lahontan (1) .00931 (4 ) .00989 (3) .00956 (2) .00941 
Sacramento (1) .00867 (4 ) .00941 (2) .00889 (3) .00903 
San Joaquin (1) .01276 (4 ) .01374 (3) .01346 (2) .01333 
Tulare (4 ) .01191 (2) .01185 (3) .01188 (1) .01182 

95~ CONFIDENCE INTERVAL HALF WIDTHS 

North Coast .00392 .03984 .03160 .03137 
San 'Francisco .Q2044 .02776 .02108 .01983 
Central Coast .01891 .02438 .02033 .01871 
South Coast .02310 .02703 .02490 .02305 
Colorado Desert .01720 .01861 .01773 .01754 
South Lahontan .03301 .03346 .03101 .03066 
North Lahontan .01889 .02006 .01940 .01908 

.. Sacramento .01729 .01876 .01772 .01801 
San Joaquin .0251J2 .02737 .02681 .02655 
Tulare .02380 .02366 .02373 .02362 

DEGREES OF FREEDOM 

North Coast 47.00 48.00 48.00 48.00 
San Francisco 54.00 55.00 55.00 55.00 
Central Coast 77.00 78.00 78.00 78.00 
South Coast 79.00 80.00 80.00 80.00 
Colorado Desert 56.00 57.00 57.00 57.00 
South Lahontan 31.00 32.00 32.00 32.00 
North Lahontan 35.00 36.00 36.00 36.00 
Sacramento 70.00 71.00 71.00 71.00 
San Joaquin 74.00 75.00 75.00 75.00 

Tulare 63.00 64.00 61J.00 64.00 
IRRIGATED PROPORTIOU 

florth Coast .51175 .541J02 .51857 .52115 
San Francisco .21197 .18073 • 19938 .20129 
Central Coast .32533 .31519 .32067 .32386 
South Coast .442311 .43908 .41101j6 .41j186 

Colorado Desert .801161 .81078 .80930 .80900 

South L1hontan .25733 .27821 .265116 .2711j9 

North Lahontan .58080 .57850 .57936 .57956 
Sacra:ncnto .66185 .66501 .66392 • 66!J55 

San' Joaqui n .760113 .76876 .76788 .76747 

Tulare .81463 .811j36 • 81111j1j .81454 
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Figure 3-26. Unstratified Unweighted Ground Observations of Irrigated Proportion Versus 
Matching Unweighted Landsat Observations for the Sacramento Basin 
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Figure 3-27. Unstratified Unweiqhted Residuals Versus the Correspondinq Unweiqhted Landsat 
Observations of Irrigated Proportion for the Sacramento-S-a-sfn-·----
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Fiqure 3-28. Unstratified Unweiqhted Residuals Versus Correspondinq Relative Size of 
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Figure 3-29. Unstratified Unweighted Ground Observations of Irrigated Proportion Versus Matching 
Unweighted Landsat Observations for the North Coast Basin 
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figure 3-36. Un~tratified Unweighted Residuals Versus the Corresponding Unweighted Landsat 
Observations of Irrigated Proportion for the Colorado Desert Basin 
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(2) Ratio estimates (biased and unbiased) of standard error still ranked 
decidedly below the corresponding estimates produced by the regression 
and difference estimators. Had assumptions on the form of hetero
scedasticity (variation in Y over the range of X) been met for ratio 
estimation this result might at first appear unexpected; if we recall 
that a further assumption for (biased) ratio estimation is that the 
relationship is linear through the origin, the result can be visual
ized in terms of the relationship shown in Figure 3-38a. However, the 
observed heteroscedasticity did not take the form of 3-38a but rather 
that shown in Figures 3-38b, 3-38c, and 3-38d. A well known fact in 
general linear regression states that if the error model is mis-spec
ified the variance estimators will be inefficient. This is consistent 
with the observed poor rankings of the biased ratio estimate. The 
argument also holds for the unbiased ratio estimate. 

(3) Differences between the regression estimate of irrigated proportion and 
the corresponding unbiased ratio estimate varied by approximately three 
percent of the sample frame in the North Coast and San Francisco hydro
logic basins; otherwise, differences between estimators were one per
cent of the sample frame or less. 

Comparison of Weighted Versus Unweighted Estimators 

The relative performance of linear estimators using sample unit size-weighted 
versus unweighted observations was evaluated. This evaluation included a com
parison of the relative size of estimated standard errors between corresponding 
estimators in each basin. In addition, weighted and unweighted plots of Y versus 
X, and residual versus X were examined to assess (1) the relative variation of Y 
about the regression line and (2) the pattern of this variation over the range of 
X. Finally, differences between corresponding weighted and unweighted estimates 
of irrigated proportion were determined. 

Results of the Weighted Versus Unweighted Estimator Comparison 

A number of trends were evident: 

(1) 

(2) 

(3) 

Sample unit weighting showed less variability about the regression line 
of Y on x; this was reflected visually in the plots and in the higher 
r (squared correlation between X and Y) given by weighting versus no 
weighting; 

However, larger variance of Y caused by weighting compensated for the 
increase in r2 in some cases; thus the net effect was that the smallest 
standard errors were split between weighted and unweighted approaches on 
an estimator by estimator basis; 

A pattern of larger residuals (unweighted estimator) in small to medium
sized sample units in some basins (e.g. the South Coast and the San 
Joaquin) tended to support the rationale for a sample unit weighted 
approach; recall that weighting measurement observations by sample unit 
size was intended to decrease the relative weight given to smaller 
sample units - these smaller sample units potentially subject to pro
portionally greater error due to their small size; and 
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Figure 3-38. Distributions of Y Versus X Shown Schematically as Dotted 
Line Error Bounds 

Y 

Y 

A: Theoretical Distribution 
Favorable to Ratio Estimation 

/ 
/ 

/ 
/ 

/ 
/ 

o ~~------------------------
x 

c: Example of a Distribution Type 
Actually Observed in 1979 

/ 
./ 

./ 

/ 
I 

---/' 

""...-- -- ---- ./' 

x 

/ 
/ 

--
./ 

/' 
,/ 

Y 

Y 

-130-

B: Example of a Distribution Type 
Actually Observed in 1979 

--

/' 

/'" 
,/ 

-
/' 

/' 

x 

-./' 
,/ 

D: Example of a Distribution Type 
Actually Observed in 1979 

--

---
x 



(4) Unweighted estimates of basin irrigated proportion were lower than 
their weighted counterparts in seven out of ten basins; the three 
exceptions were the Central Coast, Sacramento, and San Joaquin 
hydrologic basins; this pattern meant that the weighted estimators 
would have been closer to preliminary DWR estimates in eight out 
of ten basins. 

Comparison of Estimators: Conclusions 

The following conclusions were drawn after reviewing the results presented 
above and after considering the measurement context in which the 1979 inventory 
was performed: 

(1) The regression and difference estimators produced the smallest 
estimated errors on the average in all cases evaluated; given 
the ground sample drawn in the 1979 inventory, these estimators 
appear to be superior to both the ratio estimators and to the 
combination regression/ratio estimators; 

(2) The difference estimator is simple and often gave somewhat lower 
estimated standard errors or confidence interval half-widths than 
regression using the 1979 data; we, however, recommend the re
gression estimator over the difference estimator because regression 
should be more robust against inventory-specific changes in inter
cept or slope caused by (a). the Landsat dates of imagery available, 
(b) difference image analyst expertise, and (c) changes in ground 
irrigation practice: 

(3) Weighting sample unit observations by size of sample unit reduced 
estimated standard error in five out of ten basins using the var
iance formula for regression with factor 5; 

(4) Given the present sample size distribution, we would recommend the 
use of sample size weighting of sample observations to guard against 
registration, digitizing, or analyst error in smaller sample units; 
if the nominal size of sample unit were made smaller and the range 
of size variation was limited to + ~ mi1e2, then the weighting 
system employed in the 1979 inventory might not be necessary; and 

(5) A better transformation than sample size weighting may be available -
e.g. the 10git transformation, a weighting scheme appropriate to 
proportion data regardless of the size of sample unit. 

3.7.3 Evaluation of the Impact of Sample Unit Area on Sample Size (n) 
and Cost 

An important factor affecting the ground sample size required to meet given 
inventory error goals is the size of an individual sample unit. Generally, the 
larger the size of sample unit, the lower the variation between sample units and 
therefore the lower the estimated sampling error. Lower variation between sample 
units with increased size is the result of averaging differences in local irrigated 
proportion over greater area. This gain in sampling precision with increased size 
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of sample unit is, however, offset by increased measurement cost. Thus one 
important inventory design goal was to determine the size of sample unit that 
enables achievement of basin error goals at minimum cost. 

Area of Study 

Evaluation of the sample unit size problem required an area typical of 
a large portion of irrigated land in the state. It also required an area 
for which between-sample unit variance and costs associated with a number of 
different sample unit sizes could be obtained easily. Such an area was the 
floor and surrounding terrace lands of the Sacramento Valley. Both Univer
sity and project-related DWR personnel had significant familiarity and ex
perience with this region. In addition, a Landsat digital irrigation class 
map was available for a one degree b10ck* covering the north-central portion 
of the Sacramento basin. This digital map could be easily accessed by the 
UCB Survey Planning Model to produce estimates of irrigated proportion var
iance for varying sizes of sample units. 

Landsat Data Used 

The Landsat irrigated class map was created using the Task II technique 
(see section 4.0 and Wall et a1 1980, page 115) of band 7 to band 5 ratioed 
data. Eight irrigation classes were recognized according to whether a given 
pixel was above or below an 'irrigation' 7/5 ratio threshold on a given date. 
In order to create a digital class map reflecting as closely as possible the 
manually derived irrigated class map, all digital classes having at least one 
irrigated date were grouped into a single class. Thus the digital Landsat 
class map became a map of irrigated versus non-irrigated areas. For purposes 
of this analysis, a one-to-one relationship was assumed between this digital 
map and the map produced by the manual Landsat interpretation technique in the 
1979 inventory. 

Costs Considered 

Only ground sample unit costs were considered in this analysis. That 
is, only ground costs were considered to vary with sample unit size. Costs 
associated with Landsat sample units, on the other hand, were not assumed to 
vary for a given measurement procedure, since the entire population of those 
units was to be measured at each inventory.** 

Ground sample unit costs were broken down into personnel and other costs. 
Personnel costs per sample unit resulted from (1) office preparation time (OP), 
time mapping the sample unit on the ground (M), time traveling to and between 
sample units (TR), and time to tabulate the ground data (TAB). Resulting costs 
were then determined from the equations 

* 64 seven and one half-minute quadrangles (see Figure 3-39) 
** Though "handling" costs associated with Landsat units having matching ground 

data might vary somewhat with size. Sample frame construction costs were not 
evaluated here, as these were considered long-term reoccurring costs. 
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Personnel 
Pl = Cost for = (OP times rate/hr) + (M times rate/hr) 

Measurement + (TAB times rate/hr) 

and 
Personnel 

P2 = Cost for = TR times rate/hr. 
Travel 

Average times for each cost component were provided by DWR personnel 
(Ferchaud 1981). These figures, summarized in Table 3-36, were reconstructed 
from records kept by individual DWR districts in 1979. For comparison, re
vised times for the Sacramento Valley and San Joaquin Valley floors were 
provided by Ferchaud (1981) (Tables 3-37 and 3-38) to show the improvement 
expected in an operational system. The times reported in Table 3-36 were then 
multiplied by dollar rates per hour that varied between OWR districts. 

Other costs considered included (1) cost of aerial photography for each 
sample unit (AP), (2) computer tabulation cost per sample unit (CT), (3) per 
diem per sample unit (PO), and (4) car cost per sample unit (CC). Thus 

and 

Total Ground 
Cl = Measurement = Pl + AP + CT 

Cost per SU 

Total Ground 
C2 = Travel Cost = P2 + PO + CC 

Per SU 

The primary time/cost assumptions (set A) used in the sample unit size 
analysis were defined as follows: 

(1) DWR time and cost data reported for the Sacramento basin in 
1979 were adjusted to valley floor conditions by reference to 
corresponding 1979 San Joaquin and Tulare basin data. 

(2) A further cost adjustment was made to make cost and time figures 
specific to the average size of a valley floor unit. The average 
stratum 4 value of 3.47 mi 2 was taken to represent this size. 

(3) The resulting C1 was based on the per sample unit assumption of 
1.25 hours of office preparation time, 1.00 hours field mapping 
time, and 2.00 hours tabulation time. In addition, a two dollar 
computer tabulation cost was included as was a per sample unit 
charge of $22.50 for color 35 mm transparency aerial photography. 
This ai~craft cost was based on the assumption that each frame 
would be obtained at a scale of 1 :62,500 and would cost $2.50 
when delivered to DWR. 

(4) The resulting C2 was based on the assumption that travel time per 
sample unit would be 0.75 hours. A $9.50 per diem and car mile
age charge was then added to the resulting personnel travel cost. 
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Table 3-36. AVERAGE PERSON HOURS PER SAMPLE UNIT FOR DATA CoLLECTDN ANn TABULATION IN"THE 1979" STATEHIDE" IRRIGATED LANDS INVENTORY 

BASIN NUMBER OF AVERAGE TIME PER SAMPLE TOTAL AVERAGE COLLECTION AVERAGE TABULATION TIME TOTAL AVERAGE COLLECTION 
SAMPLE UNITS UNIT FOR DATA COLLECTDIf TIME (HOURS) PER SU (HOURS) AND TABULATION TIME 

(HOURS) FER SU (HOURS) 

:IORTH COAST 5i !l.E.F.I_~ !ami. fI.rul 5.57 1.88 7.45 1.57 1.81 2.20 
SAN FRANCISCO 56 1.36 1.20 2.95 5.51 1.88 7.39 

I CEIITRAL COAST 79 1.69 1.67 2.88 6.25 1.88 8.13 
--' 
w 
U1 
I 

SOUTH COAST 84 2.60 1.31 2.50 6.41 1.83 8.29 

COLORADO DESERT 58 1.74 1.55 2.17 5.46 1.88 7.34 

SOUTH LAHorlDAN 34 1.38 1.12 .97 3.47 1.83 5.35 

IloRTH LAHONDAN 37 2.05 2.60 2.33 6.98 1.88 8.86 

SACRAMENTO 72 .32 2.01 1.43 '1.26 1.83 6.14 

SAN JOAQUIN 81 1.29 .84 .77 2.89 1.88 4.77 

TULARE 65 1.58 .49 .54 2.61 1.88 4.49 
TOTAL SU's 617 

HEIGHTED AVERAGE 1.62 1.41 1.88 11.91 1.88 6.79 



w 
0) 

I 

Table 3-37. Average Times Per Sample Unit Expected in a Future Operational Inventory 
Based on a 7 Hour Day 

BASIN rlUMBER OF AVERAGE TIME PER SAMPLE TOTAL AVERAGE COLLECTION AVERAGE TABULATION TIME 
SAMPLE UNITS UNIT FOR DATA COLLECTION (HOURS) TIME (HOURS) PER SU (HOURS) 

!lw..c.E. I.w.a E1.E.u>. 

SACRAMENTO 
VALLEY FLOOR 

160 ACRE SU 59 .32 1.05 .29 1.66 .59 

1 SQUARE MILE SU 59 .48 1.05 .43 2.01 .69 

5 SQUARE MILE SU 59 .61 1.lJ5 1.61 3.67 .97 

TOTAL AVERAGE COLLECTION I 
AND TABULATION TIME I 

(HOURS) 

2.25 

2.7IJ 

4.64 



w 
........ 
I 

BASIN:: SUBAREA 

TULARE 
VALLEY FLOOR 

160 ACRE SU 

1 SQUARE fir LE SU 

5 SQUARE MILE SU 

Table 3-38. AveraQe Times Per Sample Unit Expected in a Future Operational 
Inventory Based on a Seven Hour Day 

rlUMBER OF ' AVERAGE TIME PER SAMPLE TOTAL AVERAGE COLLECTION AVERAGE TABULATION TIME 
SAMPLE UNITS UNIT FOR DATA COLLECTION (HOURS) TIME (HOURS) PER SU (HOURS) 

llw..c.E IaruL Emn 

65 .32 .75 .25 1.32 .59 

65 .48 .75 1.38 1.61 .65 

65 .61 .95 1.30 2.86 .88 

TOTAL,AVERAGE COLLECTION 
AND TABULATION TIME 
PER SU (HOURS) 

1.91 

2.26 . 
I 
I 
i 
I 3.74, 



For comparison, a second cost set (set B) was defined. This set used 
the actual times and costs reported for the 72 ground sample units obtained 
in the Sacramento basin in 1979. No cost for aerial photography was included 
as previously obtained photography was used where required. Actual costs 
of sample unit photography in an operational inventory and its amortization 
remains an issue for further analysis. 

In order to obtain a C cost for each size of sample unit, a cost versus 
size curve was constructed ln the following manner. The Cl cost under cost 
set A ~as defined to equal a relative cost of 1.0 at an average sample unit 
size (s) of 3.47 square miles. Next, a straight line was drawn between the 
point just defined and the origin. The relationship between relative cost 
and sample unit size was assumed, based on a review of factors affecting 
cost, to lie along this line above an s of 2 mi 2. Below 2 mi 2, the rate of 
decrease in cost with decrease in sample unit size was assumed to slow to an 
exponential (curved) form.* This assumption was made to reflect the fact 
that there would be a fixed cost of measurement even with a very small sample 
unit and that, between this small sample unit size and 2 mi 2, this fixed cost 
component would tend to dominate the area-variable component of cost. 

Figure 3-40 shows the completed plot of relative measurement cost, Cl , 
versus sample unit size, s. Two curves are given there. The upper curve, 
representing cost set A, was constructed according to the method described 
above. The corresponding curve for cost set B is given for comparison. 

Computation of Between Sample Unit Variance 
for Given Size of Unit 

The next piece of information required in the sample unit size analysis 
was the expected between sample unit variance for given sizes of sample units. 
This sample variance was obtained through the application of the UCB Survey 
Planning Model (SPM) to the digital Landsat irrigation class map described 
earlier. In essence, the SPM was instructed to partition the class map into 
a grid of sample units having specified size. Each 'active' pixel in the class 
map was then assigned a 'one' if it belonged to an irrigated class and a 'zero' 
if it did not. 

Active pixels were identified by a digital 'mask' as belonging to agri
cultural areas not excluded as native vegetation. For each sample unit the 
'ones' were summed and divided by the number of 'active' pixels to produce an 
irrigated proportion value for that unit. The simple variance was then com
puted among the resulting sample unit proportions to give an estimate of 
valley floor variance expected for a given size of sample unit. 

* The decay function chosen, exp (size/2), was a 'best' guess in 
absence of previous information. 
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Computation of Sample Size (n) to Achieve A Given Error 
Level for Each Size of Sample Unit 

The number of ground sample units required to achieve a valley floor 
precision of ~ 5 percent 95 times out of 100 was next computed for each 
size of sample unit. This was done by setting 

Error = Student's t times [V(~ t t .)] ~ uns ra ,regres~lon 

= t n- 2,.95 ~~~n)(~=1) S~(1 - r
2
)] ~ 

equal to .05 (i.e. a 95 percent confidence interval half-width of five percent) 
and then obtaining the quadratic solution for n. This was also done for an 
error of 3.5 percent to show the difference in sample size and cost with a 
higher precision goal. In the for~u1a above, N represented the toal number of 

sample units used to calculate an estimate of S~ in the SPM. Thus N and s~ 
were obtained for each value of sample unit size, with the assumption that the 
estimate of ground sample unit variance (52), obtained by computing the variance 

y 
among the population of Landsat sample units in the SPM, was in fact unbiased. 

Figure 3-41 shows the resulting SPM estimate of S~ plotted over the range of 
11 acres (a 3 pixel x 3 pixel 'dot') to 16 square miles. This curve was drawn 
by interpolating between values computed for S2 at 11 acres, 49 acres, 79 acres, 

t .2 h 1 f .2 th t' 2 y .2 t .2 th .2 f .2 quar er ml , a ml, ree quar er ml , one ml , wo ml, ree ml , our ml , 

and 16 mi 2. The curve was discontinuous at a sample unit size of zero mi 2. Note 

that the variance increased dramatically below two mi 2. 

The terms shown to the right of Student's t-statistic in the equation above 
represent the estimate of sample variance for unstratified regression estimation.* 
Thus, to determine n, a Landsat-to-ground correlation (r) must be specified. 
Several values of r were selected in the range of .7 to .995 to show the sen
sitivity of n to correlation. The resulting sample size required to achieve a 
sampling precision of + 5 percent, 95 times in 100 is plotted against sample unit 
size in Figures 3-42 and 3-43. The first figure provides results for sample 
error (absolute) expressed as a percentage of the sample frame and the second for 
sample error (relative) expressed as a percent of the area-wide estimate of ir
rigated proportion. Similar solutions for an absolute and relative error of 
3.5 percent are provided in Figures 3-44 and 3-45. 

These four figures show required sample size increasing significantly below 
a sample unit size of two mi 2. This reflects the increase in estimated ground 
sample variance below this threshold. Given an absolute or relative error goal 

* The stratified version of this variance equation was introduced in 
Appendix IB as regression variance with factor 3. 
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2 FIGURE 3-41. BETWEEN SAMPLE UNIT VARIANCE (Sy ) FOR GIVEN AREA OF SAMPLE UNIT 
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of five percent, difference in Landsat-to-ground correlation was found to . 
increase required sample size by a factor of 9 to 10 times when correlation 

was reduced from .995 to .7. A corresponding increase of 10 to 15 times 

was seen to occur when the error goal was 3.5 percent. Below sample unit 

sizes of two mi 2, differences in sample size between correlations of .7 and 

.995 were even larger. In most major agricultural areas inland from the 

coast, an operational system would be expected to achieve Landsat-to-ground 

correlations in the range of .9 to .995. The difference in required sample 

size between these two correlations varies by a factor of approximately three 
to five above two mi 2. 

Computation of the Total Variable Cost to Achieve 
A Given Error Level 

The final step in determining the impact of sample unit size on cost was 
the computation of total variable cost (TVC) to achieve a given level of sam
pling precision. This analysis is designed to show which size of sample unit 
is likely to achieve a desired error goal at minimum cost. A cost measure was 
defined that would reflect only those costs that varied with the number of sample 
sample units and with their relative size. This value, termed total variable 
cost (TVC), was a function of Cl and C2 described earlier, viz: 

where n was the sample size calculated to achieve a given error goal for a given 
size of sample unit and a given Landsat-to-ground correlation. Cl included all 

ground sample unit measurement costs exclusive of travel and C2 included all 

travel costs associated with ground units. The product of C2 and n was multiplied 

by a ratio of square roots to account for the effect of reduced travel times as 
the number and therefore density, of sample units increased. This meant that C2 
had to be calculated for an initial 'standard' sample size (nbaseline) before 
it could be employed in the formula above, A sample size of approximately 50 

units was selected to represent this 'initial ' density of ground sample units on 

the floor of the Sacramento Valley. This figure corresponded roughly to that 

obtained in the actual 1979 irrigated lands inventory. Thus, if nbaseline ex
ceeded the n calculated to achieve a given error level, the unit travel cost 

(C2) would in effect be increased over what it was with nbaseline' Intuitively 
this makes sense, since a lower ground sample size will increase the distance 
between units to be measured and therefore increase travel cost. If n baseline 
was less than n, the opposite effect would occur. 
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The resulting TVC for each size of sample unit (and for given error 
goal and correlation) was then expressed as a fraction of the TVC required 
for the average-size valley floor sample unit (3.47 mi 2). These 'relative ' 
TVC's were then plotted versus size of sample unit. Figures 3-46 through 
3-49 present the results for error goals (absolute and relative) of 5.0 and 
3.5 percent 95 times out of 100 and for correlations ranging from .7 to .995 . 
Examination of these figures showed that the minimum TVC for given error 
generally occurred between sample unit sizes of .5 to 1.0 mi 2. 

(1) 

(2) 

(3) 

(4 ) 

(5 ) 

Conclusions Relative to the Sample Unit Size Analysis 

The lowest calculated total variable cost occurred for sample 
unit sizes ranging from .5 to 1.0 mi 2 regardless of correlation 
for both 5.0 and 3.5 error goals. 

However, the percent of a sample unit subject to misregistration 
error increases significantly below a size of one square mile 
as shown in Figure 3-50. 

Thus, based on the results shown above, the University of 
California team would recommend that the size of the valley 
f1~or sample units in the Sacramento basin be set at 1.0 to 1.5 
mi in an operational inventory; this size range should allow 
achievement of overall basin error goals at minimum TVC, subject 
to specification of optimal sample unit size in land use strata 
not falling in valley floor areas. 

A comparison of land use stratum-specific standard errors pre
sented earlier in Table 3-14, and of plots of Y minus X versus 
size of sample unit among basins throughout the state of California 
suggests that: 

(a) 

(b) 

In most valley floor areas throughout the state, 
the 1.0 to 1.5 mi 2 sample unit size may be best 
from the standpoint of minimizing TVC for a given 
basin error goal; and 

In other areas of higher standard error (e.g. the 
dry1and stratum) or h~gh Y minus X values at small 
size, a 2.0 to 2.5 mi sample unit size may be pre
ferab1 e._ 

Under the assumptions used in this analysis, the Sacramento Valley 
floor TVC versus sample unit size curves shown in Figures 3-46 to 
3-49 suggest a potential ground sample unit cost savings of approx
imately 30 to 35 percent for the 1.0 to 1.5 mi 2 unit size relative 
to the corresponding cost of a 3.47 mi 2 unit. 
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FIGURE 3-50, ApPROXIMATE PERCENT OF SAMPLE UNIT AREA MISREGISTERED 
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3.7.4 Expected Sample Size and Total Variable Cost Using An 
Unstratified 1979 Design 

Recall that the original computation of required basin sample size was 
based on "best guesses" of variance, correlation, and cost. No previous design 
information was available in most basins. Thus an important question regarding 
the 1979 inventory, and an important consideration in future inventories was: 
What should the sample size and resulting total variable cost have been in order 
to meet the ~ 5 percent, 95 times in 100 error goal in each basin in 1979, given 
the ground sample variances, Landsat-to-ground correlations, and costs actually 
encountered in 1979? To answer this question, the unstratified design was sel
ected for analysis. Choice of this design was based on (1) simplicity of com
putations and on (2) its ability to demonstrate the general degree of sample 
size and cost change expected in operational system. Its use here is not in
tended as a recommendation for an operational system. The method was as follows: 

(1) The regression sample variance expression with factor 3 was used 
to compute the sample size required to meet a number of allowable 
error (confidence interval half-width) goals. This variance ex
pression assumed that (a) Landsat measurements having matched 
ground data were distributed according to a normal distribution 
and that (b) degrees of freedom were equal to n - 2. The form 
of this regression variance was described in Appendix II. The 
required sample size was obtained by quadratic solution for n 
in the manner presented in the last section. Unstratified basin 
ground sample variance, Landsat-to-ground correlation, and total 
sample unit population size actually encountered in 1979 were 
used in the variance expression. The values for unstratified 
ground sample unit variance were not adjusted (by Cochran's 1977 
formula 5.A.44) for the fact that original sample allocation was 
based on optimal as opposed to proportional allocation among 
strata. See Appendix II for a discussion of the effect of the 
formula 5.A.44. 

(2) Next, per sample unit values for Cl (variable ground unit measure

ment costs excluding travel) and C2 (ground travel cost) were com

puted according to the formulas presented in the last section. 

Times and costs reported by DWR (Ferchaud 1980) in 1979 were used 

for each basin. 

(3) The total variable cost was computed using the formula 

TVC = Cln + 

for each basin. Note that in this formula, as explained in the 

last section, C2 represents the average cost of travel per sample 

unit at the density of sample units chosen as a baseline - in this 

case, the density of sample units (n b 1. ) actually used in 1979. ase lne 
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(4) The TVC resulting from each sample size (n) required to meet a 
given error goal was then expressed as a fraction of the TVC 
actually incurred in 1979. 

(S) The resulting 'relative ' TVC's were plotted versus confidence 
interval half-width (allowable error). Figures 3-S1 to 3-60 
show the resulting plots for each of the ten basins. Two ref
erence relationships are drawn on each figure. The first rep
resents the absolute allowable error actually achieved in 1979. 
It can be identified by the horizontal line projecting from the 
relative TVC value of 1.0 (i.e. the variable cost resulting from 
the actual sample size (n) used in 1979) to the curve and from 
this point of intersection by vertical line to the horizontal axis. 
The resulting value on the horizontal axis represented the allow
able error actually achieved in 1979 - for example •. 0218 as read 
off the North Coast figure. The second relationship shown. and 
the important one in this section. is the TVC expected for an 
allowable error of .OS. This can be read from the North Coast 
figure to be .406 TVC. that is approximately 41 percent of the 
total variable cost actually spent in 1979. If the TVC for a five 
percent allowable error is less than 1.0. then that fractional TVC 
value will also represent the lower limit on the potential reduction 
of sample size (n). This last statement follows from the form of 
the TVC cost function. 

Results and Discussion 

(1) The plots of relative TVC versus absolute allowable error in 
Figures 3-S1 through 3-60 suggest that total variable cost for 
achievement of an irrigated proportion sample error of + S percent 
of the sample frame 95 times out of 100 can be reduced significantly. 
Results in the coastal basins. for example. showed a reduction of 
roughly SO to 60 percent might be possible. Similarly, the plotted 
curves for the Central Valley basins suggest a potential reduction 
of 6S to 73 percent. 

(2) Given the form of the TVC cost function, the curves shown in Figures 
3-S1 to 3-60 also suggest that ground sample size can be reduced by 
as much or. perhaps, slightly more. 

Whether or not the cost savings or sample size reductions indicated 
in the figures can be achieved in a future inventory will depend on a number of 
factors. First. the variance. correlation. and cost estimates obtained in the 
1979 inventory may not be the same as those of a future inventory. This could 
derive from the nature of the sample itself. another sample giving a slightly 
higher ground variance and lower Landsat~o-ground correlation. Or, alternatively. 
the method of pooling stratified observations used in this evaluation could have 
underestimated actual ground variance. Similarly, more experience with cost data 
might suggest a somewhat different form for the TVC cost function or different 
values for its coefficients Cl and C2 . 
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A second factor affecting the estimate of potential cost or sample size 
savings is whether a stratified sample is desired. If it is, minimum strata 
sample requirments, homogeniety of variance within strata, correlation within 
strata, and population size within strata will have varying impacts on required 
sample size and sample distribution, and therefore on cost~ In the absence of 
further information, the savings indicated in the figures must be considered 
optimistic. A third factor reinforcing this view, would be the use of error 
goals based on relative error. It was seen, for example, that in some basins 
the relative error exceeded + 5 percent 95 times out of 100. In these cases 
no reduction of sample size would be possible using the design employed in 1979. 
Only design modifications would allow use of a smaller number of ground sample 
units in these basins. 

For the reasons cited above, actual total variable cost and sample size 
reductions of 25 percent and perhaps as much as 40 to 50 percent may be possible 
in several basins. The particular value will depend on the design and allocation 
strategy employed, and whether absolute or relative error is to be used as the 
performance measure. It should be noted that if smaller sample unit sizes are 
used, sample size relative to 1979 may actually increase - yet the TVC savings 
suggested above may still be achieved through the relationships identified in 
the previous section. 

Conclusions Relative to Projected Sample Sizes and TVC's 

(1) Where absolute and relative errors are similar, total variable 
cost (TVC) can probably be reduced by 25 percent and perhaps as 
much as 40 to 50 percent in some basins relative to that incurred 
in 1979. This statement assumes a + 5 percent, 95 times out of 
100 error goal. The actual savings-will depend on the sample 
design and allocation strategy employed. 

(2) When relative error is used as the performance measure, potential 
TVC savings in future inventories will be less. In some basins, 
an increase in TVC may be necessary to achieve a + 5 percent 95 
times out of 100 error goal. -

(3) Percent sample size (n) reductions similar to TVC savings should 
be possible under the circumstances described above for cost re
duction. If sample unit size is reduced below that used in 1979, 
then sample size (n) may actually increase relative to 1979. How
ever, TVC savings would still be achievable. 

(4) Use of a stratified sample may reduce savings suggested above.* 
The amount of reduction, if any, will depend on the number of 
strata requiring independent allocation, their relative size, the 
variability among sample unit measurements of irrigated proportion 
within strata, and variable cost differences between strata. 

* Though the effect of stratification was considered when 
adjusting the projected savings downward. 

-165-



(5) Conclusions cited above depend upon the variance, correlation, and 
cost figures obtained in the 1979 inventory. Ground sample variance 
was not corrected for the effect of pooling observations from in
dependent strata. To account for these effects, the TVC and sample 
size reductions reported here have been adjusted downward to obtain 
more conservat~ve figures. 

3.7.5 Relative Efficiency Analysis 

-Relative efficiency is a measure of the gain in ground sampling efficiency 
of a given design (in this case stratified regression with factor 5) over that 
of a comparable simple random sampling (SRS) design (in this case stratified 
SRS). Two alternative interpretations of relative efficiency (RE) are given 
here. 

First, relative efficiency can be defined as the variance "obtained" in 
simple random sampling relative to that of the alternative design. This is, 
in fact, a measure of the "re1ative variances" for a given sample size. With
in a stratum. 

where 

(1) 

= relative sampling efficiency within stratum h for 
method #1, 

= simple variance of ground sample unit observations 
of proportion irrigated within stratum h, 

(SEReg.5)~ = the variance of the regression estimate for 
irrigated proportion in stratum h (see Equations 
17 and 18 of Appendix 1B, and regression with 
"factor 5" in Appendix II), 

Nh = total number of sample units in stratum h, and 

nh = number of sample units selected for ground measure
ment within stratum h. 

To find the basin-wide, stratified efficiences for the first method, 
summation over strata is performed. That is, 

2 N - nh 
2: W ( h )S2 

REb 
h h ~hnh Yh 

(2 ) = or 2 2 1 ; Wh(SEh.Reg.S) 

VSRS 
REb 

b 
= V 1 Reg.5 b 
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A similar agregation over basins gives 

= (3) 

for the statewide relative efficiency by the relative variance method. 

