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ABSTRACT

Soil moisture observations in sites with natural vegetation were made for several decades in the former Soviet
Union at hundreds of stations. In this paper, the authors use data from six of these stations from different
climatic regimes, along with ancillary meteorological and actinometric data, to demonstrate a method to validate
soil moisture simulations with biosphere and bucket models. Some early and current general circulation models
(GCMs) use bucket models for soil hydrology calculations. More recently, the Simple Biosphere Model (SiB)
was developed to incorporate the effects of vegetation on fluxes of moisture, momentum, and energy at the
earth’s surface into soil hydrology models. Until now, the bucket and SiB have been verified by comparison
with actual soil moisture data only on a limited basis. In this study, a Simplified SiB (SSiB) soil hydrology
model and a 15-cm bucket model are forced by observed meteorological and actinometric data every 3 h for
6-yr simulations at the six stations. The model calculations of soil moisture are compared to observations of
soil moisture, literally “ground truth,” snow cover, surface albedo, and net radiation, and with each other.

For three of the stations, the SSiB and 15-cm bucket models produce good simulations of seasonal cycles
and interannual variations of soil moisture. For the other three stations, there are large errors in the simulations
by both models. Inconsistencies in specification of field capacity may be partly responsible. There is no evidence
that the SSiB simulations are superior in simulating soil moisture variations. In fact, the models are quite similar
since SSiB implicitly has a bucket embedded in it. One of the main differences between the models is in the
treatment of runoff due to melting snow in the spring—SSiB incorrectly puts all the snowmelt into runoff.
While producing similar soil moisture simulations, the models produce very different surface latent and sensible
heat fluxes, which would have large effects on GCM simulations.
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1. Introduction

Soil moisture is one of the most important com-
ponents of the climate system. Crucial questions about
the future climate predicted for a world made warmer
by enhanced greenhouse gases, such as summer drying
of midcontinent agricultural regions, depend on de-
tailed knowledge of the interactions of soil moisture
with the climate. Climate models, however, use prim-
itive parameterizations and have inadequate data with
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which to improve the parameterizations or to compare
to simulations (Gleick 1989). The summer drying
phenomenon (e.g., Manabe et al. 1981; Wilson and
Mitchell 1987), for example, is a combination of the
processes involving soil moisture, precipitation, time
of snowmelt in the spring, partitioning of snowmelt
into the soil or runoff, water table variations, and po-
tential evaporation due to warmer temperatures. To
determine whether midcontinental drying is a robust
prediction, soil moisture must be properly simulated.

Soil moisture anomalies serve the same function for
land that sea surface temperature anomalies serve for
the ocean, providing a storage and forcing that is longer
than the timescale of the atmosphere. Delworth and
Manabe (1988, 1989) have shown how soil moisture
interactions can produce redder spectra of many me-
teorological and hydrological variables in a GCM sim-
ulation. These simulations were done with a simple



16 JOURNAL OF CLIMATE

VOLUME 8§

TABLE 1. Heat-balance stations.

Soil type/water table depth
Observed hydrological properties (cm)

Total water- Field Wilting
Latitude Longitude holding capacity capacity level
Station (°N) (°E) (Wo) ) (UM)]
Khabarovsk, Russia 48.5 135.2 brown earth podzolic, gleic, heavy loamy/very deep
top 50 cm 26.2 14.1 5.5
top Il m 48.3 23.0 14.1
Kostroma, Russia 57.8 41.0 black earth leached, loamy/~18 m
top 50 cm — — 1.2
top I m — — 2.7
Ogurtsovo, Russia 54.9 83.0 dark chestnut, heavy loamy/7-8 m
top 50 cm 28.6 11.5 4.7
toplm 55.7 20.1 8.2
Tulun, Russia 54.6 100.6 derno-wooded carbonic leached, heavy loamy/>20 m
top 50 cm 30.2 — 6.1
top Il m 54.8 — 13.7
Uralsk, Kazakhstan 51.3 51.4 dark chestnut, heavy loamy/7-8 m
top 50 cm 27.1 10.1 5.5
top I m 48.3 17.0 13.0
Yershov, Russia 51.4 48.3 dark chestnut, clayey/30-35 m
top 50 cm 25.6 10.8 7.7
top I m 46.4 19.9 15.9
— Missing :

