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Abstract

Based on reviewing the origin, development and basic principles of Geostatistics, this article mainly introduces two interpolation
methods: Ordinary Kriging and Cokriging. As an optimal one among so many methods to spatial interpolation for climate variables
is not available, the article discusses Geostatistics-based interpolation methods by using 30-year average precipitation and evapora-
tion data in Gansu province from 1961 to 1990. According to different semivariogram theory models, we adopt Ordinary Kriging and
Bivariate Cokriging interpolation methods, and compare research results. We draw the following conclusions: (1) Both 30-year
average precipitation and evaporation present obvious gradient change on space, in a great range. But the former’s is larger than the
latter*s. 30-year average precipitation decreases gradually from southeast to northwest, however, evaporation increases gradually
from southeast to northwest. (2) According to semivariogram cloud plots and experiment variance minimum principle, we select
suitable theoretical semivariogram models based on Geostatistics interpolation, which can simulate the spatially continuous distribu-
tion patterns of the special regionalized variables in a better way. Compared with Ordinary Kriging, Cokriging considers the influence
of altitude on precipitation and evaporation and thereby has higher interpolation accuracy. (3) Though Geostatistics methods can
better reflect the general space patterns of climate variables, their interpolations precision is not high as we expect and can be

improved further.

LINTRODUCTION

Traditional statistical methods are based on sample frequency
distribution or average variance relation and corresponding
determination criteria to determine sample distribution pat-
terns and their relations. But they neglect spatial location and
direction of the sample so as not to easily distinguish the
differences between different spatial patterns. Geostatistics,
as a method studying the spatial distribution patterns of fea-
tures, considers not only the sample value, but also their spa-
tial locations and distances between each other (Wang, 1999).
Geostatistics theory was put forward and founded in 1962 by
G. Matheron, a famous French mathematician, on the base of
the work of South African geological engineer D- G- Krige and
other achievements (Matheron, 1963). Generally, Geostatistics
is accepted as a science to study the random and structural
character or spatial autocorrelation and spatial heterogeneity
of natural phenomena with the support of Regionalized Vari-
ables Theory and variograms (Webster, 1985; Wang and Guo,
1987; Wang and Hu, 1988; Issakes and Srivastuva, 1989; Hou
and Huang, 1990). Therefore, Geostatistics is widely applied
to many fields: structural character and randomicity of spatial
data, spatial autocorrelation or dependence, spatial pattern
and heterogeneity, optimal and unbiased estimate to simulate
the discreteness or fluctuation of spatial data etc, for example:
Mining, Geology, Agrology, Hydrology, Meteorology, Ecol-
ogy, Environment and so on (Wang, 1999). An important pur-
pose of Geostatistics is to interpolate in such locations with-
out samples. In addition, Geostatistics includes many interpo-

lation methods and some of them have already been applied in
practical research (Wang and Guo, 1987; Chaolunbagen et al.,
1994; Zhang et al., 1998).

Although Geostatistics is widely applied to interpolate with
climate variables, data used in many previous cases such as
precipitation or evaporation are single variables. This lowers
interpolation precision as precipitation and evaporation vari-
ables are mostly subject to regional environment influences,
for example, topography factor, especially altitude influence.
Wu (2000), Zhang (1998), Thomas(2000)and other scholars
have proved that there is close correlation between precipita-
tion or evaporation and altitude. So this paper uses single
variable such as annual average precipitation or annual aver-
age evaporation with elevation variable to interpolate and
compares research findings by two different methods.

II. PRINCIPLES OF SPATIAL INTERPOLATION METH-
ODS FOR CLIMATE VARIABLES BASED ON
GEOSTATISTICS

The spatial distributions of geography phenomena have in-
trinsic laws. Generally, there are two basic laws: Firstly, every-
thing is related to everything else, but near things are more
related than distant things (Tobler, 1979). Secondly, while
causal factors form an essential part of the underlying pro-
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cess in a geographical system, the inclusion of the spatial
components is likely to be important to an understanding of
the problem analyzed (Cliff and Ord, 1973; Anselin and Getis,
1992). So we often regard the variables that have double at-
tributes of random and structural character as regionalized
ones. By definition, Geostatistics is a branch of statistics. It
accounts for the spatial relationship of a regionalized variable.
Considering the location, direction and distance of samples,
Geostatistics directly calculates the correlation and depen-
dence of spatial pattern and measures the spatial distribution
and variation regular of regionalized variables (Hohn et al.,
1993).

