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ABSTRACT

Anatmospheric general circulation model with prescribed sea surface temperature and cloudiness wasintegrated
for 50 years in order to study atmosphere-land surface interactions, The temparal variability of model soil
moisture and precipitation have been studied in an effort to understand the interactions of these variables with
other components of the climate system.

Temporal variability analysis has shown that the spectra of monthly mean precipitation over land are close
to white at all latitudes, with total variance decreasing poleward. In contrast, the spectra of soil moisture are
red, and become more red with increasing latitude. As a measure of this redness, half of the total variance of a
composite tropical soil moisture spectrum occurs at periods longer than nine months, while at high latitudes,
half of the total variance of a composite soil moisture spectrum occurs at periods longer than 22 months. The
spectra of soil moisture also exhibit marked longitudinal variations.

These spectral results may be viewed in the light of stochastic theory. The formulation of the GFDL soil
moisture parameterization is mathematically similar to a stochastic process. According to this model, forcing
of a system by an input white noise variable (precipitation) will yield an output variable (soil moisture) with a
red spectrum, the redness of which is controlled by a damping term (potential evaporation). Thus, the increasingly
red nature of the soil moisture spectra at higher latitudes is a resuit of declining potential evaporation values at
higher latitudes. Physically, soil moisture excesses are dissipated more slowly at high latitudes where the energy
available for evaporation is small.

Some of the longitudinal variations in soil moisture spectra result from longitudinal variations in potential
evaporation, while others are explicable in terms of the value of the ratio of potential evaporation to precipitation.
Regions where this value is less than one are characaterized by frequent runoff and short time scales of soil
moisture variability. By preventing excessive positive anomalies of soil moisture, the runoff process hastens the
return of soil moisture values to their mean state, thereby shortening soil moisture time scales.

Through the use of a second GCM integration with prescribed soil moisture, it was shown that interactive
soil moisture may substantially increase summer surface air temperature variability. Soil moisture interacts with
the atmosphere primarily through the surface energy balance. The degree of soil saturation strongly influences
the partitioning of outgoing energy from the surface between the latent and sensible heat fluxes. Interactive soil
moisture allows larger variations of these fluxes, thereby increasing the variance of surface air temperature.
Because the flux of latent heat is directly proportional to potential evaporation under conditions of sufficient
moisture, the influence of soil moisture on the atmosphere is greatest when the potential evaporation value is
large. This occurs most frequently in the tropics and summer hemisphere extratropics.
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1. Introduction

The low frequency nature of soil wetness variability
has been recognized for some time. Namias (1958,
1963), in studies of persistence of atmospheric circu-
lation, noted that seasonal anomalies of soil wetness
could have an impact on the seasonal cycle of the at-
mosphere. Subsequent studies of soil wetness, fre-
quently utilizing general circulation models (GCMs),
have examined the interactions between persistent
anomalous soil wetness conditions and the atmosphere.
* Shukla and Mintz (1982) have shown the tremen-
dous influence that persistent anomalies of soil wetness

Corresponding author address: Thomas Delworth, GFDL/NOAA,
Princeton University, Princeton, NJ 08542,

have on the climate of a GCM, especially in the tropics
and summer hemisphere extratropics. The most pro-
nounced effects are on surface air temperature, surface
pressure and precipitation. They also reported that time
varying soil wetness has an influence on the annual
cycle of the atmosphere. “In the extratropics, with its
large seasonal changes, the soil plays a role analogous
to that of the ocean. The ocean stores some of the ra-
diational energy it receives in summer and uses it to
heat the atmosphere over the ocean in winter. The soil
stores some of the precipitation it receives in winter
and uses it to humidify the atmosphere in summer.”
Walker and Rowntree (1977) and Rowntree and
Bolton (1983) performed model studies over Africa and
Europe respectively. Their results demonstrated not
only the time mean effect of persistent soil wetness
anomalies on the atmosphere, but also showed that the
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atmosphere may respond to these anomalies in such a
way as to perpetuate the initial soil wetness anomalies.
The time scale for such persistence appears to be at

- least on the order of weeks.

- Rind (1982) examined the importance of soil wetness
anomalies for summertime model predictability over
North America. Given an early summer anomaly of
soil wetness over the entire United States, he found
the subsequent summer model conditions to be statis-
tically different from a control run. He concluded that
“. . . a knowledge of the ground moisture at the be-
ginning of summer might allow for improved summer
temperature forecasts, . . .”