The second interpretation of relative samrlinl] efficiency (ll re l ative 
sample sizes") is a measure of the number of samples for simple random sampling 
to achieve a variance equal to that of the regression sample. It is found by 
first solving 

(4) 

Then relative efficiency on a basin basis can be defined as the sum of SRS 
ground sample sizes over strata divided by the sum of regression ground sample 
sizes over strata, both sets of sample sizes giving the same basin-wide sample 
variance. Thus 

by method #2. 

The statewide relative efficiency by this second method is then given by 

REstate = 
2 

(5) 

Recalling that the purpose in using weighted observations was to stabilize 
the regressions, there is no justification in weighting the observations in 
simple random sampling. For this reason, the S~h terms in each of the above 
equations were evaluated using unweighted values, whereas the SE h•Reg 5 terms 
were evaluated using the weighted values. . 

-167-



RESULTS 

The resulting basin and state estimates of efficiency are given in Table 3-39. 

Table 3-39: Relative sampling efficiences using methods 1 and 2 for stratified 
(weighted) regression with factor 5 relative to stratified (un
(unweighted) random sampling. 

Basin REl RE2 

North Coast 13.82 3.84 
San Francisco 3.35 1.50 
Central Coast 5.78 3.71 
South Coast 2.14 1.62 
Colorado Desert 8.80 3.55 
South Lahonton 2.39 1. 70 
North Lahonton 5.44 1.76 
Sacramento River 6.60 5.04 
San Joaquin 2.32 2.18 
Tulare 6.79 5.62 

State 5.33 3.16 

The consistency of RE2 in Table 3-39 to be less than RE1' can be 
explained by the fact that as n l approaches N, a larger proportion of the 
variance for simple random sampling (within strata) is accounted for by the 
finite population correction. RE2, therefore, will be dependent on the 
number of sample units in the population. If the total number of sample units 
is increased by decreasing the relative area within each, then RE2 will tend 
upward toward the basin RE1 value. The value of RE2 is that it gives* the 
ground sample size necessary to achieve the same variance as the regression 
design for the given population. It also can be used directly to compute the 
sample size-dependent cost associated with the stratified simple random sampling 
design. 

Inspection of the values in Table 3-39 shows that RE1 ranged from a low of 2.14 
in the South Coast to a high of 13.82 in the North Coast. in two of the three 
major agricultural basins, REI exceeded 6.5 (6.60 in Sacramento River and 6.79 in 
Tulare). In contrast, an REl of only 2.32 was achieved for the San Joaquin basin. 
This lower REl resulted from a tight clusterinq of paired qround and Landsat 
measurements of irrigated proportion within each land use stratum. The computed 
variance between ground observations ((Sy)h) was therefore low (especially so in 

* by multiplying RE2 times the ground sample size required for regression 
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two strata), giving a stratified simple random sample ground variance only 
2.32 times as large as the corresponding regression variance. As noted abov~, 
RE2 tended to be lower than corresponding REl figures, though not substantialiy 
in the three prime agricultural basins. 

Statewide, REl for the stratified design was computed to be 5.33. That is, 
the variance reduction was over five times when using regression as opposed to 
ground sampling only in a stratified design. The value for RE2 shows that, state
wide, more than three times the number of ground units would have to have been 
measured in a ground-only design to achieve the same sample variance as the 
Landsat regression design, given the sample frame used and the correlations 
achieved in 1979. 

Appendix III presents REl and REZ values for the unstratified case. These 
tend to be'higher than the correspondlng stratified values due to the larger 
variance among ground observations when stratification is not used. The un
stratified relative efficiencies should be used for comparison only. Stratified 
values for REl and RE2 reported in Table 3-39 are considered to represent the 
baseline of relative efficiency for the Landsat regression design established 
in the 1979 irrigated land inventory. 
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3.B Task I Recommendations 

The results and experience gained in the Irrigated Lands Applications 
Pilot Test have enabl~d the formulation of a number of recommendations regarding 
future operational implementation. These recommendations were based on a review 
of irrigated area estimates produced by the 1979 inventory, findings from the 
evaluation, and observations made during the course of planning and conduct of 
the inventory. These recommendations should not be viewed as final. A more 
detailed proposal for operational implementation will be forthcoming in the 
coming year with publication of the Procedural Manual. Recommendations are 
listed below according to sampling, measurement, and estimation design comp
onents. 

3.B.l Sample Frame 

(1) Size of Sample Unit: 

(a) 1.0 to 1.5 mi 2 in predominantly agricultural areas dominated 
by field crops, orchards, and vineyards (typically valley 
floor and terrace lands); 

(b) 2.0 to 2.5 mi 2 in other areas. 

(2) Shape of Sample Unit: 

Rectangular, to include if necessary non-agricultural land. 

Rectangular or simple polygon shape designed to minimize sample 
unit registration, handling, and location problems. 

(3) Orientation of Sample Unit: 

Aligned with road networks, field boundaries, and other 'natural I 

boundaries; this should minimize ground access problems, field time, 
labelling 

(4) Location of Sample Unit: 

Each sample unit should be constrained to fallon preferably one 
and not more than two USGS 7~ minute quadrangles. 

(5) Number of Land Use Strata: 

(a) Retain the small grain and vegetable strata for identifying 
sample units in which multiple cropping in individual fields 
is likely to occur during the course of a given calendar year; 
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(b) Reduce the number of land use strata to which independent 
allocation of ground samples is required. In some basins 
(e.g. desert hydrologic units) no stratification may be re
quired. In others, a stratification scheme separating dry
land areas, field crop areas, orchard/vineyard areas, agri
culture-urban mix areas (formerly 'exclusion' areas), and 
dispersed agricultural areas may lower estimated basin sam
pling error. Not all basins will contain all strata. Until 
further experience is gained, retention of these general 
strata in most non-desert basins is recommended for maximum 
design flexibility in future inventories. 

(6) Urban Fringe Exclusion Areas: 

Include more urban fringe (mixed urban and small-field agriculture) 
within the sample frame, possibly as a separate stratum. Options 
include using a simple random ground sample to estimate irrigated 
acreage in this area; or using the regression technique employed 
in the 1979 inventory; or using the USDA estimate for this area; 
or possibly, though this would be the most expensive alternative, 
performing a complete ground enumeration of land within this 
present exclusion area. 

(7) Agricultural Land Outside the Sample Frame: 

Include agricultural land designated as 'outside the sample frame' 
in 1979 within a future sample frame. Most of this land would 
probably be assigned to (old) stratum 7, though a smaller portion 
may be classified to stratum 1 (dryland). Areas assigned to 
stratum 7 would be subject to the same regression technique for 
estimation of irrigated land as applied in 1979. Land assigned 
to the dryland stratum will necessarily be subject to the sampling 
and estimation technique selected for that stratum. Equal prob
ability selection of ground sample units for use in regression est
imation of irrigated area, or variable probability selection of 
sample units with probability proportional to estimated size (ppes) 
estimation are the two most likely sampling/estimation candidates 
for the dryland stratum. 

Use of USDA estimates for areas outside the current (1979) irrigated 
lands sample frame should be evaluated as an alternative solution 
to this problem. The disadvantage to this option may be a relatively 
high sampling error for irrigated land in this area. 

(8) County and Basin Boundaries 

Maintain 1979 system of county and basin boundaries, but recheck 
county and basin boundaries for possible errors in placement. 
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3.8.2 Sample Allocation 

(1) Early System Use 

If it is necessary to use the Landsat-aided APT technique for 
estimation of irrigated land area before a revised sample frame, 
stratification, or sample unit list can be constructed, then it 
is recommended that the sample units selected for ground measure
ment in 1979 be used again. This should be considered a 'one time 
only' approach to sample allocation in an operational application. 
Strategies for selection of new sample units (described below) 
should be employed when a revised sample frame becomes available. 

(2) Proportional Allocation 

(a) Once a revised sample frame is available, it is recommended 
that allocation of sample units to land use strata be pro
portional to the relative size of each stratum. This proc
edure represents a simplification of the 1979 system. The 
relative number of sample units allocated to a given stratum 
in 1979 was directly proportional to the product of stratum 
size (actually total number of sample units available) and -
stratum standard error, and inversely proportional to the 
square root of measurement cost for individual sample units. 
This technique, known as optimal allocation, was designed to 
give the smallest sampling error for number of ground units 
sampled. 

By using proportional allocation instead, the problem of 
computing sample size for each stratum is simplified consid
erably (in terms of calculations and, in this case, software 
required), understandability of the technique is enhanced, 
and flexibility in using the given sample allocation for est
imation of other parameters (e.g. small grain acreage) is 
increased. The Icost' of using proportional as opposed to 
optimal allocation to strata may be an increase in sampling 
error for some basins. We expect this 'cost l to be more than 
offset by the simplicity of use during the early application 
of this system. As experience and cost/variance data are 
gained over repeated applications of this inventory procedure, 
use of optimal sample allocation may, in DWRls view, become 
a more attractive option. 

(b) Total basin sample size can be computed by simple formula for 
the proportional allocation case once the size and sampling 
variance for each stratum are known. The size of a stratum 
will be available from digitizing stratum area or, if sample 
units are of roughly equal size, from a count of sample units 
within the given stratum of the basin in question. An est
imate of regression sample vartance can be obtained by class
ifying old (e.g. 1979) sample units into the new strata and 
recomputing (1) the variance among sample units fallinq in 
each stratum and (2) the Landsat-to-ground correlation for 
each stratum. 
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The sample size to be allocated to each stratum can be 
obtained directly by multiplying the total basin sample 
size times the proportion of the basin sample frame (alter
natively the proportion of sample units) within the given 
stratum. A minimum limit of ten ground-measured sample 
units per stratum is recommended to insure the development 
of reasonably meaningful Landsat-to-ground regression eq
uations. 

(c) It is recommended that selection of sample units for ground
measurement in each stratum be random, equal probability, 
without replacement. 

(3) Partial Replacement Sampling 

A procedure for replacing only some ground sample units at each new 
inventory should be considered for implementation in future surveys. 
This would reduce costs of establishing new ground sample units and 
would likely reduce overall sampling error. Replacing 25 percent of 
the sample units used for ground measurement at each inventory might, 
for example, reduce sampling error 10 to 25 percent depending on 
year-to-year correlation between sample units, variance, and other 
assumptions. In addition, error in estimation of difference in 
irrigated acreage between inventories might be reduced significantly 
(see, for example, discussion by Cochran 1977). 

3.8.3 Landsat Enlargement and Measurement Recommendations 

(1) Landsat Enlargement 

(a) The base date must be enlarged accurately to the specified 
scale. Additional dates need not be scale matched as 
critically. 

(b) Need to investigate the use of 1:100,000 and/or 1 :250,000 
scale enlargements as the base. 

The USGS is now or will be producing maps at both scales. 
Having Landsat and maps at the same scale would con
siderably reduce the time spent on merging strata, locat
ing sample units, etc. 

For 1 :100,000 scale, this would require a once only redo 
of boundaries and sample frame 

(c) Need to investigate alternative enlargement methods. 

(2) Landsat Recording Forms 

(a) Preparation of 'county boundaries by an automatic plotter was 
done in the 1979 survey. In-house plotting capability at 
DHR could streamline the process. 
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(b) Automatic plotting of the 7.5' grid would also greatly 
reduce preparation time. 

(3) Interpretation Procedure 

(a) Using analysts familiar with the area being interpreted and 
the agricultural practices common to the area should reduce 
analyst time and errors. 

(b) Recording the time spent to interpret an area should be done 
on a sample basis. 

(4) Digitization 

(a) When locating the sample units on Landsat prior to digit
ization, the units must be located with reference to the 
7.5' ground data maps. 

(b) Having regular boundaries on the sample units and strata 
boundaries would greatly reduce digitizing time. 

(c) If more than one digitizer is being used, every attempt 
should be made to use common measurement systems (i .e. lOOOths 
of an inch). 

(d) Appropriate software should be made available to maximize the 
efficiency of digitizing. 

3.8.4 Estimation Eguations for Irrigated Land 

(1) Regression Estimator 

The stratified regression estimator is recommended for estimation 
of irrigated land in an operational system. This recommendation 
is based on the following considerations: 

(a) it is fairly simple to understand and to apply; 

(b) it was one of the best 'performers' (tended to give 
smaller confidence interval half-widths) in the 
evaluation of linear estimators; and 

(c) it appears to be reasonably robust against deviations 
from linear model assumptions experienced in the 1979 
inventory. 

(2) Sample Unit Weighting 

Omit weighting of irrigated proportion observations by sample 
unit size unless sample units differ significantly in area. 

(3) Variance Expression 

Use of the expression for regression variance given by Equations 
17 and 18 in Appendix IB (denoted as the variance-expression 
with factor 5 in Appendix II) is recommended. This formulation 
of regression variance makes the least assumptions about the 
distribution of Landsat measurements of irrigated proportion in 
the basin population of sample units. 
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4.0 ESTIMATION AND MAPPING OF IRRIGATED LAND USING 
DIGITAL ANALYSIS TECHNIQUES· (TASK II) -

The development of digital analysis techniques for inventorying irrigated 
land continued during 1980. The information requirements for Task II were 
similar to those used in the manual analysis task (Table 2-1). Primary 
emphasis was still on the estimation of irrigated land; however, mapping 
irrigated land through the classification of digital Landsat data became an 
important secondary objective. The error goal for the estimation procedure 
was again set at + 5% for the 95% level of confidence on a basin basis. Two 
major sub-tasks were addressed: 

(1) the development of a streamlined, precise method of full-frame 
registration for use with multitemporal Landsat digital data; 
and 

(2) the continued development, testing and evaluation of the MSS 
band 7-to-MSS band 5 ratio as an accurate discriminant for 
separating irrigated from non-irrigated land in the major 
agricultural areas of California. For the second sub-task 
three test sites were selected for analysis: the Tulare Basin 
in the southern San Joaquin Valley; Sacramento County in the 
heart of the Central Valley; and, the Sacramento Basin in the 
northern Sacramento Valley (Figure 2-1). 

4.1 Registration of Multitemporal Landsat Digital Data -
NASA/AMES Research Center 

As in the manual analysis procedure, the long growing.season in California 
necessitates the use of multiple dates of Landsat data to insure the detection 
and identification of irrigated land. Precise registration of Landsat digital 
data for a number of dates, as well as mosaicking adjoining path and row ac
quisitions together, is a prerequisite for successful classification and out
put of results. Both the Tulare and Sacramento Valley Hydrologic Basins occupy 
portions of two Landsat scenes (Figure 2-1). For both of these basins three 
dates of Landsat full frame data were registered to each other. Figure 4-1 
represents the procedure used to register entire Landsat scenes of differing 
dates one to another. Here all "secondary" scenes of a common Path, Row 
location are registered to one "primari' scene. That is, all pixels of the 
primary scene are kept in the original raw data location, and pixels from 
differing or secondary overflight dates are manipulated to overlay those of 
the primary scene. Any computer compatible tapes may be chosen as the primary 
scene. 

In Step 1, initial correspondence between a primary and secondary scene 
is obtained by digitizing the corner tick marks and about ten identifiable 
matching points scattered over 1:1,000,000 scale Landsat images. Using this 
initial correspondence, 340 pairs of approximately overlaid blocks spaced 
uniformly throughout the scene are extracted. (Primary scene blocks are 
64 x 64 pixels in area, and secondary scene blocks are 32 x 32.) Block cor
relation as depicted in Step 2 is accomplished by performing the same operation 
on each of the 1089 possible overlay positions on the larger primary block, 
calculating the gradient correlation at each position, and performing a 
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1. ESTABLISH INITIAL CORRESPONOENCE 
• "" 1 0 Corresponding Points: Common points on each 

image to obtain initial overlay 

(MANUAL OPERATION) 
.' 

2. PERFORM BLOCK CORRELATION 
• 340 Pairs of Corresponding Blocks from primary 

and secondary scene are evaluated 
• Primary Scene blocks are 64x64 Pixels in area 
• Secondary Scene blocks are 32x32 Pixels in area 

• 1089 Correlations/Block pair: Small window is moved 
around on large window until best lit is determined 

• LaGrange Interpolation for Exact Peak: Subpixel move· 
ments determined and residuals listed for each 
block pair 

(AUTOMATED) 

3. EDIT BLOCKS 
• Remove Outliers: Because of clouds. etc. some block 

pairs are removed from analysis 
== 140 Blocks Remain 

• Oerive Least Squares 3rd Order Polynomial based on 
remaining residuals 
Max Error ==.3 Pixel 
RMS Error "".2 Pixel 

(lTERACTIVE) 

4. "WARP" SECONOARY SCENE TO PRIMARY SCENE 
• Evaluate 3rd Order Polynomial on Each Primary Pixel. 
• Map Nearest Neighbor Secondary Pixel: Secondary 

Scene Pixels are moved to Primary Scene Location 
• New Tape of Secondary Scene created with sub pixel 

la) 

Ic) 

accuracy (AUTOMATED) Id} 

+--'I.-,,~, 
y' = A. By + c •• Oy2 • ElY. F.2 • Gy3 • Hy2 • + II 2 y. J.l 
.' ~ K+ Ly. M •• Ny2. 0.),. p.2. 0,3. R)'2 •• 5.2 y+ T.I 

Figure 4-1. Scene-to-scene registration procedure 
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LaGrange interpolation at the maxima of this correlation surface to obtain 
the correspondence for this block pair to sub-pixel accuracy. Block editing 
in Step 3 takes the resulting 340 corresponding point pairs and calculates the 
best third degree polynomial (in a least-squares sense) fitting these pairs. 
Because block pairs do not always correlate well due to cloud cover, land use 
changes, snow cover, or data errors, editing to remove outliers is performed 
until a maximum root mean square error of 0.2 pixels is attained. (Within 
post-1979 scene experience, usually at least 140 block pairs remained after 
this editing process). In Step 4 the secondary image is warped to the 
primary image by evaluating the least-squares polynomial obtained in Step 3 
at each primary pixel. This gives the corresponding secondary scene location, 
which is converted to actual secondary scene row and column addresses via a 
nearest-neighbor mapping. A new CCT is thus created with sub-pixel accuracy. 
This new CCT is in Landsat format and not yet calibrated to a map base; how
ever, when the primary scene is calibrated, all the overlaid secondary scenes 
also become calibrated. Upon completion of the registration, a band of Landsat 
MSS 7-to-MSS 5 ratioed data in addition to the four Landsat raw data bands was 
computed. 

4.2 Classification of Multitemporal Landsat Digital Data 

The second major sub-task of Task II was to continue the development, test
ing and evaluation of the MSS 7/MSS 5 ratio as a viable discriminant for diff
erentiating irrigated from non-irrigated land in the major agricultural areas 
of the state. In support of this, each cooperating institution worked on a 
separate part of the Central Valley: UC Santa Barbara studied the Tulare Basin 
area in the southern part of the Central Valley; NASA/Ames tested the techniques 
in Sacramento County - an area located in the center of the Valley and encom
passing a portion of the Sacramento-San Joaquin River delta; and, UC Berkeley 
continued development in the northern (Sacramento Valley) section of the Central 
Valley. 

4.2.1 Tulare Basin Test Site - University of Californtal 
Santa Barbara Campus 

Digital analysis of three Landsat dates for the 1979 growing season indi
cates that comparable results can be obtained with either digital or manual 
interpretation techniques. Using the estimates of irrigated acreage for a 
portion of the Tulare Basin (Kings, Tulare, and part of Kern Counties) ob
tained from Task I as the standard of comparison, a digital classification 
of the basin was undertaken using a simple band 7/band 5 ratio enhancement 
with a threshold cutoff. 

The purpose of this work was to define a procedure for identifying irri
gated acreage using digital techniques that would mimic the procedure developed 
in Task I. Because the definition of irrigated land is essentially a binary 
one (red/not red) the digital approach is well suited to this task. 

The enhanced scenes were created using three dates of Landsat that had 
been registered and 7/5-ratioed by NASA-Ames. The procedures used were 
similar to those developed in earlier work on the 3-quad Kern County study 
site. The scenes were displayed and a cutoff value was applied. All pixels 
below the cutoff value were considered to be non-vegetated while all those 
above it had vegetative cover. Different cutoffs were tried until the 
analyst felt that the scene on the monitor matched the photograph of the 
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Landsat image. Generally the critical factor for determining the appropriate 
cutoff is the identification of that pixel value at which optimal field 
definition occurs (i.e., the interior of a vegetated field is made up of 
pixels above the cutoff with few or no pixels below it). Usually some trade
off occurs because as fields IIfill in,1I scattered, isolated pixels begin to 
show-up as vegetated. The end result is a compromise that results in a pro
duct that is visually satisfying to the individual analyst. By displaying 
Landsat bands 4 and 5 in blue and green, respectively, and the 7/5 ratio 
band in red, an enhanced color-IR scene was created. The cutoff was then 
applied to the red channel. 

The 256 x 256 image display monitor will hold an area somewhat larger 
than a 7.5 1 quad. A number of these subscenes were displayed and a cutoff 
selected for each of the three counties analyzed - Kern, Kings, and Tulare. 

As a first attempt, the boundaries for each of the three counties were 
digitized, registered, and overlayed onto the Landsat scenes. Also included 
in the digitized overlay were the major agricultural/non-agricultural boundaries 
and urban boundaries (Figure 4-2). These were used to mask large areas of 
non-agricultural activity so that any pixels having values above the selected 
7/5 ratio would not be erroneously classified as agriculture. 

The acreage for each county was determined using VICAR to assign the 
appropriate 7/5 ratio cutoff value to all pixels within each of the county 
boundaries. Tabulation of the results was accomplished by setting all pixels 
on the overlay mask (Figure 4-3) to zero, except the county in question, in 
which values were set to 1. The mask and the classified Landsat scene were 
multiplied together to create a third scene containing only the particular 
county. Acreage was then computed from the resulting pixel count of all pixels 
classified as irrigated. 

The entire agricultural area of Kings and Tulare Counties was contained 
in each of the three scenes but the southernmost'postion of Kern County was 
outside of the Landsat frame. Rather than incur the costs of three additional 
Landsat tapes and the associates registration costs, we elected to use the 
acreage measurements for this portion of Kern County obtained during Task I. 
Table 4-1 shows the acreage measurements for Kings, Tulare, and Kern Counties. 
By way of comparison figures are also included for the measured acreage 
(bias corrected acreages are shown in parentheses) obtained during Task I, 
as well as an estimate of irrigated acreage provided by DWR. This latter 
figure is extrapolated from tre most recent DWR land use survey (in some cases 
over five years old) and current information from the county agricultural 
commissioner. Historically, this update procedure has resulted in estimates 
within two percent of actual conditions. 

Table4-l compares the digital classification results with both the Task I 
measurement and DWR1s estimate. Also shown is a comparison of Task I results 
with the DWR estimate. In all cases the digital classification resulted in 
a smaller number of measured irrigated acres indicating that the selection of 
a lower 7/5 ratio cutoff may be appropriate. As the "correct" threshold value 
is approached, the analyst increasingly cues on the presence of speckle, 
resulting in a conservative bias. The implementation (If some type of post-
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Count.Y 

KINGS 

TULARE 

KERN 

Table 4-1 Comparison of Total County Acreage 
Estimates Between DHR and Manual and 
Digital Landsat Measurements 

DWR Estimate 
(1000 Acres) 

613.7 

710.9 

991.5 
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Task I - Manual 
(1000 Acres) 

568.5 

792.9 

1006.2 

Task II -Digital 
(1000 Acres) 

547.7 

759.3 

976.7 



classification filtering could be used to remove speckle, allowing the 
selection of a more liberal cutoff value. During 1981, further work will 
be done to test various cutoffs and perhaps define stratification criteria 
that can be used to control error. 

Both the manual and digital interpretations had errors ranging from 1.5 
to approximately 11 percent. Both procedures did quite well in Kern County 
(+1.5% and -1.5% for the manual and digital approach, respectively). The 
error ranged from 6.8% to 11.5% for Kings and Tulare Counties with the mag
nitude of the error "flip-flopping" between the manual and digital procedures. 
The nature of the misclassification error will be covered in the Task I eval
uation. Further study is needed to see why the magnitude of the error flip
flops between the two procedures - possibly a county boundary separating the 
two counties is misplaced. We have reviewed the manual interpretation of 
Kings County and find it difficult to account for up to 7.4% more irrigated 
land. 

During 1981, these questions will be addressed as we attempt to fine-tune 
the digital classification procedure. We will also register the 1 x 5 mile 
sample units from Task I allowing for a full comparison with the Task I effort. 

4.2.2 Sacramento County Test Site - NASA/Ames Research Center 

Development and testing of the MSS 7/MSS 5 ratioing technique continued 
with an experiment conducted in Sacramento County (Figures 2-1 and 4-4). 
Sacramento County is located between the two test sites being studied by the 
University of California groups and offered the opportunity to confirm the 
validity of the ratioing technique in the central part of the valley and in 
the agriculturally productive Sacramento River delta area. For this test site 
four dates of 1979 Landsat data were registered (as described in Section 4.1) 
and 7/5 ratio bands created. The dates selected for study were: June 11, 
July 8, July 26, and September 18. 

As in the work done in the Tulare and Sacramento Valley test sites, the 
7/5 ratio images were read into an interactive display and analysis system 
(IDIMS at Ames) and individually looked at. By referring to a color composite 
photographic product the analyst scrutinized individual fields on the basis of 
their red color on the composite and the amount of "shade-in" shown on the 
television monitor of the IDIMS system. The threshold value of the "shade-in" 
was adjusted by the analyst and pixels with values occurring below the threshold 
value were considered non-irrigated. The threshold values arrived at varied 
from date to date in the following way: 

Table 4-2. MSS 7/MSS 5 ratio threshold values used for classifying 
irrigated land in Sacramento County 

June 11 
July 8 

July 26 
Sept 18 

RATIO VALUE 
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Figure 4-4. July 8, 1979 full frame 7/5 ratio greyscale image with the 
Sacramento County agricultural strata overlay. The strat
ification was the same as used in the Task I manual analysis 
(Section 3.2). 
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After the threshold values were determined a pseudo-binary image was 
made for each date. The mapping scheme used to prepare the binary image 
allowed the analyst to determine both (1) that any given field had been 
above the threshold on one of the dates, and (2) on which date or combin
ation of dates that area was above the threshold. Therefore, in the 
creation of the pseudo-binary images each pixel was assigned the value of 
2, 4, 8, or 16 if it was above the threshold value on one or more of the 
four Landsat overpasses. Given the values assigned in the mapping function 
there exists the possibility of 16 different values; the summed value allows 
you to determine the dates when the pixel was above the 7/5 ratio threshold. 
Table 4-3 shows the sixteen possible values and how they were derived. 

Table 4-3. The sixteen possible summed values used to describe the 
irrigated/non-irrigated sequence in Sacramento County. 

June 11 .July 8 July 26 Sept ]8 SUM 

Y(2) Y (4) VCR) Y(llj) 30 

Y(2) Y(4) Y(R) N (1) 15 

Y(2) Y(4) N (1) N (1) 8 

Y(2) N (l) N (1) N (l) 5 

N (l) N (1) N (1) N(l) 4 

N (1) Y(4) N (1) N (1) 7 

N (1) Y(4) Y (8) N (1) 14 

N (1) Y(4) Y(8) Y (l~) 29 

N (1) N (1) Y(R) N (1 ) 11 

N (1) N (1) Y(8) Y(1fi) 21; 

N (1) N (1) N (l) Y (1h) 19 

Y(2) N (l) N (1) Y (1~) 20 

Y(2) N (1) YeS) N (1) 12 

N (1) Y(4) N (1) Y (Hi) 22 

Y(2) N (1) VCR) YO") 27 

Y(2) Y (4) N (1) Y(16) 23 

Y=Irrigated, N=Non-irrigated 
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The number of pixels occurring in each of the sixteen possible classes was 
then counted. Of the 1,593,102 pixels counted, 487 pixels were classified 
with values other than the sixteen described above. Upon investigation, 
these 487 pixels were found to be associated with riparian areas and were 
subsequently reclassified into the never irrigated class (#4). Figure 4-5 
shows the Sacramento County area with all pixels irrigated at least once 
shown in white and pixels in stratified-out areas shown in black. Table 4-4 
shows the resulting pixel counts and subsequent acreage values for the four 
dates used. 
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Table 4-4. Pixel counts and acreage values for the Sacramento 
County test site. 

PIXEL VALUE GREEN DATE PIXCOUNT ACREAGE 

pixels X .Rl 

4 158,J84 

5 June 11 5,437 4,i10~.97 

7 July 8 8,('145 h,5ll1. 1I 5 

8 June JJ, July R fi,522 5,?A2.R2 

11 July 26 9,"'fi4 7,~41.Rb 

12 June 11, July 26 744 6f'12.j:j4 

14 July 8, July 2fi 13,8711 11,/39.51; 

15 June 11, July 8, July 26 15,eJ:n 12,17r,.7~ 

19 Sept 18 22,924 18,5fiR.t!4 

20 June 11, Sept 18 3,0132 2,Ll55.~2 

22 July R, Sept 18 1tl,Jfi4 11,1I72.A4 

23 June 11, .lul y A, Sept lR 17,/20 13,94R.?eI 

2fi .July 2fi , Sept 1R 1] ,Ll7A 9,29 7 .1 e 

27 June 11, July 2Fi , Sept 18 1,9Fi5 1,591.fi5 

29 July 8, July 26, Sept lR 4fi,R29 ~7,931.,1q 

30 all four dates 51,,187 41,7P4.A7 

subtotal 18,1,5~4.2'" 

acres outside ag strata 

number acres on path/row 473tl 

total irrigated acres 196,131.9fi 
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Figure 4-5. Total irrigated pixels in the Sacramento County test site. 
Black = pixels never classified as irrigated, white = pixels 
classified as irrigated on at least one of the four dates. 
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The results of this test are very promlslng. The Department of Water 
Resources estimated that there were 196,700 acres of irrigated land in 
Sacramento County. This estimate differs from that classified as irrigated 
using the 7/5 ratio technique by approximate 570 acres or .3%. 

4.2.3 Sacramento Valley Test Site - University of Ca1ifornia/ 
Berkeley Campus 

Development and testing of digital analysis techniques continued in the 
Sacramento Valley in 1980. The primary task was to perform an inventory of 
the Sacramento Hydrologic Basin (see Figure 4-6). Digital data from 1979 
was used along with the 1979 Task I ground sample units (55 sample units). 
Significant progress was made on several sub-tasks: (1) determining the 
optimum sample design minimizing cost for a fixed error; (2) implementing 
the Survey Planning Model Simulation technique in sample design analysis; 
and (3) refining the technique for setting the irrigated/non-irrigated dis
criminant in the greeness indicator band. 

Registration of Multi-Temporal Landsat Data 

As in Task I, the detection and identification of irrigated land in 
California necessitates the use of multiple dates of Landsat. Therefore 
precise registration of multitemporal Landsat digital data is necessary for 
accurate classification. Since DWR will ultimately require summarization 
and output in the form of U.S.G.S. 7.5 quadrangles, the registration of 
Landsat data to that map base is also desirable. The three dates of Landsat 
used in Task I (June 11, July 8, and Sept. 18) for two scenes (Path 47, 
Row 33 and Path 48, Row 32) were registered to each other, as described in 
Section 4.1. This procedure does not include registration to a map base. 
Upon completion of the registration, NASA/Ames computed a band of Landsat 
MSS 7 to MSS 5 ratioed data in addition to the four Landsat raw data bands. 
The registered raw data and 7/5 ratioed bands were then provided to the 
University for further analysis. 

The date-registered data were next registered to the U.S.G.S. 7.5 minute 
map base. As a first step in this process the date-registered Landsat scenes 
were displayed on the RSRP interactive image analysis system and were divided 
into seven blocks for ease of storage, display, and analysis; each block was 
30 minutes of longitude by 30 minutes of latitude in size (see Figure 4-6). 
A multidate, Landsat data file was then created on a computer disk for each 
of the 30 minute blocks. 

Next, a set of control points was selected to initiate registration of the 
multitemporal data set to the map base. One set of control points was used 
for each 30' block. These points were distributed as evenly as possible with 
approximately three points per 7.5 minute quadrangle. Control point coordinates 
were obtained by displaying the base date for each block, moving the cursor on 
the TV monitor to the selected point, and recording the x and y coordinates. 
Control points were selected based on (1) the ease with which they could be 
located on the Landsat base date and the U.S.G.S. 7.5 minute quadrangle maps, 
and on (2) the degree to which they contributed to an approximately even dis
tribution of points over the 30 minute block. The x and y coordinates of each 
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Figure 4-6. Location of 30 minute blocks in the Sacramento Valley 
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control point were then measured on the 7.5 minute quadrangles in 1/60 inch 
increments. Measurements were made using the upper left corner of each 
7.5 minute quadrangle as the origin. 

Dimensions for the 30 minute block computer file were set at 640 points 
by 800 lines to (1) give a map cell size of approximately 0.5 hectare (1.2 A), 
and to (2) allow division of each block into various sample unit sizes for 
design analysis. These dimensions were then used to convert the map coordinates 
(in inches) to ground computer file coordinates using the following formulas: 

where 

x 160 Xm 
Xnf = + (N x 160) w 

Y x 200 
Ynf = m + (M x 200) L 

Xnf = X value in new file 

Xm = X value on the map 

Ynf = Y value in new file 

Ym = Y value on the map 

W = 7.5 1 map width in inches 

L = 7.5 1 map length in inches 

N = 0,1,2, or 3 depending on whether the 7.5 1 map is the first, 
second, third or fourth from the west side of the 30 1 block 

M = 0,1,2,3 depending on whether the 7.5 1 map is the first, 
second, third or fourth map from the north side of the 30 1 

block 

The control point coordinates for the Landsat data and the new ground file 
were run through the regression program DANIEL. This program calculated the 
equations necessary to transform the Landsat data to the new ground coordinate 
file. These equations were of the form: 

2 2 
. XLandsat = bO + blXG + b2XG + b3YG + b4YG + b5XGYG 

and 

where xG and YG are the new ground file coordinates. 
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The equations from DANIEL were used in the program COTRANS to place the 
Landsat data into the new ground file. This program resampled the data by 
using the DANIEL equations and the coordinates for each new file cell to 
predict the corresponding location in the original Landsat file. The data 
values for that Landsat pixel were then transferred to the cell in the new 
file. This was done for the 7/5 ratio bands for each date, the end product 
being a file 640 points by 800 lines with three bands: June, July, and 
September. The data had been rotated so that a particular cell represented 
the same point on the ground for all three dates. 