Climate features are typically regionalized variables because
their spatial patterns have apparent structural characters due
to the planetary wind belt and air pressure belt of large scale,
and randomicity due to environment factors (terrain, physiog-
nomy) and human activities in small scale. Moreover, the cli-
mate variables in long time scale used as important driving
factors together with the climate variables value of every grid
of the study area are needed to research environmental evolve-
ment and the relation between human and nature. But such
variable values can only be obtained through spatial interpo-
lation by using limited climate data of the research region be-
cause meteorological stations are very limited and scatter ran-
domly in space (Lin et al., 2002). Traditional interpolation meth-
ods of climate variables include inverse distance weighting
interpolation, polynomial interpolation and radial basis func-
tion interpolation and so on. A common defect of these meth-
ods is that they can’t explore the intrinsic essence of regional-
ized variables. So we discuss the method of regional climate
variables interpolation based on Geostatistics to enhance in-
terpolation precision.

The measure for regionalized variable: Semivariograms

Firstly, regionalized variable is a stochastic variable and has
local, random and exceptional attributes. Secondly, regional-
ized variable has generic or average structure character, namely
there is some autocorrelation between Z (x) and Z (x+h). Here
7 (x) and Z (x+h) are respectively observation values of points
x and x+h, and h is the spatial distance from point x to x+h.
Covariance and semivariograms, as two essential Geostatistics
functions, are founded according to regionalized variables.

If regionalized variable Z (x), of which the expectation is m,
satisfies the second order stationarity assumption and intrin-
sic assumption, then mathematically, its covariance € (1) and
semivariograms Y(/)can be defined as the following
(Matheron 1963; Hou and Huang 1990):

E[Z(x)]=m (D
c(h) = E[Z(X)Z(x+h)]—m* 2
y(h) = %E[Z(x) —Z(x+h)]? &)

Kriging interpolation based on Geostatistics

Both covariance and semivariograms can be used to estimate
the values of a variable at unsampled locations. Kriging inter-
polation includes a series of methods such as Ordinary Kriging,
Universal Kriging, Cokriging, etc. (Wang, 1999). Here we
mainly introduce Ordinary Kriging and Cokriging.

(1) Ordinary Kriging

Ordinary Kriging can be defined mathematically as follows
(Xu,2002):

Z/IZ(X) @

where Z is the estimated value, A is the corresponding
weight of’ %each observation Z(X, on the estimation. These
weights are calculated to ensure that the estimator is unbiased
and the estimation variance is a minimum. The unbiased
condition requires that:

i/l,C(X,.,Xj)—,u =C(X,.X")

'2'/1,.:1

where C(X,, ) is the covariance between sampled points
iandj, C( X Xl is the covariance between sampled point
and estlmated pomt uis the Lagrange multiplier of minimum
condition. Because the relation of covariance and
semivariogram can be expressed as below:

y(h) = c(0)—c(h) (6)

Equations (5) can be defined by semivariogram:

©)

ix,.y(x,.,xj)ﬂz =y(X,,X")
i=1
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(2) Cokriging

Ordinary Kriging is applied to single regionalized variable but
Cokriging applied to multiple regionalized variables. The latter
is the developing result of the former and there are no essen-
tial differences between them. So we can develop the Cokriging
method by using the same procedure as that is used in Ordi-

nary Kriging method. Suppose there are K variables that make
up coregionalization variable 7 (K =1, 2,-,K)- It
coregionalization variable 7 (\) satisfies second order
stationarity assumption and intrinsic assumption, we can con-
firm that cross covariance and cross variogram are existent
and they can be defined as follows:

E{Z,(x)}=m, )
(h) = E{Zy (x)- Z o (x+h)}—mgm, ©))

I\K
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Y ep ()= % E{IZ, (X)=Z (x+ W[Z (x) = Z (x+ 0]}

(10)
where ;, isthe expectationof 7 (x)and C . (/) isthe
cross covariance and Y (h) is the cross variogram.
Suppose Z‘( is determined by two coregionalization vari-
ables Z( X,) and Y(X.) then bivariables CoKriging In-
terpolation ¢an be defined mathematically as given in Equa-
tion (11):

m

Zy=Y a,Z(X)+Y b,Y(X)) (11)
1

where':ai and b, are the corresponding weights of
coregionalization variables Z (X,.) and Y (X j) . Equation
(11) can be expressed by linear equations as follows:

N aC(Z,,Z)+ Y, bCWY,.Z)+u,=C(Z .Z))
i=l i=1

Y a,C(Z,.Y,)+ Y b,CY,Y,)+ 1,
i=1

i=1

=6(Z" %)
(12)

n

Zai:l

i=1
m

> b, =0

7

j=1

From equation (12), we can see Cokriging is more meaningful
in practice to multiple variables.

