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Abstract

We analyze the large-scale spatial variation of soil moisture in eastern China using geostatistical tech-
niques with observations at 99 stations for the top 0.1 m and top 1 m from 1987 to 1989. Sample variograms
are found to have a clear sill and a nugget in many cases. A spherical variogram model, including a nugget
in some cases, fits the sample variograms closely. Using a quantitative method to select the separation
interval for variogram analysis, we find that the average range is 200-400 km for the top 0.1 m and 400-700
km for the top 1 m. The averaged coefficient of variation of soil moisture in the top 0.1 m is larger than for
the top 1 m, showing that the range for the top 0.1 m is less than for the top 1 m. The range in summer
is less than in winter. By calculating the ratio of the nugget effect to the spatial variance, we find that
the ratios for the top 0.1 m data are smaller than that for the top 1 m data, showing that in most cases
the spatial variation of the top 0.1 m is more strongly autocorrelated than of the top 1 m, and that the
measurement errors are much larger in the top 1 m data than in the top 0.1 m. For more than half of the
measured dates, the ratio of the nugget effect to the variance is less than 20 percent, indicating that the
spatially correlated variation on those dates can explain more than 80 percent of the total variance.
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climate change, for developing and evaluating land
surface models, for designing surface soil moisture
observation networks, and for determining the ap-
propriate resolution for satellite-based remote sens-
ing of soil moisture. Vinnikov et al. (1996) de-

veloped a statistical model of spatial variations of '

soil moisture that partitions the variations into red
noise and white noise components. They used Rus-
sian soil moisture observations to show that while
there is a certain amount of small-scale variability
related to soils, topography, vegetation, and root
structure, the red noise component of spatial vari-
ability represents most of the soil moisture vari-
ance and reflects the statistical properties of the
monthly averaged precipitation field. This demon-
strates atmospheric control of soil moisture vari-
ability, and the scale of spatial correlation of this
component is about 500 km. The estimates of
scales of spatial correlation did not differ signifi-
cantly for water content in the top 0.2 m and 1 m
layers of soil. Entin et al. (2000) extended this
analysis using soil moisture observations from Illi-
nois (U.S.A.), Mongolia, Russia, and China. They
showed that the spatial scale for all these regions
is about 500 km for both the top 0.1 m and top
1 m. In particular, for China the mean scale was
525 km for both layers. Here we re-examine these
results using a different statistical technique.

As an example of the detailed interactions on
a smaller scale, Entakhabi and Rodriguez-Iturbe
(1994) developed an analytical model of soil-water
balance that is distributed in space and time. Sur-
face hydrology is forced with a stochastic model of
rainfall that captures the arrivals of intense pre-
cipitation cells within clusters that are embedded
in squall lines and rainbands. An analysis of spa-
tial and-temporal fluctuation in both the rainbands
and soil moisture fields made in the frequency do-
main showed that averaging over specific periods
and spatial scales resulted in significantly altered
statistical structures in the rain intensity and soil
moisture fields. Averaging over 10-100 km by for-
mulating a lumped model resulted in a complete
alteration of the dynamics of the hydrological pro-
cesses. This has implications for zero-dimensional
regional water balance and hydrological parame-
terizations in mesoscale meteorological models and
GCMs. Averaging in blocks larger than 100 km
did not deteriorate the signal any further, since
the structured portion of the rain intensity and
soil moisture spectra was at smaller scales. It is
this larger scale that we examine with in situ soil
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moisture observations in China.

Kriging, developed at Ecole des Mines de Paris
(Matheron 1971), is of particular interest in re-
search on the spatial scale of hydrological variables.
It permits the evaluation of a variable at any un-
gauged site of a domain and yields the variance
of the estimate using gauged stations. It is also
meaningful for the interpolation of spatial patterns
using point data, estimation of average catchment
soil moisture, and for distributed hydrological mod-
eling in general (Abbott and Refsgaard 1996). The
spatial structure of soil moisture is greatly influ-
enced by vertical and horizontal processes of water
movement and energy transfer in the soil-vegetation-
atmosphere system. These processes may be mod-
ulated by many factors such as topography, soils,
geology and vegetation. The resultant soil moisture
pattern is likely to reflect these influences through
variations at scales linked to the processes control-
ling the soil moisture pattern. To discuss its geo-
statistical correlation structure in space is one way
of characterizing this variability.

Deutsch and Journel (1992) theoretically found
that indicator variograms could be used for a sim-
ilar range of geostatistic estimation techniques as
standard variograms in ordinary kriging. Indica-
tor variograms are expected to be more flexible,
as they allow different ranges for small and large
values of a variable and can represent connectivity
of high values in spatial fields. However, Western
et al. (1998a) showed that the ability of the in-
dicator approach to capture connectivity could not
be shown conclusively, even when using their large
number of soil moisture measurements from the
10.5 ha Tarrawarra catchment in southeast Aus-
tralia. Based on many successful examples of the
application of the ordinary kriging method on hy-
drological variables (Villeneuve et al. 1979; Wang
and Guo 1988; Liu and Liu 1994; Ashraf et al.
1997), the ordinary kriging method works quite
well for the spatial scale analysis of soil moisture.