Yeh et al. (1984), using a model with idealized ge-
ography, also discussed the atmospheric response to
initially prescribed soil wetness anomalies. In addition
to describing a feedback process that may have helped
to prolong the initial soil wetness anomalies, they noted
that the persistence of soil wetness anomalies depends
significantly upon the latitude.

Gordon and Hunt (1987) were among the first to
explicitly study the variability of soil moisture com-
puted in an atmospheric model. Their results illustrate
some of the scales of variability inherent in model-
computed soil moisture. In particular, they found that
in their model with a prescribed seasonal cycle of sea
surface temperatures, droughts occurred on an inter-
annual time scale.

While most of these studies have focused on the at-
mospheric effects of initially prescribed soil wetness
anomalies and their ability to sustain themselves
through feedback processes, our work explicitly studies
the temporal variability of model computed interactive
soil wetness, and attempts to identify the physical
mechanisms controlling the time scales of that vari-
ability. We also examine the contributions that soil
wetness temporal variability makes to model-computed
atmospheric variability in the form of summer surface
air temperatures. Our approach is to analyze the output
from two long term GCM integrations (one with, and
another without land surface-atmosphere interactions)
in order to identify the relevant physical mechanisms.
The lengths of these two integrations are 50 and 25
years, respectively. Although the soil wetness param-
eterization employed in the GCM is very simple, we
feel that it includes the fundamental hydrological
mechanisms of importance, and is thus adequate to
identify the physical mechanisms controlling soil wet-
ness temporal variability. In addition, its very simplicity
enables a clearer identification and understanding of
those mechanisms. We have also used a zero-dimen-
sional model to more explicitly investigate the mech-
anisms of soil wetness temporal variability. The tem-
poral variability characteristics of another GCM soil
wetness parameterization are discussed in appendix B
in order to assess the generality of our results.

Some of the framework for our study is derived from
the work of Hasselmann (1976) and Frankignoul and
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Hasselmann (1977). Their work has shown that . . .
large-scale, long-time sea surface temperature anom-
alies may be explained naturally as the response of the
oceanic surface layer to short time-scale atmospheric
forcing. The white-noise spectrum of the atmospheric
input produces a red response spectrum, with most of
the variance concentrated in very long periods.” The
ocean surface layer acts as an integrator of the white
noise atmospheric forcing. The sea surface temperature
anomalies are in turn damped by fluxes of latent heat,
sensible heat and radiation. This process may be ap-
proximated by a first-order Markov model. _
We shall attempt to make the analogy that anomalies
in soil moisture are the response of the soil layer to
short time-scale rainfall forcing. We shall show that
the white-noise spectrum of the rainfall plus snowmelt
input produces a red response spectrum of soil mois-
ture, with most of the variance concentrated in very
long periods. The soil acts as an integrator of the white-

- noise rainfall plus snowmelt forcing, Soil moisture

anomalies are in turn damped by evaporation. GCM-
computed soil wetness temporal variability may thus
be viewed as a first-order Markov process (red noise),
forced by rainfall plus snowmelt and damped by evap-
oration. The spectral properties of this red-noise process
may then be related to the geographically varying cli-
matic parameters of potential evaporation and rainfall.

It is important to understand the mechanisms of
low frequency soil wetness variability because of the
aforementioned impact of soil wetness anomalies on
climate. The primary effect of soil wetness anomalies
is on the surface heat balance. The outgoing surface
heat flux is partitioned into latent and sensible heat
fluxes. Anomalous soil wetness conditions change this
partitioning, and can have a substantial influence on
low level atmospheric temperature and moisture con-
tent. These soil wetness anomalies, if of sufficient mag-
nitude, duration, and spatial coherence, can have major
impacts on climate and climatic variability. An un-
derstanding of low frequency soil wetness variability
may lead to a better knowledge of low frequency at-
mospheric variability.

2. Model
a. Model structure

The model used is similar to models used in previous
GFDL climate studies, with the exception of the com-
putation of the atmospheric moisture field. This pro-
cedure will be discussed later. A further description of
the other components of the model may be found in
Manabe and Hahn (1981), or Manabe et al. (1979).
The version of the model employed for this study con-
sists of two parts: (i) a general circulation model of the
atmosphere, and (ii) a heat and water balance over the
continents. Seasonally varying sea ice and sea surface
temperature fields are prescribed at all ocean grid points
based on observed monthly mean fields.
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The atmospheric general circulation model is very
similar to that described by Manabe and Hahn (1981).
The spectral computations employed the “rhomboidal
15” wavenumber truncation, in which 15 associated
Legendre functions are retained for each of 15 Fourier
components with the lowest zonal wavenumbers. Ver-
tical derivatives appearing in the prognostic equations
are computed by a centered, second-order finite dif-
ference with nine unevenly spaced levels.

