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Abstract: An exploratory spatial data analysis method (ESDAD was designed Apr. 285 2002 for kriging
monthly rainfall. Samples were monthly rainfall observed at 61 weather stations in eastern China over the peri-
od 1961 — 1998. Comparison of five semivariogram models ( Spherical; FExponential, Linear, Gaussian and
Rational Quadratic) indicated that kriging fulfills the objective of finding better ways to estimate interpolation
weights and can provide error information for monthly rainfall interpolation. ESDA yielded the three most
common forms of experimental semivariogram for monthly rainfall in the area. All five models were appropri-
ate for monthly rainfall interpolation but under different circumstances. Spherical, FExponential and Linear
models perform as smoothing interpolator of the data, whereas Gaussian and Rational Quadratic models serve
as an exact interpolator. Spherical,; Exponential and Linear models tend to underestimate the values. On the
contrary, Gaussian and Rational Quadratic models tend to overestimate the values. Since the suitable model for
a specific month usually is not unique and each model does not show any bias toward one or more specific

months, an ESDA is recommended for a better interpolation result.
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INTRODUCTION

As one of the spatial interpolation methods,
Kriging has proved useful and popular in many
fields (Burroughs 1987; Li et al. s 2000; Oliv-
er> 1990; Robeson, 1997). In climate research
it had been used, for example, to interpolate ob-
served climate fields CAli et al. » 2000; Antonic

et al.» 2001; DBiau et al.,» 1999; Goovaertss
2000; Jarvis et al.» 2001; Merino et al.s
2001).

Previous studies ( Biau et al.,» 1999;

Goovaerts> 20000 mainly focused on using Krig-
ing to interpolate the spatial distribution of annu-
al rainfall. Since the variation of rainfall distribu-
tion, temporally and to an even greater degree
spatially, depends strongly on the physical geo-
graphic settings such as latitude and the distribu-
tion of land and ocean,> the models of semivari-
ogram, which are proper for the interpolation of
rainfall, are quite different. What kinds of semi-
variogram models are proper for interpolating
monthly rainfall fields? Are there any significant
differences in the performance of the models that
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are suitable for interpolating monthly rainfall dis-
tribution? These are the questions this study will
hopefully provide the answer as helpful reference
or proper use of kriging to interpolate monthly
rainfall.

METHODS AND DATA

Different from other mathematical interpolat-
ing methods, kriging is essentially a method of
estimation by local weighted averaging. The op-
timal interpolation weights are determined by the
semivariogram model that fits the data well
(Burrough, 1987; Zhang et al. » 1995). Owing
to the complexity of spatial variations of different
propertiess there are several different kinds o
theoretical semivariogram models (Li et al.
2000) which mathematically specify the spatial
variability of some data sets. Therefores to
choose an appropriate model, the form of the
semivariogram is clearly very important for accu-
rate interpolation. In order to obtain the proper
models with adapted parameters for interpolating
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monthly rainfall, an exploratory spatial data
analysis (ESDA) method was designed and per-
formed”. The ESDA includes the following

steps:

1. Computing the sample (or experimental ) semivari-
ogram

Using Eq. 1 to compute experimental semi-
variogram from the data under study is the only
certain way to describe how semivariance changes
with distance, determine which semivariogram
model should be used. By changing h, both in
distance and direction> a set of the sample (o
experimental) semivariograms for the data is ob-

tained (Burrough, 1987).

1 >j {2Cx) — 2Cax + ROP (D

rCh) = ZM

For examining the anisotropys the sample
semivariograms of monthly rainfall observations
under study are computed in six different direc-
tionss beginning at 0°Calong the positive X axis)
to 180°Calong the negative X axis) counterclock-
wise angular steps of 30°.

2. Fitting the sample semivariogram model with differ-
ent theoretical models

Five types of theoretical models,
Spherical, Exponential, Gaussian and Rational
Quadratic, are selected to fit the sample semivar-
iogram obtained in the last step. With one ex-
ception, Linear model; they are all bounded
models (Oliver et al.» 1990). Model fitting is
carried out using one of the most applied meth-
ods» least squares approximation. The initial val-
ues for the parameters of the selected models are
set to ones the starting point. Through the fit-
ting processs a better set of the parameter values
for the selected model is determined.

Linear,

3. Interpolating the sample field

After determining the suitable values of the
parameters, the monthly rainfall fields can be in-
terpolated. The interpolation result is presented
as a grid with evenly spaced rows and columns.
As a direct by-product, an estimation standard
deviation grid with the same size as the interpo-
lated grid is generated at the same time as the
kriging processing.