Yang and Lei (1993) arranged 100 sampling sites
along a line at a one meter interval at the Ex-
perimental Station of Guan County in Shandong
Province in China and found that the spatial scale
is very small, about 16 meters, and concluded that
the spatial relationship among the field soil-water
content is of little significance. Vinnikov et al.
(1996) and Entin et al. (2000) explain this as the
portion of the variance controlled by small-scale
variations in the land surface, but demonstrates for
every region examined that there is also large-scale
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variation controlled by atmospheric variations. Shi
et al. (1997) estimated the regional distribution
of soil moisture in a large area of 65,100 km? in
the West Liao River Plains by using the kriging
method. Their calculation shows that the spatial
correlation scale of soil moisture in the top 1 m
is about 200 km based on two groups of data col-
lected in a dry year and a humid year. Western
et al. (1998b) measured the spatial soil moisture
patterns in the 10.5 ha Tarrawara catchment and
found that the geostatistical structure evolved sea-
sonally. Exponential variogram models, including
a nugget, fit the sample variograms closely. High
sills (15-25%2), and low correlation lengths (35-
50 m), were observed during the wet winter peri-
ods. During the dry summer period sills are smaller
(5-15%?2) and correlation lengths are longer (50-60
m). Both a nugget effect due to measurement er-
ror and variability at small scales contribute to the
variability at the 10 m scale, which is the small-
est scale in most of the data sets. Western et al.
(1998b) gives a good summary of previous studies
of spatial soil moisture variability with geostatis-
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tical methods, all of which focus small areas, the
largest being less than 10 km?.

In this paper we explore the spatial scale of soil
moisture in China based on two groups of data spe-
cially chosen from our large observed database over
a large area of China for 11 years (Robock et al.
2000) with geostatistical analysis. We first describe
the data we use, and then identify the basic char-
acteristics of spatial variation by calculating the
coefficient of variation. After explaining the the-
ory of variogram analysis, we propose a quantita-
tive method to determine the separation interval
and the method to determine the longest separa-
tion distance, which are two of the key aspects of
variogram analysis. The type, the scale, and the
degree of spatial variation resulting from the vari-
ogram analysis are then discussed in detail. Finally
we give a short conclusion.

2. Study area and data set

We have established a data set of observed soil
moisture over 102 stations from 1981 to 1991 in
China. The data set is described by Robock et

|
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The distribution of soil moisture stations. Zone A is the region east of the line A-A’ and Zone B

is the portion of Zone A south of the line B-B’. The Yellow River and Yangtze River are shown in the
north and south respectively. Crosses show the location of soil moisture stations. The big solid dots
show main cities such as Shanghai, Beijing, Wuhan, Guangzhou, Lanzhou, Chengdu and Kunming

from east to west and from north to south.
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al. (2000), and was used by Entin et al. (1999,
2000) and Srinivasan et al. (2000). In this paper
we use the data from 1987 to 1989 for geostatisti-
cal analysis because the sample size within these
three years reaches the maximum in the 11-year
period of observations. Total soil moisture obser-
vations for the top 0.1 m and top 1 m soil layers
(in cm) from east China for 99 stations (Fig.1,
east of dashed line A—A’) are used in this analysis.
In other words, 3 stations in the western half of
China were discarded because the sparse network
gives a poor representation for geostatistical analy-
sis. Because in winter there are one to two months
having no records of soil moisture measurement in
the North because of frozen soil, we choose two
periods for analysis. Period A is from May 28 to
Oct. 28, and period B is from Dec. 18 to Feb. 18
of the next year. The sample sizes within period
A and period B do not vary in time, as shown in
Fig.2. There are 48 measurement days in period
A and 23 measurement days in period B over the
three years. Within period A, the sampling sites
are distributed all over eastern China, as shown
east of the dashed line A-A’ in Fig. 1. Within pe-
riod B, however, the sampling sites are limited to
the southern part of the region. For convenience,
the area corresponding to period A is called Zone
A (area east of the dashed line A-A’ in Fig. 1) and
the area corresponding to period B is called Zone
B (area south of the dashed line B-B’ in Fig.1).
Obviously Zone B is included in Zone A. The basic
facts of the data set are summarized in Table 1.
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The mean and coeflicient of variation (C,) of soil
moisture over Zone A and Zone B and antecedent
precipitation for each measurement day are shown
in Table 2. The definition of C, for a series z;,
i=1, ..., n,is:

1 /1 1/2
L =2
C, = 7 (TL ;:1 (331 1‘) ) s (1)
where
I I
T= - ,Ezl z;, (2)

is the mean (Mn) of the series z;. Series can be
time series or spatial series. In this paper we use
Cvt and Mnt as the coefficient of variation and
mean of a time series, while Cvs and Mns are the
coefficient of variation and mean of a spatial series.
For convenience, we normalized z; as follows:

2 = (& -3/, 3)
where
ot = 23w -7, (4

and o is the standard deviation. The results of the
variation of Mns and Cvs of soil moisture with
measurement dates are shown in Fig. 3. It appears
from the first two figures in Fig.3 that in both
Zones A and B the variation of soil moisture in the
top 0.1 m with time is larger than the variation of

Table 1. Basic Facts, C, and Mean of datasets.
Data set Group A Group B
Averaged No. of
84 34
Sampling sites (top 0.1 m )
Averag'ed Np. of 66 25
Sampling sites (top 1 m)

. . May 28-Oct. 28 Dec. 18-Feb. 18
Sampling Periods (period A) (period B)
c Zone A Zone B

overage (South+North China) (South China)
Antecedent Rainfall 1.19 1.83
Cy Soil moisture in the top 0.1 m 0.38 0.33
Soil Moisture in the top 1 m 0.31 0.19
Antecedent Rainfall (mm) 33.04 6.79
Soil moisture in the 223 232
Mean top 0.1 m {(cm) ’ )
Soil Moisture in the
27.82 32.05

top 1 m (cm)
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Table 2. (a) The dates, number of sampling points, spatial mean, coefficient of variation (C,) of an-
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tecedent rainfall, soil moisture in the top 0.1 m and top 1 m soil layer for Zone A.