15-cm bucket model of soil moisture—the model used
at the Geophysical Fluid Dynamics Laboratory
(GFDL) and the National Center for Atmospheric Re-
search (NCAR). The Goddard Institute for Space
Studies (GISS) uses a slightly more complex model
involving two soil layers (Hansen et al. 1983), while
the U.K. Meteorological Office has experimented with
different runoff schemes (Mitchell 1983).

In the past decade, more complex land parameter-_

ization schemes that incorporate biophysical control
of evaporation have been developed [e.g., the Bio-
sphere-Atmosphere Transfer Scheme (BATS)—
Dickinson et al. (1986); the Simple Biosphere (SiB)
model—Sellers et al. (1986); Xue et al. (1991)]. These
schemes are now beginning to be used in long-term
climate simulations, and verification of their accuracy
is crucial. SiB has not been used in a climate model
for 2 X CO, calculations yet, but simulations of the
current climate (Sato et al. 1989) and simulations of
Amazon deforestation (Shukla et al. 1990; Nobre et
al. 1991) show large effects of the biophysical control
of evaporation. Although SiB has been tested with data
from the Tropics (Sellers and Dorman 1987; Sellers et
al. 1989), soil moisture data for higher latitudes have
not until now been used to verify the model (Dorman
and Sellers 1989; Sato et al. 1989). Only synthetic,
model-based datasets have been available, such as the
Palmer Drought Index (Palmer 1968) and calculations
by Mintz and Serafini (1992) and Schemm et al.
(1992).

The main goal of this paper is to develop a method
and give an example of how routine meteorological

observations and measurements of soil moisture can
be used for testing and intercomparison of different
land surface water and energy balance models. The
work reported in this paper may be considered a pilot
study, addressing the issues of comparing observations
with output from two very different land surface
schemes. Its results may have relevance to the Project
for Intercomparison of Land-Surface Parameterization

Schemes (PILPS) (Henderson-Sellers et al. 1993).

Atmospheric GCMs are affected by vertical fluxes
of latent heat, sensible heat, and radiation from the
land surfaces, not directly by soil moisture. But soil
moisture, snow depth, runoff, and water table depth
have important impacts on hydrology and agriculture.
In this experiment we can directly evaluate the short-
wave radiation, net longwave radiation, soil moisture,
and snow depth outputs of the models, but we do not
have data for these stations to directly evaluate the
complete water and energy budgets. However, we are
currently conducting similar experiments for a water
balance station at Valdai, Russia, that includes all these
quantities in three different catchments, and this will
be the subject of another paper.

To investigate the question of whether a simple
bucket model or a complex biosphere model can ac-
curately calculate soil moisture, radiation, and snow
depth, we use actual meteorological and actinometric
data observed every 3 h for a 6-yr period (1978-1983)
for six stations distributed across the former Soviet
Union (Table 1, Fig. 1) to force a standard bucket
model (identical to that used at GFDL and NCAR)
and the Simplified SiB (SSiB) version (Xue et al. 1991)
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F1G. 3. Vertical resolution of soil moisture observations and the
SSiB and bucket models. For grass, SSiB explicitly includes vegetation
with stomatal resistance and roots in the top two model layers and
1% of the third layer. The bucket implicitly includes vegetation that
can extract moisture from the entire 1-m bucket.

from the soil by putting the soil in an oven and heating
it. The remaining portion of soil moisture is the amount
that can be extracted by evapotranspiration. This por-
tion is called the plant-available moisture W. The field
capacity Wy is the maximum amount of W that soil
can sustain against gravity: Wy, W, , and W} all depend
on soil and vegetation types. SSiB distinguishes in its
calculations between evaporation from the soil surface
and transpiration through vegetation. The wilting level,
therefore, is slightly less than what cannot be extracted
by plants since some additional amount can be ex-
tracted by surface soil evaporation.

