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Abstract: This paper describes the use of spatial interpolation for estimating seasonal crop potential evapotranspi-

ration (PET) and irrigation water requirement in unmeasured evaporation gage stations within Edwards Aquifer, Texas

using GIS. The Edwards Aquifer area has insufficient data with short observed records and rare gage stations, then, the

investigation of data for determining of irrigation water requirement is difficult. This research shows that spatial inter-

polation techniques can be used for creating more accurate PET data in unmeasured region, because PET data are im-

portant parameter to estimate irrigation water requirement. Recently, many researchers are investigating intensively

these techniques based upon mathematical and statistical theories. Especially, three techniques have well been used:

Inverse Distance Weighting (IDW), spline, and kriging (simple, ordinary and universal). In conclusion, the result of this

study (Table 1) shows the kriging interpolation technique is found to be the best method for prediction of unmeasured

PET in Edwards aquifer, Texas.
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1. INTRODUCTION

Estimation of potential evapotranspiration
(PET) is essential for role in the agricultural
water resource planning and management using
ArcGIS 8.3. Crop evapotranspiration (ETc) is
calculated mathematically as:

ET, =K, xPET (1)

where Kc is the crop coefficient having different
value according to the genotype and its growing
stage. However, Edwards aquifer area has insuf-
ficient PET gage station and data with short

observed records. As figure 1 shown, two PET
gage stations are just installed in Edwards aqui-
fer area namely, Kinppa and Bexar PET gage
stations. Moreover, its agricultural area has sev-
eral geological variables as elevation which
range from 200 m to 390 m. Thus, it is not ap-
propriately to predict precisely PET data and use
substitute from data of nearby known point PET
gage station.

Therefore, various geostatistical interpolation
techniques create predictable PET data from
spatially sparse observational PET data. Three
techniques are used for this study: Inverse Dis-
tance Weighting (IDW), spline, and kriging
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(simple, ordinary and universal). Also, this
study shows which interpolation methods are
more precise through making a comparing
among them. Of these techniques, this study
shows that spline and IDW are not suitable for
prediction of creating PET data. Also, this result
falls into Cressie’s result which kriging (Cressie,
1991) is the best suitable technique. Moreover,
Hosseini (2001) applied to the temperature and
evaporation using Kriging (simple, ordinary and
universal) interpolation. Hutchinson (1993) and
Voltz and Goulard (1994) applied for climatic
data and soil retention curve.

2. MATERIALS AND METHODS

2.1 Description of the Study Area

The Edwards aquifer is about 160 miles as
measured length and range from 4 to 40 miles as
width from Brackettville to Kyle and it consists
of six following major counties: Kinney, Uvalde,
Medina, Bexar, Comal, and Hays. Especially,
the interesting counties within Edwards Aquifer
are Kinney, Uvalde, Medina, and Bexar. The
agricultural crop land distributed over Edwards
Aquifer within 4 counties. Corn, Cotton, wheat,
Oat, and Sorghum as major crops are harvested.
This area belongs to semi-arid and semi-humid
climate zone, thus, agricultural water use; par-
ticularly irrigation water use can be insufficient.

2.2 Database Development

The Texas Evapotranspiration Network pro-
vides the historical daily, monthly, and annual
PET data at PET gage stations in Texas.
Monthly PET data are used for this study. The
19 and 40 PET gage stations are used for poten-
tial evapotranspiration measured in Texas. But
PET gage stations do not have sufficient in Ed-
wards aquifer, Texas. More than 50% of PET
gage stations have short observed data within 1
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or 3 years. Most of all, there is just two PET
gage stations.

2.3 Spatial Interpolation Methods

This study describes the application and
comparing of three spatial interpolation tech-
niques. Three methods such as IDW, spline and
kriging (simple, ordinary and universal) are used
for this study. Of these, Table 1 shows that
kriging technique is more precise than IDW and
spline. These results are similar to Delfiner and
Delhomme’s conclusion (1975) and Cressie’s
result (1991).