Ancillary Data 

To facilitate data summary and calibration it was necessary to prepare 
a multi-layered data base. The data base contained the Landsat digital data 
for three dates as well as county boundaries, the hydrologic basin boundary, 
the land use stratification used in Task I, and the Task I ground sample unit 
boundaries. (See Figure 4-7), All boundaries were digitized and were trans
formed to overlay the registered Landsat data. 

IRRIGATION MAP 

LAND USE STRATA 

I COUNTY J BAS I N BOUNDAR I ES 

I SAMPLE UNIT GROUND DATA 

I SAMPLE UNIT BOUNDARIES 

I JULY· LANDSAT DATA -I JUNE LANDSAT DATA 
-

SEPTEMBER LANDSAT DATA -
r--

BASE DATE 

r--

-

-

r--

Figure 4-7. Registered Data for Each 30 Minute Block 
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Classification 

To identify irrigated land, a simple vegetative indicator was used. This 
indicator consisted of the ratio of Landsat MSS band 7 to MSS band 5 (7/5 ratio). 
Since actively growing vegetation generally has a higher 7/5 ratio than other 
cover classes, agricultural land, with its healthy vegetation and high percent 
of canopy cover, should have a higher 7/5 ratio than native vegetation or fallow 
land. A threshold 7/5 value can be determined to separate irrigated agricultural 
land from non-irrigated land. 

The three dates of Landsat 7/5 ratioed data selected to identify irrigated 
land corresponded to those used in Task I. The late summer date was selected 
as the base date since in California, as in most arid or semi-arid areas, only 
irrigated crops are actively growing during summer. A late Spring date was 
chosen to monitor small grains and a Fall date was used to detect multiple
cropped fields. 

The 7/5 bands for each of the three dates were analyzed by 30 minute block, 
and a threshold value was selected to separate irrigated from non-irrigated 
acreage. It was expected that the 7/5 threshold value would vary by date and 
ground location of the 30 minute block due to: (1) changes in the condition 
of annual grasslands bordering the area since grasslands are one of the main 
non-irrigated cover types to be eliminated; (2) changes in type and proportion 
of crops grown since each crop has unique spectral characteristics; and (3) 
shtfts in crop calendars due to climatic and latitudinal variations since the 
phenological stage of a crop affects its spectral appearance. Using the RSRP 
interactive image display system, each 30 minute block was displayed and ana
lyzed separately. 

To set the threshold value for a given band (date) the data was displayed 
on the TV monitor and was compared to the Landsat 1 :1,000,000 color composite 
transparency. Using a real time masking option, file cells with values below 
a specified 7/5 value were masked out. This 7/5 value was adjusted visually 
until only what appeared to be actively growing cropland on the transparency 
was displayed. This value was then used as the threshold value for that date. 
(See Figure 4-8) 

When threshold values had been determined for each date, an irrigation 
class map was created for each 30 minute block. For a given date, the 7/5 
ratio of each cell waS compared to the selected threshold value and was labeled 
as irrigated if tts value was greater than the threshold. After each pixel was 
labeled irrigated or not on all three dates, the bands were combined to create 
a class map.* The three date pattern of irrigation for each pixel was then 
labeled as one of eight classes (see Figure 4-9): 

* This classification technique was developed from an earlier procedure 
reported by Hay et al (1977, pp 2-8 to 2-33) in which crop group strat
ification was obtained by using a constant threshold on several dates 
of Landsat 7/5 ratio data. 

-192-



MAY: 1.14 
SEPT: 1.14 

MAY: 1.14 

SEPT: 1.14 

JUNE: 1.10 JUNE: 1.10 
JULY: 1.40 JULY: 1.26 

SEPT: 1.22 SEPT: 1.20 

JUNE: 1.10 

JULY: 1. 20 

SEPT: 1.20 

JUNE~ 

JUNE: 1.24 

JULY: 1.20 

SEPT: 1.20 

1.24 

JULY: 1.38 

SEPT: 1. 20 

Figure 4-8. 7/5 Threshold Values by 30 Minute Block 

-193-



Figure 4-9. Class maps for one 30 minute block in northern Sacramento 
Valley. Map on left shows 8 classes. Map on right shows 
2 classes with red being irrigated, black being not irri
gated. 
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CLASS NUMBER IRRIGATION PATTERN COLOR 

1 not irrigated on any date black 
2 irrigated in June only purple 
3 irrigated in July only pink 

4 irrigated in September only red 
5 irrigated in June and July blue 

6 irrigated in June and September tan 

7 irrigated in July and September green 
8 irrigated in June, July and white 

September 

The classification was then summarized to output a measurement of the 
proportion irrigated. Within each 30 minute block, irrigated cell counts 
were summarized for each of the 8 classes. These counts were obtained for 
each ground sample unit and each land use stratum polygon within the block. 
Using these counts a proportion labeled irrigated was calculated for each 
sample unit and for each land use stratum. These proportions were used to 
assess the accuracy of the 7/5 discriminant and to simulate regression est
imates of irrigated proportion. 

Estimation 

The proportions irrigated from the classification and the ground data 
collection were input to a computer program, in order to produce an estimate 
of the proportion of irrigated land. As in Task I, both weighted, shown in 
IA and unweighted observations were used with the regression estimator equation 
5 of Appendix IA to calculate an estimate for each of the seven land use strata 
described in Table 3-2. Regression coefficients were estimated using matched 
ground and Landsat class map irrigated proportion data associated with sample 
unit locations defined in Task I. Ground proportions were obtained from DWR 
field enumeration for Task I in 1979 and Landsat proportions from ground file 
cells labeled as irrigated using the 7/5 ratioed digital data. The resulting 
regression equation for each stratum was then used to compute an estimate of 
irrigated proportion and standard error for the entire population of sample 
units within that stratum. The results of the estimation are shown in Tables 
4-5 through 4-7. 

Summary statistics were computed (see Table 4-5) for the entire area within 
the Task II sample frame by combining the stratum estimates according to the 
equations presented in Task I. Thus, for the area within the "pseudo" Sacra
mento basin sample frame, the regression estimator (using sample unit size
weighted observations) produced an estimate of 72.4 percent irrigated with a 
relative 95 percent confidence interval half-width of 8.0 percent. 
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TABLE 4-5. Summary Statistics for the Stratified ~'7eighted and Unweighted 
Task II Regression Estimates of Irrigated Proportion 

Estimator 

Weighted 

Unweighted 

Proportion 

.72404 

.73821 

Standard 
Error 

.02828 

.02764 

Degrees 
of Freedom 

30.14 

21. 41 

95% 
C.I. 

.05775 

.05749 

Relative 
Standard Error (%) 

7.98 

7.79 
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TABLE 4-6. Sununary statistics for the per stratum regressions of Task II 
weighted proportions on the weighted ground proportions 

Stratum Proportion 

1 .35145 

2 .59923 

4 .79651 

5 .87183 

6 .75831 

7 .24812 

Standard 
Error 

.11178 

.00113 

.03391 

.04997 

.00590 

.04460 

Population 
Size 

139 

45 

587 

102 

9 

17 

Sample 
Size 

7 

4 

29 

4 

4 

4 

Intercept 

-.02936 

.04410 

.02597 

-.00443 

.06491 

-.08150 

Slope 
Coefficient 

.• 46108 

.71194 

.85479 

.94806 

.85282 

.34469 

r2 

.47740 

.95692 

.85920 

.99121 

.99905 

.69372 
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TABLE 4-7. Summary statistics for the per stratum regressions of Task II 
unweighted proportions on the unweighted ground proportions 

Standard Population Sample 
Stratum Proportion Error Size Size Intercept 

1 .47373 .13596 139 7 -.14413· 

2 .57848 .02740 45 4 -.53701 

4 .80108 .02923 587 29 -.14255 

5. .85210 .05379 102 4 .83145 

6 .65429 .10644 9 4 -1.03065 

7 .19938 .04414 17 4 .55913 

Slope 
r2 Coefficient 

.74872 .57592 

1.42514 .95087 

1. 04659 .22667 

.02236 .00140 

2.04218 .72929 

-.37470 .15176 



Map Accuracy Assessment 

As expected, best class map accuracies were achieved in areas dominated 
by agriculture (see Table 4-6). In dryland areas (stratum 1) and in areas 
where the agriculture is dispersed and mixed with urban and native vegetation 
areas (stratum 7), the simple 7/5 discriminant is not as effective. These 
areas may require supplementary spectral information (e.g. a brightness band), 
or the threshold 7/5 value may need to be set separately by land use stratum. 
It should be noted, however, that strata one and seven make up a very small 
proportion of this agricultural area (see Table 4-8), although they could be 
significant in other areas. 

Table 4-8. Strata Weights for Sacramento Hydrologi~ Basin 

SAMPLE UNIT 
STRATUM POPULATION 

1 212 
2 150 

3 
4 951 
5 60 

6 47 

7 73 

TOTAL 1493 

The sample units and land use strata were 
and classification problems. Certain factors, 
classified as irrigated, appeared throughout. 
being classified non-irrigated due to the high 
stratum-specific (see Table 4-9). 
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STRATUM 
WEIGHTS 

.138 

.083 

.664 

.037 

.025 

.053 

examined for confusion factor 
such as riparian areas being 
Others, such as young orchards 
proportion of bare soil. were 



Table 4-9. Task II Classification 

STRATUM 1 
Irrigated versus non-irrigated grain 
Native vegeta~ion 

Riparian areas 

STRATUM 2 

Riparian areas 

Small fields surrounded by native vegetation 

STRATUM 4 

Riparian areas 
Idle or weedy fields 

STRATA 5 AND 6 

Riparian areas 
Young orchards and vineyards 

STRATUM 7 
Riparian areas 

Brush and native grasses 

The Task II sample unit Landsat measurements of irrigated proportion were 
compared to the Task I manual Landsat measurements and to the ground data 
measurements (see Table 4-l0). In strata 1 and 7 where the digital analysis 
was not as effective, quite good results were obtained with the manual analysis. 
This result can be explained by the fact that the human interpreter was better 
able to distinguish riparian and native vegetation from irrigated area. Although 
the non-agricultural areas are vegetated and have high 7/5 values, their texture 
and appearance (identifiable manually) are less uniform than cropland in agricul
tural areas. 

Continuing Work 

Further analysis of the Sacramento Valley digital data set is planned for 
1981. This work includes use of UC Berkeley's Survey Planning Model in analysis 
of the sample design and refinement of the use of the vegetative indicator. 

The Survey Planning Model (SPM) (see Section Task 4) is being upgraded to 
arrow inexpensive simulation of sample frame and irrigated (or crop) proportions 
by spectral class over very large areas. The SPM will also allow simultaneous 
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summary of irrigated proportion{s) and variance{s) by sampling stratum, measure
ment error stratum, and reporting unit stratum. Additionally, the SPM will be 
used to compute sample size and allocation among strata that minimize total 
variable cost subject to meeting pre-specified sample error requirements for 
an estimate of irrigated proportion. 

Further analysis of the vegetative indicator will be performed. The feas
ibility of setting the irrigation threshold value by land use stratum, or by 
some other set of strata such as crop group, will be determined. The effect 
of masking-out urban areas and/or large areas of native vegetation will be eval
uated. Also, time and resources permitting the use of vegetative indicators 
other than the 7/5 ratio will be examined. Finally, an evaluation of map 
accuracy on a point-by-point basis by irrigation line threshold, region, and 
combination of dates will be performed. 
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TABLE 4-10. Compari son of Digital and Manual Results 

STRATU .. SAl1rLE UNIT GROUND DIGITAL I1ANUAL 

onE (Olll .12 .60 .10 
PL2II .33 .~9 .~6 

PL32 .~5 .5& .37 
Y07 .03 .32 .03 
Y029 .O~ .33 .04 

TliO Slll23 .87 .95 .77 
Tm .47 .70 .~9 

TE23 .7~ .93 .86 
GL7 .65 .84 .65 

FOUR (0170 .86 .98 .91 
(0160 .96 .90 .83 
(0119 .84 .88 .72 
GU39 .95 .92 .97 

GllS6 .90 .98 .95 
GU05 .81 ;95 .84 
SQGO .46 .69 .68 
S047 .83 .85 .78 
SU20 .75 .93 .84 
SU59 .92 .79 .91 
SU40 .86 .93 .97 
Y0170 1;00 .99 .97 
YOm :95 .98 ~96 
Y083 .77 ;80 .82 
YOB8 .92 .89 .98 
Y0!43 .53 .75 .74 

YOe9 .71 .71 .80 

Y0147 .83 .95 .92 
Y0148 .53 .90 .72 
Y0195 .95 .92 .95 
YU36 .52 .91 .58 
TES6 .91 .89 .93 
Gm9 .96 .84 .98 
GL50 .98 .94 1.00 
GU6 .62 .78 .66 
TE94 .32 .91 ";~3 

BU22 .83 .99 ".65 

GL76 .91 .94 .91 
GL62 .61 .86 .51 

FIVE BU96 ~"94 .99 .99 
(0172 .84 .68 .12 
Yt!30 .73 .99 .68 

BU32 ;89 .93 •• 94 

SIX TE90 .86 .94 .88 

BU4 1.00 .96 .96 

SU109 .92 .98 .98 

SUl20 .80 .90 .81 

SEVEN PL67 .25 .80 .27 

PL52 .17 .96 .14 

PUiO .29 .96 .24 
PL49 .13 .96 .15 
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5.0 MANUAL CROP TYPE IDENTIFICATION (TASK III) 

The complexity of California's agricultural environment defies any effort 
at large area crop-type identification using manual interpretation techniques. 
The sheer volume of the data, the number of crops, and the number of dates 
required would be too burdensome for the human interpreter. Nevertheless, a 
number of research questions and limited areas of study present themselves. 

During the 1980 project year, three substudies were undertaken in this 
area by GRSU. The first was the completion of an additional four phenology 
diagrams. The second involved planning the development of a statewide crop
type data base which would aid in either manual or digital interpretations. 
The third involved planning for a four county small grains survey during the 
1981 season. Each substudy is detailed in the following section. 

5.1 Crop Phenology Diagrams 

The Geography Remote Sensing Unit completed an additional four crop 
phenology diagrams during 1981. Phenology diagrams have now been completed 
for Cotton, Small Grains, Sugar Beets, Melons, Rice, and Alfalfa (see 
Figures 5-1 to 5-6). Each diaqram graphically illustrates the arowth cycle, the 
spectral appearance on color-IR Landsat and an oblique view of fhe crop in 
the field during the critical portions of its life cycle. 

We have found the diagrams to be an excellent educational tool for illus
trating the multitemporal dimension of crop growth and the accompanying varia
tion in spectral signatures. They have additionally served to increase the 

.visibility of the California Irrigated Lands APT project, with copies of the 
slide sets being sent to individuals in both federal and state agencies, as 
well as individuals in the private sector and foreign countries. 

There are no current plans to make phenology diagrams for any other crops. 
We have, however, been made aware of an extensive study done by the USDA of 
cotton in the San Joaquin Valley and are considering the addition of day
degree data to the cotton diagram. Day-degree information is important in 
phenological studies and its addition should prove valuable in illustrating 
the linkage between traditional crop ecology techniques and remote sensing 
technologies. 

5.2 California Quad-Based Agricultural Information System 

During the 1980 project year, plans were developed for creating a simple 
statewide crop-type data base - the actual work to be carried out during 1981. 
The need for such a data base arises from the large area and great crop 
diversity found in California agriculture. Knowledge of the potential mix of 
crops in an area allows the interpreter or the computer to quickly focus on 
the best interpretation strategy by excluding from consideration, or at least, 
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Figure 5-1. Phenology of Cotton in San Joaquin 
Valley, California 

Figure 5-2. Phenology of Small Grains in 
San Joaquin Valley, California 



Figure 5-3. Phenology of Rice in San Joaquin 
Valley, California 

Figure 5-4. Phenology of Alfalfa in San Joaquin 
Valley. California 
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Figure 5-5. Phenology of Sugarbeets in San Joaquin Valley, 
California 

Figure 5-6. Phenology of Melons in San Joaquin Valley, 
California 
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· weighty consideration, those crops that historically have not been grown in 
the area. 

We have examined agricultural statistics gathered by the California Crop 
and Livestock Reporting Service. As with most such data sets, crop acreages 
were aggregated at the county level which greatly reduces their value to the 
user concerned with crop distributions at a finer level. Nevertheless, analyz
ing such highly aggregated data revealed statewide crop mix patterns which, 
when displayed in a graphic format, could be used to orient interpreters to 
the general crop environment (Figure 5-7). Using a clustering algorithm on the 
Statistical Analysis System (SAS), county crop acreage statistics were analyzed 
to group those counties together having similar crop composition (both type 
and proportion) (TableS-l). A number of groupings of adjacent counties de
veloped, indicating similar crop en"ironments. While acceptable for orienta
tion purposes, it was not adequate for interpretation purposes. 

Probably the most potent source of data available is gathered by the 
California Department of Water Resources. The tabular data, derived from field 
maps, is available at the 7.5' quad level and covers over 60 crops and field 
conditions statewide. Its major weakness is that, for a given county, the 
most recent survey may be five or more years old. In certain areas, where 
there has been rapid change - urban encroachment, new water supplies, new 
crop varieties, changing market conditions, etc. - the data's lack of timeli
ness may reduce its usefulness as a representative picture of current condi
tions. Nevertheless, most areas probably do not chanqe a great deal on an 
annual basis. While the prooortion of a quad given over to a oarticular crop 
may fluctuate considerably from year-to-year, the crop mixture of a particular 
quad or group of quads probably remains fairly constant. This would be par
ticularly true for crops that require major investments of time and capital 
such as orchards and vineyards, as well as those characterized by particular 
$oil or climatic requirements. The level of organization required for harvest
ing and J11arketing activities will also impact the stability of cropping prac
tices over time. In fact, it would be expected that the expansion of a new 
crop into an area would be by a type of "osmosis" from surrounding quads and, 
if the prediction of the probable crop mix in a given quad takes account of 
the adjacent quads, the change would not be particularly surprising. Major 
changes in activity are often detectable using the annual reports of various 
state and local agencies who publish data at th~ county level. Such ancillary 
data sources could be used in conjunction with the DWR data to make reasonable 
predictions about the crop environment that will be encountered during the 
interpretation phase. In short, we would expect the DWR 7.5' quad data to 
be. a valuable part of the interpretation process and that its added spatial 
resolution would more than compensate for its poorer temporal resolution. 

Incorporating this data into the interpretation procedure - whether manual 
or digital - allows the analyst to concentrate on the crops most likely pre
sent. The reduced dimensionality should actually increase interpretation 
accuracy. In the digital domain, one can imagine using this data as input to 
an a priori classifier. Rather than compare each pixel signature with all 
possible crop signatures, the decision strategy could begin with those crops. 
having the highest likelihood of being in an area as well as those crops not 
expected but which are known to have a highly similar Landsat signature to 
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one or more of the predominant crops. Combined with a well thought-out pro
cedure for accepting the computer classification at some threshold level of 
certainty, without actually comparing each pixel with all known crop signa
tures, the use of DWR and other ancillary data in the interpretation flow may 
increase accuracy and reduce computing costs. 

For the 1981 project year we are proposing to set up a simple statewide 
crop data base that utilizes DWR data. The tabular data for each county is 
currently on computer tape at DWR. We will format it in such a way that we 
can analyze the data using SAS as well as display the data graphically. We 
already have a program that will generate a grid of all 7.5 1 quads for Cali
fornia in latitude/longtitude coordinates and plans have been made to obtain 
the latitude/longtitude coordinates for the county boundaries of California. 
This will serve as the base for graphic representations of the data. 

We feel that this effort will at the very least provide the analyst with 
a tool that will increase understanding of California's unique crop environ
ment. Graphic representations of this work may also serve the same educational 
purpose as the crop phenology diagrams. We expect, this effort will allow us 
to incorporate historical DWR data directly into the interpretation procedure. 
Conversely, advantage will accrue from setting up a system that allows DWR 
to logically integrate remote sensing technology into its own data collection 
procedures. 

5.3 ~stimation of Small Grain Acreage 

Small grains occupy more acreage than any other single crop in California. 
Consisting primarily of wheat and barley, but also including oats, small grains 
are characterized by variable acreages from year-to-year (Figure 5-8). Over 
the past 15 years, barley has declined in importance while wheat acreage has 
been increasing. Superimposed on this changing picture is the fact that small 
grains are both irrigated and non-irrigated. 

The California Department of Water Resources includes small grains in its 
land use mapping efforts, although wheat, barley or oats are seldom separately 
annotated. While certain areas have small grains that are definitely dry 
farmed, non-irrigated grains grown on the valley floor, where extensive irriga
tion is practiced, are often indistinguishable from those which have been irri
gated. In many cases the amount of irrigation water applied is very light. 
Because the standard DWR survey does not usually get underway until July, and 
can extend well into September, long after small grains have been harvested, 
DWR tends to miss some grains. This problem is compounded by the fact that 
grajn's early harvest date allows farmers to use the same fields for second 
crops, often making it impossible for field crews to detect evidence of a pre
vious grain crop. 

During the 1980 project year, the Geography Remote Sensing Unit began 
preparation for a limited manual survey of small grains to be conducted during 
the 1981 season. The primary focus to-date has been to improve the manual 
interpretation techniques developed during Task I and· to develop a system which 
could easily be integrated into DWR's land use survey procedure. Previous 
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work conducted by UC Berkeley has already demonstrated Landsat's capability 
to detect small grains. The unique "spring red/early summer ye11ow" signa
ture makes grain fairly easy to distinguish from other crops. We will closely 
follow Berkeley's work, particularly with reference to typical grain si~na
tures, confusion crops, and interpretation strategies. 

In order for DWR to operationally utilize Landsat for small grains 
estimation, a number of research questions will have to be answered - What 
dates are required to detect grains? What are the potential confusion crops 
and can wheat. barley, and oats be separately distinguished? Can irrigated 
and non-irrigated grains be separately distinguished? At what scale should 
the data be interpreted and measured? What are the ~reas of potential cost 
savings that could be realized in an operational setting? 

Our work thus far indicates that small grain identification is basically 
a two-date task. The first date required usually ranges from early May to 
late June when grains are yellow in color. This phase distinguishes grains 
from other crops which are usually characterized by a red color on Landsat, 
or. in some cases. by a bare soil signature when the crop has not adequately 
emerged. ,A second date in early spring. usually early March to mid-April, is 
required to ascertain that a yellow field on the first date had actually 
been an actively growing field (red signature on spring Landsat) earlier in 
the year. If not. the yellow field may simply be grain stubble left from the 
previous season. It is important to realize that native grasslands in Cali
fornia go through a similar and concurrent color change en Landsat - even with 
optimal data selection. difficulties in interpretation may develop. A third 
data may possibly be of some value at this stage. An early August date. for 
example, could be useful for detecting burned stubble, plowed or replanted 
conditions which may help distinguish questionable grain fields from native 
vegetation. 

While a given grain field can probably be identified with only two dates, 
not all grain fields can be correctly interpreted with the same two dates. 
Examination of small grains in the Tulare Basin reveal fields ranging from 
bright red to 001den yellow to bare soil on the same early May date and on the 
same 7.5' quadrangle! Any "typical grain" signature that is defined will have 
to be shifted along its temporal axis to be applicable to the variety of con
ditions that will be encountered. It may prove to be the case that every 
Landsat date available during the critical yellowing period should be obtained 
so that all variations can be observed and analyzed. 

In addition to selecting Landsat dates that capture the spring red/early 
summer yellow signature of grains, dates must be selected which enable the 
interpreter to distinguish grain from other crops and ground covers. In the 
UC Berkeley study the major confusion crop was safflower, which also turns 
golden during the summer. Despite its similiarity, safflower could be distin
guished by trained interpreters due to slight color differences and the fact 
the safflower yellowing occurred generally later than grains. Additionally, 
safflower is declining in importance in California and should be represented by 
only minimal acreage. Crop confusion is not expected to be a major problem 
although grasslands may cause some difficulties. The use of DWR land use maps 
from previous surveys may aid the interpreter to distinguish native vegetation 
from crop land. 
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Because of the variety seen in grains as a category it seems unlikely 
that we could distinguish wheat, barley, and oats; although the variation 
seen during the preliminary examination of Landsat may be partially attri
butable to different spectral and temporal responses by grains. These are 
areas that need further research. A related question is the separability of 
irrigated and non-irrigated grains. This information is important for DWR's 
water management responsibilities, particularly during drought years. 

The scale of interpretation and measurement, and potential cost savings 
represent the area given the greatest attention in 1980. In part, this 
work was carried out to explore means of improving the Task I manual irri
gated/non-irrigated procedure. Three scales are being examined - 1/250,000, 
1/125,000, and 1/100,000 - for Landsat interpretation. . 

Interpretation at 1/250,000 would be advantageous because EROS provides 
Landsat prints at this scale (current cost $7a.00) as a standard product. 
If usable, this product, although more expensive than 1/1,000,000 transpar
encies, would greatly reduce the enlargement costs experienced in Task I. 
An additional argument for this scale is the already existing 1:250,000 USGS 
map series from which base maps could be made. 

EROS also provides, as a standard product, 1:125,000 scale RBV enlarge
ments (current cost $35.00). The sharper resolution of the RBV makes it 
an ideal product for verifying boundaries and clarifying the agricultura1/ 
urban interface. Although the image is in black and white, an interpreter 
experienced with panchromatic films may be able to distinguish some crop 
conditions. RBV coverage is intermittent and not always available and so 
must be viewed as ancillary information rather than a primary data source. 
It should be noted that there are relatively few map bases available at this 
scale which would require a considerable start up effort by DWR. It is our 
opinion that the availability of RBV as a standard product at 1:125,000 is 
not in itself an adequate argument for this scale. A better strategy would 
involve the enlargement of RBV transparencies by DHR to whatever scale is 
finally deemed appropriate. We have, however, done irrigated cropland map
ping for the Kern County Water Agency using a map base (provided by KCWA) 
at 1:125,000 scale and found it an excellent scale with which to work. Landsat 
MSS can be enlarged to this scale without extreme fuzziness. An added advan
tage of this scale is that NASA U-2 coverage, an even higher resolution ancil
lary data source, usually runs between 1:120,000 and 1:130,000 scale, which 
is close enough to the 1:125,000 map base for easy verification. 

The USGS is presently in the process of completing the 1:100,000 map 
series. As the planimetric bases are completed data from various series are 
being added (e.g., Land Use and Land Cover). A number of these bases have been 
completed and, in some cases, the Soil Conservation Service has used them 
to create county maps showing important farmlands. The 1:100,000 series may 
prove to be the best base for statewide and regional planning in the future. 
In terms of Landsat interpretation our experience indicates that this scale 
is relatively easy to work with - enlargements maintain sufficient color 
saturation and edge definition - although with larger counties, the interpre
tation overlay can become unwieldly because of its larger size. The major 
arguments for this scale are that its larger format allows more categorical 
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information and smaller fields to be included in the final map product, 
and that it may become the principal scale of presentation for other resource 
and land use data in the future. While all areas in California have not 
been completed, we were fortunate that the four counties (Glenn, Butte, 
Yolo, and Kings) selected for the 1981 grain survey were available in 
planimetric form. 

The general cartographic rule-of-thumb is 
on the map surface - should be 2 mm on a side. 
represented by a rectangular feature 2 mm on a 
scales. 

Scale 

1:1,000,000 
1:250,000 
1:150,000 
1:125,000 
1:100,000 
1:24,000 

that the minimum mapping unit -
Below we see the acreage 

side (4 mm2) at a variety of 

Acres 

984.0 
61.5 
22.2 
15.4 
9.9 
0.6 

Obviously, the larger scales allow the interpreter to include smaller features 
and a greater number of categories. This will have to be a factor in the final 
scale selection. While this may be a valid rule for producing maps, our ex
perience indicates that where the purpose is deriving an estimate rather than 
a publishable map, areas smaller in size can be easily marked (the minimum 
mapping unit used in Task I resulted in the demarcation of 10 acre fields at 
1 :150,000 scale - less than one-half the area shown above). Whatever the 
purpose - mapping or acreage estimation - DWR will have to determine where 
Landsat fits into their data collection efforts and at what scale it should be 
analyzed and presented. 

In the process of examining potential scales for Landsat interpretation 
a procedure was developed at the Geography Remote Sensing Unit that we feel 
will greatly cut the cost of any future manual effort. Costs for Landsat en
largement for the statewide manual irrigated/non-irrigated effort was approxi
mately $13,000. Our experience with Kern County Water Agency is that Ciba
chrome enlargements for three dates of Landsat to 1:125!000 scale for the 
Central Valley portion of Kern County costs approximately $450, including mater
ials and the photographer's time. Major problems encountered are con~istency 
of color balance and the precision of enlargement to the desired scale. Gen
erally our experience has been that the enlarged products have always had some 
deficiency, although the interpreter usually found an adequate means of com
pensating. 

An experiment was undertaken whereby 35 mm color slides were taken of 
the Landsat 1:1,000,000 transparency and then projected onto a map base for 
interpretation. The system that was developed is simple to use, allows for 
archival of the Landsat data by DWR's quad indexing system, requires a 
minimum amount of the photographer's time, and results in products that are 
easier to interpret than enlargements and are far less costly. 
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The viewing area of a 35 mm slide covers an area equivalent to a 151 
block of latitude and 10ngtitude (with a one mile wide border on all sides) 
when the Landsat 1:1,000,000 transparency is photographed at contact scale. 
Using the USGS 1:1,000,000 scale 7.5 1 quad index map of California, an over
lay of the area of interest is made by tracing the county boundary and the 
151 lines of latitude and 10ngtitude onto clear mylar. The county boundary 
generally has some manifestation on the Landsat scene (e.g., rivers, ridge 
lines, coast line, roads) so that the overlay can be registered to the Landsat 
transparency. With one side of the overlay taped to the transparency it 
is placed on a small light table. 

The small light table is placed on a photographic copy stand to which 
has been secured a vertically aimed automatic 35 mm camera. The camera lens 
is adjusted for contact scale and precise focusing is obtained by adjusting 
the height of the camera above the light table surface. The automatic set
ting is used for timing the exposure with the camera stepped down one full 
stop to increase color saturation on the slides. Because fluorescent lights 
found in our light tables is deficient in red light, a magenta filter 
(81A + 81e + 35M) is used. The film tyoe used to-date is Kodak Ektachrome 64. 

Each 151 block is then lined-up within the view finder and photographerl. 
The small light table can easily be repositioned under the stationa~ camera 
to change the scene. The camera used by GRSU has a motor drive film advance 
so that the process at this point consists of merely positioning the Landsat 
scene and activating the camera with a cable release. Because of its sim
plicity our photographer only has to set up the camera; the actual photography 
can be done by anyone (a set of procedural instructions for setting up the 
camera are currently being drafted so that the photographerls time can be used 
for more demanding tasks). The time spent photographing the Landsat is minimal. 
We have, on one occasion, received our Landsat transparencies in the morning 
mail, photographed the area of interest and began interpretation on lhe after
noon of the same day. 

The slides, when mounted, are archived using the Landsat acquisition date 
and DWRls quad indexing system which shows the path and row numbers for the 
four 7.5 1 quads found in a 151 block. The labelling of the slides is currently 
the most time consumming part of the process. The use of computer printed labels 
which could be quickly affixed to the slide mount surface would greatly reduce 
the time spent. 

Once the slides are in hand, an advantage of this approach becomes ap
parent - the reduced volume of materials that must be physically handled and 
stored. The enlargements used in the Task I effort frequently presented 
storage problems, and transportation between UC Berkeley and UC Santa Barbara 
always required special handling. Using commercially available slide drawers, 
an array of 38 (there are 76 rows of 7.5 1 quads in California) by 25 (while 
there are 83 columns of 7.5 1 quads in the state, there is no sinq1e row with 
more than 50 columns) such drawers would provide a simple storage system that 
would allow quick access to Landsat coverage of any 151 block in the state. 
With each drawer holding approximately 50-100 slides (depending on the type of 
mount used) multiple years of data could be simply and readily archived. 
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Figure 5-9 shows a schematic design of a throw-back or back-lit projec
tion system that can be used for image enlargement and interpretation. A 
simple version of this has been constructed at GRSU to test its usefulness 
to this project. Using a standard 35 mm slide projector, slides of 15 1 

blocks of Landsat coverage are projected onto the back of a glass surface. 
The scene is made visible on the mapping material placed on top of the glass. 
The projected slide is brought to the correct scale by simply changing the 
distance between the projector and the glass table top. No major distortions 
are noticeable but an area for futher experimentation would be the use of a 
flat field projector lens (current cost; $70). 

This system requires the use of a base map showing numerous stable ground 
features which can be seen on Landsat. In the major agricultural areas of 
the Central Valley, the one square mile sections of the Township and Range 
Survey are often evident; in more mountainous terrain, deep river valleys and 
major roads can be seen on Landsat. These features, when placed on the base 
map, can be used to assure accurate, local registration. The base map repre
sents a long-term capital investment and, once produced, is merely archived 
until a copy must be made to use in another study. Reproduction can be ac
curately done using a large format film, such as Cronoflex, which is relatively 
expensive, or, where some distortion is permissible, low cost Diazzo products. 
Excellent work copies are the inexpensive blueprint-type paper products which 
also are good surfaces on which to back-project slides. There are flat plate 
processes available for Diazzo reproductions which may be usable for relatively 
inexpensive but p1animetrically accurate base map reproductions. 