4. Evaluating the interpolation

To evaluate the interpolations the following

three approaches are recommended:

a) Compute the residuals, the differences be-
tween the ocbservations and the estimations at
sampled points, thus giving a quantitative mea-
surement of how well the estimations agree with
the original cbservations;

b) Plot the isohyet map based on the estima-
tion grid; then compare it with the ischyet map
drawn manually using the original cbservations to
see whether the interpolation is reasonable;

¢) Plot the map of the estimation standard
deviations (ESD? to show how the errors associ-
ated with the interpolated values distribute over
the study area.

The data used to perform the analysis are
monthly rainfall measured from 61 weather sta-
tions in eastern China over a 38 year period,
1961 — 1998. There are a total 456 samples (12
monthly samples for 38 years). The dots in Fig.
2b show the distribution of the 61 weather sta-
tions. The maximum, minimum and average
distances to the nearest neighboring stations are
approximately 1. 49° Cabout 154 km>, 0. 43°
Cabout 44 km) and 0. 86°Cabout 89 km) respec-
tively.

RESULTS

ESDA was applied to all 456 samples in or-
der to determine the spatial varation of each
monthly rainfall observation under study, so that
the most common semivariogram forms of the
data in the study area are revealed. Further-
mores the performances of the five models are
compared with each other.

Semivariogram forms of menthly rainfall fields

According to the ESDA, the most common
patterns of the experimental semivaricgrams for
the data are: convex (Type DD» linear (Type 11D
and concave (Type 111D, with Type III being
the most popular and Type II being the least
popular. Among the total of 456 samples, more
than half of them fall into Type 111, and only 65
are representative of Type II.

As shown in Fig. 1, Type I shows that the

«  All computing and mapping tasks involved in the ESDA are performed
using Surfer 7.0, a Microsoft Windows application from Golden Soft-
warce Inc. » USA.
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semivariance> Y(h ), of the monthly rainfall ris-
es with the increase of the lag h first> then starts
to level off or even to fall slightly after maximiz-
ing. The semivariogram has a clear range and sill
(Burroughs> 1987). The shape of Type I implies
that the correlation between the sampling points
decreases with increasing distance between them.
After the distance increases to a certain level, the
correlation no longer exists. Type II shows that
the experimental curve rises almost linearly with
increase of h. The situation follows well the basic

hypothesis of the regionalized variable theory
(Burrough, 1987). Type 11l shows contrast to
Type I. The values either increase very slowly or
even decrease slightly at small lags, which makes
the experimental semivariogram concave upward
close to the origin, then increase rapidly as h in-
creases. The upward concaving pattern is the
usual trend (Oliver et al. » 1990). Statistically»
Type I and I1I still obey the basic hypothesis al-
though there are some minor deviations.

1800/ . M 10000 . -
- - 40004 .
1200 . 73001 . S
. . 30004 .
= | con] . \
< Be0 - 5000 - 20004 .
400 . 25001 .t 10001  aeut"
[ ~— {0 0
0 1 2 3 4 5 [} 1 2 3 4 5 ] i 2 3 4 5
{ay (b) [
A
Fig.1 ’lThree common types of experimental semivariogram forms for the monthly rainfall

(The unit for & is degree; and 1 degree is approximately 183km>
(a) convexs (b) linear: (¢ concave

Besides the three common types, a few rare
semivariogarm typess for instances ‘A’ shape,
‘W’ shape and sawtooth shape are observed
through the ESDA.

The anisotropy of monthly rainfall fields

The forms of the semivariograms computed
and plotted in the six directions having some
variation imply that the spatial variation of
monthly rainfall in study area is not isotropic.
Furthermores use of AutoFit (a tool provided by
Surfer 7.0 vields the “best” fitting anisotropy
parameters for the selected models are presented.
The auto fitting results reveal that none of the
anisotropy ratic values for the data are over 2
(the value of 1 means isotropic)» which is con-
sidered very mild; and that the anisotropy angles
are either 0° — 30° CE-ENE) or 150° — 180°
(WNW-W), approximately along X-axis. Since
the orientation of the main rain-band in the study
area is more zonal than meridional, it makes
sense that there is a slightly higher continuity be-

tween the sampling points in the east-west direc-
tion than in the north - south direction.

Interpolation analysis and model comparison

The five selected models are all suitable for
interpolating the data, but under different cir-
cumstances. It is worth noting that their perfor-
mances do not vary for different months in the
study area during the period 1961 — 1998. In
other words, each selected model tends not to fa-
vor one or more specific month.