Antecedent Rainfall Soil Moisture Soil Moisture
b (10 days) in the Top 0.1 m inthe Top I m
ate Mean  Sample c Mean  Sample Mean Sample

(mm) Number ! (cm)  Number (cm) Number "
05/28/87 33.10 93 1.08 2.25 90 0.36 27.17 63 0.31
06/08/87  45.56 93 0.90 2.42 89 0.35 29.06 69 0.29
06/18/87 21.88 93 0.94 2.13 83 0.36 28.57 64 0.28
06/28/87 27.97 93 1.12 2.11 85 0.36 26.99 68 0.29
07/08/87  52.45 93 0.94 2.33 86 0.41 28.48 69 0.33
07/18/87 44.18 93 0.88 2.29 82 0.36 28.07 67 0.30
07/28/87  48.57 93 0.88 2.26 84 0.38 27.70 66 0.30
08/08/87 55.65 93 0.94 2.38 83 0.37 28.11 64 0.31
08/18/87  47.99 93 0.82 242 84 0.36 28.47 67 0.32
08/28/87  67.53 93 0.92 2.53 80 0.35 29.31 64 0.31
09/08/87 4291 93 0.71 2.46 85 0.36 29.13 67 0.32
09/18/87 13.10 93 1.61 2.15 85 0.36 28.24 71 0.31
09/28/87  32.01 93 1.11 2.36 87 0.38 29.53 72 0.30
10/08/87 13.26 93 1.77 2.11 88 0.42 28.42 73 0.32
10/18/87 28.32 93 1.13 2.49 80 0.37 30.14 64 0.31
10/28/87 7.25 91 1.58 2.32 87 0.37 30.14 70 0.31
05/28/88 32.35 91 1.02 2.18 87 0.37 27.36 62 0.32
06/08/88 26.45 91 0.82 2.11 86 0.37 27.19 66 0.30
06/18/88  32.28 91 1.16 2.17 86 0.45 27.13 70 0.33
06/28/88 27.41 91 1.91 1.85 83 0.44 25.78 66 0.35
07/08/88  50.70 91 1.02 2.31 79 0.36 28.42 61 0.27
07/18/88  41.20 91 1.03 2.11 86 0.39 27.64 67 0.32
07/28/88  52.08 91 0.91 2.05 82 0.42 27.23 67 0.32
08/08/88  42.56 91 1.14 2.13 83 0.41 28.09 65 0.31
08/18/88 45.50 91 0.82 2.38 81 0.31 28.16 64 0.29
08/28/88 52.03 91 0.85 2.42 75 0.35 28.83 61 0.28
09/08/88 51.26 91 0.83 2.52 76 0.31 29.54 60 0.25
09/18/88 30.27 91 1.01 2.40 80 0.36 29.93 65 0.26
09/28/88 9.66 91 2.70 2.11 85 0.36 29.25 67 0.25
10/08/88 15.55 91 1.12 2.27 88 0.36 29.22 69 0.25
10/18/88 12.28 89 1.20 2.27 86 0.36 29.12 69 0.24
10/28/88 9.46 88 2.18 2.18 85 0.34 29.97 68 0.25
05/28/89 16.06 91 1.50 1.85 87 0.45 26.27 67 0.35
06/08/89  44.34 91 0.82 2.26 82 0.39 27.41 62 0.34
06/18/89 37.11 91 0.63 2.33 83 0.37 28.20 63 0.32
06/28/89  24.86 91 1.60 2.16 87 0.42 27.32 67 0.33
07/08/89  39.32 91 1.05 2.14 85 0.41 26.56 66 0.35
07/18/89  49.20 91 1.03 2.31 79 0.38 27.74 63 0.33
07/28/89  55.88 91 0.88 2.35 83 0.35 27.87 65 0.33
08/08/89  30.40 91 1.79 1.87 85 0.46 2571 66 0.35
08/18/89  26.31 91 0.98 1.95 83 0.43 26.78 63 0.34
08/28/89 32.62 91 0.99 2.07 84 0.40 2543 66 0.36
09/08/89 34.28 91 1.00 2.16 89 0.40 25.99 69 0.36
09/18/89 18.71 93 1.49 2.02 91 0.41 26.17 72 0.36
09/28/89  27.87 93 1.19 2.30 88 0.34 26.49 70 0.34
10/08/89 10.29 93 1.54 2.10 88 0.35 25.99 71 0.34
10/18/89 16.26 93 1.04 2.23 89 0.32 25.83 70 0.32
10/28/89 945 87 2.59 2.12 89 0.38 25.38 68 0.33
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Table 2. (b) The dates, number of sampling points, spatial mean, coefficient of variation (C,) of an-
tecedent rainfall, soil moisture in the top 0.1 m and top 1 m soil layer for Zone B.