A thorough cost analysis has not been attempted but we would estimate 
the costs to be less than 20% of those incurred by using enlargements. Further 
cost savings could be realized by making slides (or enlargements) for only 
those areas where agriculture can be expected and only briefly examining the 
mountainous and vast desert regions on the 1:1,000,000 transparencies. While 
preliminary results indicate that the approach outlined here would fit into 
the DWR environment, we will continue to test it during the small grains 
analysis in 1981. 

The actual 1981 small grains analysis will take place in Glenn, Butte, 
Yolo, and Kings County. Ground truth will be taken from a special full county 
survey conducted by D~JR with the aid of NASA and University personnel. We 
at the Geography Remote Sensing Unit will analyze the imagery as it becomes 
available and teach DWR personnel the appropriate interpretative techniques. 
Following the interpretation of Landsat, DWR will provide GRSU with feedback 
as to any problem areas and suggestions for improvement. A procedural 
manual for interpreting small grains will follow. 
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6.0 IDENTIFICATION OF CROP TYPE USING DIGITAL ANALYSIS 
TECHNIQUES (TASK IV) 

The development of digital analysis techniques for estimating and mapping 
specific crop types continued during 1980. The results of previous crop type 
classification done in Kern County were re-evaluated. Work in the Sacramento 
Valley included the development of a general approach to crop type classif
ication, development of a baseline classification procedure, and the develop
ment of a multicrop sample design. 

6.1 

No major digital crop-type effort was undertaken at GRSU during the 1980 
project year, but the results of work done in Kern County in 1979 was re
assessed. 

During 1979, a digital classification of Landsat data for a 3-7.5 1 quad 
size study area in the southern San Joaquin Valley was done. Unsupervised 
clustering of the brightness and greenness channels for four dates (May 1, 
June 11, August 8, and October 10, 1976) was used to create 100 clusters. The 
clustered data was then displayed on the video monitor and the analyst, using 
an interactive masking program and ground truth from one of the 7.5 1 quads, 
determined the appropriate label for each cluster. All three quads were then 
classified and evaluated to determine the extendibility and accuracy of the 
labels. 

Results were based on 200 test pixels per crop or land cover type. The 
1979 results indicated an average accuracy of approximately 66 percent. While 
the accuracy for certain crops and land cover was quite high (cotton 97%, 
grain 92%, native vegetation 97%) the accuracy for the various vegetable crops 
was very low. Because there were a number of different kinds of truck crop 
vegetables and each crop or land cover type was weighted equally in the analysis, 
the results indicated a poorer performance then had actually occurred. 

During 1980, the accuracy assessment was revised using the same 200 test 
pixels per crop or land cover type. Because the classification approach used 
had done so poorly on the various vegetables it was decided to group all the 
vegetables together as a single class. While accuracy for the various vege
tables was poor individually, as a group they were correctly identified 57 per
cent of the time. This increased the average class accuracy to 76.4 percent 
(Table 6-1). Vegetables, and the closely related melons, represent the major 
confusion categories. 

This was followed by an accuracy assessment that weighted the test pixel 
results by percentage of the total area of each crop as represented on the 
ground truth maps (Table 6-2). With the exception of vegetables, any crop or 
land cover type representing more than 10 percent of the total area had an 
accuracy of at least 92 percent. Because cotton represented over one-third 
of the total area and its test pixel accuracy was 97 percent, it greatly in
fluenced the final results. Using a weighted average approach, the accuracy 
of the cluster labelling would be more correctly stated as 87.9 percent. 
Table 6-3 shows the percent of the total area in each of the potential cate
gories. 
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GROUND DATA 

COTTON 

ORCH/VINE 

VEGETABLE 

TABLE 6-1 

KERN COUNTY 3-QUAD STUDY SITE 

LANDSAT MULTI CROP CLASSIFICATION - UNWEIGHTED 

(BASED ON 200 TEST FIELD PIXELS/CROP) 

LANDSAT CLASSIFICATION 

COT OR/VN VEG GRAN MEL POT SB ALF NV/OTH 

97 3 

93 1 6 

7 4 57 14 6 3 5 4 

GRA I N/ SORGHU~1 8 92 

MELONS 28 45 27 

POTATOES 13 56 31 

SUGAR BEETS 10 3 87 

ALFALFA 13 64 23 

NV/OTHER 1 2 97 

AVERAGE CROP CLASS ACCURACY = 76.4% 
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GROUND DATA 

COTTON 

ORCH/VINE 

VEGETABLE 

GRAIN 

MELONS 

POTATOES 

SUGAR BEETS 

ALFALFA 

NV/OTHER 

TABLE 6-2 
KERN COUNTY THREE-QUAD STUDY SITE 

LANDSAT MUL TICROP CLASSIFICATION - AREA 14EIGHTED 
(BASED ON 200 TEST FIELD PIXELS/CROP) 

LANDSAT CLASSIFICATION 

COT OR/VN VEG GRAN MEL POT SB ALF 

35.5 

16.1 0.2 1.0 

0.8 0.5 6.6 1.6 0.7 0.3 0.6 

0.9 9.8 

0.7 1.2 

0.3 1.5 

0.3 0.1 2.2 

0.2 1.0 

0.1 0.3 

AVERAGE CROP CLASS ACCURACY = 87.9 
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NV/OTH 

1.1 

0.5 

0.7 

0.8 

0.4 

14.0 



CROP 

COTTON 

ORCHARD/VINEYARD 

VEGETABLES 

GRAIN/GRAIN SORGHUM 

MELONS 

POTATOES 

SUGAR BEETS 

ALFALFA 

NV/OTHER 

TABLE 6-3 
KERN COUNTY THREE-QUAD STUDY SITE 

CROP AREA WEIGHTS 

TEST FIELD 
PERCENT CLASSIFICATION 

.A.CRES TOTAL ACRES ACCURACY 

46368 36.0 97 

21946 17.3 93 

14640 11.6 57 

13512 10.7 92 

3331 2.6 45 

3308 2.6 56 

3107 2.5 87 

2065 1.6 64 

18264 14.4 97 

126541 100.0 
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% TEST AREA 
CORRECTLY 
CLASSIFIED 

35.5 

16.1 

6.6 

9.8 

1.2 

1.5 

2.2 

1.0 

14.0 

87.9 



The results of this exercise indicate that an appropriate accuracy 
assessment procedure will be required by DWR personnel so they can determine 
the value of Landsat classification over other data collection procedures. 
Improperly conducted, the accuracy assessment phase can either over-or under
sell Landsat's capability. 

Secondly, the level of categorical grouping done during the labelling 
phase will greatly impact the accuracy results. As greater effort is made in 
the area of crop-type identification, crop group definition will become 
necessary - it is highly unlikely that California's 200 different crops could 
be correctly identified with any precision using current remote sensing data 
and techniques. This being the case, accuracy results should be carefully 
analyzed and not taken at face value. 
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6.2 Sacramento Valley Crop Type Inventory and Classification 
(U.C. Berkeley) 

Crop type classification work in the Sacramento Valley addressed three 
major subtasks: (1) establishment of an overall framework for multicrop in
ventory system development responsive to DWR needs; (2) development of a 
baseline Landsat classification procedure which would work in California's 
complex agricultural environment; and (3) identification of workable sample 
designs for multicrop area estimation. These subtasks are discussed in the 
following sections. 

6.2.1 General Approach to the Development of a California DWR 
Multiple Crop Inventory and Mapping System 

The flow charts shown in Figures 6-la to 6-lg present the approach sel
ected for the development of a multiple crop inventory and mapping system 
responsive to California DWR's information needs. A first step in this 
process, in fact a naturally continuing step, is to define specific DWR infor
mation requirements. The answer to this question depends not only on the 
Department's current and projected information needs, but also (as shown in 
Figure 6-la) upon the expected cost, accuracy, and timeliness characteristics 
of feasible inventory systems. In effect, system goals can be seen as dynamic. 
Information needs and the ability to afford given levels of direct cost, error, 
and turnaround time change over time. This situation is typical in large organ
izations and requires the development of inventory and mapping systems flexible 
enough to allow change and growth to occur in an organized, efficient manner. 

Figure 6-lb describes the flow for specifying and developing the data 
acquisition, registration, preprocessing, stratification, and Landsat class
ification techniques appropriate to the DWR problem. Here, as elsewhere in 
this effort, advantage is taken of previous and on-going work in Landsat class
ification (e.g. as reported in AgRISTARS publications). Figures 6-lc and 6-ld 
describe two alternative procedures for classification of large, full frame areas. 
The first, termed multicrop type A classification, emphasizes the integrated 
use of presently available classification techniques. Reference to Figure 6-lc 
shows that the first two steps of the type A flow represent the classification 
procedure already described for irrigated-only mapping. In effect, the irri
gated map provides a 'spectral stratification' for efficient multicrop class
ification within strata. Spectral clusters are defined through currently avail
able techniques (e.g. ISOCLAS) and ground file cell assignment to spectral 
classes can proceed according to simple distance or more sophisticated maxi-
mum likelihood rules. 

In contrast, the type B classification flow shown in Figure 6-1d uses 
more experimental techniques to increase classification accuracy beyond that 
obtainable in some areas with the type A procedure. The top three 'boxes' in 
Figure 6-1d refer to a more sophisticated (and more costly) method of defining 
spectral strata. Separation of crops into spectral strata is expected to be 
improved and therefore classification confusion between crops reduced with this 
procedure. This method is based on a technique currently under development in 
the AgRISTARS Corn/Soybeans project (Cicone et ~ 1981). From this point, class
ification would proceed as in type A flow or, alternatively, using an AgRISTARS 
technique on a sample unit basis if spectral separation of crop types was not 
sufficient in the simpler procedure. In a development sense, the type B pro-
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cedure is seen as a 'down stream' capability, not required unless the less 
expensive and simpler type A methodology is found inadequate for some DWR 
land use mapping problems. Table 6-4 summarizes the differences between 
these two approaches to Landsat classification. 

Once a class map is available, a procedure for determining the crop/land 
use composition of each spectral class must be defined. Figure 6-le shows the 
proposed approach to this problem. Field data is obtained, digitized, and 
registered to the north-south ground coordinate file. Landsat class map data, 
previously registered to this sytem, is then intersected by computer with the 
ground truth data. Crop/land use proportion data by spectral class results 
directly. Also as a by-product of this process, an estimate can be obtained of 
the correlation between Landsat proportion by crop type versus ground truth 
proportion for the same crop type. 

Performance of sample designs for multiple crop estimation are affected 
by a variety of factors, factors which often interact in complex ways. In order 
to allow a systematic evaluation of alternative specifications for inventory 
components, a survey simulation approach has been selected for use in designing 
a multicrop inventory system for the California DWR. The idea is to simulate a 
population of sample units and associated crop proportions, and then estimate 
the cost and error performance of alternative sample designs when applied to 
that population. When combined with an appropriate experimental design, the 
cost and/or error attributable to a given design specification can be identified 
as can the cost/error interactions between design component specifications. 

University of California personnel have access to an inventory simulation 
capability. Known as the Survey Planning Model (SPM), this software package has 
been developed over the past several years at Berkeley (Titus 1979 and Wensel 
et ~ 1979). Basically, the SPM consists of two parts. The first is a module 
which defines a sample frame and then simulates resource parameter values for 
each sample unit based on class map data and means/variances for resource par
ameters associated with each map class. This module enables simulation of a 
sample unit population according to alternative specifications of (Landsat) 
classification procedure, sample frame configuration, and stratification strategy. 
Using the resulting sample unit counts and simulated parameter variances (by 
stratum and sample stage), the second SPM module estimates the sample size and 
allocation to strata/stages necessary to simultaneously meet precision goals for 
each parameter. The expected sample-size-dependent cost for each such estimate 
is also given. 

The plan in this project is to adapt the SPM to the California DWR multicrop 
estimation problem. Figure 6-lf illustrates the SPM's use in the multicrop 
sample design process. The resource parameters of interest are represented by 
the proportion or area for each crop type or group having a given level of water 
use. As seen in the figure, specifications are made for each sample design com
ponent according to a strategy identified by the experimental design. These spec
ifications then direct processing in both SPM modules. 

Each of the designs examined in the Survey Planning Model can be ranked 
according to the total sample size-dependent cost to achieve given error goals. 
Since a map product is also required, this ranking can be adjusted with reference 
to the accuracy of the Landsat class map associated with each design. 
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FIGURE 6-1A. PHILOSOPHICAL APPROACH TO DWR MULTICROP PROBLEM 
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FIGURE 6-1B. ApPROACH TO MULTI CROP AREA INVENTORY AND MAPPING 
SYSTEM DEVELOPMENT: LANDSAT/ANCILLARY DATA 
PREPROCESSING AND CLASSIFICATION 
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FIGURE 6-1c. f1ULTICROP TYPE A CLASSIFICATION FLOH 
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FIGURE 6-1D. EXAMPLE OF A MULTI CROP TYPE B CLASSIFICATION FLOH 
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FIGURE 6-1E. LANDsAT CLASS MAP COMPOSITION AND CORRELATION 
ASSESSMENT 
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FIGURE 6-1F. SURVEY PLANNING MODEL COMPUTATION OF SAMPLE 
SIZE AND EXPECTED SAMPLING ERROR 
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FIGURE 6-1G. RANKING ALTERNATIVE DESIGNS AND SELECTION OF 
FINAL SYSTEM 
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TABLE 6-4. COMPARISON OF THE Two ApPROACHES TO MULTI CROP 
CLASSIFICATION 

TYPE A: 

TYPE B: 

• INTEGRATED USE OF PRESENTLY 

AVAILABLE CLASSIFICATJON TECHNIQUES 

• CLASSIFICATION BANDS: 

• SIMPLE CONCEPTUALLY 

• LOWEST COST TO GENERATE 

• CLASSIFICATION PROCEDURES 

• SIMPLEST TO UNDERSTAND 

• LEAST USER TRAINING REQUIRED 

• LOWEST COST PER UNIT AREA 

• USE OF MORE SOPHISTICATED TECHNIQUES TO 

INCREASE CLASSIFICATION ACCURACY AND/OR 

FLEXIBILITY 

• CLASSIFICATON BANDS: 

• NORMALIZATION REQUIRED 

• DEFINITION MORE COMPLEX 

• MORE EXPENSIVE TO GENERATE 

• CLASSIFICATION PROCEDURES 

• MORE COMPLEX J MORE TRAINING REQUIRED 

• GREATER SAMPLING SOPHISTICATION 

• PROBABLY MORE COSTLY 
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The final ranking of design alternatives and selection of the design to 
implement will depend on both objective and subjective criteria--. --Figure 6-1g 
lists some of these criteria. To the list of objective criteria must be added 
an estimate of the fixed cost of implementing the inventory system. Fixed costs 
of operation should be identified as well: -In addition, the turnaround time 
required to produce crop/land use estimates may be critical, and the robustness 
of any given inventory system to data problems likely to occur must be weighed 
in the selection of a system. Subjective considerations include flexibility 
for short term change and long term system growth to encompass larger infor
mation system objectives. The extent to which the procedure can be understood 
by management and technical personnel is often a key factor in the selection 
of a design. An associated consideration is the user expertise and hardware/ 
software capability required for successful implementation. Other subjective 
factors that affect final selection of a system by a user include expected long 
range benefits accrueing from the planning and management value of information 
forthcoming from candidate inventory systems. 

Obviously, the ranking and selection of inventory system designs based on 
'expected performance' is not a simple, straight-forward task. The approach 
used in this study will be of necessity to develop a large area, crop estima
tion technology in a stepwise fashion. At each point in this process, the 
technology can be 'graded' or ranked with respect to the California DWR's 
evolving information goals and performance criteria. In this way, system 
development responsive to DWR's short and long term needs can proceed prior to 
the selection of a specific design for operational use. 

6.2.2 Development of An Initial Baseline Multicrop 
Classification Procedure 

Work in the Sacramento Valley addressed two general issues. First, basic 
spectral/temporal data is needed on the major crops of the area as input for 
inventory design and classification procedures. Second, DWR ultimately requires 
output in a map-like form, preferably the 7.5 minute quadrangle, with the cap
ability of recombining the data shown on the map in a number of ways (e.g. by 
water district, county, etc.). 

An area in the Sacramento Valley containing sixty-foui U.S.G.S. 7.5 minute 
quadrangles was selected as the test site. This area was selected for several 
reasons: (1) the agricultural crop mix is diverse; (2) the mix is representative 
of much of the agriculture in Northern California; and (3) DWR had collected 
detailed ground data over the entire site in 1976 (see Figure 6-2). 

The first step in pursuing the temporal/spectral pattern of agriculture in 
this area was to determine the major crops and their spatial distribution. Using 
County Agricultural Commissioner's reports and DWR's 7.5 minute quadrangle maps 
and statistical summaries, a detailed analysis of the counties in the test area 
(Butte, Colusa, Glenn, Sutter, and Tehama) was done. Reported crop acreages were 
tabulated and a crop was selected for specific study if: (1) its area represented 
five percent of a single county's total; (2) it occupied five percent of the area 
of the combined counties in the test area; or (3) was of particular interest to 
DWR. The crop distribution in the study area is shown in Tables 6-5a and £-5b. The 
crops selected for study were rice, small grains, orchard, pasture, sorghum, corn, 
tomatoes, beans, and sugar beets. 
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FIGURE 6-2. LOCATION OF TASK IV TEST SITE IN THE SACRAMENTO 
VALLEY 
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TABLE 6-SA. CROP DISTRIBUTION IN THE STUDY AREA 

CROPS - 1976 BUTTE COLUSA GLENN SUTTER TEHAIIA TOTAL 
' % 

TOTAL 

-BARLEY 12,000 18,600 3,500 19,000 7,100 60,200 5 .• 1 
BEANS 3,100 9.375 2,552 11,576 31,603 2.7 

·CORN 8,800 16,QOO 8,000 15,592 1,220 49,612 4.2 
- HAY, ALFALFA 6,500 3.440 16,000 9.715 4,000 39.655 3.4j 

GRAIN 3,000 1.200 7.174 2.900 14.274 1.2 6.8 
OTHER 1,150 3.000 20.430 2,000 26.580 . 2.2 

• OATS 5,000 1.043 2.500 8.543 .7 
• PASTURE. I RR. 19,800 12.000 36.000 24;000 32.200 124,000 10.5 
·RICE 70,000 108.000 53,149 78.964 310.000 26.2 

SAFFLOWER 8.100 888 8.226 V.254 . 1.5 
·SORGHUM 11,200 9.150 6.500 23,177 1,850 51.877 4.4 

SUGAR BEETS 4,040 12,300 7,222 5,648 815 30.525 2.6 
·WHEAT 27,600 39,000 22,500 40,000 14,000 143,100 12.1 
·FRUIT & HUT CROPS 64,976 22,150 21,052 46,288 25,663 180,139 15.2 

SEED CROPS 20,108 6,145 5,613 19,301 3,877 55,044 4.7 

VEGETABLE CROPS 3.t! 
MELONS 1,556 1,556 
PUMPKINS 1,265 1,265 
SQUASH 322 322 

-TOMATOES, CANNING 8.000 24,500 32,500 
FRESH 85 85 

CORN, SWEET 178 178 
\1ATERM~LONS 215 215 

, MISCELLANEOUS 1,932 1,350 211 95 3,588 

TABLE 6-SB. CROPS REPRESENTING ApPROXIMATELY FIVE PERCENT 
OF THE TABULATED ACREAGE 

BUTTE COLUSA GLENN SUTTER TEHAMA ALL 

BARLEY • • • • 

CORN • 
'\.) 

RICE • • • • • 

WHEAT • • • • • • 

HAY • • • .. 
PASTURE • - • • 

SORGHUM • 

FRUIT & NUTS • - • • • • 

TOMATOES • 

• .. CROP REPRESENTED 5% OR GREATER OF REPORTED ACREAGE 

- .. CROP REPRESE~TED I!ETWEEN II AND 5~ O!' REPORTED ACREAGE: 
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General and year-specific crop calendars were generated for each of these 
crops using the Crop and Livestock Reporting Service Weekly Crop and Weather 
Reports. These calendars show crop phenology and pertinent cultivation practices 
throughout the 1975-1976 crop year and were useful in selecting the appropriate 
Landsat acquisitions. 

The dates selected were May 4, May 30, June 26, August 28, and October 3. 
The dates corresponding to the Task II work were used along with the early May 
date for small grain identification and the June date for field crop differ
entiation. The Sutter 30 minute block (see Figure 6-3) was selected for further 
analysis because of the high proportion of agriculture and the availability of 
the data. 

For purposes of classification we wanted to test the utility of easily and 
inexpensively computed bands to identify crop type. We also wanted to examine 
the validity of using a stratification scheme based on the timing of irrigation 
to reduce potential classification confusion among crops. 

Ratioed spectral bands were created for each of the five dates. A ratio 
band of MSS7 to MSS5 was created to measure the ratio of reflected infrared 
energy to reflected red energy. Healthy metabolizing vegetation will have a 
higher 7/5 value than other cover types. A ratio band of MSS5 to MSS4 was 
created to measure the ratio of reflected red light to reflected qreen light. 
This is a measure of vegetation senescence, that is an indication of the end of 
a p1ant'~ growth c~cle. A Euclidean albedo band (EB = ((MSS4)2 + (MSS5)2 
+ (MSS6) + (MSS7) )~) was also created to measure the brightness of the veg
etation. 

Spectral statistics were obtained within the test area for the selected 
crops. The mean value of the three bands, together with the standard deviation 
and value range by date were determined on a field basis. All fields of a given 
crop type greater than ten pixels in area (after eliminating border pixels) 
found in a systematic sample of 7~ minute quadrangles were subjected to this 
statistics summary. The resulting data were then plotted against time for each 
crop and were compared for crop separability (Figure 6-4). A crop matrix was 
prepared showing the best bands and dates for crop differentiation. (Figure 6-5) 

The test area was stratified into general crop groupings based on irrigation 
timing. To identify irrigated land, a simple vegetation indicator, the 7/5 ratio 
band, was used following the Task II procedure. Since actively growing vegetation 
generally has a higher 7/5 ratio than other cover classes, a threshold 7/5 value 
for irrigated land could be determined for each of three dates, May 4, Aug. 28, 
and Oct. 3. Each point was then labeled irrigated or not on each date and a map 
was produced showing land irrigated at least once during the year. This map has 
eight irrigation classes, ranging from irrigated on none of the dates to irrigated 
on all three dates. Because of crop phenology and other crop calendar events, 
these irrigation classes tend to separate general crop groups (see Table 6-6). 

-235-



FIGURE 6-3. LOCATION OF SUTTER 3~' BLOCK IN THE TEST SITE 
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FIGURE 6-4. EXAMPLES OF THE 7/5 AND 5/4 RATIO AND EUCLIDEAN 
BRIGHTNESS GRAPHED AGAINST THE FIVE DATES STUDIED 
OVER THE 3~' BLOCK 
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Table 6-6. General Crop Groups and Irrigation Patterns. 

Irrigation Pattern 

not irrigated 

May 4 only 

August 28 only 

Oct 3 only 

May 4 and August 28 

May 4 and Oct 3 

August 28 and Oct 3 

all three dates 

Crop Groups 

non-vegetated, native vegetation, 
non-irrigated small grains 

small grains, vegetable crops 

rice, vegetable crops 

orchard 

rice, field crops, orchard 

pasture, orchard 

field crops, rice 

pasture, orchard 

Using the crop separability matrix, bands were chosen for each irrigation 
stratum to separate the crop types found within that stratum (Figure 6-5). 
Unsupervised classification was performed within each stratum of the 30 minute 
block using these input bands. This classification uses all of the digital 
values from the selected Landsat bands and combines them into spectrally similar 
groups which can then be labeled as to crop type. The final classification 
results for each stratum were combined producing a map for the 30 minute block 
with 139 land cover classes. 

Ground data maps for this 30 minute block (sixteen 7.5 minute quadrangles) 
were digitized and registered to the Landsat data. The classification output and 
the ground data were intersected to provide the crop mix for each spectral class. 
The detailed ground data classes were then combined into thirty crop groups; for 
example, irrigated wheat, barley, and oats were called "irrigated small grains" 
and deciduous fruit varieties were called "orchard". Each spectral clas.s was 
then given the label of the ground data crop group with the highest proportion 
within that class. (See Figure 6-6) 

Preliminary evaluation indicates that certain crops and crop groups are 
discernable (see Figure 6-7). Small grains and rice, for instance, both have hiohly 
individualized temporal and spectral patterns making them easily identifiable. 
Orchard as a crop group is quite easily distinguished; however, separating the 
various fruit and nut varieties is not, at present, feasible with these techniques. 
Separating individual vegetable crops requires additional research. The crop 
calendars of the various vegetable crops are quite similar, with planting and 
harvest times overlapping. Also, many of these crops are quite similar spectrally, 
causing them to be easily confused. 
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Figure 6-6. Results of Crop Type Classification on the Left. Digitized 
Ground Data on the Right. 
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6.2.3 Development of a Multicrop Sample Design 

A preliminary effort was undertaken during the past year to implement 
the Survey Planning Model (SPM) portion of the multicrop design effort. The 
SPM is a software package developed at U.C. Berkeley during the last several 
years (Wensel et al 1979, 1981). It is designed to assist in sample survey 
planning through use of population simulation techniques and nonlinear pro
gramming procedures for determining sample allocation. When coupled with an 
appropriate experimental design, use of the SPM enables a systematic evalu
ation of the cost/error impact of alternative specifications for sample frame, 
stratification, sample selection, and estimation procedure. In addition, the 
impact of alternative classification procedures on estimation error can be 
evaluated at least indirectly with the SPM. 

The objectives of this preliminary DWR multicrop effort were to (a) modify 
the SPM software to allow less expensive and more varied simulation of sample 
unit population characteristics over large areas, and to (b) apply the SPM to 
a multiple crop estimation problem on an initial test area. SPM software 
modifications centered on a new module to create first or second stage rect
angular sample units within a digital grid cell data base. This grid cell base 
would represent the DWR land use data file in an operational system. Once 
defined, the new SPM module allows rapid simulation of crop proportions for 
each Landsat spectral class occurring within each sample unit. A vector of 
crop proportions can then be obtained directly for each sample unit and used 
to compute within and between sample unit crop covariances. The new SPM 
module also allows stratification of sample units according to reporting unit 
and land use strata as well as assignment of sample units to strata on the 
basis of characteristics (e.g. crop proportions) associated with each sample 
unit. 

In addition to the SPM module described above, an additional sample 
allocation alternative was implemented. This new module, enabling calculation 
of sample size for stratified regression estimation, was linked with the non
linear programming software already included in the SPM. Regression sampling 
was added as it is presently considered a primary candidate for the DWR multi
crop estimation problem. Previously implemented sample allocation alternatives 
include stratified random sampling, stratified two stage sampling, and stratified 
two stage, two phase sampling. 

Test of Multiple Crop Sample Allocation on the 
3~' Sutter Block 

A test problem was defined for the 3D' Sutter block (sixteen 7~' quad
rangles covering approximately one half million acres) in the central portion 
of the Sacramento Valley. The crop mix and Landsat classification procedures for 
this block were described earlier in Section 6.2.2. The objective of this test was 
to use the Survey Planning Model to compute the sample allocation required to 
simultaneously estimate the area of four crop categories, each to within plus or 
minus 10 percent of the estimate at the 90 percent level of confidence. 
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To obtain the required sample allocation, the following procedure was 
employed. First, the 3~' Landsat class map was input to the SPM. This map, 
rectified to a north-south orientation, contained 30 spectral classes defined 
by grouping the much larger original number of spectral classes according to 
the dominant ground truth class associated with each. The SPM was then 
instructed to partition this class map into a contiguous matrix of approxi
mately one square mile (25 cells by 25 cells) sample units. 

A simple procedure for simulating crop proportions for each sample unit 
was then selected. In essence, each group of cells within a given sample unit 
belonging to a given spectral class was assigned the label of the dominant 
ground category associated with that Landsat spectral class. Division by the 
total number of cells in the sample unit gave a proportion value for each ground 
category. While more elegant simulation methods were available, this one was 
selected as an inexpensive baseline. 

The resulting crop/land use proportions for each sample unit were summed 
into five crop/land use groups of estimation interest. These were small grains, 
rice, orchards, combined field and truck crops (corn, grain sorghum, beans, 
tomatoes, and pasture), and others. Each sample unit was then sorted by the SPM 
into one of five strata. In this example the five strata were defined in terms 
of the five crop/land use groups just described. Sample unit assignment to strata 
was basAd on the 'plurality rule': a given unit was assigned to a given stratum 
if the cells belonging to the crop group associated with that stratum out-numbered 
cells belonging to other crop groups. Table 6-7 shows the resulting crop com
position for each of the four agricultural strata as a percent of total stratum 
area. The diagonal of this table shows that the plurality rule produced strata 
that were dominated by the crop group of interest. 

As a summary function, the SPM population simulation module produced a map 
(Figure 6-8) and count of sample units falling into each of the five strata. 
The crop/land use composition of each stratum was also reported (e.g. as in 
Table 6-7) as was the between sample unit covariance matrix for each of the four 
crop categories within each stratum. 

This SPM characterization of the sample unit population was then input into 
the SPM sample allocation module. The core of this module consists of the 
Sequential Unconstrained Minimization Technique (SUMT) software for minimization 
of an objective function subject to some set of constraints. SUMT was developed 
by Fiaco and McCormick (1968) as a flexible nonlinear programming package 
applicable to a wide variety of minimization problems. Titus (1977) adapted this 
package to the sample allocation problem. In effect, SUMT as implemented in the 
SPM minimizes the cost that varies with the number of sample units taken in the 
sample, subject to meeting sampling precision goals for each item under consid
eration. 

To use SUMT, the cost function must be specified for the sample design in 
question. A simple cost function of the form 

h C - c n + c'{n )2 - h h h n 

was selected to represent the sample size-dependent cost for the stratified 
regression design. In this equation ch represented the cost associated with 
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FIGURE 6-8, SPM CLASSIFICATION OF ApPROXIMATELY ONE SQUARE MILE 
AREAS INTO FOUR SAMPLING STRATA 

SMALL GRAINS : WHITE 
RICE : RED 
ORCHARDS : GREEN 
FIELD/TRUCK CROPS BLUE 
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TABLE 6-7. CROP COMPOSITION OF STRATA AS A PERCENT OF STRATUH AREA 

STRA~ROP SMALL GRAINS RICE ORCHARDS FIELD/ TRUCK 

SMALL GRAINS 

RICE 

ORCHARDS 

FIELD/ TRUCK 

44.7 

7.1 

6.9 

11.2 

10.5 

62.6 

5.4 

15.3 
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selecting, preparing, mapping, labelling, and digitizing each of the nh sample 
units requiring ground measurement in stratum h. ch represented the travel 
cost associated with an initial sample unit. A value of $100 was chosen for ch 
based on Task I experience and a best guess adjustment for mapping crop type as 
opposed to irrigated-only on a sample unit basis. This value was used for all 
strata pending further data. Similarly, a figure of $21.50 was chosen to re
present Ch in all strata. 

Use of SUMT also required specification of the expected Landsat-to-ground 
correlation for each crop group of interest within each stratum. These correl
ations comprise part of the formula for regression sample variance - a formula 
which is in turn used by SUMT as the error constraint function. Time did not 
permit a direct calculation of these correlations. Thus, for this test example, 
best guesses of correlations were made based on inspection of preliminary class
ification accuracy results. The Landsat-to-ground correlations assumed were 

.8 for small grains, 

.9 for rice, 

.85 for orchards, and 

.7 for combined field and truck crops. 

These correlations were assumed to hold in all strata pending further results. 

Given these specifications and several others relating to control of the 
minimization algorithms, SUMT was requested to minimize the cost function cited 
above subject to the following constraints. These constraints were that (1) 
regression variance for each of the four crop groups be held to less than or 
equal to 10 percent at the 90 percent confidence level, and that (2) sample size 
within each stratum fall between 4 (in order to give at least one degree of free
dom) and the total number of sample units within that stratum. 

Sample Allocation Results for the 30' Sutter Block 

Table 6-8 presents the SPM estimate of sample allocation required to achieve 
less than or equal to 10 percent sampling error at the 90 percent level of con
fidence for each of the four crop categories. The total (population) size for 
each stratum-rs-listed in the column on the left, while the column on the right 
gives the required ground sample size. 

Of the 545 sample units falling within the four sampling strata of the 30' 
Sutter block, an estimated 73 required ground measurement in order to achieve the 
stated error goals. This represents a sampling rate of 13.4 percent. Operation
ally, this percentage would be lower as the sample would be allocated over a much 
larger area. It should be noted that the fifth stratum, labelled 'other', was 
excluded as a sampling stratum in this example. Exclusion resulted from the fact 
that this stratum was dominated by non-agricultural cover types. In an operation
al system, the pockets of agricultural area within this stratum would be included 
within the sampling frame, thereby raising the ground sample size reguired. 

Overall, this test of the SPM indicated that sample design for simultaneous 
estimation of several crop types and/or groups is feasible. Use of the Landsat 
class map in developing a meaningful set of multicrop sampling strata appeared 
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· . 

TARLE 6-&. SPM SAMPLE SIZE RESULTS FOR.THE FOUR STRATA, 
FOU~PARAt1ETER ESTlMATION PROBLEM IN THE 30' ... . . 

SUTTER BLOCK 

A. SAMPLE SIZE 

STRATUM 

SMALL GRAINS 

RICE 

ORCHARDS 

F I ELDITRUCK 

CROP GROUP 

TOTAL 

POPULATION 
SIZE 

57 

213 

154 

121 

545 

SAMPLE SIZE TO ACHIEVE ± 10% 
AT 90% CL FOR EACH CROP GROUP 

11 

29 

15 

18 

73 
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to be especially helpful. Work during the coming year will seek to expand this 
effort to a larger area and to examine a number of alternative inventory designs. 