The spectrally truncated representation of any field
contains errors relative to the true field. These errors
are amplified for fields, such as atmospheric moisture,
which have small spatial scales. The spectral truncation
of the field of atmospheric moisture often results in
fictitious supersaturation and negative mixing ratios of
water vapor. Because of these difficulties, a finite dif-
ference scheme was employed for atmospheric mois-
ture, the details of which are discussed in appendix A.
It was found that utilization of the finite difference
scheme substantially mitigated the aforementioned dif-
ficulties.

Precipitation is predicted whenever supersaturation
occurs in the model. This supersaturation can be the
result of either large scale condensation or convective
adjustment (see Manabe et al. 1965 for details of the
convective adjustment scheme). If precipitation occurs
while the air temperature just above the surface is below
freezing, snowfall is forecast; otherwise, any precipi-
tation is assumed to fall as rain.

The distribution of incoming solar radiation at the
top of the atmosphere is prescribed; the diurnal cycle
is omitted. The mixing ratio of carbon dioxide is as-
sumed to be constant everywhere, whereas ozone is
specified as a function of latitude, height and season.
Cloud cover is prescribed to be zonally uniform and
invariant with respect to season.

Over the continents surface temperature is deter-
mined such that no heat is stored in the soil. A balance
is achieved among net incoming solar radiation, net
outgoing longwave radiation, the sensible heat flux and
the latent heat flux. The partitioning of energy among
these components is controlled by soil wetness and low
level atmospheric variables.

A snow budget is computed at the surface in which
a change of snow depth is predicted as the net contri-
butions from snowfall, sublimation, and snowmelt,
with the latter two determined from the surface heat
budget. Further details of the prognostic system of wa-
ter vapor are found in Manabe et al. (1965).

The groundwater budget is computed by the “bucket
method.” The soil is assumed to have a water-holding
capacity of 15 cm. If the computed soil moisture ex-
ceeds this amount, the excess is assumed to run off.
Changes in soil moisture are computed from the rates
of rainfall, evaporation, snowmelt, and runoff. Evap-
oration from the soil is determined as a function of
soil wetness and the potential evaporation rate. Spe-
cifically, the parameterization is
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) _ —E,f] (l"_@) + rainfall + snowmelt — runoff
dt WEc
(1)
where
w(t) soil moisture (cm)
wee field capacity (=15 cm)
E, potential evaporation (cm d™')
E, = —pCp|¥slas ~ au(T¥)] @)
where
p the density of the air (g cm™>)
Cp the drag coefficient
Vo the wind speed at the lowest model level
ds the mixing ratio at the lowest model level
gs(T,) the saturation mixing ratio for the ground
‘ surface temperature
T, the ground surface temperature
w(t) .
——— if w<0,75w
f(.v_v_Q) = (0.75W1-c) Fe . (3)
Wre 1 if w> 0.75wec

From an isothermal atmosphere at rest the model
was integrated for several years to reach a state of sta-
tistical equilibrium within the context of a seasonal
model. From that point, a 50-year integration was per-
formed. Analysis of the output of that 50-year run was
performed on monthly mean data unless otherwise
noted.

b. Simulation capability

To develop an appreciation of the model’s ability to
simulate the large scale features of hydrology, the model
computed and observed Northern Hemisphere winter
and summer mean maps of precipitation are presented
in Figs. 1 and 2 respectively. For the Northern Hemi-
sphere winter, continental precipitation is somewhat
excessive over central and northern North America and
southern Asia, while in fair agreement with observa-
tions elsewhere. The intertropical convergence zone
(ITCZ) is not as sharply defined as in the observations,
particularly over the eastern Pacific. The simulation is
not as accurate for the Northern Hemisphere summer.
Model precipitation exceeds observed values over the
Arctic, northeastern Siberia and southeastern Africa.
The Indian monsoon is not well simulated. Most of
the Indian subcontinent is too wet, while the maximum
in the observed precipitation data to the north of the
Bay of Bengal is too intense in the model data. The
ITCZ in Africa is too broad, extending into what should
be the Saharan desert.