Antecedent Rainfall Soil Moisture Soil Moisture
Date (10 days) in the Top 0.1 m in the Top I m

Mean  Sample  ~ Mean  Sample Mean Sample

(mm) Number = (cm) Number (cm) Number v
01/08/87 16.20 37 0.87 2.54 34 033 3311 25  0.18
01/18/87 4.55 37 122 232 33 036 31.76 23 0.20
01/28/87 3.54 38 139 225 37 035 31.56 28 0.21
02/08/87 5.70 39 1.67 225 37 029 31.19 28 0.20
02/18/87 15.25 40 130 223 33 04 3085 24 0.25
12/08/87 441 38 3.17 238 35 030 32.82 26 0.18
12/18/87 3.29 37 176 232 35 030 3248 26 0.18
12/28/87 0.16 37 3.91 2.13 34 030 31.69 26 0.18
01/08/88 3.53 36 144 219 34 032 32.56 25 0.18
01/18/88 5.70 36 1.14 2.28 32 032 3312 23 0.15
01/28/88 1.51 36 219 222 34 033 3262 25 0.17
02/08/88 5.38 36 2.18 2.17 34 035 31.70 25 0.23
02/18/88 6.72 37 112 220 34 036 31.50 25 0.21
12/08/88 1.47 37 194 1.93 34 032 29.85 24 0.16
12/18/88 0.75 37 271 1.88 35 033 2941 25 0.17
12/28/88 2.76 37 142 201 34 033 3011 25 0.17
01/08/89 20.29 36 099 2.64 32 030 33.19 23 0.18
01/18/89 19.46 36 1.04 292 30 031 3504 21 0.16
01/28/89 5.14 36 133 269 34 027 3402 25 0.19
02/08/89 10.21 36 1.83 268 33 029 3403 23 0.18
02/18/89 14.26 37 146  2.67 35 031 3277 25 0.19
12/08/89 0.86 40 476 2.12 38 033 30.38 28 0.19
12/18/89 5.12 39 129 235 36 037 3141 27 0.19

110 50
Zone A Zone B
—X— Antecedent Rainfall (10 days)
100 - —O- Soil Moisture in the Top 0.1 m 45 | == Antecedent Rainfall (10 days)
—2—Soil Molsture in the Top 1 m —0— Soil Moisture in the Top 0.1 m
—&— Soil Moisture in the Top 1 m
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Fig.2. The temporal change of sampling size in Zone A and Zone B.
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m over Zone A and Zone B for each measurement date. The dash lines separate years.



562 Journal of the Meteorological Society of Japan

55.00- L
Zone A top I m

50.00

45.00

40.00

35.00

30.00

25,00

20.00

15.00L—— ~ ————

i [
110.00 120.00 130.00

-
100.00

| T
80.00 90.00

5500, -~ ! A ! I
Zone B top I m

30.00

25.00-

20,00

15000 — —

: T T ] ! T
80.00 90.00 100.00 110.00 120.00 130.00

Vol.79, No.1B

5500 — -t L
} Zone A top 0.1 m

50,00 |
45,00
40.00
35.00
30.00

25.00

20.00

15,000~ :
80.00 90.00

I |
120.00 130.00

T
100.00

110.00

55.00 I ! — L

Zone B top 0.1 m

50.00!
45.00
40.00
35.00
30.00
25.00

20.00

15.00L——- : [ J S——
80.00  90.00 10000 11000 12000  130.00

Fig.4. Map of mean soil moisture for Zone-A-top-1- m, Zone-A-top-0.1- m, Zone-B-top-1- m and Zone-

B-top-0.1- m. Units are cm of total soil moisture.

soil moisture in the top 1 m. It can also be seen
that both in the top 0.1 m and top 1 m the varia-
tion of soil moisture in Zone A is larger than that
in Zone B. The last two figures in Fig. 3 shows sim-
ilar results, especially for spatial variations. The
average C, in Zones A and B both for the top 1
m and top 0.1 m shown in Table 1 supports these
conclusions, as do the soil moisture maps shown in
Fig. 4.

The impression from Fig.3 is that there is no
variation pattern over period A and period B, both
from the point of view of the amount of soil mois-
ture and spatial variation of soil moisture. Any
measurement date from period A or B could rep-
resent the averaged case for the same period. This

means that the data sets from both period A and
period B are good for spatial analysis. Figure 4
shows the variation of Mnt and Cvt with observ-
ing stations.

The averages of C, in Zones A and B both for
the top 0.1 m and top 1 m are shown in Table 1.

" In both Zone A and Zone B, the average C, in the

top 0.1 m is larger than C, for the top 1 m. For
both the top 0.1 m and the top 1 m, the averaged
C, in Zone A is larger than that in Zone B.
Figure 5 shows the variation of antecedent rain-
fall, soil moisture in the top 0.1 m, and soil mois-
ture in the top 1 m for periods A and B. A higher
antecedent rainfall corresponds to wetter soil and
vice versa, as expected, but the response of the av-
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erage amount of soil moisture to the average amount
of precipitation is not monotonic. The difference of
the averaged antecedent rainfall between Zones A
and B seen in Table 1 did not cause a correspond-
ing variation of soil moisture. This shows why it
is important to analyze actual soil moisture obser-
vations. Figure 5 also shows a strong correlation
between the variation of soil moisture in the top
0.1 m and in the top 1 m. The correlation coefhi-
cient between soil moisture in the top 1 m, and soil
moisture in the top 0.1 m is larger than 0.5 and
reaches 0.9 in Zone B.