Work Planned During the Coming Year 

The objective of the Irrigated Lands APT multicrop work during the coming 
year will be to: develop and demonstrate an initial, end-of-season multicrop 
estimation and mapping procedure. Estimation and mapping targets will include 
crop types, or crop groups having significant impact on water use. Sample 
precision goals will be ~ 10 percent at the 90 percent level of confidence on 
the most significant water use groups. Map product goals include (a) achieve
ment of field labelling accuracies greater than or equal to 70 percent on im
portant target categories, (b) generation of map products in transparency form 
for easy projection onto USGS 7~' quadrangle sheets, and (c) development of 
procedures for creating and manipulating digital class maps in an interactive 
system environment. 

The general approach proposed to achieve these goals was outlined in the 
multicrop flow charts provided earlier. Specific work scheduled for the coming 
year will focus on a one degree by one degree block covering the heart of the 
Sacramento Valley. This area has been chosen as the study site due to a fairly 
complete set of Landsat full frame acquisitions in 1976 and corresponding wall
to-wall California DWR ground data for the same year. 

Within the limits of the University's resources for the coming year, emphasis 
in this effort will be placed on: 

(1) Establishment of a data handling pipeline to include Landsat and ancillary 
data registration, preprocessing, classification, sample system interface, 
and products generation; 

(2) Development of a simple technique for multicrop classification in the 
Sacramento Valley which will use 

(a) a Landsat greeness indicator to form spectral strata, 

(b) clustering within spectral strata within 30' blocks to define 
spectral classes, and 

(c) a simple (e.g. Euclidean distance) or more complex (e.g. maximum 
likelihood) rule to assign ground file cells to spectral classes; 

(3) Conduction of a performance assessment which will include 

(a) class map accuracy assessment relative to California DWR ground 
data, and 

(b) use of the Survey Planning Model to evaluate alternative multicrop 
inventory designs; this assessment will include 

i) specification of an experimental design for evaluating 
inventory system components, 
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ii) completion of SPM modifications to allow evaluation of 
candidate combinations of sample frame, sample design, 
classification, and estimation procedure, 

iii) SPM analysis of inventory component impact on estimate 
sampling precision and cost, and 

iv) SPM estimation of expected sampling preclslon (by crop 
type or group) and total variable cost for specific 
inventory designs. 
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APPENDIX IA: Equations Used for Estimation of Basin and Statewide 
Irrigated Area 

Part 1 - Stratified Regression Estimation 

Landsat and ground observations (measurements) were expressed in terms 
of proportion area irrigated, as opposed to area irrigated. This was done to 
minimize error due to differences in determing total digitized area of matched 
Landsat and ground sample units. In addition, the measurements of proportion 
were weighted by the relative size of sample unit with which they were assoc
iated. Sample unit weights were expressed as the area in the sample unit re
lative to the average area in all sample units in the given land use stratum. 
Thus the sample unit observations could be expressed mathematically as 

and 

where 

xhi = whi uhi = 
Ahi 

Ah 
uhi 

Yhi 
Ahi 

= whi vhi = vhi 
Ah 

xhi = weighted Landsat-measured proportion irrigated for sample unit 
i in stratum h, 

= weighted ground-measured irrigated proportion for sample unit 
i ins t ra tum h, 

(1) 

(2) 

uhi = unweighted Landsat-measured irrigated proportion for sample unit 
i in stratum h, 

vhi = unweighted ground-measured sample unit i rri gated proportion in 
sample unit i in stratum h, 

whi = relative weight for sample unit i in stratum h, 

= size, in acres, of sample unit i in stratum h as measured on the 
Landsat interpretation base, and 

~h = average size, in acres, of all sample units in stratum h as 
measured on the Landsat interpretation base. 

Once these values were computed, an estimate of average Landsat and 
ground irrigated proportion in a given stratum was obtained by taking the 
simple mean of the matched sample unit observations in that stratum. Hence 
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(3) 

and 

(4) 

where 

estimate of the average Landsat proportion irrigated in 
stratum h based on sample units having matched ground data 
in that stratum, 

estimate of the average ground proportion irrigated in 
stratum h based on ground sample units in that stratum, 

nh = number of spatially-matched Landsat and ground sample units 
in stratum h; also known as the ground sample size in 
stratum h, 

~ = a symbol (sigma) that indicates summation, in this case 
summation of sample unit measurement observations from 
the first (i=l) to the last (i=nh) in stratum h, 
and the xhi and Yhi are as defined previously. 

The stratum-wide regression estimate of ground irrigated proportion was 
then defined as 

where 

(5) 

-
Yh = estimate of stratum-wide, ground irrigated proportion for stratum h 

bh = estimated slope of the regression line; can be interpreted as the 
change in y with a unit (i.e. one integer) change in x; 
mathematically 

nh 
~ (x hi - xh) (Yhi - Yh) 

bh = i =1 (6) 
nh 2 
~ (x hi - xh) 
i =1 
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Xh = average Landsat proportion irrigated based on measurements 
from all sample units in stratum h, i.e. from the matched 
samp1e-units plus all the remaining units, and xh and Yh 
are as defined previously. 

Equation 5 can be rearranged to read 

Letting the term in brackets on the right side of Equation 7 equal ah we 
obtain 

for the estimate of stratum-wide ground irrigated proportion in stratum h. 
Reference to Figure 1 allows physical interpretation of this equation. 

~ 

-
Assume that_the vertical axis represents Yh and the horizontal axis ~ 

(7) 

(8) 

represents Xh. Then the constant ah can ~e seen to be the value of Yh at the 
point the regression line intercepts the Yh axis. That ~s, if the value of 

the average, stratum-wide Landsat~irrigated proportion (Xh) was zero, then 
the stratum-wide ground estimate Yh would equal ah. The slope term, bh, 
represents the slope of the regression line as drawn. Thus the regression 
line is completely determined (and represented) by Equation 8. Once ah and 

bh have been de~ermined in a given basin for a given inventory, the procedure 
for estimating Yh can be seen to be simply (1) obtaining Xh from the digitized 

Landsat interpretation and (2) substituting it into Equation 8. 

The estimate of ~creage irrigated within a stratum was produced by multi
plying the resulting Yh (a proportion) by the corresponding number of acres 

in the stratum (Ah). Ah was determined from digitization of stratum boundaries. 
Finally, the basin-wide, within-sample frame estimate of acreage irrigated at 
least once during 1979 was obtained by addition of the estimates of irrigated 

acreage in each stratum. That is 

where 
~ 

Iwithin-frame, 
stratified 

= 
L 

E 
h=l 

Iwithin frame, 
stratified 

= estimate of basin-wide ground irrigated acreage for 
area within the sample frame, 

IA-3 
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Figure 1. 
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Landsat Proportion Irrigated (X) 

a = regression line intercept 

b = regression line slope 
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L = total number of sample frame strata within the given basin, 

Ah = total area, in acres, of stratum h in the given basin as 
Teasured on the Landsat interpretation base, and hand 
Yare as defined previously. 

The within-frame estimate of irrigated acreage can also be computed by 
forming a weighted sum of stratum irrigated proportion estimates and then 
multiplying the resulting sum by the total acreage within the frame. 
Algebraically L 

Ah ,. 

where 

I = A E (-A)· Yh (10) within-frame, 
stratified h=l 

A = total area, in acres, within the sample frame in the 
given basin as measured on the Landsat interpretation base, 

L 

i.e. A = E 
h=l 

a weight for stratum h representing the proportion of the sample 
frame \"ithin the given basin occupied by stratum h, and all 
other terms are as defined previously. 

Removing the A in front of the summation in Equation 10 gives the within
frame estimate of basin-wide irrigated proportion instead of acreage: 

,. L 

Yb, within-frame, = E WhY h (11) 
stratified h=l 

where b is a basin index. Note that Equation 10 can be rearranged to yield 
Equation 9, viz 

L A ,. 

E (~) -
I = A Yh within-frame, h=l A 
stratified 

L 

(A) 
~ 

= E AhY h A h=l 
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The estimate of total irrigated acreage within a given basin was obtained 
by adding the within-frame estimate to the area identified by Landsat inter
pretation as irrigated outside the sample frame. Thus 

Itotal, 
stratifi ed 

= Iwithin-frame, + Iexclusion + Ioutside 
stratified area frame 

(12) 

where 

Itotal, 
stratified 

I 'th' Wl 1 n-
frame, 
stratified 

Iexclusion 
area 

Ioutside 
frame 

= estimate of total irrigated area within a given basin, 

= estimate of within-frame irrigated area defined in 
Equation 9, 

= direct measurement of total irrigated area within 
exclusion areas (areas inside the contiguous boundaries 
of the sample frame area that have been excluded from 
the sample frame) based on interpretation and digit
ization of Landsat imagery; no calibrating ground data 
available; and 

= direct measurement of total irrigated area found in 
locations outside the contiguous sample frame; based 
on interpretation and digitization of Landsat imagery; 
no calibrating ground data available. 

A statewide estimate of irrigated acreage was constructed by adding the 
separate basin estimates together: 

Istatewide total, 
stratified 

B 

= ~ 
b=l 

I b, tota 1 , ( 13) 

stratified 

where the basin index b has been added to the term on the right obtained in 
Equation 12, and the summation is taken over the B (= 10) basins. In a 
similar fashion an estimate of statewide proportion irrigated was produced for 
only the area within the sample frame. This estimate was obtained by forming 
a weighted average of the separate basin estimates, where the weight for each 
basin was proportional to the area within the sample frame in the given basin 
relative to the total area within the sample frame statewide. Thus 

Ystatewide, 
stratified 

B 

= ~ 
b=l 

A A 

(~) Y As b,within-frame, 
stratified 

(14) 
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where 
A 

Ystatewide, 
stratifi ed 

-

= estimate of proportion of area within the statewide 
sample frame irrigated at least once during the 
calendar year using a stratified sample within 
basins, 

Yb,within-frame, = 
stratified 

estimate of proportion irrigated within sample 
frame of basin b from Equation 11, 

= area within the sample frame in basin b as 
measured on the Landsat interpretation base, 

= total area within the sample frame statewide 
obtained by adding the Ab over basins, i.e. 

8 

As = ;:1 Ab , and 

= weight for a given basin. 

Part 2 - Summary for Stratified Regression Estimation 

Summarizing for the stratified regression estimation procedure, the 
following tabled values correspond to the equations just presented: 

1) the within-sample frame estimate of basin irrigated proportion shown in 
Table la, column 1 (counting left to right) and column A2 of Table 2a 
was produced by application of equation 11; 

2) the within-sample frame estimate of statewide irrigated proportion 
shown in the last row of Table la, column 1 and in the last row of 
Table 2a, column A2 was produced by application of Equation 14; 

3) the total within-sample frame estimate of basin-wide ground irrigated 
acreage shown in column A3 of Table 2a was produced by application 
of Equation 10; 

4) the sum of Landsat-measured irrigated acreage in exclusion areas 
and in areas outside the contiguous sample frame 

(i.e. Iexclusion + Ioutside) is reported in Table 2b, column 83; 
area frame 

5) the estimate of total basin-wide acreage irrigated at least once in 
1979 as shown in Table 2b, column A3+83 (rightmost column), was produced 
by application of equation 12; 

6) measurements of number of acres within sample frame, acres in excluded 
areas, and acres in areas outside the sample frame were obtained by 
digitization of the Landsat interpretation base and reported in Tables 
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00 

TABLE lA. RESULTS OF 1979 STATEVJIDE INVENTORY OF IRRIGJHED LAND 

STRATIFIED 
BAS I I'J EST I f1ATE (PERCENT 100 X ABSOLUTE 

OF AREA IRRIGATED S.E. AT 95% C.l. 
IN SAMPLE FRAME) 

NORTH COAST 53.52 2.04 * 

SAN FRANCISCO 21.85 1.22 * 

CENTRAL COAST 31.91 1.84 * 

SOUTH COAST 45.79 . 2.88 

COLORADO DESERT 82.15 1.40 * 

SOUTH lAHONTAN 27.38A 3.81A 

NORTH lAHONTAN 58.73 2.68 

SACRAMENTO 65.38 1.80 * 

SAN JOAQUIN 74.78 2.55 * 

TULARE 82.04 2.00 * 

STATE 67.09 
95: 0.89 
99! 1.17 

RELATIVE S.E. 
AT 95% C.l. 

3.81 

5.56 

5.77 

6.28 

1. 70 

13.91A 

4.56 

2.75 

3.41 

2.44 

95: 1.32 
99: I.7L! 
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..... "" II •••• . -. - . 

UNSTRATIFIED 
ESTIMATE (PERCENT 100 X ABSOLUTE 
OF AREA IRRIGATED S.E. AT 95% C.l. 
IN SAMPLE FRAME) 

53.18 2.39 

21.19 2.20 

32.58 2.15 

45.25 2.40 

82.25 1.'30 

27.38 3.81 

53.73 2.45 

65.44 1.63-

75.16 2.31 

81. [46 2.09 

67.04 -- 95: 0.88 
99: 1.15 

RELATIVE S.E. 
AT 95% C. L. 

4.49 

10.37 

6.60 

5.'31 

1.58 

13.91 

4.17 

2.49 

3.08 

2.57 

95: 1.31 
99: 1.72 



Table 2a. Stratified summary statistics for the area within the sample 
unit frame. Regression with factor 5. 

Acres Standard 95% 
Within Proportion Acres Error C.1. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53521 321070 6029 12238 
San Francisco 191654 0.21852 41880 1108 2329 
Central Coast 1380040 0.31906 440316 12572 25420 
South Coast 598866 0.45787 274203 8510 17223 
Colorado Desert 818231 0.82147 672152 5670 11447 
South Lahontan 235626 0.27383 64522 4402 8977 
North Lahontan 175456 0.58726 103038 2297 4695 
Sacramento 3388466 0.65381 2215413 30327 60823 
San Joaquin 2788914 0.74778 2085494 35419 71145 
Tulare 4080305 0.82038 3347400 ' 40721 81'{69 

State 14257457 0.67091 9565489 6441'7 127020 

Table 2b. Summary of irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Excl & Total Total 
Excluded Outside Outside Basin Basin 

Acres Acres Irrig Acres Irrig 
Basin (B 1) (B2) (B3) (A1+B1+B2) (A3+B3) 

North Coast 13946 11855644 25715 12469486 346785 
San Francisco 512 2586376 5623 2778543 47503 
Central Coast 13475 5789056 24725 7182571 465041 
South Coast 62133 6289499 63810 6950499 338013 
Colorado Desert 28421 11852213 10830 12698865 682982 
South Lahontan 4377 16668221 17338 16908224 81860 
North Lahontan 0 3891697 14942 4067153 117981 
Sacramento 211744 13452904 37823 17053114 2253236 
San Joaquin 542467 6704753 51098 10036134 2136592 
Tulare 123300 5977461 42352 10181065 3389752 

State 1000375 85067824 294255 100325656 9859744 
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2a and 2b, columns A1, B1, and B2, respectively; total basin acreage 
was obtained by addition of these three columns and reported in Table 2b, 
column A1+B1+B2; and 

7) the estimate of the total statewide acreage irrigated at least once 
during 1979 shown in Table 2b, column A3+B3, was produced by application 
of Equation 13. 

Part 3 - Unstratified Regression Estimation 

The unstratified regression estimator of basin-wide, within-frame irri
gated proportion was 

,. 

Y ·th· . f = ; + b(X - i) 
Wl 1 n- rame, (15 ) 
unstratifi ed 

where x and y were the average Landsat and ground measured irrigated pro
portions,* respectively, within sample units in the given basin having 
spatially-matched Landsat and ground data; b represented the estimated 
regression line slope based on all spatially-matched sample units within 
the given basin; and X represented the average Landsat-measured irrigated 
proportion for all sample units within the given basin. Multiplying 
Equation 15 by the total area (A) within the sample frame within the given 
basin gave an estimate of Iwithin-frame,' the irrigated acreage within the 

sample frame. viz 
.. 
Iwithin-frame, 
unstratified 

,. 

unstratified 

-= A Y 

Addition of I to I and I within-frame, exclusion outside 
unstratified area frame 

discussed earlier in the case of stratified sampling gave an estimate of 

(16) 

Itota1, , the total irrigated acreage in the given basin. Statewide 
unstratified 

figures were generated in a method analogous to that used in the stratified 
case. 

Estimates of basin irrigated proportion for within-sample frame area 
produced by application of Equation 15 are shown in column 1 of Table 1b, 
and in column A2 of Table 3a. Within-frame estimates of irrigated acreage 
corresponding to Equation 16 are given in column A3 of Table 3a. 

* where each xi and Yi was weighted by the ratio of the area of sample unit 
i to the average area of sample units in the given basin in a manner 
analogous to Equations 1 and 2 for stratified sampling; see also Appendix II. 
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Table 3a. Unstratified summary statistics for the area within the sample 
unit frame. Regression with factor 5. 

Acres Standard 95% 
Within Proportion Acres Error C.1. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53182 319037 7121 14320 
San Francisco 191654 0.21192 40615 3653 4213 
Central Coast 1380040 0.32579 449603 14904 29671 
South Coast 598866 0.45251 270993 7228 14385 
Colorado Desert 818231 0.82245 672954 5294 10604 
South Lahontan 235626 0.27383 64522 4402 8977 
North Lahontan 175456 0.58725 103036 2118 4300 
Sacramento 3388466 0.65443 2217513 27684 55232 
San Joaquin 2788914 0.75164 2096260 32379 64480 
Tulare 4080305 0.81458 3323734 42721 85401 

State 14257457 0.67040 9558269 63484 125063 

Table 3b. Summary of irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Excl & Total Total 
Excluded Outside Outside Basin Basin 

Acres Acres Irrig Acres Irrig 
Basin (B 1) (B2) (B3) (A1+B1+B2) (A3+B3) 

North Coast 13946 11855644 25715 12469486 344751 
San Francisco 512 2586376 5623 2778543 46238 
Central Coast 13475 5789056 24725 7182571 474328 
South Coast 62133 6289499 63810 6950499 334803 
Colorado Deser t 28421 11852213 10830 12698865 683784 
South Lahontan 4377 16668221 17338 16908224 81860 
North Lahontan 0 3891697 14942 4067153 117979 
Sacramento 211744 13452904 37823 17053114 2255337 
San Joaquin 542467 6704753 51098 10036134 2147357 
Tulare 123300 5977461 42352 10181065 3366086 

State 1000375 85067824 294255 100325656 9852524 
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APPENDIX IB: Equations Used for Estimation of Error Associated With 
Estimates of Irrigated Land 

Part 1 - Basin-wide Estimates of Error 

The following assumptions were made in order to specify the formulas 
for regression variance: 

1) the distribution of X (i.e. the frequency distribution of values for X 
taken over the whole population of sample units in the given basin) was 
not constrained to any assumed form, 

2) ground sample size was assumed to be greater than or equal to four in 
any stratum, and 

3) the contribution to sample variance due to estimation of the slope of 
the regression line (stratified or unstratified) was assumed to be 
conditional on the actual sample chosen. 

Given these assumptions, an estimate of regression sample variance was 
specified using a sample-based formula similar to the expression presented 
by Cochran (1977: eqn 7.46): 

where 

( 17) 

estimated variance of the estimate of irrigated proportion 
in stratum h in the given basin, 

n
h 

I: 
2 i =1 

s yh = -"'---------
nh - 1 

= estimate of variance 

among ground sample units in stratum h, 

nh 
I: (Yhi - Yh)(x hi - xh) 

= estimated correlation between X and Y,' 
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nh = number of sample units drawn for measurement of ground 
proportion irrigated in stratum h, 

Nh = total number of sample units in stratum h, 

nh 
E 

i =1 

(18 ) 

Kh = term to (a) convert the degrees from nh-1 to nh-2 and to 
(b) account for the variance introduced by estimation of 
the regression coefficient, 

-xh 

-
Xh 

= measurement of ground irriqated proportion for sample 
unit i in stratum h from Equation 2, 

average ground irrigated proportion for sample units 
having ground measurements in stratum h from Equation 4, 

= Landsat-derived, measurement of irrigated proportion for 
sample unit i in stratum h from Equation 1, 

= average Landsat irrigated proportion for sample units 
having matching ground data in stratum h from Equation 3, 

= average Landsat irrigated proportion for all sampl e units 
in stratum h. 

and 

Equation 17 can be interpreted as follows. The first term on the right 

side of the equation, s~h' represents the simple variance of ground obser
vations (after sample unit size weighting) of irrigated proportion in stratum 

h. This variance is then reduced by multiplying by (1 - r~), the proportion 
of variation not accounted for by Landsat data. Note that the square of the 
correlation, r h, represents the amount of variation in ground observations 
accounted for by Landsat data. Thus if the correlation between X and Y was 
one, all variation in ground observations would be accounted for by Landsat 

(i.e. (1 - r~) would be zero) and var(Yh) would be reduced to zero. This 
circumstance represents one of the major justifications for the use of Landsat 
data. If the correlation is reasonably high, and if the per unit area cost 
of Landsat observations is significantly less than that of corresponding 

IB-2 



~ 

ground observations, then use of Landsat measurement data will reduce var(Yh) 

below what it would have been had the same amount of money been invested in a 
ground-only sample.* 

The next term in Equation 17 is composed of two parts. One, (N h - nh)/N h, 
is k~own as a finite population correction. It reduces the expression for 

var(Yh) by an amount shown in the ratio to correct for the fact that the sample 

of ground data was drawn without replacement. This reduction from without re

placement sampling arose from the probability with which any given unit is in
cluded in the sample. It can be explained, intuitively, by the fact that as 
more units are included in the sample, the information added by drawing another 

unit diminishes. In the extreme cases, for the first unit drawn, we learn a 
lot about the population but if Nn - 1 units are already in the sample we learn 
very little more by measuring the Nth unit. The second part, l/nh, transforms 
Equation 17 from an expression for the variance of Yh (individual observations 

A 

of irrigated proportion) to an expression for sample variance of Yh. It is the 
average stratum proportion-that is to be estimated, so the variance to be es
timated should be that of Yh. 

Kh is also composed of two terms. The left-most term changes the degrees 
of freedom (number of statistically independent observations) for computation 

of within stratum variance from nh-l to nh-2. This modification was suggested 
by Tikkiwall (1960) to account for the fact that the regression coefficient is 

estimated from the sample and is not known beforehand. Thus, within a stratum, 

one degree of freedom is lost to compute the sample variance of Yh (s;h) in 
Equation 17 and one degree of freedom is lost in computing the sum of squares 

nh 
term (,1: (x hi -xh)2 ) involved in the variance of ~. 

1=1 

The second term in Kh is composed of three parts. The first, unity (i.e. 1), 
is simply used- to multiply all the preceding terms to~the left of Kh in Equation 
17. This results in an estimate for the variance of Yh, less the variance for 

* Assuming fixed or overhead costs do not differ significantly between Landsat 
and ground measurements. 
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the regression coefficient bh. To the right of the 1 in Equation 18 are 
two expressions that when multiplied by the terms preceding Kh give the 
estimate of the variance associated with bh. 

To summarize, the estimated sample variance for Yh shown in Equation 17 
was composed of five parts: 1) the variance of the ground observations, 
2) a factor reducing the variance of the ground observations to only that 
proportion not accounted for by Landsat measurements, 3) a finite population 

correction representing a further reduction in sample variance arising from 
the sample selection method, 4) the term l/nh giving variance in terms of the 
mean and not individual observations, and 5) a term representing the sample 
variance of bh. 

An estimate of basin-wide sample variance was produced by forming a 
weighted average of individual stratum sample variances. The usual formula 
(e.g. Cochran 1977) for estimation of variance from a stratified sample was 
used. Thus 

where 
-

~ 

var{Ywithin-frame, ) = 

stratified 

L 
E 
h=l 

(19) 

var{Y . h" f Wlt In- rame, = estimate of the variance of Y within the sample 
frame within the given basin, stratified 

L 

= estimate of the variance of Yh within stratum h 
in the given basin from Equation 17, 

= area within the sample frame in stratum h relative 
to the total area in the sample frame in the given 

basin (this weight was defined in Equation 10), and 

= the total number of strata in the given basin. 

Use of Equation 19 assumes that samples were selected independently in each 
stratum. Justification for squaring the Wh, while developed formally in the 
literature, can be seen by intuitive argument. Recall from Equation 11 that 
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an estimate of the within-frame Y was obtained by forming a li'near combination 
.0 : L ~ 

of the Yh, namely Y = ~h WhY' Further note that regression sample 
variance involves a sum of squares in Y, in this case the square of differences 
between an 'observed' V (after dividing a sa~ple unit observation of irrigated 

proportion by lin) and its predicted value Yh. Then if basin-wide sample n A 

variance is defined in terms of a linear combination in th~ squares of the Vh, 
and if the weights attached to the individual (unsquared) Yh are Wh, it follows 
that the Wh should be squared in the variance formula. 

Basin-wide sample variance for acreage irrigated was obtained by multiplying 
Equation 19 by the square of the total area within the sample frame in the given 
basin: 

var(I 'th' f ) Wl 1 n- rame, 
stratifi ed 

A 

= A2 (V var within-frame, 
strati fi ed 

L 

= A2 E (W
h

)2 var(Y
h

) 
h=l 

(20) 

where A represents the acreage within the sample frame and the other terms are 
as defined previously. Intuitive justification for this formula follows from 
the linear combination argument applied to Equation 10. 

The variance estimates defined in Equations 19 and 2Q are in units of 
percent squared and acreage squared, respectively. In order to report error 
in the original units, the square root of the estimated variances must be com
puted. The resulting value is known as the standard error of the estimate. 
Thus 

A :; k 
S.E'(Ywithin-frame,) = (var(Ywithin-frame,))

2 
x 100 

stratified stratified 

and 
A 

A k 
S.E.(Iwithin-frame,) = (var(Iwithin_frame,))2 

stratified stratified 

where S.E. stands for standard error and the other terms are as defined 
previously. 

(21) 

(22) 

The standard error shown in Equation 21 represents error in the estimate 
of basin-wide irrigated proportion as a percent of the total area within the 
sample frame in the given basin. For example, if the estimate of basin 
irrigated proportion was 60 percent (of the sample frame) and if the standard 
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error computed by Equation 21 was two percent, then the true value of 
irrigated proportion was expected to fall between 58 and 62 percent of the 
sample frame area with a certain frequency. Standard error was also com
puted as a percent of the estimate of irrigated proportion. This second 
type of percent error, termed relative standard error, was defined by 

~ k 
(var(Ywithin-frame,))2 

Relative S.E.(Y 'th' f) stratified W1 1n- rame, = ------------
stratified 

if withi n- frame, 
stratified 

x 100 (23) 

Thus a relative standard error of two percent would, given the previous example, 
mean that the true value of irrigated proportion should fall between 58.8 per
cent (i.e. 60% minus 2% of 60%) and 61.2 percent with a given frequency. To 
distinguish the two percent standard errors apart, the statistic calculated in 
Equation 21 was labeled the absolute standard error. Whether absolute or rel
ative standard error is reported depends upon which is most meaningful to DWR. 
If error expressed as a percent of the total area in the sample frame is most 
useful for planning purposes, then the former should be used. On the other 
hand, if error as a percent of the estimate is desired, then the latter is 
appropriate. There will be little difference between the two standard errors 
in basins with high percent irrigated, though the relative error will be some
what more conservative. However, in basins where the percentage irrigated is 
low, the reported relative error may be much larger than the reported absolute 
error expressed in percent. 

Another consideration relevant to the discussion of standard error is 
sample size. Recall that the design goal in the 1979 inventory was to obtain 
estimates of basin-specific irrigated area that fell within a certain per
centage of the true (ground) value with a specified frequency. This percentage 
range on either side of the estimate was set at five percent. Percent in this 
case was defined as a function of relative standard error. This was done for 
two reasons: (1) it was a conventional approach and (2) it was, as has been 
mentioned, conservative -- a desirable characteristic when results from previous 
surveys are not available. So, aside from the question of utility of the re
sulting error statements, it was appropriate to report 1979 results as a function 
of relative standard error in order to judge the adequacy of the original sample 
allocation. Sample size calculations in subsequent inventories could, however, 
be based on measures of either relative or absolute error. 

A further point to consider here is the interpretation of Equation 22. As 
stated, this equation specifies an acreage error on either side of the basin
wide estimate in which the true value should fall with given frequency. Given 
a within-sample frame basin estimate of 300,000 acres irrigated, for example, 
a standard error of 5,000 acres would be interpreted to mean that the true value 
of irrigated acreage within the frame should fall between 295,000 acres and 
305,000 acres with a certain frequency. Thus Equation 22 produces a form of 
absolute error. 
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When specifying an inventory error goal two parameters are usually 
stated. The first is a relative or absolute error range, known as the 
confidence interval, around the estimate of the quantity of interest 
within which the true value should fall. The second parameter represents 
the desired frequency (in Ilrepeated sampling") with which the true value 
will, in fact, fall in that error interval. Furthermore, the two are re
lated. The width of the confidence interval depends on the frequency of 
inclusion (confidence level) specified - higher frequencies generally 
requiring wider intervals. Confidence intervals in the 1979 statewide 
irrigated lands inventory were constructed according to classical (e.g. 
see Cochran 1977 or Jessen 1978) sample-based procedures. A major assump
tion used to construct such error intervals is that the population of all 
possible estimates resulting from all possible samples of given size will 
follow some known distribution of values, typically the normal distribution. 
This distribution can be pictured as the form of a bell-shaped histogram 
(see Figure 2) centered on the true value of irrigated proportion. Estimates 
based on very large samples should depart from the true value with frequencies 
specified by the normal distribution. Estimates of irrigated proportion based 
on smaller samples will tend to follow a Imodified l normal, or Student1s t, 
distribution of error about the true value. . 

Student1s t distribution, an example of which is also shown in Figure 2, 
is flatter at the center and has heavier tails than the normal distribution. 
This movement of Imass l or probability of occurrence to the tails of the 
distribution reflects the fact that variance estimates based on smaller 
samples will tend to be more influenced by sample observations far from the 
mean. There is a different student1s t curve for each sample size (or number 
of independent observations denoted by degrees of freedom), the shape of the 
curve approaching the normal distribution as sample size becomes large. 

Use of the normal assumption and the related Student1s t distribution 
has given satisfactory results in many inventories. The method used to con
struct estimate error intervals under this assumption is to multiply an est
imate of standard error (i.e. the error due to sampling) by the Student1s t 
value appropriate for the given degrees of freedom and the frequency of 
inclusion desired. The resulting error value is defined as the confidence 
interval half-width: 

C.I. Half-Width = Standard Error x Student1s t (d.f., 1 - alpha) (24) 

where d.f. stands for degrees of freedom and alpha represents the probability 
that the true value of irrigated proportion does not fall within plus or minus 
the confidence interval half-width around the estimate. The probability (or 
frequency) of inclusion is thus 1 - alpha. 

In order for this confidence interval to be valid, one further assumption 
is necessary. This second assumption is that the estimator, in this case the 
regression estimator, is unbiased. If it is not, then the true value of irr
igated proportion or area will not fall within the confidence interval with 
the stated frequency. The amount of bias would have to be estimated and the 
confidence interval endpoints adjusted up or down accordingly to obtain an 
error interval having the desired true value inclusion probability. As was 
stated earlier, evidence to date indicates that the regression estimator 
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should be effectively unbiased for the inventory problem considered here. 
Therefore no adjustments were made to confidence intervals or estimated 
values reported for the 1979 inventory. 

Three different confidence interval half-widths were calculated and 
reported for each basin. The first was the absolute confidence interval 
half-width in percent for a frequency of inclusion of ninety-five percent: 

C.I.H.W.(Y ·th" f ) W1 1n- rame, 
stratified 

A 

= S.E.(Ywithin-frame,) x t(d.f.,.95) 
stratified 

(25) 

This error interval has an interpretation analagous to that of Equation 21. 
Recalling the example given with that equation, an absolute standard error of 
two percent was subtracted and added to an irrigated estimate of 60 percent. 
This lead to the statement (actually a confidence interval statement) that 
the true value of irrigated proportion should fall between 58 and 62 percent 
of the area within the sample frame with a given frequency. If different 
estimates resulting from repeated sampling followed a normal distribution 
about the true value, and if the regression estimator was unbiased, then the 
frequency of inclusion in that example would have been 68 percent (68 times 
out of 100).* In this case the Student's t value, shown on the right side of 
Equation 25, would have been equal to one. To compute a confidence interval 
that should include the true value 95 percent of the time (i .e. with a prob
ability of .95), a Student's t value must be found such that 95 percent of 
the area under the appropriate Student's t curve would be included between 
+t and -to The appropriate Student's t value can be found by simply con
sulting previously tabulated values of t for the given degrees of freedom and 
area under the curve. Assuming the degrees of freedom were equal to 50, ref
erence to such a table would show a Student's t value of 2.009 required to 
produce a 95 percent confidence interval. Thus the confidence interval half
width in units of absolute percent would be 2.009 x 2 percent = 4.018 percent 
of the area within the sample frame. The confidence interval statement would 
be that if repeated samples of the same population were taken, the true value 
of irrigated proportion would be expected to fall between 55.8 percent (60 
minus 4.02) and 64.2 percent (60 plus 4.02) of the area within the sample 
frame 95 times out of 100 under the given assumptions. Alternatively, and 
more formally, we say that 95 percent of the confidence intervals resulting 
from repeated sampling would cover the true value of irrigated proportion. 

A second confidence interval half-width was computed using the standard 
error for acreage calculated in Equation 22. In this case 

C.I.H.W.(Iwithin_frame,) 
stratifi ed 

A 

= S.E.(Iwithin-frame,) x t(d.f.,.95) 
stratified 

(26) 

where the probability for true value inclusion in the confidence interval has 
been set at .95. Using the example cited for Equation 22, the standard error 
of 5,000 acres would be multiplied by a Student's t value of 2.009 (assuming 
for sake of example that d.f.=50). This would yield a confidence interval 

* known as the one standard error level of confidence 
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half-width of 10,045 acres. Thus the resulting confidence interval state
ment would be that the'true value of irrigated area should fall between 
289,955 acres (300,000 minus 10,045) and 310,045 acres (300,000 plus 10,045) 
in the sample frame 95 times out of 100 under the given assumptions. 