If the soil has complex topography, water can also
be lost (or gained ) due to horizontal transport, but the
observations used in this paper were made on level
surfaces and the models do not consider this process,
so this component of the soil and hydrological budget
is set to 0 in this paper. '

The quantities W,, W,, and W, can be expressed
in several ways. Two common ways are used in the
models in this paper: as a percent of W, in SSiB and
as equivalent depth of liquid water in the bucket model.
In the bucket model, only the available moisture is
explicitly modeled and the field capacity is typically
set to W, = 15 cm for the top | m of soil.

Changes in available soil moisture over a given time
step are computed using a simple water balance equa-
tion:

i Pr—E+M-—-R, (1)
where W is available soil moisture, Py is rainfall, E is
evapotranspiration, M is snowmelt, R is runoff, and ¢
is time.
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Most evaporation, or more precisely evapotranspi-
ration, occurs through plants. SSi1B explicitly models
this process, including the effects of stomatal resistance.
Vegetation is included implicitly in the bucket model—
the entire top 1 m of soil could not contribute to evap-
oration in the bucket if vegetation were not present.
Snowmelt can go into immediate evaporation, into
runoff, or into the soil, and each model parameterizes
this process differently. Runoff, also parameterized in
many ways, can occur across the surface, horizontally
through the soil, or through the bottom of the active
soil layer. Runoff, as measured in streams and rivers,
actually has a time lag, but results here for both models
are presented as the instantaneous amount. River
routing models (e.g., Miller and Russell 1992) can be
used to actually determine the fate of the runoff. Dooge
(1992) gives a detailed discussion of the small-scale
aspects of runoff modeling.

b. Observations

Vinnikov and Yeserkepova (1991) discuss in detail
the Russian data used in this paper, and they are de-
scribed briefly here. This was one of the first attempts
to use these soil moisture measurements for testing
climate model results. [ We use the term “Russia” here
for convenience, even though one of the stations used
in this paper (Uralsk) is just across the border in Ka-
zakhstan and all were in the Soviet Union when the
observations were made.]

This analysis is possible because in the 1930s the
Hydrometeorological Service of the Soviet Union or-
ganized a unified system of soil moisture measure-
ments, using the existing network of meteorological
and agrometeorological stations and opening new sta-
tions. At some of the more than 3000 Soviet agrome-
teorological and water balance stations, an additional
program of measurement of soil moisture was started
in 1967 at more than 200 permanent sites with natural,
mostly meadow, vegetation.

Figure | shows the June average available soil mois-
ture for the period 1978-1985 in the top 1 m of soil
for 130 of these stations for which we have data, and
the locations of the six stations ( Table 1) we have cho-
sen, based on their high data quality and geographical
distribution, for our experiments. At each of these sta-
tions, soil moisture measurements and meteorological
data are observed at a plot planted with grass. Thus,
the same type of natural vegetation is used at all plots,
irrespective of the surrounding vegetation, which could
be grass, forest, agricultural fields, or other types. Our
preliminary analysis of data from the Valdai water bal-
ance research station shows that soil moisture is almost
the same in grass-covered and forest plots, although
other hydrological variables, such as runoff and water
table, are not. .

The choice of plots at each station was made to sat-
isfy the following conditions. 1) The plot is a flat piece
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of land with an area greater than or equal to 0.10 ha.
2) The soil type is representative of the main soil type
and landscape of the region and does not differ signif-
icantly from the prevailing soil type and landscape of
the climatic zone. 3) The mean depth of the water
table and its seasonal variations are typical for a large
area. The temporal resolution of the measurements is
10 days in the warm season and one month during the
winter. Reference books that we used contain soil
moisture data for layers 0-10, 0-20, 0-50, 0-100, and
sometimes, 0~150 cm. Data for Tulun and Ogurtsovo
come from publications of the West-Siberia Territorial
Hydrometeorological Administration in Novosibirsk.
For Yershov and Kostroma, data come from the Upper
Volga Territorial Hydrometeorological Administration
in Gorky. Uralsk data are from the Alma-Ata Hydro-
meteorological Observatory in Alma-Ata, and Kha-
barovsk data are from the Far East Territorial Hydro-
meteorological Administration in Khabarovsk.