All selected models but the Linear model
work well for Type I, for which August 1994 is
a good example. All of the four models fit well
the semivariogram. The parameters and kriging
estimations for each model are listed in Table 1.

Table 1 shows that all the Cother than Gaus-
sian) models are consistent with each other in the
ratic of anisotropy. The favorable direction for
higher correlation between the data is WNW.
Although among the four models, Gaussian
model has the lowest residuals and estimation
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variances: the estimations are the worsts both in
estimation range and the spatial distribution pat-
tern displayed in the isohyet map. Therefore,
the Gaussian model is not really suitable for the

data: and the lowest residuals and errors mean
that fitting is only in a mathematical sense. It
should be stressed that a good fit does not always
guarantee the best prediction.

‘Table 1  Results of model fitting and data interpolation for August 1994
Spherical Exponential Gaussian R. Quadratic
Anisotropy Ratio 2 2 1.2 2
Angle 166.0 174.5 0 166.5
Range of estimation (rmm? 32.2 — 466.2 34.3 — 449.0 —18.7 — 517.8 26.7 — 496.9
Range of residuals Crnm) —11.8 — 28.3 —12.8 — 41.0 ~2:0 = 2.3 -3.0 — 5.1
Range of ESD (mm) 13.7 — 102.1 16.9 — 107.5 0.5 — 103.0 2.5 — 103.1

On the other hands Spherical, Exponential
and Rational Quadratic models are suitable for
the data. Comparing the results according to the
three approaches mentioned earliers the Rational
Quadratic model is relatively the best among the
three suitable models although they all provide
reasonable predictions. The Rational Quadratic
model gives reasonable estimations with mini-
mum residuals and estimation standard deviations
(ESD). Fig. 2 shows the isarithmic maps de-
rived from Rational Quadratic estimations and
ESD. The distribution pattern of the data dis-
played by the ischyet map is reasonable. Heavy
rainfall occurred on the southern coast and in the
northern part of the study area. Areas along the

LR TTTIE 4

dithiim 7

n

|

lower reaches of the Changjiang River receive
relatively light rainfall. This is quite common for
summer in the area. The map of ESD accurately
reflects well the distribution pattern of weather
stations and shows clearly how estimation errors
increase with increased distance from the sta-
tions. The areas with smaller ESD values are
those around the stations. Severe deviations ap-
pear along the edges of the study area and at lo-
cations far from the stations. It is obvious that
ESD value is proportional to the distance from
the stations. Moreovers it should be mentioned
that suitable model for a specific month has more
than one possibilitys just like this example.
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Fig.2 Isohyet map (a) and the corresponding ESD map (h) for August 1994
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Although the Gaussian model does not really
work for August 1994, it does work well for
some other samples; for example November
1987, which is also an example of Type 1 but in
different season. In summary, all four models
are appropriate for Type I. Generally, Spherical
and Exponential models tend to underestimate
the values and work as smoothing interpolators of
the data. Thus: they normally do not perform as
well as the other two models for the fields with a
few unusually high or low values. On the con-
trarys Gaussian and Rational Quadratic models
usually are exact interpolators of the original da-
ta. Although they always produce lower residuals
and ESD values than Spherical and Exponential
models, they are suitable for a purely mathemati-
cal fitting> which occasionally is the case with the
other two models. This is probably why good
fitting does not always guarantee reasonable esti-
mation. A purely mathematical fitting makes no
sense to kriging no matter how precise it is be-
cause kriging is based on the regionalized variable
theory. So ESDA is an excellent methods if not
the only reasonable means, for avoiding a purely
mathematical fitting by using kriging properly.
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Similar to Spherical and Exponential models,
the Linear model also tends to underestimate the
valuess thus producing more smooth estimations.
Moreovers it seldom provides a purely mathe-
matical fitting to the data. Normally, a Linear
model is used in situations either where the semi-

It is highly recommended !

For “Iype IIs the Linear model works well.
April 1977 is a good example. The Linear model
is the only model with the best fitting for the ex-
perimental curve. The parameters and estima-
tions are recorded in Table 2 and the maps are
shown in Fig. 3.

‘lable 2 Results of model fitting and data interpolation for

April 1977
Linear valuces
Anisotropy Ratio 2
Angle 177.5
Range of estimation (rmm?) 18.0 — 385.7
Range of residuals (rmm) -10.3 - 7.9
Range of ESD (rmm) 9.0 — 117.9

The pattern revealed in Fig. 3 (a) is quite
similar to that drawn manually and shows that
the main rain band locates south of 30°N; and
that rainfall decreases sequentially northward.
The ESD distribution suggests that the estimated
values of rainfall at and around the stations are
more reliable than those far from the stations.