Model computed fields of summer and winter mean
soil moisture are shown in Fig. 3. The soil moisture
values are expressed as a fraction of field capacity (sat-
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uration) to more readily permit comparison to schemes
with different field capacities. It is somewhat difficult
to assess the simulation of the large scale distribution
of soil wetness when this field has not been observed
in nature. However, we can examine whether the pat-
terns of computed soil moisture values are consistent
with our perception of the global distribution of wetness
at continental surfaces.

For the Northern Hemisphere summer, the soil wet-
ness simulation is reasonable at most locations. The
problems discussed earlier in connection with the sim-
ulation of the precipitation fields are also present in

the soil wetness simulations. In particular, the moist .

zone in central Africa extends too far north in the sum-
mer, as does the Asian monsoon region. Over North
and South America the computed soil wetness appears
to be in at least qualitative agreement with observed
precipitation.

The soil tends to be wetter in the Northern Hemi-
sphere winter than in summer, and is nearly saturated
over Europe, the eastern portion of Eurasia and most

of North America. In both winter and summer seasons,

the simulated values of soil moisture are low over most

180°
FIG. 1. Mean precipitation rates for December-February. Units are cm d™'. Densely stippled
areas represent precipitation rates greater than 0.5 cm d~/, while lightly stippled areas represent

precipitation rates of less than 0.1 cm d~'. Both maps are smoothed. (Top) Model computed
(smoothed with a nine point filter) and (bottom) observed, from Jaeger (1976).

120°W 60°W

of the arid regions of the world, i.e., the Sahara, Gobi,
Kalahari and Patagonian deserts, as well as most of
Australia. ‘

The annual mean values of runoff, both model-
computed and observed, are shown in Fig. 4. There is
good agreement globally between the two fields. The
observed maxima over -southeast Asia and northern
South America are reproduced in the model, as are the
minima over northern Africa, central Asia, Australia
and southwestern North America. There appears to be
an excess of runoff relative to the observations in the
region immediately to the east of the Himalayas.

3. Spectral results

We first use spectral analysis to describe the temporal
variability of model computed soil moisture. Anomaly
time series of monthly mean soil moisture were com-
puted at each grid point by subtracting the appropriate
ensemble monthly mean soil moisture values from the
individual monthly mean soil moisture values. The
same procedure was performed for precipitation, de-
fined as rainfall plus snowfall (hereafter denoted by
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FIG. 2. As in Fig. 1 but for June-August.

RSNF) as well as for the time series of rainfall plus
snowmelt (hereafter denoted by RSNM). This RSNM
time series may be viewed as the actual forcing term
of the soil wetness parameterization, as seen in (1).
Spectral analysis was performed on these time series
at each grid point. The spectra were normalized by
their respective total variances, thereby allowing spectra
from different regions to be composited without the
spectra from regions of high variance overwhelming
the spectra from regions of low variance. The soil
moisture, RSNF and RSNM spectra were then zonally
averaged over all land points. Based on similarities of
spectral shape, mean precipitation values, and soil
moisture values, the Northern Hemisphere zonally av-
eraged spectra were further composited into four broad
bands defined in Table 1. These band averaged spectra,
representative of the large scale latitudinal variations
of spectral shape, are shown in Fig. 5.

The most basic feature of the soil moisture spectra
is their resemblance to red noise. In contrast, the RSNF
and RSNM spectra bear a resemblance to white noise.
Further, the “redness” of the soil moisture spectra in-
creases with latitude, while there is little variation with
latitude in the RSNF or RSNM spectra (although there
is a slight suggestion of redder spectra in the subtropical

and midlatitude bands). One interesting point in the
high latitude spectra is the difference between the RSNF
and the RSNM spectra. Because snowmelt is concen-
trated in a two to three month period in the spring,
the RSNM spectrum possesses relatively more variance
at higher frequencies than the RSNF spectrum.

A very prominent feature is the long time scale as-
sociated with all the soil moisture spectra. Large
amounts of variance are located at periods of one year
or more, suggesting that soil moisture may play a role
in low frequency atmospheric variability. With this
possibility, it is desirable to understand the mechanisms
by which this low frequency soil moisture variability
is generated and to assess its contribution to the overall
climatic spectrum,

4. Stochastic model theory

Based on the spectra discussed in the previous sec-
tion, one might speculate that the temporal variability
of soil moisture may be governed by a process similar
to red noise. Such an argument will be made in this
section. In order to do so, a brief review of the basic
formulations of a red noise process is needed. These
ideas may then be used to interpret the GCM results.