The method of soil moisture observation is based
on extraction of soil core samples and use of a ther-
mostat-weight technique for soil water content mea-
surements. Cores of soil are extracted from at least four
different points at each plot in 10-cm segments. A sam-
ple from each 10-cm segment is then weighed, oven
dried, and weighed again. The difference in mass gives
the total soil moisture in the sample. The plant-un-
available portion (wilting level), previously determined
from agricultural experiments at that station with an
oat crop [see Vinnikov and Yeserkepova (1991) for
details], is then subtracted from this total, leaving the
available soil moisture, expressed as depth of liquid
water. Special measurements of agrophysical constants
of soil for each plot for each 10-cm layer at each station
determine field capacity, total water-holding capacity,
and wilting coefficient, and are shown in Table 1 for
our stations with 50-cm resolution.

¢. Error analysis

To compare model results to observations, it is useful
to have an idea of the uncertainty of the observed val-
ues. The root-mean-square error of the soil moisture
measurements can be obtained by using the statistical
method proposed by Gandin (1965), which is based
on extrapolation of empirical estimates of the spatial
(or temporal ) autocorrelation function to distance (or
time) lag equal to zero. Vinnikov and Yeserkepova
(1991), following the theoretical conclusions of Del-
worth and Manabe (1988), showed that empirical es-
timates of temporal autocorrelation functions of soil
moisture for the upper | m can be successfully ap-
proximated as the sum of the white and red noises:

1+a

B t=0
r(t) = L)

t#0,

for

for
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where r is the autocorrelation function and T is the
autocorrelation timescale. Parameter g characterizes
the part of the variance due to uncorrelated random
processes and can be ascribed to random errors of
measurement. :

To illustrate the calculation of error, an empirical
estimate of the temporal autocorrelation function of
1-m layer soil moisture for the station Uralsk is plotted
in Fig. 4 by circles connected with thin lines, using
data for 1968-1985. The thick straight line in the figure
is our best fit of r(¢) to these data and corresponds to
an approximation of r(z) with "= 1.9 months and a
= 0.1. The estimated standard deviation (s) of soil
moisture for this station is 2.3 cm. The rms error of
soil moisture measurements is equal to s[a/(1 + a)]'/?
= 0.7 cm. Analogous estimates presented by Vinnikov
and Yeserkepova (1991) for several other stations show
that empirical estimates of the a parameter usually do
not exceed the value of 0.1 and that the root-mean-
square error of soil moisture in the upper 1-m layer
measurements does not exceed the value of 1 cm. Of
course, errors can vary significantly from season to
season and from station to station. But we can see from
this analysis that random errors of observations will
not influence the comparisons with model simulations
made later in the paper.

3. Forcing and verification data

The models (described in the next section) were in-
itialized with observed values of soil moisture and snow
cover, and then run for the 6-yr timespan of data

O.DT

Infr(t)]

S
3\:

FIG. 4. Estimated autocorrelation function of 1-m soil moisture
for Uralsk, using data for 1968-1985 (circles connected with thin
lines), and the best fit of the theoretical autocorrelation function (thick
straight line). The intercept of the thick line with the ordinate at ¢
= 0 gives the estimate of the parameter a (= 0.1).

2
t [Months]
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(1978-1983) with a time interval of 3 h. For the bucket
model, consistent with the standard NCAR and GFDL
schemes, running-mean diurnal averages of all the
forcing parameters (with the exception of precipitation)
were taken. However, for the SSiB experiments, we
used 3-h time resolution of the forcing parameters, and
thus diurnal variations were maintained. These forcing
parameters were then used to force the model directly
or to supply values to algorithmic arguments used
within the models.