Hmm

Isohyet map (a) and the corresponding ESD map (b) for April 1977

variogram does not appear to have a sills like the
last example (April 1977, or when the magni-
tude of the range far exceeds the distance one
wishes to interpolate. Under the latter circum-
stance, Spherical: Exponential, Gaussian and
Rational Quadratic models would work well too»
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as proved in this study. For examples July 1975
is fitted well using Spherical model.

As stated earliers Type 111 is the most popu-
lar form of experimental semivariogram for the
data used in this study. The concave upward
shape of the semivariogram implies proof of local
trend in the spatial distribution of the data. The
five selected models, especially the Gaussian
models can provide an approximation fitting to
the semivariogram derived from the original ob-
servations. In order to get better estimations for
the data, it is helpful to remove the trend before
creating an experimental semivariogram. The
detrending options, provided by Surfer, carry
out a simple polynomial least squares regression
of the data and compute the semivariogram for
the resulting residuals only. After detrending,
the interpolation can be done either by ordinary
kriging ( the method used in this study) or uni-
versal kriging (Burrough, 1987). For the spatial
interpolation of monthly rainfall in the study

areas ordinary kriging performs better than uni-
versal kriging according to the comparison of the
results derived from them respectively.

Fig. 1 (¢) is the experimental semivariogram
of rainfall in May 1981, an excellent example of
Type III. For the raw semivariogram. both
Gaussian and Rational Quadratic models seem to
provide good fittings. But the results (the col-
umn 3 & 4 in Table 3) prove that such fittings
are no more than a pure mathematical fitting.
Following linear detrending, an Exponential
model provides a good fitting to the data. The
parameters and estimations are recorded in the
second column of Table 3 and both the maps are
shown in Fig. 4. The results are reasonable
compared with the map drawn manually.

As exemplified above, five selected models
are appropriate for kriging monthly rainfall in the
area under different conditions. Besides
anisotropys another common point of all models
under different conditions is that the nugget

Table 3 Results of model fitting and data interpolation for May 1981

Exponential Gaussian R. Quadratic
Anisotropy Ratio 2 2 2
Angle 160.6 171.2 171.2
Range of estimation (mm) 1.3 — 282.3 -909.5 — 796.3 —216.9 — 387.0
Range of residuals (mm) =70 = 6:2 —2:0 — 2:5 -1.8 — 1.1
Range of ESD (mm) 4.6 — 38.3 0.0 — 46.7 00— 52.2
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Isohyet map (a’ and the corresponding ESD map (b) for May 1981
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effect is insignificant. Comparing the results de-
rived from the same model but with different
nugget variances, the best or
sult is always the one without nugget variance.
The nugget effect tends to over-smooth the esti-
mations. Therefore, the nugget effect is not ap-
plicable to monthly rainfall data in the study area
no matter what model is used.

Regarding other rare semivariogram types of
monthly rainfall in the study area mentioned be-
fore: none of the five selected models performs
well, and need to combine or nest different mod-
els. This is beyond the scope of this study, and
will be investigated later.

ost reasonable re-

CONCLUSIONS

Clearly, kriging fulfills the aim of finding
better ways to estimate interpolation weights and
provides information on inherent errors for
monthly rainfall interpolation in eastern China.
Thuss it is profitable to analyze the data using
kriging. After application of ESDA to the data
and comparing the results; the author reached
the following conclusions:

1. Spherical> Exponential> Linear> Gaussian
and Raticnal Quadratic models are appropriate
for kriging monthly rainfall in eastern China un-
der certain circumstances.

2. Spherical, Exponential and Linear models
perform satisfactorily as smoothing interpolators
for the datas but tend to underestimate the val-
ues.

3. Gaussian and Rational Quadratic models
act as exact interpolators for the data, but tend
to overestimate the data. In addition, they must
be used with care because they are prone to pro-
vide just a purely mathematical fitiing to the da-
ta.

4. Each model does not show any bias to one
or more specific month.

5. For a specific month, the suitable model
usually is not unique. So an ESDA is highly rec-

ommended for a better result.

6. The anisotropy of monthly rainfall fields
in eastern China is mild and the most favorable
angles are E-ENE and WNW-W. In addition,
the nugget effect is not suitable for spatial inter-
polation of the data in the study area.
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