The advantage of Ordinary kriging is to easily get resource
data and to interpolate fast because this method only uses
one single variable. However, low interpolation precision is
also obvious as the method neglects influences of other fac-
tors. Compared with Ordinary kriging, Cokriging has higher

precision and sampling efficiency and can get the variable
value measured easily to measure variable values that are not
easily attained by Ordinary Kriging. It also offers methods to
solve spatial correlation and estimation between two variables,
and plays an important role in spatial analyzation. However,
the interpolation procedure is more difficult and should apply
cross variogram under the hypothesis of minimum variance of
the difference of two variables (Wang 1999).

II1. A CASE OF APPLICATION: THE SPATIAL
INTERPOLATION OF MULTI-YEAR AVER-
AGE PRECIPITATION AND EVAPORATION
IN GANSU PROVINCE

Data

Data used in this article includes 30-year average precipita-
tion and evaporation from 1961 to 1990 and altitudes of 53
meteorological observatories in some counties of Gansu Prov-
ince. The spatial distribution of these meteorological obser-
vatories is shown in Figure 1. Firstly, we use Ordinary Kriging
to interpolate the precipitation and evaporation data from ob-
servation stations. Secondly, we use Cokriging to interpolate
precipitation and evaporation including altitude factor because
Gansu Province lies in the transition area of three major pla-
teaus (Qinghai-Tibet Plateau, loess plateau and the Inner
Mongol plateau) in China and its terrain condition is very
complicated.

Semivariogram models

Choosing a semivariogram model is the precondition of spa-
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Figure 1.

Spatial distribution of meterorological stations and the districts in Gansu province
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tial interpolation, and semivariogram model determines the
precision of spatial interpolation. In general, semivariogram
model is chosen out from the existing theoretical models and
based on the distributions of semivariogram cloud and the
minimum estimation variance. Semivariogram cloud of 30-year
average precipitation and evaporation from 1961 to 1990 in
Gansu province is shown in Figure 2. In this figure, plot (1)
represents precipitation semivariogram cloud and plot (2) rep-
resents evaporation semivariogram cloud.

From Figure 2 we can see that there are not obvious nuggets
effects to 30-year average precipitation and evaporation be-
cause the sample value is observed at each meteorological
observation station and thus the error of space resolution can
be neglected. As the precipitation semivariogram cloud in plot
(1) shows that the range is rather large, and the value of
semivariogram increases slowly. When h is 6.2, the
autocorrelation of precipitation fades away. In the
semivariogram theory models, the exponential model is per-
fect to simulate the spatial pattern. Mathematically, exponen-
tial model can be expressed as follows:

0 h=0

y(h) = (13)

Co+C—e ) h<0

where, a is the range.

In plot (2), evaporation semivariogram cloud shows that the
range is rather small. When h equals to about 3.9, the
autocorrelation of evaporation does not exist. In the
semivariogram theoretical models, the spherical model is de-
fined as below:

0 h=0
3
y(h) = co+c(ﬁ— k ) 0<h<a (14)
2a  2a
' o h>a

Spatial interpolation results

According to the semivariogram theory models of equations
(13) and equations (14), we use Ordinary Kriging to interpo-
late 30-year average precipitation and evaporation in Gansu
province from 1961-1990. Figures 3 and 4 show the interpola-
tion results.

Ordinary Kriging interpolation only considers single factor
autocorrelation but neglects the influence of other relative
factors on the interpolation variables. In our study area, pre-
cipitation and evaporation change with altitude, so we should
consider the factor of altitude. We use the method of Cokriging
interpolation by adding the altitude of each meteorological
observation station to interpolation. Figures 5 and 6 show
spatial interpolation results.

Discussion

We obtain the values of each grid of multi-year average pre-
cipitation and evaporation in Gansu province by Kriging spa-
tial interpolation, these values are very important and they are
the data source for other research (Lin et al., 2002). As the
results show, both precipitation and evaporation have an ob-
vious gradient change in space. Their change ranges are very
wide and the precipitation’s is much wider than the
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Figure 2. Semivariogram cloud of 30-year average precipitation and evaporation in Gansu province(1961-1990)
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Figure 3. Spatial interpolation of annual average precipitation based on Ordinary Kriging

evaporation’s. As to precipitation, it decreases gradually from
southeast to northwest and evaporation increases from south-
east to northwest.