3. Method of analysis

3.1 Variogram analysis

Variogram analysis was performed using stan-
dard geostatistical techniques (e.g., Journel and
Huijbregts 1978; Isaaks and Srivastava 1989). The
method used to explore the spatial variability (scale)
of soil moisture in China in this paper is to first
draw a variogram and then identify the structural
parameters of geostatistical variograms, such as the

sill, the correlation length (or range), and the nugget.

Generally, omni-directional variograms were used
in this analysis and sample variograms were cal-
culated using all pairs separated by lags up to the
longest separation distance, 2079 km. This is about
half of the maximum separation distance as adopted
elsewhere (e.g., Western et al 1998b). Later in this
paper we discuss the longest separation distance in
more detail. The sample variogram, -ys(h), at a
given lag, h, is:

v 0 - 0" 5

)

¥s(h) =

where N is the number of pairs, §; and 6; are the
soil moisture in the top 0.1 m or 1 m soil layer at
points i and j respectively, and the summation is
conducted over all ¢, j pairs in that lag bin. The
values of «,(h) increase with increasing distance
until they level off at a certain distance. This im-
plies that the data at a small separation distance
have similar values and that data at a large sep-
aration distance are likely to have quite different
values. Thus, the variogram numerically describes
the spatial continuity of the variation of variables.
Pairs were grouped into lag “bins” and the equa-
tion (5) was used to calculate the variogram for
that bin. The mean lag of all the pairs in a par-
ticular bin was used as the representative lag for
that bin. For example, if the separation interval is
50 km, then those pairs for which the separation
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distance is between 25 km and 75 km are grouped
into the calculation. The average of the results is
considered as the value for that bin, the mean lag
being 50 km. A detailed discussion of the choice of
separation interval and longest separation distance
is presented in sections 3.2 and 3.3 below.

Theoretically, a variogram of a random function
should be close to zero when the separation dis-
tance h approaches zero. However, in reality a dis-
continuity is often present. This discontinuity is
called the nugget effect (cp) and is thought to re-
sult from measurement errors or insufficient sam-
pling interval for assessing the underlying struc-
ture. Clark (1980) suggests that the nugget effect
to some extent reflect the built-in random nature of
a random function. This random variation cannot
be predicted by any methods. If this random varia-
tion, as reflected by the nugget effect, accounts for
a large proportion of the variogram, a geostatistical
estimation may be of limited use.

Vinnikov et al. (1996) and Entin et al. (2000)
discuss the same effect, but identify it as the small
scale noise produced by hydrological variability as
discussed in section 1. Vinnikov et al. (1996) use
the symbol ag for the nugget, but did not label it
as such.

The distance at which the sample variogram lev-
els off is called the range (a). The variability be-
yond this range does not depend on the separation
distance and the variables are no longer related
spatially. The range can be viewed as a zone of
influence of a variable or a transition from a state
of spatial correlation to a state of absence of corre-
lation. In this study, the range is regarded as the
scale of spatial correlation.

The value of the sample variogram where it levels
off is called the sill. The sill should be equivalent to
the variance of the random function, because when
the variogram reaches its sill, the covariance of vari-
ables approaches zero. Although the sill itself is of
limited significance, the difference between the sill
and nugget is of considerable interest because it
represents the amount of variance due to the spa-
tial correlation. A sample variogram figure with
the important elements is shown in Fig. 6.

It is important here to recognize the difference

between sample properties and the properties of
the true underlying distribution (i.e., the popu-
lation). Strictly speaking, the sample variogram
computed from the data gives the properties of
the sample only. It is then statistically inferred,
by fitting a smooth curve (a theoretical variogram)
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to the sample variogram that gives an estimate of
the properties of the population. Whether the sill,
range, and the nugget inferred from the sample are
representative of the true values depends on the na-
ture of the variability and the sampling regime. We
fitted variogram models to the sample variograms
by visual inspection. Theoretical spherical models
with a nugget were used for all fitted variograms:

(k) =< co+e1(3/2-hf/a—1/2- (h/a)®)
52
h=0
O<h<a (6)
h>a

where 7 (h) is the fitted variogram, cg is the nugget,

82 is the sill, a is the range, and ¢; = 62 — ¢p. We

use the direct method (Hou and Huang 1982) to

get the parameters a, ¢y and 62 as follows:

(1) Draw a tangent line through the first two or
three points of the sample variogram. The in-
tercept of this line on the y-axis is an estimate
of the nugget effect.

(2) Draw the sill. Since the sill should be close to
the variance of the data, the variance is calcu-

lated first. The variance is used as an estimate
of the sill.

(3) For a spherical model, the intersection of the
tangent line and the sill is an estimate of two
thirds of the range.

Usually, the quality of the variogram fit is char-
acterized using the root mean square error (RMSE)
calculation:

2 11/2
RMSE = [Z(’Yt(h‘) —7s(h)) J , (7)

np

where ny, is the number of lag bins in the sample
variogram (Western et al. 1998b).

3.2 Separation interval

With a given set of samples, it is always possi-
ble to compute a sample variogram. However, the
procedure does not always provide an accurate es-
timation, especially when samples are located in a
scattered pattern, as in our case. This is because
the variogram depends on separation interval. A
poor choice of separation interval could produce a
sample variogram characterized by very erratic be-
havior (Armstrong 1984), resulting in an inappro-
priate fit to the underlying variogram. The sepa-
ration interval must be chosen carefully before one



566 Journal of the Meteorological Society of Japan

calculates the sample variogram.