Kriging defines that it assigns all of weights
from measured data to predict data at unmeas-
ured data. Kriging method depends on mathe-
matical and statistical aspects. Its basic concept
is autocorrelation and distance. Spatial PET
gage stations simulate their distances and their
monthly PET data are computed as autocorrela-
tion response to a function of distance. It is ex-
pressed statistically:

Z(s) = pu(s)+&(s) @

where Z(s) is data value, comprised of de-
terministic trend term (s) and error term
( £(8)). Error term decomposed into white
noise and autocorrelated errors. “$” refers to
location. The interpolated values which get
through three different kriging interpolation
techniques can be diverse according to trend
term (4(s)). If 4 is unknown, it is ordinary
kriging technique based upon spatially corre-
lated location. The quantification of spatially
correlated locations is expressed statistically by
semivariance:
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v(h)=2ii(2<s)—2<s+h))2 ®

n-e

where h is lag according to distance; n is the
number of PET gage station. Universal kriging
technique assumes that g/ is following a first

order or second order trend.
u(s)=ax;, +a,y, 4
us)=ax, + oy, +ax’ +a,y’ )

Meanwhile, if 4 is constant or known, it is

simple kriging. The derivation of ordinary, sim-
ple and universal kriging is given in detail by
Cressie (1993). The empirical semivariance
values of PET data are fitted as semivariogram
as all PET gage stations in Texas. Semivariogram
model shows the spatially autocorrelated relation-
ship among the PET gage stations. The general

formula for fitting model is:
. N
Z(sy)= Y WZ(s,) ©6)
i=1

where 2(50) is predict value; N is the num-

ber of measured PET data; W, are the un-

1

known weights for the associated value.
Weights (W) are obtained from the modeled

semivariogram values between all data in
Texas PET gage stations and the fitted
semivariance in unknown PET data area. Ki-
tanidis (1997) shows how it is mathematically
and statistically derived. However, literature
review of other techniques as IDW and Spline
is not referred in this paper.
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2.4 Validation and Cross Validation Test

Validation and cross validation test provides
how well interpolation method predicts PET
data or which interpolation method better at
unmeasured PET area. 30 observed PET stations
distribute in Texas. The principle of cross vali-
dation is to compare predicted PET data to ob-
served PET data. Cross validation omits data in
one observed PET station, but it calculates data
in 29 observed PET stations. This protocol is
repeated. Cross validation is calculated statis-
tically following formula (ESRI, 2001):

1) Mean prediction errors,

Y(Z(s)- 2(5)

= @)
n
2) Root mean square prediction errors,
n -~
Y.(Z(s)= 2(s))
i=1
(®)
7
&)
4) Mean standardized prediction errors,
MZ ()~ 2(5)/ (s,
i=1 ( 1 O)

n

For validation test, one of 30 PET observed
stations, Kinppa gage station in Uvalde, Texas,
omits to compare predicted data to observed
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data how well the model is precise. Most of all,
the main reason that Kinppa PET station is
omitted is due to be installed within Edwards
aquifer region.

2.5 Methodology

Before creating predicting data in unmeasured
area, the exploratory spatial data analysis is
performed whether observed monthly PET data
are necessary transformation for normal distri-
bution to analysis or not. Methodology is histo-
gram, normal QQ plot, or Skewness-Kurtosis
analysis. If observed monthly PET data require
Transformation, observed dataset are manipu-
lated by using Box-Cox, arcsine, or log trans-
formations. It shows in column 2 of Table 1.

In next step, detrending work is necessary to
creating dataset. Then, the local trend can be
analyzed through voronoi map or Thiessen
Polygon through observed PET gage stations. It
also can be computed to assign different weights
to neighbors relative to unmeasured polygon.
Also, before three interpolation methods are
applied, trend analysis is essential to remove
trend. It shows in column 3 and 4 of Table 1. In
the geostatistics, the removing trend provides
the modeling of random variation to obtain pre-
cise prediction.