Figure 3 shows that there is more precipitation in southeast
than in northwest in Gansu province on the whole, and the
gradient change is very evident; there is also more precipita-
tion in mountains than in the plain from south to north. Pre-
cipitation decreases gradually from the south Qilian Mount to
the north desert. The spatial difference of the precipitation is
very distinct. Precipitation in the southeast is about 10 times

as much as precipitation in the northwest. In the southeast of
Gannan district (parts of Maqu country and Luqu country),
Longnan district and Pingliang district (the southeast part of
Lingtai country), precipitation is up to about 691.59-786.75mm
in some years. In the northwest, precipitation decreases gradu-
ally. The 400mm contour of thirty-year average precipitation is
located around Lanzhou; however, minimum contour around
the almost whole Jiuquan district, Jiayuguan city, and part of
Zhangye city located in the Northwest of Guansu province
lies between 59.17mm and 102.08mm. From Figure 4, we can
see that in Guansu province, the spatial pattern of 30-year

Annual Average Evaporation
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Figure 4. Spatial interpolation of annual average evaporation based on Ordinary Kriging
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Figure 5. Spatial interpolation of annual average precipitation based on Cokriging

average evaporation is opposite to that of precipitation. 30-
year average evaporation declines gradually from Northwest
to Southeast and shows obvious gradient change feature.
Though the change range of evaporation is smaller than that
of precipitation, it is still very obvious. In almost all Jiuquan
district and part of Tenggeli desert in the north of Mingin
county, the 30-year average evaporation can reach 2931.30-
3522.76mm, but in small part of Maqu county it only reaches
1024.54-1179.88mm. The 30-year average evaporation near to
Lanzhou city is about 1389.77-1508.66mm. So the spatial pat-
terns of 30-year average precipitation and evaporation ob-
tained by interpolation are consistent with the fact of Gansu

province.

However, altitude has a great influence on precipitation and
evaporation. In Figures 3 and 4 the interpolation results may
be not accurate in some regions because Ordinary Krging
does not consider altitude factor. For example, as Figure 3
shows, Observation station in Cheng County in the south-
east has the altitude of 970m and a lower precipitation, Longnan
(has the altitude of 1079m) is similar, while Yema Street in the
northwest with the altitude of 2159m has relatively more pre-
cipitation. As for evaporation, opposite to precipitation, in
Figure 4 Cheng County has relatively more evaporation and
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Figure 6. Spatial interpolation of annual average evaporation based on Cokriging
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other districts also have the similar situation. Figures 5 and 6
show the results of Cokriging interpolation. On the general
spatial patterns, Figures 5 and 3 are close, so are Figures 6 and
4. But the result obtained by the method of Cokriging interpo-
lation is more reasonable because it considers altitude factor
and reduces the local interpolation errors. As Figure 5 shows,
the obviously low values of Cheng County meteorological
observation station is corrected. In Figure 6, the high values
of the same region are also rectified. However, the differences
in interpolation results as showed in Figures 6 and 4 are not so
apparent, which means altitude has a less influence on evapo-
ration than on precipitation. The higher altitude is, the more
obvious this influence is. Adding altitude to interpolation not
only eliminates the spatial errors due to the altitude difference
of meteorological stations, but also is more accurate. Compar-
ing the results of Ordinary interpolation and Cokriging inter-
polation, we find the latter improves the precision and accu-
racy, which are shown in Figures 5 and 6.

Though the results of the above two methods can show the
spatial patterns of climate features on the whole, interpolation
results are not precise as we expect because 53 observations
selected from Guansu province with an area of more than
440,000 km? are very limited and don‘t distribute uniformly in
the research unit. What is more, in mountains, difference in
altitude between adjacent two sampling points is more than
1,000m. Another problem is that observation equipment preci-
sion and technique of observers also have an influence on
interpolation precision. So to make higher interpolation preci-
sion in some region, especially in small region like Jiuquan
district, needs considering uniform and reasonable sample data
except for perfect interpolation methods.

IV.SUMMARY

(1) Geostatistics interpolation methods, which are based on
semivariogram cloud and principle of the minimal vari-
ance, can simulate very well the spatially continuous dis-
tribution patterns of regionalized variables by choosing
suitable semivariogram function models. Kriging interpo-
lation fully considers the characteristics of regionalized
variable and thereby greatly improves the interpolation
precision. In addition, compare Ordinary Kriging with
Cokriging, we find the latter has comparatively higher
interpolation precision.

(2) Geostatistics interpolation can perfectly show the spatial
distribution patterns of climate variables, but the preci-
sion of the above two methods is not so high as we need
because of theoretic models, research region and data
(broad region, complicated terrain, irregular shape, lim-
ited samples, uniform distribution and difference in ob-
servation precision). So we should pay more attention to
the characters of the study area as well as the models
when we check the results of Geostatistics interpolation.
In addition, we can improve the interpolation precision

by increasing samples, advancing observation accuracy
and rectifying semivariogram theory models.
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