Generally speaking, using a small separation in-
terval to calculate a sample variogram could help
to accurately identify the nugget effect (Kim and
Knudsen 1977). However, if sample variograms are
calculated using smaller separation intervals, they
become less smooth due to the decrease in the num-
ber of sample pairs used to calculate each point on
the variogram.

On the other hand, experience tells us that there
exists a maximum separation interval, over which
an erratic variogram results. Usually v,(h = 0)
should be less than v,(h = A), where A is the sep-
aration interval. Experience also tells us that there
exists a Apax, where v, (h = 0) turns to be larger
than v,(h = Anax), which produces an erratic var-
iogram. We can find this Ap.x by experiments
beginning with the minimum separation interval,
50 km in this paper (the minimum distance of 102
station points is 41 km in China). By increasing
the separation interval with a search step 25 km in
this paper each time, we can reach A, .x- By in-
teractive plotting we can find Apax. According to
the principle that the smaller the separation inter-
val the less smooth the sample variograms, we take
Amax—25 km as our optimal separation interval be-
cause it can give us the smoothest correct sample
variogram. From trial and error, we found that the
sample variograms, with a separation interval of
75 km, always have null nugget effect. However, a
zero nugget does not necessarily always correspond
to this separation interval. Because the soil mois-
ture data in the top 1 m in Zone A have more sam-
pling errors with non-nugget effects, the separation
interval corresponding to the null nugget effect is
125 km. The relationship between the separation
interval and null nugget effect is shown in Fig. 7.

3.3 Longest separation distance

Another problem associated with estimating an
accurate sample variogram is that the sample var-
iogram is highly variable for large values of sepa-
ration distance, that is, if the sample variograms
calculated using different subsets of the data are
compared, there could be a significant difference
between them (Armstrong 1984). This occurs be-
cause the number of data pairs used in calculat-
ing the values of a sample variogram at a long dis-
tance is relatively small. If data are sampled from
an irregular distribution in space, this problem is
even more severe because the number of data pairs
for large separation distances could vary tremen-
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dously. Inspecting the distribution of the number
of data pairs along different separation distances,
and determining the longest separation distance for
variogram calculations are necessary for estimating
accurate sample variograms.

Figure 8 shows the variation of number of data
pairs used for estimating the values of sample var-
iograms on four typical dates which respectively
represent Zone A 0.1 m, Zone A 1 m, Zone B 0.1
m, and Zone B 1 m. As shown in Shao (1992),
the values of a mean sample variogram calculated
using less than 50 pairs of data for large values of
separation distance are given little weight in vari-
ogram estimation. She used this criterion to decide
the largest separation distance based on the vari-
ation. However, it is hard to make a decision on
the largest separation distance only from Fig. 8 be-
cause the largest separation distance varies month
to month and year by year. Together with Fig.§,
we will use all of the sample variograms to make a
decision.

Four typical variograms are shown in Fig.9. The
larger the separation distance is the less the num-
ber of data pairs and the more the sample vari-
ogram fluctuates. For soil moisture data in the top
0.1 m in Zone B, on an average, the largest sepa-
ration distance is about 1500 km. When the sepa-
ration distance is larger than 1500 km, the sample
variogram varies quite a bit. The largest separa-
tion distance is 3000 km for soil moisture data in
the top 0.1 m in Zone A. For the top 1 m, the sep-
aration distance is also 1500 km in Zone B, but is
2600 km in Zone A. Obviously, these largest sepa-
ration distances correspond to different data pairs
for each measurement date. Therefore we did not
take the criterion of the number of data pairs as
adopted in Shao (1992) to select the largest sepa-
ration distance.

4. Spatial variability

Figure 9 shows four typical semi-variograms.
Each sample from the study period can be fitted
with a spherical model and nugget effect. This in-
dicates that spatially correlated variations exist for
both Zone A and Zone B. However, the nugget ef-
fect and the parameters of the fitted model (i.e.,
range and sill) varied between the dates, as shown
in Table 3. This implies that the scale and degree
vary with time. However, the average scale and
degree give us interesting results, as shown below.

4.1 Types of spatial variation
The spherical model we used implies that from
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Table 3. (a) Summary of Geostatistical Structure for Soil Moisture Data in the top 1 m and top 0.1 m
Soil Layer for Zone A.