Therefore, the spatial neighbors PET data
analysis should be based on geological aspects.
In general, the Edwards aquifer area has anisot-
ropic formation, For example, its elevation
ranges from 167 m to 592m. The elevation of
northern area has higher than southern, and the
western has higher than eastern. Understanding
the spatial locations is important to get reason-
able prediction.
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3. RESULTS AND DISCUSSION

Geostatistical analysis of evapotransporation
data has important role in the study how spatial
interpolation methods are important for more
precise prediction. Of these techniques, espe-
cially, kriging technique, it is comprised of 3
kinds of detailing methods. 3 kriging techniques
are more suitable for this study namely, simple
kriging, ordinary kriging, and universal kriging.
However, the results by using spline and IDW
have too much difference comparing to actual
data observed. Table 1 shows results summa-
rized using kring techniques (simple, ordinary
and universal), spline, and IDW. Especially,
column (circle) 12 and dark part indicate that it
is the most suitable technique in the Table 1.

In the exploratory spatial data analysis, most
of 30 observed monthly PET data are not fol-
lowing normal distribution, for example, Fig-
ure 2 shows that observed PET data for Febru-
ary need to transform to obtain precise result.
Log transformation is used for February dataset.
In the histogram analysis for February, skew-
ness and kurtosis are -0.17072 and 1.8192. The
negative skewness means that its distribution
has long left tail in the small value, and kurto-
sis less than 3 means that its distribution has
thin tail. Normality test is simulated for differ-
ent months.

First of all, the ordinary kriging is chosen to
choose good technique for February PET data
prediction at the Edwards aquifer. To analyze
the spatial correlation, Figure 3 shows spatially
empirical semivarogram/covariance computed
through all observed PET data and they are fit-
ted by the spherical model.
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Table 1. Several interpolation methods for Edwards aquifer region

Month 1 3 4 5 b 7 8 9 1D
Feb  Ondnay Local 190% Hone 002 050 059 002 101 260 2538 ©
Ordinary Local 100% 1 002 054 054 001 112 260 294
Simple Log 003 05 060 005 094 260 246
Universd  Log Local 100% Const -004 057 043 012 141 250 188
DWW 260 1.40
spline 260 170
March Ordinary  Log Mone 000 063 067 002 1.06 350 420
Sigle Lag 800 053 061 001 096 350 372 O
Universd  None Local 100% 1st -027 1.35 092 012 115 350 419
DWW 350 312
Spline 3.50 430
April  Ordinary  None none -021 459 474 005 100 440 517
Simple Log 021 423 215 000 200 440 550
Simple Hox Cox BOE 420 428 400 1,88 440 5180
IDW 440 330
Syine 440 572
May Ondinary  none Local 100% 3rd -019 148 098 018 151 620 6.80
Simple N Score n 012 129 121 003 104 620 650
Universal BoxCox  Locel100% 3 .23 241 467  DOG 152 620 $28 ©
IDW 620 542
Spline .20 5.72
June Universd None Local 100% 3rd -013 253 1.67 004 155 7.00 712
Univered Log Local 400% 3Sud 00 274 221 929184 700 8W O
DWW ' 700 652
Spline 7.00 7.52
July  Ordinary  Log Local 100% 3md 153 942 282 052 295 600 663
Universal  Log Local 100% 4t 848 1.3 152 006 402 600 844 O
DWW 6.00 514
Spline 6.00 7.00
Aug  Ordinary  None None 003 123 149 002 035 7.60 785
Ordinay  Hone Local 100% 1st 002 139 129 402 1.87 T.60 764 ©
IDW 750 710
Spline 760 810
Sept Universa  MNone Local 100% 3 026 172 1.21 040 136 520 573
Universal BoxCox  Local 100% 3 044 1.2 421 044 1497 520 540 ©
10w 520 432
Spline 520 569
Qct Universd BoxCox Local100% 3rd -026 149 115 013 123 3.70 430
Universel  Box-Cox' Local 100% 3 843 0.92 110 425 0.93 370 340 0
DWW 370 320
Spine 3.70 410
Nov  Simple Box cox 014 052 152 010 036 230 249
Universd . none Local $00% 3uf 042 054 8.5 £48 125 230 215 ©
IDwW o 230 175
Spiine 230 320
Dec Universdd  BoxCox Local 100% 3rd -016 057 047 039 128 207 206
Universll BoxCox  Local100% 3wl 605 054 071 006 407 207 208 ©
Y 207 200
Spline 207 220