The third confidence interval half-width reported was based on re
lative standard error expressed in percent: 

A A 

C.I.H.w.(Y 'th' f ) = R.S.E.(Y 'th' f ) x t(d f 95) Wl 1 n- rame, Wl 1 n- rame . .,. 
stratified stratified 

( 27) 

where R.S.E. stands for relative standard error. Returning to the example 
given with Equation 23, a two percent R.S.E. would translate to a 2.009 x 2 
percent - 4.018 percent confidence interval ha1f-width.* This percent is 
relative to the estimated basin irrigated proportion of 60 percent. That is, 
the confidence interval half-width is actually 4.02 percent of 60 percent, 
or 2.41 percent of the sample frame. 

While not developed here, unstratified estimators of variance, standard 
error, and confidence interval half-width were constructed in a manner similar 
to that used in the stratified case. The unstratified estimators of error dif
fered from their stratified counterparts only in that the stratum subscripts 
(h) were dropped, weights by stratum were not necessary, and summation over 
strata was eliminated. Sample unit data was treated as if it had been obtained 
by random selection from one master stratum covering the entire area within the 
basin sample frame. 

Degrees of freedom used for determining Student's t were calculated as 
follows. For the unstratified basin estimates of confidence interval half
width, degrees of freedom were set equal to the total qround sample size minus 
two. The rational for substraction of two was explained in the discussion of 
stratum-specific variance associated with Equation 17. One degree of freedom 
was lost in calculating the ground sample variance and one was lost in es
timating the variance of the regression coefficient. 

The same procedure for specifying degrees of freedom could not be used 
for the stratified case. This was because the error distribution for 

~ 

var(Y 'th' f ) is generally too complex to allow use of the sample size 
Wl In- rame, 
stratified 

minus two rule for determining degrees of freedom associated with Student's t. 
Instead an approximate method due to Satterthwaite (1946) was used to determine 
the effective degrees of freedom, The formula employed was 

mbasi n = 

L 
I; 

(h=l 

L 
I; 

* assuming d.f.=50 for example 

(28) 
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where 

mb . = number of effective degrees of freedom used to determine 
aSln 

Student's t for the stratified estimate of confidence 

interval half-width in basin b, 

mh = number of degrees of freedom for stratum h in basin 

~ 

b (= nh - 2 for the regression estimator, and nh - 1 

for other estimators described in the evaluation 

section), 

var(Yh) = estimated variance of the estimate of irrigated pro-

portion in stratum h as defined in Equation 17, 

Wh = weight for stratum h defined as the area in stratum 

h relative to the total area in the sample frame in 
the given basin, and 

L = the total number of sample frame strata in the 

given basin. 

The numerator of Equation 28 represents the square of the within-sample 

frame estimate of basin variance. The denominator consists of the sum of 

the squared contributions to basin variance from individual strata, each 

~ivided by its respective degrees of freedom, mho In rough terms this 

means the denominator represents the sum of the squared contributions to 
variance by independent sample unit observations over all strata. Dividing 

the sum of squared variance contributions per independent sample unit into 

the square of the basin-wide variance (the numerator of Equation 28) then 

gives the degrees of freedom for the stratified, basin-wide estimate of 

sample variance. 

The value of mbasin should always lie between the smallest of the 
terms (n h - 2) and their sum. Furthermore, the accuracy of the approxi

mation given by equation 28 depends upon the assumption that sample unit 

observations are normally distributed within strata. If the observations 
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are distributed with tails that are heavier, and the center more sharply 
peaked than corresponding features of the normal distribution, then Equation 
28 will tend to over estimate the effective degrees of freedom (Cochran, 1977) .. 

Part 2 - Statewide Estimates of Error 

Statewide estimates of error were constructed in a manner parallel to 
that used for stratified basin estimates. The procedure was to treat each 
basin as an independent sampling stratum and then form a weighted sum of the 
estimated variances from those Istrata l

• Thus the estimate of statewide 
sample variance for irrigated proportion was expressed as 

A B Ab 2 ~ 
var{Ystatewide) = E (X-) var(Yb within-frame) (29) 

b=l s ' 

where 

A 

var{Ystatewide) - = estimated variance of the statewide estimate of 
irrigated proportion, 

A 

var{Y - estimated variance of the estimate of within-b,within-frame) -

B 

sample frame irrigated proportion for basin b, 

= weight assigned to basin b; defined as the area 
within the sample frame in basin b (Ab) divided 
by the total area in the sample frame statewide 

(As)' and 

= total number of basins defined for the 1979 
statewide inventory (=10). 

Equation 29 was used to produce estimates of variance based on either strat
ified or unstratified estimates of i~dividua1 basin variance. In the former 

case, the calculated values for var{Yb,within-frame,) were sUbstituted into 
stratified 

the right side of Equation 29, and in the latter case values for 
A 

var{Vb,within-frame,)' 
unstratified 
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An estimate of statewide variance for irrigated acreage was given by 

var(Istatewide) 
" 2 -

= As var(Ystatewide) 

2 B Ab 2 : 
= A E (As) var(Yb,within-frame) 

s b=l 

(30) 

where all terms have been defined previously. Equation 30 was used to produce 
statewide estimates of variance using either stratified or unstratified estimates 
of basin variance. 

Confidence interval half-widths were defined similarly to those described 
for stratified basin estimates. Three types of statewide standard error were 
first computed from Equations 29 and 30 using the methodology described in 
Equations 21, 22, and 23. These represented, respectively, 1) absolute standard 
error expressed in units of percent of the sample frame, 2) standard error in 
acres, and 3) relative standard error in units of percent of estimated irrigated 
proportion. The corresponding confidence interval half-widths were then com
puted using Equation 24. 

'When determining Student's t, the confidence probabil1ty (l - alpha) for 
inclusion of the true value of statewide irrigated area within the confidence 
interval was set at .99. That is, it was desired that the true value fall 
within plus or minus the confidence interval half-width (centered on the es
timated value) 99 times out of 100. Since the total statewide ground sample 
size was very large (607), the degrees of freedom value used to specify the 
appropriate Student's t distribution was set arbitrarily to 500. This, in 
effect, made the Student's t distribution nearly identical to the normal dis
tribution - an approximation giving a resulting Student's t value accurate to 
roughly .01 at the 99 percent level of confidence for degrees of freedom 
ranging between 400 and infinity. 

Part 3 - Summary 

To summarize, the values of basin-wide and statewide error reported in 
Tables la, lb and 2a correspond to the following equations explained above: 

1) absolute error, expressed as a percent of the sample frame, is reported 
in the second numerical column from the left in Table la for stratified 
sampling within basins and in the second column from the left in Table lb 
for unstratified estimation within basins; Equation 25 was used to produce 
the basin figures shown in column two for a true value inclusion probability 
(level of confidence) of .95; substitution of the statewide variance given 
in Equation 29 into the confidence interval half-width formula for inclusion 
probabilities of .95 and .99 gave the figures shown for the state at the 
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bottom of the second column, Table la; a .similar procedur.e.was-used_.--, 
to give the unstratified basin and statewide results shown in the 
second column, Table lb; 

2) relative error, expressed as a percent of the estimated value of irri
gated proportion, is shown in the third numerical column from the left 
in Table la for stratified sampling within basins and in the third 
column from the left in Table lb for unstratified sampling; the proc
edure was analogous to that for absolute error for both basin and state
wide estimates; 

3) standard error in acres resulting from stratified regression estimation 
is reported in column A4 of Table 2a; Equation 22 was used to produce 
this value for basins and the square root of Equation 30 gave the stan
dard error listed for the state at the bottom of the column; 

4) the confidence interval half-width, in acres, is given for an inclusion 
probability of .95 in column A5 of Table 2a; values for basins were 
computed according to Equation 26 for basin estimates based on strat
ified sampling; the same equation was used to calculate the 95 percent 
confidence interval half-width shown for the state, where the square 
root of equation 30 was used as the appropriate standard error value. 

Note that the errors reported were based on only the area within the 
sample frame. That is, strictly speaking, the basin and statewide errors 
listed in the tables should apply to only the estimates of irrigated land 
within the sample frame. No error statements could be made concerning the 
roughly three percent of irrigated land in the state that fell in small par
cels outside the sample frame. 
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APPENDIX IC: Equations Used for Estimation of County Irrigated 
Area and Associated Error 

Part 1 - Estimation of Irrigated Area 

The equations required to estimate county-specific irrigated land were 
similar in form to those used in the stratified basin estimation problem. 
The estimate of irrigated proportion within the county sample frame was 
given by 

" 
Yc,within-frame 

where 
" 

B Acj 
= E (A )(a

J
. + b.x .) 

J CJ 
. 1 c J= 

Yc,within-frame = estimate of the proportion of the sample frame 

j 

B 

A . 
CJ 

b. 
J 

within county c that is irrigated at least once 
during the calendar year, 

= hydrologic basin index, 

= total number of hydrologic basins defined in the 
1979 statewide inventory (= 10), 

= total number of acres within the sample frame of 
county c belonging to basin j, 

B 

= EA. = total number of acres within the sample 
j=l CJ 

frame in county c, 

= estimated intercept for the unstratified regression 
equation based on sample unit size-weighted obser
vations in basin j, 

= estimated slope for the same regression equation in 
basin j, and 

I C- , 

(31) 



x . 
cJ 

= proportion irrigated within the sample frame in 
county c, in basin j determined by digitization 

of the Landsat interpretation. 

Equation 31 can be seen to be a stratified regression estimator, where the 
strata are now represented by the individual basins covering the county in 

question. In essence, Equation 31 says that the within-frame county estimate 
consists of a weighted sum of the individual basin estimates (a. + b.x .) of 

J J CJ 
irrigated proportion for that county. The weight for each estimate is pro-
portional to the area within the county inside the sample frame of the given 
basin. These individual estimates actually represented predictions, since 
the regression equations used to produce the county estimates were developed 
over data sets differing (at least in part) from those of the counties to 
which they were applied. 

The estimate of irrigated area within the sample frame of a given county 

was computed according to 

A 

Ic,within-frame = Ac Yc,within-frame (32) 

which is simply the product of the irrigated proportion estimate determined in 
Equation 31 and the total area (Ac) inside the sample frame in the given county. 
An estimate of the total irrigated acreage in a given county was obtained by 

A 

adding irrigated area outside the sample frame to Ic,within-frame' This 
additional irrigated acreage was located by Landsat interpretation in areas 
excluded from the interior of the contiguous sample frame as well as in small 
parcels of agricultural land outside the sample frame. 

Part 2 - Estimation of Error 

Estimated errors for county estimates were reported under the assumption 
that the estimates of irrigated area could be considered minimally biased.* 
As a consequence, errors given in Table 4 were defined to represent error 

* The validity of this assumption will be evaluated by comparison of DWR 
and regression estimate results during the coming year. 
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, Table 4. County estimates based on the weighted-unstratified model. 

Inside Prop Acres S.E. Excl OJtside Ex & OJt Total Total 
County Acres Irrig Irrig (acres) Acres Acres Irrig Acres Irrig 

Alameda ~~808 O.20ll~g Z~~8 216i 512 lJ82615 501i 46i4~~ 1fi~~~ Alpine 061 O. ~oo 

23~~~! 21~~ 
0 lJ6~J~g 6~ Amador 0.~6al 0 

Butte 31~623 O. 1 62 1lJ982 llgl!! 2~r 1dlof~3 23~llO~ Calaveras 0 O. 0 0 10 ~ 65~71~ 10~ Colusa llO15ll1 8:~664 36iJH 2~886 5510 
Contra Costa l1aiOR ' n5 0 J39~01 603 Z~666 36~~~f Del t:Orte 1 16 O. 190 0 0 6 21190 
El Corado 1§ 1 0.1169§ 2205 1~62 0 11122~0 1428 1161816 lJ22~ 
Fresno 1lJ9 786 0.8300 12lJll957 100 06 50435 2057156 7 89 36 73 6 125244 

Glenn 3706r 0.67~6~ 2~fl6rl 2~~6g 10061 461687 860 842740 

~'p Hu:nboldt 
5~~g 6 

o. 2 0 511~1 0 2~05~6~ ~~~~ ~§~~~~~ 51g ~4 Iml=€rial ql2~ ~lli 960J nyo 
12 82~g 110 ~Ul112 1~ 06 Kern O. 86f 

~i~~n 
0 35gao 521~641 ~~6lll1 Kings 6g16 ~ O. 0 4 

~8~~ 
35962 ~66 6~ ~8 ~g4 Lake 400 0'50~ 1 0 10~g niB Lassen 118~5~ O. 0786 lJf4 2 7804 115 ~ ~ 60 2i 

Los Angeles J~5 §2 
O. H~26 25€5~ l~qOl 3~ H 2~728 2 

"A
56 j16013 ~2~18 Madera 0.65970 270 3 3 664 13974 75 1 6284 2 9 94 

Marin 0 O. 0 0 0 
2~~Z4~2 lJg~ i~ii~n ~1m Milriposa 324"A~ O. 0 0 0 

f1end lcino g:1Sg~~ 2i21O 6610 0 
15h ~Ierced 7 51 l 57 ~19 7 140 181085 2~5l~4i Modoc 2°6l4 0.7ll04