S. Liu, X. Mo, H. Li et al.

SI(km)’ _Co(%))_ _ Sill(®) Range (km)_

Date Toplm TopO.lm  Toplm TopO.lm  Toplm Top0.lm Toplm __Top0.1m
05/28/87 125 75 0.06 0.00 69.77 0.65 450 300
06/08/87 125 75 11.18 0.00 71.64 0.72 600 360
06/18/87 100 100 1.02 0.02 62.10 0.60 450 375
06/28/87 125 75 17.35 000 6294 0.56 630 150
07/08/87 125 125 1.74 0.12  87.94 0.90 675 630
07/18/87 150 125 19.05 0.23 71.70 0.68 870 675
07/28/87 75 75 0.00 0.00  70.56 0.75 435 300
08/08/87 125 125 33.17 0.14 76.39 0.77 2100 570
08/18/87 125 75 0.59 0.00 83.67 0.76 375 375
08/28/87 125 125 0.40 0.21 82.98 0.80 563 975
09/08/87 100 75 0.03 0.00 86.62 0.79 450 285
09/18/87 100 100 1.51 0.27 76.60 0.61 450 525
09/28/87 100 75 0.55 0.00  80.11 0.79 375 375
10/08/87 75 75 0.00 0.00  80.97 0.80 450 360
10/18/87 100 75 21.16 0.00 89.97 0.84 900 450
10/28/87 100 75 6.60 0.00 89.87 0.74 450 375
05/28/88 75 75 0.00 000 7578 0.64 420 150
06/08/88 75 75 0.00 000 68.16 0.60 420 225
06/18/88 125 75 24.99 0.00 81.69 0.96 825 450
06/28/88 125 75 0.51 0.00  79.58 0.67 720 300
07/08/88 75 75 0.00 0.00 5849 0.70 420 225
07/18/88 125 75 14.55 0.00  80.58 0.68 563 225
07/28/88 125 75 3113 0.00 7396 073 1125 300
08/08/88 75 125 0.00 0.31 76.08 0.76 563 525
08/18/88 125 75 8.07 0.00 64.76 0.54 600 225
08/28/88 125 75 1.89 000 66.18 0.72 375 300
09/08/88 75 100 0.00 009 5629 0.60 338 600
09/18/88 125 100 21.76 0.08  59.15 0.76 900 300
09/28/88 125 125 20.63 0.16 54.46 0.59 975 563
10/08/88 125 75 23.85 000 50.29 0.66 375 225
10/18/88 125 100 23.85 0.13 50.29 0.66 1200 525
10/28/88 100 75 2.79 0.00 50.84 0.54 450 300
05/28/89 125 75 20.39 000 86.08 0.69 630 225
06/08/89 125 75 38.91 0.00 87.94 0.77 1200 375
06/18/89 125 75 20.42 000  79.68 0.76 900 150
06/28/89 125 75 11.50 000 8233 0.82 585 300
07/08/89 150 75 40.42 0.00 88.00 0.78 1875 330
07/18/89 125 75 10.63 000 8292 0.76 675 270
07/28/89 125 75 38.87 0.00 8647 0.69 1050 330
08/08/89 100 75 12.32 0.00 81.62 0.75 480 300
08/18/89 150 100 3257 0.14 81.84 0.69 1650 900
08/28/89 75 100 0.00 0.14  86.04 0.68 480 375
09/08/89 75 100 0.00 0.03  87.66 0.73 330 300
09/18/89 75 75 0.00 0.00 90.20 0.70 450 300
09/28/89 75 100 0.00 0.10  81.69 0.61 300 450
10/08/89 100 75 9.61 0.00 7890 0.53 450 225
10/18/89 100 75 3.84 0.00 68.54 0.52 450 225
10/28/89 100 75 0.30 0.00 7208 0.66 330 150

* ST: Separation Interval
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Table 3. (b) Summary of Geostatistical Structure for Soil Moisture Data in the top 1 m and top 0.1 m

Soil Layer for Zone B.

SI(km)" Co (%) Sill(%?) Range (km)
Date Toplm Top0.lm Toplm Top0.lm Toplm TopO.lm Toplm  Top0.lm
01/08/87 75 75 342 0 34.44 0.69 300 240
01/18/87 150 150 0 0.25 38.53 0.70 630 1890
01/28/87 75 75 0 0 4541 0.63 360 270
02/08/87 75 75 0 0 40.09 0.43 720 285
02/18/87 75 75 0 0 57.21 0.97 600 795
12/08/87 150 125 8.73 0.18 34.44 0.52 675 810
12/18/87 150 75 4.47 0 3342 0.49 570 225
12/28/87 150 175 15.22 0.19 32.06 041 570 870
01/08/88 150 75 11.94 0 32.53 0.48 735 225
01/18/88 150 75 7.55 0 2498 0.53 405 180
01/28/88 150 75 1.7 0 31.93 0.53 375 180
02/08/88 75 75 0 0 54.77 0.59 825 165
02/18/88 125 75 11.63 0 45.57 0.62 780 195
12/08/88 150 75 6.24 0 21.81 0.39 375 150
12/18/88 75 75 0 0 2441 0.38 225 150
12/28/88 75 125 0 0.01 2641 0.45 150 270
01/08/89 75 100 0 0.12 37.21 0.61 300 285
01/18/89 75 100 0 0.02 31.85 0.83 225 300
01/28/89 75 100 0 0.01 41.76 0.53 375 240
02/08/89 75 100 0 0.14 38.72 0.59 375 330
02/18/89 150 100 21.32 0.18 3991 0.70 1260 285
12/08/89 75 100 0 0.13 33.6 0.48 675 300
12/18/89 75 75 0 0 34.19 0.76 525 150
* SI: Separation Interval ‘
Spherical model Exponential model
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Fig.10. The difference between a spherical model and exponential model.
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1987 to 1989 the statistical relationship expressed
by the variogram among nearby soil moisture sites
is linear. However, as the separation distance be-
tween the data points got longer (up to one half
the range), the linear relationship was replaced by
a curved relationship. This is the most obvious
difference between the spherical model and expo-
nential model, as shown in Fig. 10. All of the vari-
ograms indicate that the soil moisture field is sta-
tionary since they exhibit clear sills.

4.2 Scale of structural spatial variation

The ranges for the variograms are well defined.
The scale of the structured spatial variation varied
from date to date, which can be seen by the vari-
ation of the range. The range represents the aver-
age maximum distance over which two samples are
correlated. It is a direct measurement of the scale
of spatially correlated variation. The larger the
range, the larger the scale of the correlated spatial
variation.