For each of the stations, runs of both models were
performed using the following meteorological and ac-
tinometric data as forcing at 3-h intervals:

1) Q, total incoming shortwave radiation (W m™2)

2) T,, air temperature at standard level of mea-
surement (°C) '

3) 7, dewpoint temperature at standard level of
measurement (°C)

4) P, precipitation (mm) = P (rainfall, when T,
> 0°C) + Ps (snowfall, when T, < 0°C)

5) ¢., lower cloud cover fraction

6) cr, total cloud cover fraction

7) | V], wind speed at standard level of measure-
ment (ms™')

8) p., air pressure at standard level of measurement
(mb).

Variations of the last variable play a negligible role in
the calculations, and one could substitute the clima-
tological value for each station without changing the
results.

Observations of meteorological data for the period
1978-1983 are the regular measurements taken eight
times per day (0000, 0300, 0600, 0900, 1200, 1500,
1800, and 2100) at the same time for all the territory
of the former Soviet Union (Moscow legal time,
Greenwich time plus 3 h). We obtained these data on
magnetic tapes from the World Data Center B in Ob-
ninsk.

The actinometric data come from the regular mea-
surements of the Russian actinometric station network.
Incoming solar radiation and surface albedo were
measured with pyranometers, and net total radiation
was measured with net radiometers. These measure-
ments are taken six times per day (0030, 0630, 0930,
1230, 1530, and 1830) at the mean local solar time.
They were digitized on magnetic tapes and quality
controlled in St. Petersburg at the Main Geophysical
Observatory.

For individual instances of missing data (meteoro-
logical and actinometric), we did a linear interpolation
using the time steps immediately before and after the
missing time step to replace the missing value. The
shortwave radiation data for Ogurtsovo for August
1979 were missing, and we replaced them with a linear
regression with respect to total cloud cover using the
remaining Augusts’ data.
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Although it would be possible to force the models
with the observed net radiation, this would require that
the upward longwave radiation be independent of sur-
face temperature. We calculate, rather than specify,
upward longwave radiation and use a parameterization
for downward longwave radiation in order to allow the
surface temperature to be a free variable and be cal-
culated. This also allows us to use the net radiation to
verify the calculations.

4. Hydrology models

This section gives a general description of the land
surface hydrology models used for this study: a rela-
tively simple bucket hydrology model with no explicit
vegetation canopy, and a more sophisticated biosphere
model that includes a canopy layer with a stomatal
resistance parameterization and multiple, interactive
subsurface soil layers, illustrated in Fig. 3.

a. Bucket model

The bucket model constructed for this study is iden-
tical to current GCM versions [ Manabe 1969 (GFDL);
Williamson et al. 1987 (NCAR CCM1)]. The model
assumes a 15-cm field capacity of available soil mois-
ture in the uppermost 1 m of soil. Changes in available
soil moisture over a given time step are computed using
the water balance equation [(1)].

In the original bucket model formulation (Budyko
1956), a provision was made for a portion of precip-
itation to run off immediately. In current GCMs, how-
ever, the choice was made to not allow any runoff when
the bucket was not full (Manabe 1969; Williamson et
al. 1987), and we have chosen this GCM assumption
of bucket runoff. '

Snowmelt is calculated in a,manner identical to the
standard GFDL GCM and NCAR CCM buckets
(Manabe 1969; Williamson et al. 1987). Precipitation
that falls when the air temperature is at or below freez-
ing is assumed to be snowfall and is allowed to im-
mediately accumulate on the ground. With a snow-
covered surface, no changes of soil moisture are allowed
through evaporation and precipitation. Rather, subli-
mation and precipitation (in the form of snowfall)
change the snow depth. However, if surface tempera-
ture ( T%) is diagnosed as above freezing from the surface
energy balance (described later), the snowmelt (cal-
culated by setting T, = 273.16 K and using the excess
energy from the surface energy budget to melt the
snow) is allowed to enter the soil and increase soil
moisture. All of the snowmelt is allowed into the soil
when the bucket is not full.

The soil is allowed to evaporate at its potential rate
until it reaches a critical value of soil moisture, W,
assumed to be 75% of its field capacity. For soil mois-
ture values lower than W, evaporation is then given
as a fraction of its potential rate:






