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ABSTRACT

Water stored as part of the land surface is lost to evapotranspiration and runoff on different time scales,
and the partitioning between these time scales is important for modeling soil water in a climate model.
Different, time scales are imposed on evapotranspiration primarily because it is derived from different
reservoirs with different storage capacities, from the very rapid evaporation of canopy siores to the slow
removal by transpiration of rooting zone soil moisture. Runoff likewise ranges in time scale from rapid
surface terms to the slower base-flow. The longest time scale losses of water determine the slow variation
of soil moisture and hence the longer time scale effects of soil moisture on precipitation. This paper shows
with a simple analysis how shifting the partitioning of evapotranspiration between the different reservoirs
affects the variability of soil moisture and precipitation. In particular, it is concluded that a shift to
shorter time scale reservoirs shifts the variance of precipitation from that which is potentially predictable
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to unpredictable.
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1. Introduction

Land surface processes are a major element of
climate and weather prediction models. Although
they have been included in climate models for sev-
eral decades (i.e., Manabe, 1969), our understanding
of how they affect the system dynamics is still some-
what limited. They have been shown to help deter-
mine monthly mean climatologies of various thermal
and hydrological variables (e.g., Zeng et al., 2002} and
variability of soil moisture (Koster and Suarez, 2001)
and precipitation (Koster and Suarez, 1996). How-
ever, the tuning of other parameters may compensate
for their effects on monthly mean climatologies. Thus,
a more fundamental question is how they contribute
to the prediction and variability of a climate system
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model. This paper examines how soil moisture dynam-
ics and its controls on precipitation depend on the time
scales of evapotranspiration (ET) and runoff.

2. Theoretical framework

Here we examine simple models of the role of soil
moisture in a climate model to provide insights into
this question.

For this purpose we assume that the dynamics of
soil moisture in a climate model is adequately de-
scribed by an equation for conservation of water at
the surface of the form:

dw
— +FE =P 1
e +R=PF, (1)
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where W is the total water in a column of soil and
vegetation that is coupled to the atmosphere, E is the
total evapotranspiration, R is the runoff, and P is the
liquid precipitation or snowmelt. As stated, this is
quite general, especially if we assume that R contains
any further net loss of water that is not explicitly rec-
ognized in Eq. (1), e.g., water losses to groundwater.
The horizontal domain of Eq. (1) may be a point,
model grid square, or an average over some or all of
the land area.

Earlier treatments in models only included in W
the soil water accessible to roots, but current mod-
els also include storage on surfaces above the soil, e.g.,
leaves. Furthermore, they distinguish between transpi-
ration of water extracted by roots and that lost from
the near surface soil layers by evaporation. Thus, al-
though numerically the waler stored through the root
zone adequately provides W, the term E may have
contributions of comparable magnitude from the tran-
spiration, soil evaporation, and leaf evaporation terms,
and only the first of these may be strongly coupled
to 1¥. This paper argues that the implementation of
these distinctions is an important aspect of the quan-
tification of the contribution of soil moisture to model
prediction and variability.

The gist of the argument is that the different forms
of water Joss tap different components of the total wa-
ter store that have a wide range of lifetimes. The wa-
ter stored in the rooting zone is typically up to a few
tenths of a meter and changes on a time scale of weeks
to menths, depending on metecrological factors and
especially net radiation. On the other hand, the water
stored on the canopy is a fraction of a millimeter. Be-
cause this water is being lost by evaporation during a
precipitation event, the total water lost per event may
substantially exceed this total capacity and the water
so stored can dry up in less than an hour from daytime
solar heating. This canopy water storage is so short-
lived for two reasons. The canopy normally holds less
than 1% as much water as does the soil, and this water
is preferentially removed as evaporation from a rough
but wet surface. Thus, it has a removal time scale that
is two to three orders of magnitude smaller than that
of the soil moisture. Losses of water that are rapid, i.e.
on the time scale of precipitation, and from a reservoir
of small capacity, i.e., one that empties on the same
time scale as precipitation, will necessarily be highly
correlated with precipitation. However, because the
variance of the total water store is dominated by the
variance of the root zone store, the correlation between
ET and total water store will be largely the same as
the correlation between root-zone water evapotranspi-
ration. Thus, canopy evaporation will appear to affect
the rooting zone soil moisture largely as a reduction in
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the forcing of rooting zone soil moisture by the precip-
itation. Water evaporated from near surface soil layers
is of an intermediate time scale and 30 may have some
correlation with both precipitation and rooting zone
soil moisture. Runoff also occurs over a range of time
scales with the longest having the highest correlation
with soil moisture and the shortest the highest corre-
lation with precipitation.

To see the consequences of such disparities in time
scale, we introduce further assumptions regarding the
dependence of E, and R, on the total water store W,
and P on evapotranspiration, i.e.,

E =AW + E,, (2)
P=uE+ F, (3)
R=vW + Ry, (4)

where A, v account for the components of evapotran-
spiration and runoff that are correlated with scil mois-
ture, and g the correlation of precipitation with evap-
otranspiration. The terms subscripted with zeros are
uncorrelated with E or W but Ey and Ry do include
terms correlated with P. In the formulation of Man-
abe (1969), the term ) is scaled with the evaporation
from a wet surface at the same temperature divided
by some critical value W, for W less than W,. For
W larger, he assumed evaporation is the same as that
from a wet surface and hence with no dependence on
soil moisture. Various authors have since argued that
this scaling should be rather proportional to a radia-
tively defined potential evaporation (e.g., Koster and
Suarez, 1999).

Manabe set the runoff to either zero for unsatu-
rated soil or to P for saturated soil. After spatial and
temporal averaging, this may introduce a smoother
correlation of runoff with soil moisture. More recent
and more detailed models generally explicitly include
a substantial base-flow component of runoff that de-
pends on soil moisture and a short time scale compo-
nent, “the surface runofl” that is more highly corre-
lated with the precipitation than the soil moisture. In
such more elaborate models, the correlations are not
explicit, and so quantified by numerical experimenta-
tion.

Since the magnitude of such correlations will vary
with levels of soil moisture, we assume Eqgs. (2)-(4) are
applied for small perturbations about some reference
level of soil moisture. Both A and v, and their depen-
dence on soil moisture, will generally depend substan-
tially on details of parameterization and application
for any specific land surface model. It is useful to
assume that all known, i.e. predictable, factors have
been removed, e.g., the contributions of average diur-
nal and annual cycles, so that we only examine the
aperiodic random elements of the system.