As shown in Table 3, for soil moisture data in
the top 1 m soil layer, the range varied from 150
km to 825 km for Zone B and from 300 km to 1650
km for Zone A. For soil moisture data in the top
0.1 m soil layer, the range varied from 150 km to
870 km for Zone B and from 150 km to 900 km for
Zone A. The arithmetic average ranges for all the
measure dates in Zone A and Zone B are shown
in the first line of Table 4. Considering the repre-
sentativeness of the results, we discard the largest
value when taking account of the maximum of the
range. The averaged ranges calculated by discard-
ing the largest value are shown in the second line
of Table 4.

We compare the histogram of the range in Zones
A and B for both 0.1 m and 1 m layers in Fig. 11.
The probability density functions are not symmet-
ric except for soil moisture data in the top 1 m
for Zone B. Statistically, we calculate the average
range by discarding those values of the range, which
do not fall in the average region. The values of av-
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eraged range by this method are shown in the third
line of Table 4.

It is interesting to see that the temporal change
of range follows the change of nugget well, with the
correlation coeflicients between 0.55 and 0.70. The
average range based on those data with zero nugget
effect is in the fourth line in Table 4.

As shown in Table 4, for both Zones A and B
the averaged ranges of soil moisture in the top 0.1
m, calculated by all four methods, are less than
the ranges of soil moisture in the top 1 m. The
conclusion agrees with both common sense and the
relationship between the averaged C, of soil mois-
ture in the top 0.1 m and the averaged C, of soil
moisture in the top 1 m shown in Table 1. These
results agree with those of Entin et al. (2000) who
found a spatial scale of about 525 km for the top 1
m, but they also found the same scale for the top
0.1 m. Entin et al., however, used fewer stations
but with longer records, so we would not expect
the results to agree exactly.

The relationship between the averaged ranges of
soil moisture in Zones A and B is similar no mat-
ter what kind of method used to get the average.
This gives strong support to the average scale of
about 500 km for soil moisture variation, which
is in agreement with previous results by Vinnikov
et al. (1996) and Entin et al. (2000).

4.3 Degree of the structured spatial variation
The difference in the degree of structured spa-
tial variation is indicated by the variations of the
nugget effect, and of the sill. A large sill accom-
panied by a small nugget effect represents a high
degree of spatial correlation. The models fitted
to the data had zero nugget effect on some dates.
This does not mean that there were no measure-
ment errors in the data, nor was there no random
variation in the variable. The zero nugget effects
probably occurred due to small random variations
and measurement errors in those dates, and be-
cause the space interval for data collection was too

Table 4. The average range (km) using different methods.

Averaging
Method 0.1mZoncA O0O.1mZoncB 1mZoneA 1 mZone B
)] 369 382 673 523
2) 356 314 643 490
3) 345 233 593 490
) 286 247 419 460

Notes: (1) Using all data; (2) Discarding the largest; (3) Statistical
approximation;(4) Discarding values with non-zero nugget.
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Fig.11. Histogram in Zone A and Zone B for soil moisture data in the top 0.1 m and top 1 m soil layer.

large to trap these random variations and measure-
ment errors. In this sense it is better to interpret
the zero nugget effect as a small nugget effect when
discussing the degree of spatial correlation. The
largest nugget effect occurred in Zone A on August
8, 1988 for the top 0.1 m data and on July 8, 1987
for the top 1 m data.

Because the difference between the sill and the
nugget effects represents the variance caused by
structured spatial variability, this difference can be
used to represent the degree of spatial correlation.
Assuming that a spatial variation surface can be
decomposed into spatially correlated variation and
random variation, the ratio of the nugget effect to
the spatial variance was computed and plotted to
indicate the degree of the spatial variance. Since
the nugget effect represents the variance due to
pure random variations, the larger the ratio, the
lower the degree of the spatial correlation. The
differences of the ratio between the top 1 m data
and top 0.1 m data are shown in Fig. 12.

The most striking feature in Fig. 12 is the mag-
nitude of the ratio of difference between the top 1
m data and the top 0.1 m data. The ratios of the
top 0.1 m data were smaller than those of the top 1
m data. Generally speaking, this feature suggests
that spatial variation of the top 0.1 m was more

strongly correlated than in the top 1 m and that
the measurement errors were much larger in the
top 1 m data than the top 0.1 m data. However,
this does not apply on every day.

The degree of spatial correlation varied greatly
among dates. Random variation was as high as
53.4% (maximum) and as low as almost zero on the
next date, as shown in 1 m Zone B data. For most
of the dates, the random variations accounted for
less than 50% of total variance. For more than half
of the measured dates, the ratio of the nugget effect
to the variance was less than 20%, indicating that
the spatially correlated variation in those dates can
explain more than 80% of the total variance.

5. Conclusions

Two groups of data sets have been chosen from
our 11-year Chinese soil moisture data set of 102
stations for geostatistical analysis in this paper.
The selection principle, to keep the sample size for
each measurement date as stable as possible, pro-
duces data set A representing the summer season
and data set B representing the winter season. We
found that soil moisture in the top 0.1 m is more
variable than that in the top 1 m. Soil moisture in
Zone A is more variable than in Zone B. As the cov-
erage of Zone A and Zone B is different, it is better
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to make comparisons from Table 1 and Fig. 3, than
from the distribution maps in Fig. 4.

The variograms are found to have a clear sill and
anugget in many cases. Spherical models including
a nugget fit the model closely. The spatial scale in
the top 1 m in both Zones A and B is about 500 km,
agreeing with the spatial scale reported by Entin
et al. (2000) using the autocorrelation method.
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