Z 
lr 60 8§1

8 6940 110ZZ 2g667~2 
1 1~r~ Mono 6 10 0'a81~ 2 4~n 0 

~~~~~1~ 2015i 2 
Monterey 511204 O. 51 4~06~ 8006 1125 206 42 2i~s!2 Napa lJ83~~ o. fl llO 5 ll3 18~ ~ 1751 
Nevada O. 2~2g l~H~ 105 0 ~~a 18711 
Orange ~~61 0.41 6 3513 0 ~7~gj9 508448 185 3 

Placer 16~d§~ 8:i~I~~ 6562g 14417 406 ~a62llR 2~~1 16ig~ad 66llZ~ Plunas 0 J 7~4n Ri verside 4€~§S 0'62 2~ 216~A~ ~6h~ ~i~~~ 2J~i6 Sacramento 
f247ll1 

O. 2 2 223 1 240650 1 5~ 46 86gr 22 70 
San B=nit.o O. a7~2g 41181 

1~~~~ 
0 7 007ll 1 2 864~la lJ~ 09 San E€rnadino l~i~~i o. 8 8 ~OS~S 0 l~~~l~~i ~~66a 12914 1 6 1~1 San Diego 0.lJ191 25192 2 J 444 79 6 San Francisco 0 O. 0 0 044 

San Joaquin ~10511 0.75262 5~474~ 68721 1216~2 7206f 51lJg 9 ll2lJ~ 5~~~6j San Luis Obispo 34008 0.10701 71lJ lJ9150 21 5 1578858 965 2115002 

San Mateo 

l~~lU 
0.48262 2222 ~06 0 

1n!!~i 82~ 275600 

~lgi~ Santa Parbara 0.441~~ ~l~l~ "1;1 573 l~U 1~~$25fl Santa Clara g:4n Santa Cruz 
O. ~Q102 2754 842~ 5~02 

Shasta 112608 5 518 0 
2~S1~~~ 2g~ll! 6i!'" Sierra ~840 o.g~ 68 Tll4 f~~~i "A

oog 16~itl 26 zg Sis~iyou ~1 2ia o. 19 11 86 420 1 
Solano 118~44 0.6'344 1 587 7 822 3 2247 2 a8 57 61 1~ ~4~ Soncma 0.21798 2a906 7~15 0 887805 ~6 2 100 6119 
Stanislaus lJ89547 0.82526 40 OOll 47 49 191784 277631 160 958961 lJO§16lJ 

Sutter ~l~~~4 0'fi5~44 fS§Ta~ 2€14g 536~~ 0 
lJ
A

6g ~§~~~gS i~j~~~ Tehama O. 9 19 1 18 164f21 Trinity 92933~ O. 0 J 202 0a5 02 3096~~g 77611~ Tulare 0.83065 771956 71261 36906 213 1 lJ16-
TuoI ur.ne 0 O. 0 14~ 6iO 6111 lll~ ~O glJ1 
Ventura 1r~J12 0.642~~ r08~ !~~H 1240T 3605 lJ g~ R 101 ~~ Yolo 4 1107 O'r~ 3 T6~ 1~667 ~ H4S 14 
Yuba 1 7194 O. 1:.> 2 28 2240 4067a9 3~H92 

State llJ257459 9558250 1000375 85067840 294255. 100325656 9852506 
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primarily due to samp1 ing and were based on the formula for the variance of 
values predicted by regression. Formally, the estimator of regression var
iance for county irrigated proportion was given by 

where 

" 

var(Yc,within-frame) = 2 (1 2) n. - 1 
Syj - rj (J _ 2) 

n. 
J 

1 
(x._x.)2 

• (1 + - + ___ c-""J_---><.J __ ) 
nj n. 

J ( _ )2 E xij - Xj 

(33) 

i =1 

" 
var(YC,within-frame) = estimated variance of the estimate of irrigated 

proportion within the sample frame within county c, 

r. 
J 

nj 

n. -
J 

n. 
J 

-

x . 
CJ 

1 

2 

= pooled sample variance of all ground sample units 
in basin j, 

= estimated Landsat-to-ground correlation computed 
over all ground sample units in basin j, 

= proportion of ground sample unit variance not 
accounted for by Landsat measurement of pro
portion irrigated in basin j, 

= total ground sample size in basin j, 

= ratio used to give a mean square error about 
the regression line based on nj - 2 instead of 
nj - 1 degrees of freedom. 

= proportion irrigated within the sample frame 
in county c, in basin j determined by digit
ization of the Landsat interpretation, 
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last term in 
brackets on 
the right 

= Landsat measurement of irrigated proportion 
for sample unit i in basin j, 

= average value of Landsat irrigated proportion 
for sample units having matching ground data 
in basin j, and 

= a multiplier composed of three terms which, 
when multiplied by the terms to their left 
in Equation 33, give, respectively, a) the 
estimated variance for an individual obser
vation about the regression line, b) the 
estimated variance of the predicted mean 
(i.e. point on the regression line), and 
c) the estimated variance of the regression 
coefficient 

Equation 33 differs from the basic form of regression variance (Equation 17), 
in that an extra term was included in the county equation to account for the 
variation of individual predicted observations about the regression line. 
This extra term was necessary since, as has been mentioned, the objective was 
to 'predict' a county value from regression equations developed, in part, 
elsewhere. Consequently, county error values tend to be relatively larger 
than their basin counterparts. 

The estimate of county sample variance, expressed in acres, was then 
obtained directly as 

var(lc,within-frame) 
2 ~ 

= Ac var(Yc,within-frame) (34) 

where terms on the right side were defined previously. Standard error, as 
reported in Table 4, was calculated by taking the square root of Equation 34. 
That is, 

1 

S.E.(lc,within-frame) = ( var(lc,within-frame) )~ 

County error values were cited at the one standard error level (i .e. 
Student's t was set equal to one). Thus, in the context of Table 4, the 
true ~a1ue of irrigated acreage was expected to fall within plus or minus 

S.E.(I 0thO f ) acres of the estimated value 68 times out of 100 -
C,Wl In- rame 

(35) 

assuming a series of estimates themselves would be distributed normally and 
centered on the true value. As in the case of basin estimates, no error 

statement was available for irrigated land outside of the sample frame. 
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Part 3 - Summary 

Table 4 summarizes the 1979 estimation and measurement data for each 
county in the state. This information includes: 

1) Figures for total acreage (irrigated and not) obtained by digitizing 
administrative boundaries on the Landsat interpretation base; these 
are reported for 

a) the total area within the sample frame in the first numerical 
column (counting left to right in Table 4), 

b) the total area excluded from the interior of the contiguous 
sample frame in the fifth column from the left, 

c) the total area outside the contiguous sample frame the sixth 
column from the left, and 

d) the total area within the county (sum of a, b, and c) in the 
eighth (second to last) column from the left; 

2) an estimate of proportion irrigated within the sample frame calculated 
according to Equation 31; this value is given in the second column from 
the left; 

3) irrigated acreage figures reported for 

a) the sample frame (as estimated by Equation 32) in the third 
column from the left, 

b) exclusion areas and/or areas outside the sample frame in the 
seventh column from the left, and 

c) the entire county (by sum of a and b) in the last column on the 
right; and 

4) an estimate of standard error (by Equation 35) in acres in the fourth 
column from the left. 
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APPENDIX II. 

PRESENTATION OF ESTIMATORS OF IRRrGATED AREA 

AND TABLES SUMMARIZING RESULTS 

The primary irrigated acreage estimators considered were those for 

the stratified regression design. This is the design for which the sam-

pIes were allocated and for which the least restrictive assumptions are 

made on the relationship between the "independent" and the "dependent" 

variables. However, in order to try to determine if some other estima-

tor might be more efficient for the estimation of irrigated proportions, 

ratio (biased and unbiased) and difference estimators were also con-

sidered. 1~ile any statement on the relative efficiencies of these 

estimators is strictly sample specific, large or consistent differences 

between estimators should be apparent. 

Let uhi be the i-th observation, h-th stratum of the Landsat pro

portion irrigated and vhi be the i-th observation, h-th stratum of the 

ground proportion irrigated. Then define the variables of interest, x 

and y, to be the associated weighted proportions 

where 

and 

[2] 

Ahi = acres in the i-th sample unit, h-th stratu~ as measured on 

Landsat 

~h = population mean sample unit size. 
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Further, for each stratum h, define 

Xh = mean over matched units of the weighted Landsat proportion 

irrigated 

Yh = mean over matched units of the weighted ground proportion 

irrigated 

Xh = mean over all units of the weighted Landsat proportions, 

and 

2 
Syh = sample estimate of the variance of the y's. 

REGRgSSION ESTIM~TORS 

For the stratified regression estimate of the mean proportion irri-

gated the classical estimator 

where 

[4] 

- )2 - x 
h 

was used. The estimator of the variance of this estimator is, in the . 

literature, not well agreed upon. Various equations have been proposed, 

however the majority of them are based on rather restrictive assumptions 

w~ich, typically, are not met in a sampling framework (e.g. infinite 

populations, large samples and normality). 

were all of the form 

II-2 
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where five different expressions for the "factor" Kh were evaluated. 

Factor 1: 

[6] 

With factor 1 the variance equation reduces to that proposed 

by Cochran (1977). The derivation of this formula assu~es 

infinite populations and large sa~ples. It further assumes 

that the slope coefficient is a known constant (Sukhatme, 

1954). The variance equation is that which would be used if 

the d~ta were being treated as a general linear model multi-

plied by the finite population correction. The factor itself 

is used merely to set the degrees of freedom in the denomina-

tor of the error term to n-2 rather than n-1. 

Factor 2: 

= [nh - 2J 
l{h n - 3 

h 
[7] 

Factor 2 was the factor used in the allocation of samples. 

The resulting variance equation is based on the derivation by 

Tikkiwal (1960) and assumes infinite-bivariate-normally dis-

tributed populations; it is however justified by a super-

population argument w~ich says, essentially, that if the popu-

lation is considered to be a sample from some infinite 

"super-population" then this is the best estimate. The above 

expression for the factor results from the reduction of (1 + 

1/n-3) where the second part of this expression represents the 
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increase in variance due to estimating the slope coefficient 

from a sample; the derivation of this term is based on the 

assumption that there is an infinite-normally distributed 

population of x's. The degrees of freedom for the error term 

is assumed to be n-1. 

Factor 1: 

[8] 

Factor 3 is the sa~e as factor 2 except that the degrees of 

freedom of the error term is now assumed to be n-2. The 

resulting variance equation is, in fact, the one given by Tik-

kiwal (1950) and also by O'Regan and Boyd (1974). O'Regan 

and Boyd also assume infinite populations, large samples and 

normality of the x's. 

Factor 4: 

[9] 

This factor is that derived by Tikkiwal (1960) for a given 

sample of x's and agrees with the expression given by Cochran 

(1977, eqn 7.46). It, consequently, does not make assumptions 

on the distribution of the x's but it is only conditional. 

The degrees of freedom for error is taken to be n-1. 
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Factor .2.: 

- - 2 (X - x ) 
h h 

- 2 
- x ) 

h 

[10] 

This factor is the same as number four except that the degrees 

of freedom for the error term is taken to be n-2; it is, actu-

ally, the one suggested by Tikkiwa1 (1960) for the conditional 

case. 

Of the above factors, factor 1 is rather unrealistic and will tend 

to under estimate the true variance of the estimator (Cochran, 1977). 

It was never given serious consideration. The third factor was prefered 

over the second with regard to the ~ssumptions on the degrees of freedom 

and, similarly, the fifth waS prefered over the fourth. Thus, the choice 

of vari~nce equatio~s reduced to whether it is more realistic to assume 

normally distributed-infinite populations of the x's or to make the 

variance conditional on the samples chosen. 

The conditional approach (factors 4 and 5) is sample specific and 

1/ is to be prefered on theoretical grounds It was therefore chosen as 

the primary method of analysis. The use of factor 3 should be res-

tricted to sample size computation and as a check on the estimates pro-

duced using factor 5. 

1/ Visual inspection of the distributions of both x and y indi-
cate that on a per stratum basin the assumption of normality is 
violated. 
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The estimators used for the stratified regression estimates were 

formed via the normal combination of per stratum estimates. Specifi-

cally, if, for a given basin, Ah is the total acreage in the h-th stra

tum and A is the total acreage in the basin 

where in acres this becomes 

and 

or on an acreage basis 

L 
Z 

h=1 

[ 11] 

[12 ] 

This stratified variance will differ from the variance obtained 

using the data in an unstratified estimation procedure in three ways. 

First, the degrees of freedom (see below) will be 'greater for the 

unstratified model. This will result in a lower Student's t-statistic 

even for identical variances, and, consequently, a lower relative error. 

Secondly, as Cochran (1977) points out, when the allocation of sample 

units to strata is not approximately proportional the estimate 

n _ 2 
~ (y. - y) 

i=1 1 

n - 1 
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where n = total sample size 

and y = (Z Yi ) I n 

formed by assuming the sample to have been drawn randomly from the total 

population may be a poor estimate of the true variance. Consequently, 

the use of his equation 5.A.44 (due to Rao, 1962) where corresponding 

sample estimates are used in place of population values should provide a 

better estimate of the unstratified variance. Specifically, letting 

[ n] 1 L ~h h 2 
-1- 1 N - n - Yhi 

h h i 
[13' ] 

we can estimate the associated regression variance by 

[14] 

2 where s is from 5.A.44, N is the total population size, and 

[~(Yi - Y)(Xi -xT 2 
2 s 

--EL r = - ;> -2 = 2 2 
~(Yi - Y)-:Hxi - x) s s 

x Y 

[ 15] 

represents the square of the correlation between x and y. 

It was recently pointed out to us that S.A.44 can be modifieil (Si~ml1!lrl.. 

1981) to provide an estimate of the unstratified covariance hetwep.n x ;:I'"n V -

(S2 )' 
xy [13' '] 

;> , 
Using this expression and [13'] (where (s-) is obtained from an expres-. x 

sion in x completely analogous to [13'] in y) we can obtain a revised 
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estimate of r 

which can be used in [14] to give 

~ , 
(var(Y) ) 

- 8 -

[15' ] 

[ 14' ] 

And finally, the unstratified estimates will differ from the stra-

tified estimates in that the "observations" themselves differ between 

the stratified and the "in~erently unstratified" models. This differ-

ence is due to the method of weighting. Observations in the unstrati-

fied model are weighted according to the size of the sample unit rela-

tive to the average size in the whole population, viz 

and similarly, 

N(AhiVhi ) 

L Nh 
'1 '1 A • 

h~1i~1 hl 

[16.11 

[16.2] 

where i is the mean sample unit size (unstratified) over all elements in 

the population, while observations in the stratified model are weighted 

relative to A
h

• Thus, being based on a more stable mean, we would 

expect these unstratified weighted observations to be somewhat less 

variable. 21 
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RATIO ESTIMATES 

For the problem at hand, our model specifies that the relationship 

between the x's and the y's is linear. Further, because of the nature 

of the variables being used we know that the regression line may have an 

intercept near the origin and a slope close to unity. If, rather than 

using sample estimates of the slope and intercept, we "accept the 

hypothesis" that the intercept is, in fact, the origin, then we can use 

a ratio model and gain more degrees of freedom. Two ratio estimators 

were proposed for use, an unbiased mean of ratios estimator and a biased 

ratio of means estimator. 

BIASED RATIO ESTIMATOR ---

The biased ratio estimator is 

[17 ] 

with the population estimate of the variance given approximately by 

[18 ] 

where Rh is the population ratio. This is the commonly recognized 

expression for the variance; however Cochran (1977) notes that it tends 

to underestimate the true variance. A modification of this. due to 

Sukhatme (1954), will produce an expression of order 1/n2 (as opposed to 

0(1/n». Specifically, 

2 I , 
Initial tests indicate that this is, indeed, the case. It may 

be 'l~s~"'~~'Jle ':.0 :l~;'~ t1i.~ "': 't:10~ of weighting for future es~.ima
tion. 
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? ~ -C + C - 2C 
• Ph yyh xxh xyh 

C + C - 2C yyh xxh xyh 
[19] 

where C 
2 I i,2 

xxh = Sxh h 

52 -? 
C = I Y-

yyh yh h 

and C xyh = 5Xyh I XhYh 

is a better estimator for the population variance. This derivation is, 

however, based on the assumption of normality and large populations. 

Substituting the respective sample estimates for each of the terms in 

this expression gives the estimated variance. 

UNBIASED RATIO ESTIMATES 

Since the bias of a ratio estimate in a stratified design may be 

large, a number of unbiased ratio-type estimators have been proposed. 

The one used here was suggested by Goodman and Hartley(1958) and is 

given by 

[20] 

where r h is the sample mean ratio 

The population variance of this estimator is given by 

[21] 
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2 
where Rh is the population mean ratio, Srh is the population variance of 

the ratios, and so on (Goodman and Hartley, (1958». While the authors 

give an expression for the estimated variance there appear to be a 

number of errors in their component equations. Even after correcting 

ones that we found, we still obtained negative variance estimates. 

Lacking the time to rederive the correct formula, we instead substituted 

the associated sample estimates of the (co)variances and the mean ratio 

into the population expression to obtain a sample estimate of this vari-

ance. 

Throughout their development Goodman and Hartley assumed a large or 

infinite population (Nh »nh). Clearly, with the population and sample 

sizes encountered in the current design this assumption does not hold. 

We multiplied the above variance expression by a finite population 

correction to obtain an expression that would, to an order of magnitude 

comparable to the other v8riance expressions, accurately reflect the 

underlying population variance. 

A second, and more troublesome, problem encountered in the use of 

this ratio-type estimator is that it is quite possible that a given x. 
1 

will be identically zero. When this happens the associated ratio can 

not be evaluated. This was the case for a number of sample units and 

can, in general, be expected to occur for the irrigated proportions 

problem. In an attempt to overcome this problem the following con-

tingency table was suggested: 
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~ =0 iO 

=0 r i = 1 r. = 1 
1 -1 - y. 

1 
I 

iO 
, 

r. = 1 - x r
i = Yi I xi 

I 1 i 

j 

It will be noted, however, that this algorithm essentially maps the most 

variable ratios to a value very close to the mean ratio and, conse-

quently, will cause the variance of the ratios and ultimatley the vari-

ance of Y to be underestimated. The overall effect of this is not yet 

known. 

DIFFERE~CE ESTIM~TES 

If future studies indicate that the slopes within strata and within 

basins are constant, then the known slopes can be used in a difference 

model 

[22] 

where bOh is the assumed slope coefficient. The estimated variance of 

this estimator is given by Cochran (1911) as 

Such a model can potentially increase the degrees of freedom and reduce 

the variance. However, if the assumed slopes are not close to the true 

ones, serious bias may be introduced into the estimate of Y. In the 

current study we had no prior information on the slopes hut we expected 
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them to be "close" to unity; consequently, w~ chose b
Oh 

to be 1 for each 

stratum in each basin. 

COHBINED UijBIASED RATIO - REGRESSION ESTIMATORS 

Runs of the program MONTE CRISTO with 1916 Sacramento digital 

Landsat data indicated that for small sample sizes the unbiased ratio 

estimator is more efficient than the regression estimator. Specifi-

cally, Table 1 gives the sample sizes, by stratum, for which each of the 

estimators would be used. The combined, stratified estimates of irri-

gated proportion and its variance is then 

~ L['\J[ ~ ~) y = '1 - i Y +i Y 
st h~1 A h1 h.reg h2 h.rat 

[24] 

[25] 

where 

t If sample size 
i h1 = 

Otherwise 

for stratum h is large according to Table 1 

and 

= {01 i h2 

If sample size for stratum h is small according to Table 1 

Othewise 

Y = regression estimate for the h-th stratum as figured 
h.reg 

above, 

,. 
var(Y

h 
) = estimated regression variance as figured above, 

.reg 

Y = unbiased ratio estimate, and 
h.rat 

,. 
var(Y

h
•rat ) = estimated unbiased-ratio variance. 
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Table 1. Sample sizes defining which estimator (ratio or 
regression) to use in the combined estimator. 

Sample Size (n
h

) 
Stratum Use Ratio Use> Regression 

1 , 3 ) 4 
2 , 10 ~ 11 
3 ~ 5 ~ 6 
It ~ 5 ~ 6 
5 ( 6 ~ 7 
6 ~ 6 ~ 7 
7 ~ 5 ) 6 

DEGREES OF FREEDOM 

For a stratified estimate the approximate degrees of freedom, m is 
e 

given by Wensel (1980) as 

where 

m = e 

~~h = weight for the h-th stratum, and 

[25] 

m
h 

= degrees of freedom for the estimator used in the h-th stra

tum. 

For the regression estimator m
h 

= n
h 

- 2 and for each of the others 

m = n - 1. Note that the numerator in the above expression is the 
h h 

square of the stratified variance. 

UNSTRATIFIED ESTIMATES 

As stated above, the observations for the unstratified models 

differ from those for the stratified models in the system of weights 
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used. If we define the unstratified sample sizes and population sizes 

L 
to be the sum over strata of the stratum specific sizes (Le., n = lnh 

h 
L 

and N = lNh ) and then take L = 1 and w
h 

= 1, the above equations for 
h 

the stratified system are also applicable to the unstratified system 

(alternatively, if we drop all the subscripts "h", the resulting unstra-

tified equations are more easily seen). Note that the degrees of free-

dome m , reduces to mho or equivalently to n - 1 or n - 2, as expected 
e . 

for the unstratified case. 

II-15 



-16-

Tables Al to A7 gi~e the estimates resulting from the stratified 

models for the regression with factor 3, regression with factor S, un-

biased ratio, biased ratio, difference, and for the combined ratio-

regression (with factor 3 and with factor S) estimators respectively. 

Tables Bl to BS give the corresponding unstratified estimates (with the 

exception of the combined ratio-regression estimates). 

Table Cl.l gives the values obtained for (~;)', (s~)' and (sxy) 

by applying S.A.44 (i.e., equations [13'] and [13"] to the estimates, 

2 ' and Table Cl.2 gives the resulting (r) and standard errors for 

regression. Sizable increases in standard error relative to corresponding 

uncorrected values are seen in Table Cl.2 for at least five basins. These 

increases, when translated to confidence interval half-widths, meant that 

stratified sampling became superior in seven instead of four basins on the 

basis of estimated error. Tables C2.l and C2.2 give corresponding "corrected" 

values for unweighted estimates. Inspection of Table C2.2 shows that in-

creases in standard error, when they occurred, were generally not large in 

the unweighted case. 
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COUNTY ESTIM~TES 

The county estimates were based on the regular prediction equations 

for the general linear model. Here the basins were, essentially, con-

sidered as strata for estimation purposes. Thus, assuming no land use 

stratification, the prediction equations were 

and 

'" 
varCY ) = 

c 

10 
~ 

i=l 

Y = c 

10 , 
j=l [~l 

r~r 2 ? 
S . (l-r-:) 

yJ J 
l c} 

[
n -1] 
~ n. 

J - 2 
Z (xi .-X

J
') 

i=1 J 

[26] 

[27] 

where the subscripts c and j denote county and basin respectively and 

where 2 
s . 

YJ 
(and/or and the sums of squares for the x's in the last 

term) may be improved upon through the use of [13'] and [15']. A simi-

lar formulation where, for each county, t,th land use strata within 

basins and between basins are considered to be independent strata gives 

(ah · + bh·X h·) J J c J 

and 

(~2 
- ? ,.. L 10 ? ? [nhflj 1 (XchFXhj)-

var(Y ) = ~ ~ S;hj ( l-rhj ) 1 + -- + c h 1=1 nhj-2 nhj nh · J _? 
Z (xhi .-Xh ·)-

i=l J J 

Here the county predictor x . (or x h. in the stratified case) was 
CJ c J 
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defined as the total irrigated acreage relative to the total county 

("inside") acreage. This definition of the predictor variable lead to 

some problems. Specifically, for the overall estimate of irrigated pro

portion (in a given stratum within a given basin) the weighted variable 

~i = whi~i (see [1]) was used in conjunction with [2] to obtain est

imates of the regression coefficients. However in the prediction sit

uation where the corresponding definition of weights is meaningless, the 

"weighted regressions" can lead to questionable predictions. Therefore, 

in producing the county estimates, the unweighted regressions (i.e., 

regressing ~i on vhi rather than ~i on Yhi to produce the estimated 

regression coefficients in [26]) are to be preferred on theoretical 

grounds. 
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COUNTY RESULTS 

The county estimates based on the weighted regressions are given in 

Tables Gl (regressions based on the unstratified observations) and Q3 

(regressions based on the stratified observations). Tables G2 & G4 give 

the corresponding county results based on the unweighted regressions, and 

the Tables HI to H3 show how these estimates (APT) differ from DWR's best 

(revised to 1979) estimates. 

In producing the county estimates, we originally decided that the 

weighted-unstratified county model would be sufficient for prediction 

purposes. This decision was based on the following considerations: 

(i) The county estimates were predictions based on the basin 

regressions, and as a result were subject to a potentially 

large inherent error of prediction. We felt that the bias 

produced in using the weighted model would be overshadowed 

by the error of prediction. 

(ii) A desire to avoid possible confusion arising from the use of 

regression equations for the county predictions differing 

from those used for the basin estimates. 

(iii) An error in reasoning (centering around sample sizes) which 

indicated that the stratified county estimates would be 

inappropriate. 

However, in retrospect, we would recommend the use of unweighted re

gressions for prediction based on theoretical considerations presented 

at the end of the previous section. Either the stratified or the 
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unstratified models are nominally appropriate. Since the samples are 

allocated according to the stratified model however, the regression 

coefficients for the unstratified model will be biased (this could be 

"corrected" by following the same sort of reasoning used to produce 

2 ' (s) in [13']). Consequently, the unweighted-stratified county 
y 

prediction model is to be preferred (see results in Table G4). 
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TABLE A 1. 1 Stratified summary statistics for the area within the sample 
unit frame. Regression with factor 3. 

Acres Standard 95% 
Within Proportion Acres Error C. I. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53521 321070 5891 ./ 11974 
San Francisco 191654 0.21852 41880 1175 2459 
Central Coast 1380040 0.31906 440316 12821 25903 
South Coast 598866 0.45787 274203 7618 15289 
Colorado Desert 818231 0.82147 672152 5736 11586 
South Lahontan 235626 0.27383 64522 4328 8827 
North Lahontan 175456 0.58726 103038 2284 4688 
Sacramento 3388466 0.65381 2215413 3005.6- 60315 
San Joaquin 2788914 0.74778 2085494 37232 75105 
Tulare 4080305 0.82038 3347400 40517 81402 

State 14257457 0.67091 9565489' 65166 128376 

TABLE A1.2 Summary of irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Excl & Total Total 
Excluded Outside Outside Basin Basin 

Acres Acres Irrig Acres Irrig 
Basin (B 1) (B2) (B3) (A1+B1+B2) (A3+B3) 

North Coast 13946 11855644 25715 12469486 346785 
San Francisco 512 2586376 5623 2778543 47503 
Central Coast 13475 5789056 24725 7182571 465041 
South Coast 62133 6289499 63810 6950499 338013 
Colorado Desert 28421 11852213 10830 12698865 682982 
South Lahontan 4377 16668221 17338 16908224 81860 
North Lahontan 0 3891697 14942 4067153 117981 
Sacramento 211744 13452904 37823 17053114 2253236 
San Joaquin 542467 6704753 51098 10036134 2136592 
Tulare 123300 5977461 42352 10181065 3389752 

State 1000375 85067824 294255 100325656 9859744 

~:. 
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TABLE A2.1 Stratified, summary statistics for the area within the sample 
unit frame. Regression with factor 5. 

Acres Standard 95% 
Within Proportion Acres Error C.1. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53521 321070 6029 .:' 12238 
San Francisco 191654 0.21852 41880 1108 2329 
Central Coast 1380040 0.31906 440316 12572 25420 
South Coast 598866 0.45787 274203 8510 17223 
Colorado Desert 818231 0.82147 672152 5670 11447 
South Lahontan 235626 0.27383 64522 4402 8977 
North Lahontan 175456 0.58726 103038 2297 4695 
Sacramento 3388466 0.65381 2215413 30327 60823 
San Joaquin 2788914 0.74778 2085494 35419 71145 
Tulare 4080305 0.82038 3347400 40721 81'(69 

State 14257457 0.67091 9565489 64477 127020 

TABLE A2.2 Summary of irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Basin 

North Coast 
San Francisco 
Central Coast 
South Coast 
Colorado Desert 
South Lahontan 
North Lahontan 
Sacramento 
San Joaquin 
Tulare 

State 

Excluded 
Acres 
(B 1) 

13946 
512 

13475 
62133 
28421 

4377 
o 

211744 
542467 
123300 

1000375 

Outside 
Acres 

(B2) 

11855644 
2586376 
5789056 
6289499 

11852213 
16668221 

3891697 
13452904 
6704753 
5977461 

85067824 

11-23 

Excl & 
Outside 

Irrig 
(B3) 

25715 
5623 

24725 
63810 
10830 
17338 
14942 
37823 
51098 
42352 

294255 

Total 
Basin 
Acres 

(A1+B1+B2) 

12469486 
2778543 
7182571 
6950499 

12698865 
16908224 
4067153 

17053114 
10036134 
10181065 

100325656 

Total 
Basin 
Irrig 

(A3+B3) 

346785 
47503 

465041 
338013 
682982 

81860 
117981 

2253236 
2136592 
3389752 

9859744 



TABLE A3. 1 Stratified summary statistics for the area within the sample 
unit frame. Unbiased ratio estimate. 

Acres Standard 95% 
Within Proportion Acres Error Width 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53451 320651 11848 25124 
San Francisco 191654 0.21163 40560 2620 5552 
Central Coast 1380040 0.32208 444483 23364 47653 
South Coast 598866 0.46696 279647 7707 15415 
Colorado Desert 818231 0.82376 674026 5949 11963 
South Lahontan 235626 0.27683 65228 4310 8777 
North Lahontan 175456 0.58248 102200 2293 4685 
Sacramento 3388466 0.65183 2208704 3412:2- 68481 
San Joaquin 2788914 0.75390 2102562 42336 84895 
Tulare 4080305 0.82246 3355887 39497 79117 

State 14257457 0.67291 9593948 72996 143802 

TABLE A3.2 Summary of irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Excl & Total Total 
Excluded Outside Outside Basin Basin 

Acres Acres Irrig Acres Irrig 
Basin (B 1) (B2) (B3) (A1+B1+B2) (A3+B3) 

North Coast 13946 11855644 25715 12469486 346365 
San Francisco 512 2586376 5623 2778543 46182 
Central Coast 13475 5789056 24725 7182571 469209 
South Coast 62133 6289499 63810 6950499 343456 
Colorado Desert 28421 11852213 10830 12698865 684856 
South Lahontan 4377 16668221 17338 16908224 82567 
North Lahontan 0 3891697 14942 4067153 117142 
Sacramento 211744 13452904 37823 17053114 2246527 
San Joaquin 542467 6704753 51098 10036134 2153660 
Tulare 123300 5977461 42352 10181065 3398239 

State 1000375 85067824 294255 100325656 9888203 

f'1" . 
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TABLE A4. 1 Stratified summary statistics for the area within the sample 
unit frame. Biased ratio estimate. 

Acres Standard 95% 
Within Proportion Acres Error C. I. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53600 321544 6305 12826 
San Francisco 191654 0.21785 41752 1305 2693 
Central Coast 1380040 0.32145 443614 15498 31286 
South Coast 598866 0.46408 277922 7558 15127 
Colorado Desert 818231 0.82281 673249 5752 11578 
South Lahontan 235626 0.27291 64305 4383 8930 
North Lahontan 175456 0.58362 102400 2307 4711 
Sacramento 3388466 0.65214 2209754 35579 71971 
San Joaquin 2788914 0.75258 2098881 38989 78090 
Tulare 4080305 0.82197 3353888 38763 77730 

State 14257457 0.67244 9587309 68447 134840 

TABLE A4.2 Summary of irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Excl & Total Total 
Excluded Outside Outside Basin Basin 

Acres Acres Irrig Acres Irrig 
Basin (B 1) (B2) (B3) (A1+B1+B2) (A3+B3) 

North Coast 13946 11855644 25715 12469486 347259 
San Francisco 512 2586376 5623 2778543 47375 
Central Coast 13475 5789056 24725 7182571 468339 
South Coast 62133 6289499 63810 6950499 341732 
Colorado Desert 28421 11852213 10830 12698865 684078 
South Lahontan 4377 16668221 17338 16908224 81643 
North Lahontan 0 3891697 14942 4067153 117342 
Sacramento 211744 13452904 37823 17053114 2247577 
San Joaquin 542467 6704753 51098 10036134 2149979 
Tulare 123300 5977461 42352 10181065 3396240 

State 1000375 85067824 294255 100325656 9881564 

~ ~. 
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TABLE A5.1 Stratified summary statistics for the area within the sample 
unit frame. Difference estimate. 

Acres Standard 95% 
Within Proportion Acres Error C.1. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1 ) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53530 321124 6353· 12946 
San Francisco 191654 0.21807 41794 1152 2396 
Central Coast 1380040 0.32074 442634 13028 26317 
South Coast 598866 0.45102 270101 7342 14684 
Colorado Desert 818231 0.82058 671424 5629 11357 
South Lanontan 235626 0.27320 64373 4192 8539 
North Lanontan 175456 0.58559 102745 2216 4532 
Sacramento 3388466 0.65521 2220157 3280..0- 65770 
San Joaquin 2788914 0.75432 2103734 38264 76695 
Tulare 4080305 0.82316 3358743 38722 77567 

State 14257457 o. 67311 9596831 66022 130063 

TABLE A5.2 Summary of irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Basin 

North Coast 
San Francisco 
Central Coast 
South Coast 
Colorado Desert 
South Lanontan 
North Lanontan 
Sacramento 
San Joaquin 
Tulare 

State 

Excluded 
Acres 
( B1) 

13946 
512 

13475 
62133 
28421 

4377 
o 

211744 
542467 
123300 

1000375 

Outside 
Acres 

(B2) 

11855644 
2586376 
5789056 
6289499 

11852213 
16668221 

3891697 
13452904 
6704753 
5977461 

85067824 

II-26 

Excl & 
Outside 

Irrig 
(B3) 

25715 
5623 

24725 
63810 
10830 
17338 
14942 
37823 
51098 
42352 

294255 

Total 
Basin 
Acres 

(A1+B1+B2) 

12469486 
2778543 
7182571 
6950499 

12698865 
16908224 

4067153 
17053114 
10036134 
10181065 

100325656 

Total 
Basin 
Irrig 

(A3+B3) 

346839 
47417 

467359 
333910 
682254 

8171 1 
117688 

2257980 
2154832 
3401095 

9891085 



TABLE A6.1 Stratified summary statistics for the area within the sample 
unit frame. Combined ratio-regression with factor 3. 

Acres Standard 95% 
Within Proportion Acres Error C. I. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1 ) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53472 320777 6215 12568 
San Francisco 191654 0.21279 40782. 1826 4318 
Central Coast 1380040 0.31949 440909 12959 26138 
South Coast 598866 0.45787 274203 7618 15289 
Colorado Desert 818231 0.82144 672128 5744 11586 
South Lahontan 235626 0.27383 64522 4328 8827 
North Lahontan 175456 0.58726 103038 2284 4688 
Sacramento 3388466 0.65059 2204502 3076:7- 61636 
San Joaquin 2788914 0.74635 2081506 36730 73711 
Tulare 

State 14257457 0.67018 9555072 65821 129667 

TABLE A6.2 Summary of irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Excl & Total Total 
Excluded Outside Outside Basin Basin 

Acres Acres Irrig Acres Irrig 
Basin (B 1 ) (B2) (B3) (Al+B1+B2) (A3+B3) 

North Coast 13946 11855644 25715 12469486 346491 
San Francisco 512 2586376 5623 2778543 46405 
Central Coast 13475 5789056 24725 7182571 465634 
South Coast 62133 6289499 63810 6950499 338013 
Colorado Desert 28421 11852213 10830 12698865 682957 
South Lahontan 4377 16668221 17338 16908224 81860 
North Lahontan 0 3891697 14942 4067153 117981 
Sacramento 211744 13452904 37823 17053114 2242325 
San Joaquin 542467 6704753 51098 10036134 2132604 
Tulare 123300 5977461 42352 10181065 3395057 

State 1000375 85067824 294255 100325656 9849326 

f' :" 
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TABLE A7.1 Stratified summary statistics for the area within the sample 
unit frame. Combined ratio-regression with factor 5. 

Acres Standard 95% 
Within Proportion Acres Error C. I. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53472 320777 6347 12838 
San Francisco 191654 0.21279 40782 1796 4395 
Central Coast 1380040 0.31949 440909 12724 25683 
South Coast 598866 0.45787 274203 8510 17223 
Colorado Desert 818231 0.82144 672128 5679 11463 
South Lahontan 235626 0.27383 64522 4402 8977 
North Lahontan 175456 0.58726 103038 2297 4695 
Sacramento 3388466 0.65059 2204502 30632 47100 
San Joaquin 2788914 0.74635 2081506 36116 72456 
Tulare 4080305 0.82168 3352705 41578 83401 

State 14257457 0.67018 9555072 65621 129274 

TABLE A7.2 Summary of irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Excl & Total Total 
Excluded Outside Outside Basin Basin 

Acres Acres Irrig . Acres Irrig 
Basin (B 1) (B2) (B3) (A1+B1+B2) (A3+B3) 

North Coast 13946 11855644 25715 12469486 346491 
San Francisco 512 2586376 5623 2778543 46405 
Central Coast 13475 5789056 24725 7182571 465634 
South Coast 62133 6289499 63810 6950499 338013 
Colorado Desert 28421 11852213 10830 12698865 682957 
South Lahontan 4377 16668221 17338 16908224 81860 
North Lahontan 0 3891697 14942 4067153 117981 
Sacramento 211744 13452904 37823 17053114 2242325 
San Joaquin 542467 6704753 51098 10036134 2132604 
Tulare 123300 5977461 42352 10181065 3395057 

State 1000375 85067824 294255 100325656 9849326 

tl :-
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TABLE B 1. 1 Unstratified summary statistics for the area within the sample 
unit frame. Regression with factor 3. 

Acres Standard 95% 
Within Proportion Acres Error C. I. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53182 319037 6491' , 13060 
San Francisco 191654 0.21192 40615 2014 4036 
Central Coast 1380040 0.32579 449603 14794 29464 
South Coast 598866 0.45251 270993 7270 14475 
Colorado Desert 818231 0.82245 672954 5163 10351 
South Lahontan 235626 0.27383 64522 4328 8827 
North Lahontan 175456 0.58725 103036 2139 4343 
Sacramento 3388466 0.65443 2217513 27684 55198 
San Joaquin 2788914 0.75164 2096260 32463 64675 
Tulare 4080305 0.81458 3323734 41129 82218 

State 14257457 0.67040 9558269 62288 122707 

TABLE B1.2 Summary of irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Excl & Total Total 
Excluded Outside Outside Basin Basin 

Acres Acres Irrig Acres Irrig 
Basin (B 1) (B2) (B3) (Al+Bl+B2) (A3+B3) 

North Coast 13946 11855644 25715 12469486 344751 
San Francisco 512 2586376 5623 2778543 46238 
Central Coast 13475 5789056 24725 7182571 474328 
South Coast 62133 6289499 63810 6950499 334803 
Colorado Desert 28421 11852213 10830 12698865 683784 
South Lahontan 43"(7 16668221 17338 16908224 81860 
North Lahontan 0 3891697 14942 4067153 117979 
Sacramento 211744 13452904 37823 17053114 2255337 
San Joaquin 54246~( 6704753 51098 10036134 2147357 
Tulare 123300 5977461 42352 10181065 3366086 

State 1000375 85067824 294255 100325656 9852524 
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II-29 



TABLE B2. 1 Unstratified summary statistics for the area within the sample 
unit frame. Regression with factor 5. 

Acres Standard 95% 
Within Proportion Acres Error C.1. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53182 319037 7121.: 14320 
San Francisco 191654 0.21192 40615 3653 4213 
Central Coast 1380040 0.32579 449603 14904 29671 
South Coast 598866 0.45251 270993 7228 14385 
Colorado Desert 818231 0.82245 672954 5294 10604 
South Lahontan 235626 0.27383 64522 4402 8977 
North Lahontan 175456 0.58725 103036 2118 4300 
Sacramento 3388466 0.65443 2217513 2768.4 55232 
San Joaquin 2788914 0.75164 2096260 32379 64480 
Tulare 4080305 0.81458 3323734 42721 85401 

State 14257457 0.67040 9558269 63484 125063 

TABLE B2.2 Summary of irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Excl & Total Total 
Excluded Outside Outside Basin Basin 

Acres Acres Irrig Acres Irrig 
Basin (B 1) (B2) (B3) (A1+B1+B2) (A3+B3) 

North Coast 13946 11855644 25715 12469486 344751 
San Franc i sco 512 2586376 5623 2778543 46238 
Central Coast 13475 5789056 24725 7182571 474328 
South Coast 62133 6289499 63810 6950499 334803 
Colorado Desert 28421 11852213 10830 12698865 683784 
South Lahontan 4377 16668221 17338 16908224 81860 
North Lahontan 0 3891697 14942 4067153 117979 
Sacramento 211744 13452904 37823 17053114 2255337 
San Joaquin 542467 6704753 51098 10036134 2147357 
Tulare 123300 5977461 42352 10181065 3366086 

State 1000375 85067824 294255 100325656 9852524 

~: . . 

II-30 



TABLE B3. 1 Unstratified summary statistics for the area within the sample 
unit frame. Unbiased ratio estimator. 

Acres Standard 95% 
\-li thin Proportion Acres Error C. I. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1) (A2) (A3) (A4) (A5) 

North Coast 599896 0.56517 339043 9814 19737 
San Francisco 191654 0.18562 35575 2927 : 5863 
Central Coast 1380040 0.31270 431539 19541 - 38890 
South Coast 598866 0.44940 269131 9312 18535 
Colorado Desert 818231 0.82626 676071 5425 10866 
South Lahontan 235626 0.27683 65228 4310 8777 
North Lahontan 175456 0.58990 103501 2291 4650 
Sacramento 3388466 0.66009 2236692 33919 67634 
San Joaquin 2788914 0.75685 2110790 38097 75858 
Tulare 4080305 0.81593 3329243 40721 81361 

State 14257457 0.67311 9596815 69905 137714 

TABLE B3.2 Summary if irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Excl & Total Total 
Excluded Outside Outside Basin Basin. 

Acres Acres Irrig Acres Irrig 
Basin (B 1) (B2) (B3) (A1+B1+B2) (A3+B3) 

North Coast 13946 11855644 25715 12469486 364758 
San Francisco 512 2586376 5623 2778543 41198 
Central Coast 13475 5789056 24725 7182571 456264 
South Coast 62133 6289499 63810 6950499 332940 
Colorado Desert 28421 11852213 10830 12698865 686901 
South Lahontan 4377 16668221 17338 16908224 82567 
North Lahontan 0 3891697 14942 4067153 118444 
Sacramento 211744 13452904 37823 17053114 2274515 
San Joaquin 542467 6704753 51098 10036134 2161888 
Tulare 

State 1000375 85067824 294255 100325656 9891069 
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TABLE B4. 1 Unstratified summary statistics for the area within the sample 
unit frame. Biased ratio estimator. 

Acres Standard 95% 
Within Proportion Acres Error C.!. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53344 320009 6533 13132 
San Francisco 191654 0.20481 39253 2162 .. 4331 
Central Coast 1380040 0.32014 441806 16064 31976 
South Coast 598866 0.45121 270215 7917 15756 
Colorado Desert 818231 0.82386 674108 5155 10326 
South Lahontan 235626 0.27291 64305 4383 8930 
North Lahontan 175456 0.58925 103387 2218 4499 
Sacramento 3388466 0.65745 2227747 29378 58553 
San Joaquin 2788914 0.75532 2106523 3500:1 69751 
Tulare 4080305 0.81445 3323204 40721 81361 

State 14257457 0.67127 9570557 64538 127140 

TABLE B4.2 Summary of irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Excl & Total Total 
Excluded Outside Outside Basin Basin 

Acres Acres Irrig Acres Irrig 
Basin (B 1) (B2) (B3) (A1+B1+B2) (A3+B3) 

North Coast 13946 11855644 25715 12469486 345723 
San Francisco 512 2586376 5623 2778543 44875 
Central Coast 13475 5789056 24725 7182571 466531 
South Coast 62133 6289499 63810 6950499 334024 
Colorado Desert 28421 11852213 10830 12698865 684938 
South Lahontan 4377 16668221 17338 16908224 81643 
North Lahontan 0 3891697 14942 4067153 118330 
Sacramento 211744 13452904 37823 17053114 2265570 
San Joaquin 542467 6704753 51098 10036134 2157621 
Tulare 123300 5977461 42352 10181065 3365556 

State 1000375 85067824 294255 100325656 9864811 

II-32 tt j. 



TABLE B5. 1 Unstratified summary statistics for the area within the sample 
unit frame. Difference estimator. 

Acres Standard 95% 
Within Proportion Acres Error C.!. 

Frame Irrig Irrig (acres) (acres) 
Basin (A 1) (A2) (A3) (A4) (A5) 

North Coast 599896 0.53461 320711 6377 . 12820 
San Francisco 191654 0.20595 39471 2032 .. 4069 
Central Coast 1380040 0.32451 447837 14656 29188 
South Coast 598866 0.45289 271221 7228 14379 
Colorado Desert 818231 0.82255 673036 5073 10162 
South Lahontan 235626 0.27320 64373 4192 8539 
North Lahontan 175456 0.58881 103310 2134 4327 
Sacramento 3388466 0.65911 2233372 31106 62043 
San Joaquin 2788914 0.75565 2107443 35112 69946 
Tulare 4080305 0.81677 3332670 40681 81239 

State 14257457 0.67287 9593445 64924 127900 

TABLE B5.2 Summary of irrigated and total acreages within the sample 
frame, outside of the sample frame and areas within the frame 
but not considered (excluded) in the sample design. 

Excl & Total Total 
Excluded Outside Outside Basin Basin 

Acres Acres Irrig Acres Irrig 
Basin (B 1 ) (B2) (B3) (A1+B1+B2) (A3+B3) 

North Coast 13946 11855644 25715 12469486 346425 
San Francisco 512 2586376 5623 2778543 45094 
Central Coast 13475 5789056 24725 7182571 472562 
South Coast 62133 6289499 63810 6950499 335030 
Colorado Desert 28421 11852213 10830 12698865 683866 
South Lahontan 4377 16668221 17338 16908224 81711 
North Lahontan 0 3891697 14942 4067153 118252 
Sacramento 211744 13452904 37823 17053114 2271195 
San Joaquin 542467 6704753 51098 10036134 2158541 
Tulare 123300 5977461 42352 10181065 3375023 

State 1000375 85067824 294255 100325656 9887699 
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Table C1.1 Weighted (co)variances as estimated from the unstratified elements 
and as "corrected" by equation 5.A.44. 

Uncor- Cor- Uncor- Cor- Un cor- Cor-
rected rected rected rected rected rected 

Basin S2 S2 S2 S2 S S 
Y Y x x xy xy 

North Coast .1'3155 .13742 • 12942 .13441 · 12706 • 13006 

San Francisco .13067 .09~58 .1'3607 .09747 • 12534 .08914 

Central Coast .186'34 .17'373 . 18324 .16884 .17963 .16556 

South Coast .24056 .17610 .21108 .14871 .21770 .15202 

Colorado Desert .18165 • 10997 .17927 .10459 .17909 .10356 

South Lahontan .06759 .06759 .05163 .05163 .05229 .05229 

North Lahontan . 14659 .15147 .15414 .15635 .14548 .14882 

Sacramento .19772 .19869 .22803 .22845 .20969 .20776 

San Joaquin .19329 .17578 .22449 .20835 .20245 .18241 

Tulare .13324 • 11862 .13183 .11612 • 12917 .11250 
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Table Cl".2. Correlations and standard errors for the regressions with factors 
3 and 5 resulting from estimated and "corrected" (co)variances. 
(Weighted ~odel). 

Un cor- Cor- Uncor- Cor- Uncor- Cor-
rected rected rected rected rected rected 

Basin 
2 2 

S.E.(3) S.E.(,3) S.E.(5) S.E.(5) r r 

North Coast .94825 .91'578 .01082 .01411 .01187 .01547 

San Francisco .88351 .87116 .01051 .00935 .01096 .00976 

Central Coast .94506 .93450 .01072 .01131 .01080 .01139 

South Coast .93338 .88248 .01214 .01380 .01207 .01372 

Colorado Desert .98494 .93157 .00631 .01047 .00647 .01073 

South Lahontan .78344 .78344 .01837 .01837 .01868 .01868 

North Lahontan .93665 .93516 .01219 .01254 .01207 .01241 

Sacramento .97521 .95094 .00917 .01152 .00817 .01152 

San Joaquin .94461 .90847 .01164 .01427 .01161 .01423 

Tulare .94989 .91881 .01008 .01211 .01047 .01257 

% 
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Table C2.1. Unweighted (co)variances as estimated from the unstratified ele
ments and as "corrected" by equation 5.A.44. 

Un cor- Cor- Un cor- Cor- Uncor- Cor-
rected rected rected rected rected rected 

Basin S2 S2 S2 S2 S S y Y x x xy xy 

North Coast .09118 .09072 .09101 .08773 .08371 .08007 

San Francisco .07492 .07086 .08447 .07737 .07269 .06872 

Central Coast .1184"3 .11681 • 11772 .11499 .11404 .11168 

South Coast .06954 .05768 .06072 .04499 .05765 .04345 

Colorado Desert .07150 .01469 .07892 .01448 .07248 .01123 

South Lahontan .0386"3 .03863 .04193 .04193 .03504 .03504 

North Lahontan .04730 .04978 .04958 .0491'5 .04552 .04642 

Sacramento .08987 .08705 .09958 .09503 .09164 .08742 

San Joaquin .04888 .03447 .05401 .04152 .04423 .03012 

Tulare .06202 .04479 .05082 .03797 .05168 .03662 

% 
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Table C2.2. Correlations and standard errors for the regressions with factors 
3 and 5 resulting from estimated and "corrected" (co)variances. 
(Unweighted Model). 

Un cor- Cor- Uncor- Cor- Uncor- Cor-
rected rected rected rected rected rected 

2 2 
S.E.(3) ~.E.(,3) S.E.(5) S.E.(5) Basin r r 

North Coast .84447 .80550 .01552 .01743 .01686 .01881 

San Francisco .83489 .86150 .00947 .00844 .01020 .00908 

Cp.ntral Coast .9'3279 .92862 .00945 .00968 .00950 .00972 

South Coast .78707 .72739 .01167 .01203 .01161 .01196 

Colorado Desert .93108 .59237 .00847 .00934 .00859 .00947 

South Lahontan .75796 .75796 .01468 .01468 .01618 .01618 

North Lahontan .88330 .88071 .00940 .00975 .00931 .00966 

Sacramento .93839 .92386 .00868 .00950 .00967 .00949 

San Joaquin .74103 .63380 .01265 .01264 .01276 .01274 

Tulare .84753 .78B'51 .01200 .01201 .01191 .01192 

~ 



Table Gl. County estimates based on the weighted-unstratified model. 

Inside Pl"op Acres S.E. Excl <lItside Ex & <lit Total Iotal County Acres Irrig Irrig (acres) Acres Acres Irrig Acres rrlg 

Alameda ~808 0.204~i Z~18 216~ 512 ~ijjl~ 5g~~ ~l84~~ 'ig~~ Alpine 0~1 O.~O ~~ l~ 0 
Amador 106 ~ 8: 1~J2 23~S6 0 12 I ~ ~g~! 16l~f2J 23~40~ Butte 325 2 225 14982 
Calaveras 0 O. 0 0 

J3Zl~~ ii~!!i 
103 Colusa 1I01511

A 8:~6g~ 3JUU . 2n~6 5510 3JI~a~ Cont~ Costa lla~O 0 603 
Del • rte 1 I~ o. '190 0 ~7~~1 0 6 24r E1 D:>rado 1§ 1 0.~166§ 22Q~ loA60i 

0 11122 0 1~28 11~18 g 226 
Fresno 1119 786 o. 30 1211495 501135 2057156 7 89 36 73 125244 

Glenn rr ril~l 23fl6r~ ~!i 
10061 

~ ~ii! ~ii~~~! ~lp ~umboldt 
5 ~~ 6 511g1 

0 
51g ~4 mrerial 9606 nyo 

'~ 824~ 
110 ~a~~ "~t 7111 1~ O~ Kern o·h ~!~~n 

0 3~gi~ 5~i~643 s~~lIl1 Kings ~16'a O. O~ 4 3596~ 2i~ ~~ Pake 400 O. 0 1 ~g~o ~ OO!~t r~fa assen 118~5~ O. 0 ~ 4f4 'ng~ Los ftJ1geles 
JiSO§2 

0.182 25~5g ,~qOI 
3a H 2~j28 2 1~6~8g 2 ~~9~ Madera 0.65970 270 3 3 664 3974 

~i3rln 0 O. 0 0 0 

~~iU~ 4g~ i~i~~U 11~~ Mi'lriposa 
8:1gg~~ 

0 0 0 
Mencilcino ~3;n~ 2~2'0 6610 0 '5~~ 5§1~ f Merced 57 ~19 7 1!l0 181085 
Modoc °6l11 O'rOIlZ 'r 60 8r~ 691jQ 

l!~!!l~ 
. l10l4 2~6gP2 'fib~i~ Hono 5~126g o. R'f 2 a~H 4~Jl 0 

1l.i 
201~ 2 

Monterey O. 51 8006 205 42 2~i5i Nap;! 4S~i' O'i' 40 ,~tl~ 10~ 18 ~0'i51 Nevcrla O. 2g2a 0 '2~ I H II 
Orange ~7 1 0.41 6 3513 0 ~7ag~~ 27 50 448. 18~ ~ 
Placer 16~d§! g:~~il) . 211~ l~~n 406 

l~im 2~iil ~g~g~i6 6'"Ii Plumas 0 

·~~~I Riverside 4~68g 0.62 2 22i61? ~n~ ~~g~~ ~ 86 ? Sacramento 
1247111 1 2A San Eenito o.~~ .4 18 r61 0 7 0074 129~~~1~ ~jI5~ San Eernad1no l~ffi~T o. R 11 ga~ 1 ~~J 2519~ l~A~iIT ~3bga San Diego 0.4191 50 2 ~ IlIlI1 7 9 a San Francisco 0 o. f206( 

01l4a 
San Joaquin ~lOall 0.7a262 5~4711~ 68721 1216~2 ~l~a 1 1124 566~6j Sa'n Luis, O>lspo 34 08 0.1 701 714 119150 21 5 15 8858 2 15002 

San ... .3teo 

l~nn 
0.48262 2222 ~06 0 

In}i~l l~U~ 'nUI~ ~rn Santa earbara 0.411lfi ~~~I~ '"~ 
573 Santa Clara O.II~ 

~'I 
Santa Cruz O'G 1~1 2754 
Shasta 112668 O. Q~ 5 518 0 

2~1rj 
81126 

"r~ Sierra ~~1I0 8:~ft ~~ T4
a 2t~~ 7~g~ 16~(tl 60 61 Siskiyou 

~8~J~ ~1 ~3l 3 221j~ 420 6 Solano O. ,44 1 788 2~~~ 57 I 
Soncma 0.217~g 7r5 0 887~O5 100 61lf Stanislaus 489547 O.u5 Ll5ijg84 117 49 1917811 Z17 31 ~160 95896 LlO 16L1 

Sutter ~U7~4 0'n§~44 fS§Tg~ 25 'l1a 51
6

/l 11 0 
1IA8~ ~S~~g~~ i~~~~~ Tehama O. 19 I 18 8 52 ~6IIr21 Trinity 92933~ 8:83065 

0 !) 02 065 77611~ Tulare 771956 71261 369°ri 213 I IIlgl 19~6g30 TuolLmne 0 O. 0 14~ 6iO 6111 
Ventura lr~1I2 0.642~~ ~808~ ~i~~~ 

12110
1 1 ~~~~ 360~ ll~gSoR 1016~~ Yolo 4 I 04 O't'~ 3 Td~ . 1~6~7 14 4067g~ 3gU92 Yuba 1 719 O. I 2240 

State 14257459 9558250 1000375 850678110 2911255' 100325656 9852506 
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Table G2. County estimates based on the unweighted-unstratlfled model. 

Inside Prop Acres S.E. Excl OJtside Ex & OJt Total Total 
County Acres Irrig Irrig (acres) Acres Acres Irrig Acres Irrig 

Alameda r~808 0.2154~ 7714 2244 512 482615 501~ ~J~Z~f 1262~ Al pine 
°6

1 
o'r

Ql 4'1r 82 0 4~ld50 68 
Ama:lor 8: ~~~1 23~g i 101~ 0 2g~5 1dl§i~6 23~8§ Butte 3~g62~ 2355 14982 l2Bli~ 
Calaveras 0 O. 00 0 0 0 55715 10 ~ 655715 

lljlll 
Colusa 401541 0.784611 315081 2~100 5510 {l667 60~ 4~~66~ Contra Costa 11~3?§ 0.~~026 6g~~~ 688 0 3 ')00 Del Norte 1 2~ 0 0 6 24§0 El Corado 19616 8: 12~~J 142 . 0 111~~~6 1428 11618 6 
Fresno 1499786 0.8317 1247492 107355 50435 2057156 7 89 36 7376 1254~81 
Glenn 

370
Qr 0.

68rl 2544~lj 26886 10061 461687 860 842740 2~4154 Humboldt 756 6 o.~? ') 5t~~~J 
11249 0 220~~5~ ~~gt 22~5214 8 50 

Imperial 
5rg o. 4 11 1~~~2 9606 g~~ 4

0 gg7?1~g 50~ll2 Inyo 
12 ~24@ O. 106~ 

9 8~ 40 "34 2~0 . 1 0 1 Kern 0.~8~9 94 28 0 352.0 521~641 ~~~~65 Kings 6416 2 O. 0 28 556272 56840 35962 1~6~~i 86 ~8 <24 
Lake lJOO 0.~1460 J'l811 ~18~ 0 2~71~O,)8 1066 ~060Z~; '14~00 Lassen B~1~g O. 145~ 2~~g~ 47 4i14 115 5 ~2 4i Los Angeles 0.17 9 1111 4_77 2J72B42 ~565 516 1 1 4 
Madera 410092 0.67823 278137 37983 38775 139711 756 1362842 2 6893 

Marin 0 0.00000 0 0 0 ~~4412 
461 ~74ti1~ 461 

Mariposa 0 0.00000 0 0 0 288 288 
Mend lC ino 

3~l1fil 0'1?02~ 2~216 
6Hg! 

0 
2J l~$'l 15ti~~ 22~8g~ 2'llJ~g Merced 8:7~~~1 54 l5 181085 ~6667i~ 5622 

Modoc 1 9 4< ~61 6940 2lj5 47 1~gZ4 1 07~0 
Mono 6 610 8: ~1~1~ ~50 a 682 0 1951702 2012i 2 40t:: 1 
Monterey 51~204 2 ~~~~ 421~~ 8006 1~~6au 11§~ 2066 42 2i4B9~ Napa 