1: The applied interpolation methods

2: The applied transformations
3: Detrending works
4: Order of trend removal

5: Mean prediction errors

6: Root mean square prediction errors

7: Average kriging standard errors

8: Mean standardized prediction errors

9: Root mean square standized prediction errors
10: Measured PET value at Knippa station, Texas
11: Predicted PET value at Knippa station, Texas
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Figure 1. PET stations and crop land in Edwards aquifer region

Normal QQ Plot(Log Transformation)

§ /,;/
é /.‘ &
o

-20 -15 -10 -5

0

Standard Normal Value*10

5 10 15 20 Pl

Figure 2. Normal QQ plot of PET for February

In the figure 3, major range is about 11.1
decimal degrees, and partial sill and nugget ef-
fect are 0.2632 and 0.21713 respectively. Range,
sill and nugget effect provide information that
semivariance value is 0.2632 when February
data at all stations is spatially autocorrelated
within approximately 700 miles (11.1 decimal
degrees), but it is not suitable at unmeasured

Edwards aquifer. Therefore, as shown Figure 4,
considering of weights for eight measured PET
stations is to obtain precise results including
Edwards Aquifer region, but kinppa PET station
is omitted for validation test. The range is about
150 miles (2.399 decimal degrees) including
study area.
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Figure 3. Empirical and fitted semivariogram/covariance for February
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Figure 4. Determining of influence region
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In the cross validation, as shown figure 35,
there are five statistics values of prediction er-
rors: the mean, the root mean square, the aver-
age standard error, the mean standardized, and
the root mean square standardized. In figure 5,
the mean is 0.0154. It is close to 0 (unbaised-
ness). The root-mean Square and average stan-
dard error are 0.5441 and 0.5907 respectively.
They should be small. That means that the pre-
dictions are close to the measured values, and
the root mean square standardized is close to
1(ESRI, 2001). That means that the standard
errors are accurate between measured and pre-
dicted data. It shows in column 5, 6, 7, 8, and 9
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of Table 1. In the validation test, observed and
predicted value is 2.6 inch/Feb. and 2.54 inch
/Feb. at Knippa PET station. Two results are
similar.

Moreover, figure 5 shows that small values
seem to be overpredicted and large values seem
to be underpredicting on scatter chart, because
kriging interpolates among extreme values.
Therefore, ordinary kriging is the best method
for February PET prediction. Table 1 shows that
spatial kriging methods are used for this study
are summarized.
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Figure 5. Cross validation for February using ordinary kriging
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4. CONCLUSION

In this study, interpolation procedures were
evaluated for precise prediction of potential
evapotransiration (PET) data which is used for
seasonal crop water requirement at unmeasured
Edwards aquifer region, Texas. Moreover, these
techniques provide direct prediction from meas-
ured PET data for irrigation water availability
and water requirement. In this study, kriging
interpolation methods are suitable to generate
precise PET data in Edwards aquifer region but
this study is not shown about results of IDW and
spline. Kriging methods calculate autocorrela-
tion of the measured data from PET stations and
prediction values in unmeasured region from
measured data. In summary, this study should be
handled carefully following aspects:

First, exploratory spatial data are analyzed
through several statistical methods. Mostly, bi-
asedness between measured data and predicted
data is due to insufficient exploratory spatial
data analysis. Second, determining of measured
neighbors has an important role. That means that
PET data having the closest value is more
weighted. In results, if all stations are consid-
ered to obtain prediction data in unmeasured
Edwards aquifer region, the prediction data can
be useless because geological variability and
local trend can be negligent. Third, further, this
study should take account for nugget effect be-
cause meteorological parameters can be affected
by geological variability. Finally, validation and
cross validation test would be much of help for
this study to obtain precise results. Here, five
sensitivity analyses are introduced. In table 1,
kriging method is used and the best interpolation
technique is chosen through five sensitivity test.
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