~~~H O. t"o i ~1§7 ~ gg9R 
6 1751 Nevada l~§~l 0 12

4 1~711 1~~$4 Orange 0.4237 35 7 0 70 37 27 50 448 

Placer 1633~9 0.34671 67053 14016 406 756248 859 650056 67912 
Plunas 20 5 0.1~117 1186~ ~~~~g 

0 158~495 

2UU 

1 50~8 14202 
Riverside 4~~6~J 0'6 62r 228~1 ~i~4~ 40

Z 
Gll 464g6$r ~~124g Sacramento i 47 1 O. g64 2~~ 61 9650 

2 650 4~629 San Benito 0.< 1 7 0074 86481~ 
San Bernadino ~5242 0.~7488 45~14 51"2 0 12~18'lf ~166~ 128n61 6 274 San Diego 1 1421 0.42 0d 51 86 11O~a 25192 2 ~6g41 27t444 7 55

0 San Francisco 0 0.0000 0 0 
206? 

044
4 San Joaquin 710511 0.76260 5418~6 65808 121672 514 9 424 546984 

San Luis Obispo 534008 O. 10878 580 9 44579 2135 1578858 9658 2115002 67748 

San ~lateo 

l~~lll 0.441OZ 2163 f8 
0 270Z6') 82~ gr600 3~~6g Santa Barbara 0.4 16 685d 12 54 576 147~ ') 1071 1 1220 

Santa Clara 8: 4~~66 2r 0 ~i~~ 34 ~~3 ~ ~~8~ Santa Cruz 11g~ ~ § ~6~ 2754 11°6 g4~5g 
Shasta oJ0054 0 2~2054~ 842 246 15~ 4791 
Sierra 27840 0.6~535 19359 2018 0 81in 6<4 6 967 12Q93 Siskiyou 

~1~~Jfi 
0.6 014 18~~62 ?2~ii lOO6 3~02A5j 16814 420r 18 2o"t,6b 

Solano 0.6411~ 1~ ~8 7 822 224
6 26~~ 66 612 1810,6 

Sonoma 0.2244 71 161~ 0 8878 5 1 649 
Stanislaus 489547 0.82857 405624 453 191784 277631 ~160 958961 418i8d 

Sutter ~3~264 0.86624 288g5~ 24152 517R4 0 0 lS~~~~~ 288<5'l 
Tehama 1 72~ 0.50 62 110 3a 15851 8052 1641 1121 4

A
66 115r)G~ 

Trinity O.~OO 0 0 0 202~O6~ 2g?~qti~ Tulare 92933 773318 76378 36908 T' 41R~ 777§~1 Tuolunne 0 8:06566 14 )(,10 64 i4~ 6~O 64 
Ventura 152~42 0.62927 3Z68~3 14521 12407 9 1'118 3602 lf61l ,8 ~9'iQ2 
Yolo 431 07 0'r'f4 3~jla 15~61 ~ ~~jg 146 ggVe9 3 10(11 
Yuba 1 7194 O. 2.5 . 92 3 2240 911270 

State 14257459 9594468 1000375 850678110 294255 100325656 9888726 
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G3. County Estimates Based on the Weighted-Stratified 
Regression Model. 

InsidE' Prop Acres S.E. Excl OJtside Ex & OJt Total Total 
County Acres Irrig Irrig ( acres) Acres Acres Irrig Acres Irrig 

Alameda 1~8C~ 0.212f nH l~g~ 512 48261
6 5gJ~ ~l~~~f 1~ga2 Al pine 0.28~ 6 0 46135 

Amooor 10967 0.75 1 5~ 0 l 8 14 2~~5 al~941 855~ 
Eutte 325022 0. 61515 232436 1689 14982 201 6 10120 23527 
Calaveras 0 o. 0000 0 0 51115 10 ~ 6~~71i 321m Colusa 401~41 g:~~l4l 3g8~~1 21gM 5510 ~~ 586 4 660 Contra Costa 115 08 0 603 
Del Norte ~4616 0.5i6~ ~i96 864 0 l1n~~6 122g 

6424~0 904 
El Cerado 149~"{R6 0.1 0 1 ~4 0 113 1876 104 
Fresno 0.828 0 1242573 743 9 50435 2057156 7 89 36 73 6 1250062 

Glenn 3I06Q1 0.6~T 2~~1~~ 12~§0 10061 461fi8~ 860 842rO 2~00~8 Hurr:boldt 552n o.a 4 2 507g 1 327$~ 0 ~~9~§6 ~~g~ ~~~6 e6 516§:Jg Irq:>i!rial o. 2 1 9603 
Inyo ~168~ o. '4~~4 ~lOr ~~2~~ 

0 aMfa~ 35~~~ 
6471118 

lf
0
6 Kern 19 fg4Q O.~f 0 ~lgl ;~ 

0 

J6 ~6J 5f~641 5~7~2~ Kings o. f 3596~ ~ ~g¥ Lake 44004 0.374 1 5185 105 
Lassen "~Z5'i 0.5°~F 60<28 

164ZZ 4r
4 28yO~ 1156~ 3000627 ~;5~~ Los Angeles li 08 0.18 4 g5ljR

9 3~ H 2~ 28 2 ~1~ <'j16 13 
~ladera 4 0 92 0.65829 2 995 314 3974 1 6284 2 8716 

~~arin 0 0.00000 ° ° 0 a~Z~9.& 4~1 2~Hgn 4~1 
~'ariposa 0 0.00000 ° 0 ° 28 2 8 
Hendlcino 72478 0.28751 208,8 3930 0 21 55~ 2~9 2111l 
~lerced ~2518l O. 7e2~1 561684 6~106 181085 2t~l6H~ 154 '2 ~~g66~~ 5~316 
~'odoc gdl~o 0·r 18 1~ lr ~~il 6940 l~gZZ 1 212 
Mono O. 45~1 48 0 0 

~~!H~1 
2012~ 2 1104 ~ 

~lonterey 511204 O. 1 6 2 5~ 4 31998 8007 1125 2056 112 22669 
Napa IlSp~ O. rlO61 16 6 650 0 18~ 601~51 16652 
Nevada ~7 1 

o. 1861 1~6~7 1 28 0 ~18~j9 1~~ 1~ 11 1l8dl 
Orange 0.4428 343 0 50 448 194 5 

Placer 16RdR~ 0·i404~ 65847 68~1 406 ~~6248 2~~~~ 16~8~~6 6670
6 Plunas 8: 5~g6 2}~6~6 46 2 0 J "i§4fi 2~~ail Riverside 4"< 2a 16 ,2 43352 46 b ~5 Sacramento i~60u 0.6~820 

2 62~ 1 401 21945 2£0650 l~~~ 86 1 22~250 
San Eeni to "4~41 0.~602~ 4 q ~136 0 ~ oor 12~~~~1~ San Bernadino l~ill~1 o. l~d 1l10R 0 12 lAS 2 ~~66g ~o~l4 San Diego O. 2 5 97 10701 25192 2 87 1 27~ '444 4 38 
San Francisco 0 0.00000 0 0 0 ~04 ~ 0 0444 0 
San Joaqui n ~10511 O. 612~1 5~4951 ~9~gl 1216~2 i206 §6~~ i 424 540011 San Luis Cbispo 34008 O. 2 8 8 19 21 5 15 8858 2 15002 485 

San P.ateo 4606 8: ~~I~~ 2244 44~ 0 
lfti~&~ 82~ ~r600 ~~~~~ Santa Barbara 15~1~7 3~a~6 1610 578 l°H 1 ~~5~ Santa Clara 40~66 0.4 4 287 

Santa Cruz 0.604 7 T 473R 2754 24 212 1166 285202 grq1 
Sh"sta 1126 8 0·r415 

lt~ H ~62~ 0 2'20rS 842 2~6d6'i~ 168 
Sierra ~840 o. 8218 0 16g?~ 1 62 
Si s:-Ci you 29 25 o. 582 1777 ~OO6 3~S1 ~j 42091\ 2b7Sl 
Sol"no 27 '~1~ 0.62~50 1~4 45 1~621 7 822 2224

6 26~§ 66°612 13~~~2 Sor.':mD 118,44 o. If 26 2El4~ 3 6~e 0 ~875 5 1 g64f Stanislaus 489547 O.R 95 40121 191784 77 31 ~160 95 96 110 37~ 
Sutter ~1g?~~ 8:~6gg~ 285614 11616 5~6~~ 0 4~6g '~C:;04R 2~6614 Tehama 111388 1 912 1641421 18 g200 1 ~6~ Trinity O. 0 00 0 0 202R052 02 2 2 0~2 
Tulare 929336 0·sa786 778681 54970 36901 21~~106 4~~~ iOQo, 16 782f5 Tuolunne 0 O. 00 0 0 0 14 610 lJs~~~R 41 
Ventura 112~42 0.61nO 3~~~~~ 104?~ 124°1 lQ18 Q6 'il 
Yolo 4 1 07 0.71g50 2687 1965 1 :"'-'340 31~E 460~9 3)6 ~5 
Yuba 127194 0.71 30 91109 5304 5 6"( 273928 2240 4067 9 933 9 

State 14257459 9550923 1000375 85067840 294255 100325656 9R45179 
$ 
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G4. County Estimates Based on the Unweighted-Stratified 
Model. 

Inside Prop Acres S.E. Excl Outside Ex & Out Total 
County Acres Irrig Irrig (acres) Acres Acres Irrig Acres 

Alameda 35808 0.24838 8894 2227 512 482615 5015 518935 
Alpine 14071 0.28558 4018 1114 0 451350 688 465421 
Amador 10907 0.76837 8381 1238 0 368034 316 378941 
Butte 325022 0.72317 235046 18689 14982 720116 2835 1060120 
Calaveras 0 0.00000 0 0 0 655715 1053 655715 
Colusa 401541 0.77818 312471 25815 5510 327667 43 734718 
Contra Costa 115508 0.54427 62868 8299 0 370500 6034 486008 
Del :lorte 14919 0.53558 8736 1829 0 627571 0 642490 
El Dorado 19616 0.13373 2623 863 0 1112280 1928 1131896 
Fresno 1499786 0.82931 1243787 86343 50435 2057156 7489 3607376 

Glenn 370991 0.67729 251268 21013 10061 461687 860 842740 
Humboldt 75657 0.32944 24924 8903 0 2209857 3967 2285514 
Imperial 595230 0.84183 501125 45848 9603 2275803 3287 2880686 
Inyo 31683 0.31067 9843 3159 0 6439435 2230 6471118 
Kern 1208298 0.79582 961588 97570 0 4005342 35980 5213641 
Kings 691649 0.81307 562359 60505 35962 157713 486 885324 
Lake 44004 0.34806 15316 4840 0 800563 1056 844567 
Lassen 118355 0.51382 60813 4658 4314 2878058 11565 3000727 
Los Angeles 138798 0.17767 24660 13177 4377 2372842 7565 2516017 
Madera 410092 0.67107 275200 31737 38775 913974 8756 1362842 

Marin 0 0.00000 0 0 0 377393 461 377393 
Mariposa 0 0.00000 0 0 0 894479 283 894479 
Mendicino 72478 0.29115 21102 5048 0 2155594 279 2228072 
Merced 725187 0.78895 572136 67479 181085 457383 15482 1363655 
Modoc 203746 0.73971 150713 10900 6940 2456047 11077 2666732 
Mono 60610 0.57494 34847 3961 0 1951702 5544 2012312 
Monterey 511204 0.44558 227782 30780 8007 1536931 1125 2056142 
Napa 48339 0.35353 17089 5678 0 453412 187 501751 
Neva:la 30313 0.13927 4222 1333 0 588398 1235 618711 
Orange 37611 0.43231 16260 2831 0 470937 2749 508448 

Placer 193399 0.33996 65749 6755 406 756248 859 950053 
Plumas 62085 0.17485 10856 4923 0 1588495 2333 1650580 
Ri'/erside 434233 0.52858 229527 22315 43352 4078911 22781 4556495 
Sacramento 356086 0.64308 228992 17591 21945 270650 1557 648681 
San Benito 124741 0.36106 45039 4214 0 740074 1428 864815 
San Bernad ina 95242 0.49465 47111 5179 0 12713372 21759 12813614 
San Diego 121421 0.42829 52003 8342 25192 2587831 22068 2734444 
San Francisco 0 0.00000 0 0 0 30443 0 30443 
San Joaquin 710511 0.76406 542873 52805 121672 72061 5148 904244 
San Luis Obispo 534008 0.08300 44323 14365 2135 1578858 9658 2115002 

San Mateo 4605 0.44931 2069 431 0 270995 827 275600 
Santa Barbara 155176 0.49279 76469 13131 579 1475465 10773 1631220 
Santa Clara 55357 0.46540 25763 2612 0 773207 720 828564 
Santa Cruz 40236 0.60379 24294 3890 2754 242212 1169 285202 
Shasta 112608 0.50211 56542 6662 0 2320549 8426 2433157 
Sierra 27840 0.68643 19110 2203 0 581838 634 609678 
Siskiyou 299259 0.64514 193064 33706 7006 3902353 16314 4209113 
Solano 278318 0.63450 176593 14896 73822 222472 2558 579612 
Sonoma 118844 0.21134 25116 12605 0 887805 3642 1006649 
Stanislaus 489547 0.81826 400577 39340 191784 277631 5160 958961 

Sutter 333264 0.86325 287690 21372 51784 0 0 385048 
Tehama 218727 0.50640 110763 11691 8052 1641421 4766 1868200 
Trinity 0 0.00000 0 0 0 2028052 802 2028052 
Tulue 929336 0.33627 777176 63436 36903 2133106 4153 3099346 
Tuolumne 0 0.00000 0 0 0 1436630 641 1436630 
Ventur!J. 152542 0.53209 88793 8027 12407 991913 3602 1156868 
Yolo 471407 0.71331 338616 29345 19351 155340 146 646099 
Yuba 127134 0.72041 91632 5925 5667 273923 2240 406789 

State 14257459 9578813 1000375 85067840 294255 100325656 
:t 

II-4l 

Total 
Irrig 

13909 
4706 
8697 

237882 
1053 

312514 
68901 
8736 
4552 

1251277 

252128 
28892 

504411 
12073 

997567 
562845 
16372 
72379 
32225 

283957 

461 
288 

21381 
587619 
161790 
40391 

228907 
17277 
5457 

19008 

66607 
13188 

252308 
230548 

46467 
68370. 
74071 

o. 
548021 

53981 

2896 
87242 
26483 
25463 
64963' 
19745 

209878 
179151 

23758 
405737 

287690. 
115529 

802 
781339 

641 
92395 

338763 
93372 

9873069 



Table Hl: COUNTY ESTIMATES 

A COMPARISON OF DHR ESTIMATES WITH II.PT 
ESTIMATES BASED ON WEIGHTED-UNSTRATIFIED VALUES 

ESTIMATES BY COUNTY DIFFERENCE DIFFERENCE ORANGE 21.2 13.5 
(IN THOUSANDS OF ACRES) (IN THOUSANDS AS PERCENT 

-2.7 -12.7 
PLACER 42.3 fG.5 +24.2 +57.2 

OF ACRES) OF DHR'S PLU~lAS 37.7 13.7 -24.0 -63.7 
EST HlATE RIVERSIDE 250.0 249.6 ./1 .2 COU:UY DHR APT 

- -
SACRAMENTO 196.7 224.6 +27.9 +14.2 

ALMIEDA 14.4 12.3 -2.1 -ILl. 6 SAN BENITO 54.2 48.6 - 5.6 -10.3 
ALPINE 6.3 4.9 -1.4 -22.2 SAN BERNARDINO 72.1 68.1 - 4.0 - 5.5 
AMADOR 4.6 8.7 +4.1 +89.1 SAN DIEGO 85.0 73.0 -12.0 -1/1.1 
BUTTE 252.6 236.4 -16.2 - 6.4 SAN FRANCISCO 0.0 0.0 
CALAVERAS 2.7 1.1 - 1.6 -59.3 SAN JOAQUIN 573.2 539.9 -33.3 -5.8 
COLUSA 307.5 312.0 + 4.5 + 1.5 SAN LUIS OBISPO 53.4 66.8 + 3.4 +14.L! 
CONTRA COSTA 58.3 67.2 + 8.9 +15.3 SAN MATEO 4.8 3.0 - 1.8 -37.5 
DEL NORTE 5.8 8.7 + 2.9 +50.0 SANTA BARBARA 90.9 79.7 -11.2 -12.3 
EL DORADO 7.1 4.2 - 2.9 -40.8 SANTA CLARA 42.0 27.9 -14.1 -33.6 
FRESNO 1310.8 1252.4 -58.4 - 4.5 SANTA CRUZ 24.0 24.4 + .4 + 1.7 
GLENN 240.0 251.5 +11.5 + 4.8 SHASTA 53.0 63.9 +10.9 +20.6 
HUMBOLDT 24.8 28.8 + 4.0 +16.1 SIERRA 16.4 19.8 + 3.L! +20.7 
IMPERIAL 527.4 515.0 -12.4 - 2.4 SISKIYOU 196.0 208.7 +12.7 +6.5 

...... INYO 16.5 13.3 - 3.2 -19. LI SOLANO 179.6 179.1 - .5 - .3 

...... 
KERN 991.5 986.0 - 5.5 SONOMA 35.0 29.5 - 5.5 -15.7 I - .6 

~ KINGS 613.7 556.5 -57.2 - 9.3 STANISLAUS 402.0 409.2 + 7.2 + 1.8 
N 

LAKE 16.3 14.6 - 1.7 -10.4 SUTTER 298.6 285.8 -12.8 - 11.3 
LAssEN 80.2 71.7 - 8.5 -10.6 TEHAMA 97.2 114.0 +16.8 +17.3 
Los ANGELES 41.2 32.9 - 8.3 -20.1 TRINITY 1.4 .8 - .6 -L!2.9 
1·IADERA 353.1 279.3 -73.8 -20.9 TULARE 710.9 776.1 +65.2 + 9.2 
l'IARIN .6 .5 - .1 -16.7 TUOLUMNE 2.9 .6 - 2.3 -79.3 
I1ARIPOSA .8 .3 - .5 -62.5 VENTURA 111.9 101.7 -10.2 - 9.1 
I'1EflDOCINO 21.7 23.5 + 1.8 + 8.3 YOLO 327.0 337.5 +10.5 + 3.2 
l'IERCED 492.4 587.4 +95.0 +19.3 YUBA 97.9 93.3 - 4.6 - 4.7 
MODOC 172.0 161.9 -10.1 - 5.9 
MOrlO 36.8 40.8 + 4.0 +10.9 STATE 9894.2 9852.5 -41.7 - 0.4 
110fHEREY 184.5 235.8 +51.3 +27.8 
NAPA 18.0 15.5 - 2.5 -13.9 
llEVADA 11.1 5.0 - 6.1 -55.0 



Table H2. COUNTY ESTIMATES 

A COMPARISON OF DHR ESTIMATES WITH APT 
ES~IMA1ES BASF.D ON UNWEIGHTED-UNSTRATIFIED VALUES 

ESTIMATES BY COUNTY DIFFERENCE DIFFERENCE ORANGE 21. 2 18.7 - 2.5 -11.8 (IN THOUSANDS OF ACRES) (IN THOUSANDS AS PERCENT PLACER 42.3 67.9 +25.6 +60.5 
OF IiCRES) OF DHR'S PLUMAS 37.7 14.2 -23.5 -62.3 

EST IrlATE RIVERSIDE 250.0 251.3 +1.3 + .5 COUNTY DHR APT SACRM1ENTO 195.7 229.3 +32.6 +16.6 
SAN BENITO 54.2 49.6 - 4.6 - 3.5 ALAMEDA 14.4 12.7 - 1.7 -11.8 
SAN BERNARDINO 72.1 67,3 - 4.3 - 6.7 ALPINE 6.3 5.0 - 1.3 -20.6 
SAN DIEGO 85.0 73.6 -11.4 -15.8 AMADOR 4.6 '8:8 + 4.2 +91.3 
SAN FRANCISCO 0.0 0.0 BUTTE 252.6 233.9 -13.7 - 5.4 
SAN JOAQUIN 573.2 547.0 -26.2 - 4.6 CALAVERAS 2.7 1.1 - 1.6 -59.3 
SAN LUIS OBISPO 58.4 67.7 + 9.3 +15.9 COLUSA 307.5 315.1 + 7.6 + 2.5 
SAN MATEO 4.8 3.0 - 1.C -37.5 CONTRA COSTA 58.3 69.6 +11.3 +19.4 
SANTA BARBARA 90.9 79.3 -11.6 -12.8 DEL NORTE 5.8 8.4 + 2.6 +44.8 
SANTA CLARA 42.0 27.8 -14.2 -33.8 EL DORADO 7.1 4.4 -2.7 -33.0 
SANTA CRUZ 24.0 24.2 + .2 + .8 FRESNO 1310.8 1255.0 -55.3 - 11.3 
SHASTA 53.0 64.8 +11.8 +/.2.3 GLENN 240.0 254.4 +14.4 + 6.0 
SIERRA 16.4 20.0 + 3.6 +22.0 HUMBOLDT 24.8 20.8 + 4.0 +16.1 
SISKIYOU 196.0 202.6 + 6.6 + 3.4 

..... 
-20.3 - 3.8 ..... IMPERIAL 527.4 507.1 

SOLANO 179.6 181.1 + 1.5 + .3 
I 

-26.7 ~ Iuyo 16.5 12.1 - 4.4 
SONOMA '35.0 30.3 - 4.7 -13.4 

w 
- 8.2 .8 KERN 991.5 983.3 -

STANISLAUS 402.0 410.8 + 8.3 + 2.2 KINGS 613.7 556.8 -56.9 - 9.3 
SUTTER 298.6 288.4 -10.2 - 3.4 LAKE 16.3 14.9 - 1./1 - 8.6 
TEHAMA 97.2 115.6 +18.4 +18.9 LASSEN 80.2 72.3 - 7.9 - 9.9 
TRINITY 1.4 .8 - .6 -42.9 Los ANGELES 41.2 31.8 - 9.4 -22.8 
TULARE 710.9 777.5 +66.6 + 9.4 1-lADERA 353.1 236.9 -66.2 -18.7 
TUOLUMNE 2.9 .5 - 2.3 -79.3 MARIN .6 .5 - .1 -16.7 
VENTURA 111.9 99.6 -12.3 -11.0 I1ARIPOSA .8 .3 - .5 -62.5 
YOLO 327.0 341.1 +14.1 + 4.3 I'IENDOCINO 21.7 23.5 + 1.3 + 9.3 
YUBA 97.9 94.3 - 3.5 - 3.7 11ERCED 492.4 592.2 +99.3 +20.3 

l'joDoC 172.0 160.7 -11.3 - 6.6 
STATE 9394.2 9838.7 -39.0 - .9 MOflo 36.8 40.6 + 3.8 +10.3 

110NTEREY 184.5 234.6 +50.1 +27.2 
I'IAPA 18.0 15.5 - 2.5 -13.9 
ilEVADA 11.1 5.2 - 5.9 -53.2 



Table H3. COUNTY ESTIMATES 

A Comparison of DWR Estimates with APT 
Estimates Based on Weighted Stratified Values 

ESTIMATES BY COUNTY DIFFERENCE DIFFERENCE ORANGE 21.1 19.4 (IN THOUSANDS OF ACRES) (IN THOUSANDS AS PERCENT - 1.8 - 8.5 
OF ACRES) 

PLACER Q2.3 66.7 +24.4 +57.7 
OF DHR'S PLUMAS 37.7 13.3 -24.4 -64.7 
ESTIrt~TE RIVERSIDE 250.0 256.4 + 6. L! + 2.6 COU:HY mlR APT SACRMIENTO 196.7 225.3 +28.6 +14.5 

ALAMEDA 14.4 12.6 - 1.8 -12.5 SAN BENITO 54.2 46.4 - 7.8 -14.4 
ALPINE 6.3 4.7 - 1.6 -25.4 SAN BERNARDINO 72.1 70.8 - 1.3 - 1.8 
A:1ADOR 4.6 8.6 + 4.0 +87.0 SAN DIEGO 85.0 7/~.0 -11.0 -12.9 
BUTTE 252.6 235.3 -17.3 - 6.8 SAN FRANCISCO 0.0 0.0 
CALAVERAS 2.7 1.1 - 1.6 -59.3 SAN JOAQUIN 573.2 5L10.1 -33.1 - 5.8 
COLUSA 307.5 303.3 + 0.8 + 0.3 SAN LUIS OBISPO 58.4 48.6 - 9.8 -16.8 
CorlTRA COSTA 58.3 65.7 + 7.4 +12.7 SAN MATEO 4.8 3.1 - 1.7 -35.4 
DEL NORTE 5.8 a.9 + 3.1 +34.8 SANTA BARBARA 90.9 85.5 - 5.4 - 5.9 
EL DORADO 7.1 4.1 - 3.0 -/12.3 SANTA CLARA 42.0 27.6 -14.11 -311.3 
FRESNO 1310.8 1250.1 -60.7 - 4.6 SANTA CRUZ 211.0 25.5 +1.5 + 6.3 
GLEtlN 2QO.0 250.1 +10.1 + 4.2 SHASTA 53.0 65.2 +12.2 +23.0 

...... HUMBOLDT 24.8 29.3 + 4.5 +13.1 SIERRA 16.4 19.6 + 3.2 +19.5 ...... 
I IMPERIAL 527.4 510.9 -16.5 - 3.1 SISKIYOU 196.0 213.8 +17.8 + 9.1 .po 

.po INYO 16.5 13.3 - 3.2 -19.4 SOLANO 179.6 177.2 - 2.11 - 1.3 
KERN 991.5 1000.0 + 8.5 + 0.9 SONOMA 35.0 26.5 - 8.5 -11!.7; 
KINGS 613.7 561.2 -52.5 - 3.6 STANISLAUS 402.0 406.4 + 4.4 + 1.1 
LAKE 16.3 17.5 + 1.2 + 7.4 SUTTER 298.6 285.6 -13.0 - 4.4 
LASSEN 80.2 71.9 - 8.3 -10.3 TEHAMA 97.2 116.2 +19.0 +19.5 
Los ANGELES 41.2 33.1 - 8.1 -19.7 TRINITY 1.4 .3 - .6 -42.9 
!-lADERA 353.1 278.7 -74.4 -21.1 TULARE 710.9 782.8 +71.9 +10.1 
MARIN .6 .5 - 0.1 -16.7 TUOLUMNE 2.9 .6 - 2.3 -79.3 
liARIPOSA .8 .3 - 0.5 -62.5 VENTURA 111.9 96.9 -15.0 -13.4 
nENDOC IllO 21.7 21.1 - 0.6 - 2.8 YOLO 327.0 336.5 + 9.5 + 2.9 
I1ERCED 492.4 . 583.2 +90.8 +18.4 YUBA 97.9 93.3 - 4.6 - 11.7 
MODOC 172.0 162.2 - 9.8 - 5.7 
Morw 36.8 40.4 + 3.6 + 9.8 STATE 9394.2 9845.2 -119.0 - .5 
110NTEREY 184.5 226.7 +42.2 +22.9 
tlAPA 18.0 16.7 - 1.3 - 7.2 
;IEVADA 11.1 4.8 - 6.3 -56.8 
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APPENDIX III: Relative Efficiencies Computed for the Unstratified Case 

The values reported in Table 1 below represent measures of relative 
efficiency for an unstratified, simple random ground sample design versus a 
corresponding unstratified, Landsat-ground regression design. ·REl and RE2 figures 
were computed according to unstratified versions of formulas presented in Section 
3.7.5 . 

Two sets of RE] and RE2 are given in the Table. The set on the left aive 
efficiency values when variances were not corrected for the fact that samples 
were allocated according to optimal as opposed to proportional-to-stratum-size 
rules. As· explained on pages 6-8 of Appendix II, an incorrect estimate of the 
unstratified variance obtained by combination of strata observations may result 
when sample units were not originally drawn at random (and therefore with re
lative stratum sample size approximately proportional to relative stratum area) 
from the entire population of sample units. To correct for this effect, formulas 
13', 13", 14' and 15' of Appendix II were applied to generate "inherently unstrat
ified" estimates of regression and simple random sample ground variance. The 
resulting REl and RE2 values based on these "inherently unstratified" variance es
timates are given on the right side of Table 1. 

The pattern of these results is similar to that seen for the stratified case. 
Efficiency values tend to be larger in the unstratified case since (l) ground 
sample-only variance is significantly inflated by the absence of strata and (2) 
corresponding regression variance inflation is only moderate due to the use of the 
relationship between Landsat (X) and ground observations (Y). Correction of var
iances to simulate an "inherently unstratified" original allocation of ground 
sample units did not significantly affect the size of R~ and REZ values, with the 
exception of the Colorado Desert unit. 
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Table 1: Relative Sampling Efficiency for Unstratified Regression 
Estimation with Factor 5 Relative to Unstratified, 
Unweighted Random Sampling. 

Not Corrected for Corrected for 
Original Allocation Original Allocation 

Basin REl RE2 REl RE2 

North Coast 10.67 3.73 10.62 3.73 

San Franci sco 1.44 1.14 1.36 1.13 

Central Coast 11.11 4.68 10.96 4.67 

South Coast 4.28 2.26 3.55 2.09 

Colorado Desert 24.01 4.57 4.93 2.86 
South Lahonton* 2.39 1.70 2.39 l. 70 

North Lahonton 4.91 1.81 5.17 1.81 

Sacramento 17.80 9.83 17.24 9.67 

San Joaquin 4.47 3.66 3.15 2.76 

Tulare 8.35 6.42 6.03 5.00 

Statewide 9.34 4.30 7.68 3.83 

* originally an unstratified regression sample 
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