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1. INTRODUCTION

The Mesoscale Analysis and Prediction System (MAPS) is
a four-dimensional data assimilation system (implemented opera-
tionally at NCEP as the Rapid Update Cycle or RUC) running in
real time (Benjamin et al., 1997, 1998). The forecast component of
MAPS includes a multilevel soil/vegetation scheme for the predic-
tion of soil temperatures and volumetric water content (Smirnova et
al., 1997). In January of 1997 a snow physics parameterization was
added to this soil/vegetation model. This enhancement accounts for
the presence of snow on the ground and its melting and subsequent
runoff and infiltration of water into the soil (Smirnova et al., 1998).
Soil temperature, soil moisture and snow cover, as predicted by the
soil/vegetation/snow model, are carried forward from the previous
forecast to initialize the next forecast in the MAPS cycle. This con-
tinuous cycling is desirable because it allows the effects of abnor-
mally wet or dry soil conditions to positively influence forecasts of
the planetary boundary layer through surface fluxes.

However, seemingly subtle aspects of the climatology of
the soil model, and especially the climatology of hydrological cycle
components, such as soil moisture, root zone drainage, surface run-
off and snow cover, can dramatically affect atmospheric predic-
tions. Further, in the cold season the existence of frozen moisture in
soil considerably changes the processes of heat and moisture trans-
fer inside soil, and also affects all components of the hydrological
cycle. This motivated us to further improve the soil/vegetation mod-
el by searching for ways of incorporating the effects of frozen soil
physics into our soil model.

2. PARAMETERIZATION OF PROCESSES IN FROZEN
SOIL

Frozen soil plays a significant role in the hydrology of many
regions, decreasing infiltration into the soil and causing large runoff
rates from otherwise mild rainfall or snowmelt events. Significant
runoff over saturated and unprotected soils may cause extreme ero-
sion that may threaten agricultural productivity and construction
projects. The need to control runoff and erosion and to determine
sensitivity of these processes to soil properties and types of crops
and vegetation covering the ground surface has generated much at-
tention to modeling of freezing and thawing processes among hy-
drologists and soil scientists. Many methods to predict the depth and

permeability of frozen soil as a function of the interrelated proces
es of heat and moisture transfer within the soil have been develo
(Harlan,1973; Fuchs et al.,1978; Jame and Norum, 1980; Fler
inger and Saxton, 1989). Many of the models have a high degree
sophistication and accuracy in predicting soil freezing depths a
profiles of temperature, water and ice in the soil. However, the no
linearity and complexity of frozen-soil physics, particularly the cou
pling of thermal and hydrological processes, complicates the inc
sion of parameterizations of frozen soil physics into meteorologic
forecast models, especially those running operationally. We ha
therefore developed a computationally efficient and very simplifie
parameterization of processes in frozen soil for incorporation in
MAPS (Smirnova et al., 1999).

This method considers the latent heat of phase changes
soil by substituting an apparent heat capacity for the volumetric h
capacity of unfrozen soil in the heat transfer equation. The appar
heat capacity has an additional term responsible for phase chan
inside the soil that can be defined from the freezing characteris
curve for each soil type. (The freezing characteristic curve is an e
pirical relation, unique to each soil type, that prescribes as a fun
tion of temperature the fraction of total water content existing
liquid form.) The apparent heat capacity increases abruptly by s
eral orders of magnitude when ice formation begins. This happe
because the release of energy from the freezing of liquid wa
slows down the propagation of cooling into the soil. The increase
heat capacity is larger if the temperature is closer to the freez
point, and after all available water in the soil is frozen, it reduce
back to values close to the volumetric heat capacity in unfroz
soils.

Thermal conductivity at temperatures below freezing also
replaced by apparent thermal conductivity, which includes the co
tribution of latent heat of fusion. The mechanism of heat transpo
by the ice-water phase transformations is clearly described in Fu
et al. (1978): “As liquid water moves toward a colder region in th
partially frozen soil, it decreases the matric potential of the warm
soil layer which it leaves.... this lowers the freezing point temper
ture of the warmer layer and causes the melting of some ice and t
the removal of latent heat of fusion. The liquid water which pen
trates the colder layer increases the matric potential and elevates
freezing point. This leads to new ice formation and release of late
heat of fusion in the colder layer of soil.” Obviously, latent heat
transported in the same direction as sensible heat - from the wa
to the cold layers of soil. Therefore, phase changes inside soil
crease apparent thermal conductivity at temperatures close to
freezing point; this slightly reduces the damping effect of the sign
icantly larger apparent heat capacity noted above.
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The effect of ice presence in soil on water transport is also
considered by changing the formulations of hydraulic and diffu-
sional conductivities. According to experimental data (Jame and
Norum, 1980), the presence of ice in soil disrupts the established
flow paths and therefore reduces the water flow speed, and the im-
peding factor is assumed to be a function of the total ice content.
This experimental data showed that this factor may increase expo-
nentially from 1 for ice-free conditions to 1000 when volumetric ice
content is greater that 20%. The impeding factor was incorporated
into the formulations of hydraulic and diffusional conductivities
used in MAPS, and without ice in the soil they transform into the
formulations used in MAPS previously, as described in Smirnova et
al. (1997). If the volumetric ice content in a layer of soil is higher
than the porosity minus some threshold value (set equal to 0.13),
there is no flow of liquid water in this layer. If this layer is the top
one, the liquid water provided by snow melting or rain cannot infil-
trate into the soil and is then forced to go into the surface runoff.

3. ONE-DIMENSIONAL EXPERIMENTS

3.1 Effect of frozen soil physics on soil parameter profiles

The MAPS frozen-soil physics parameterization was first
tested off-line in a one-dimensional (1-D) setting before incorpora-
tion into the MAPS/RUC forecast scheme. The goal here is to test if
our significantly simplified parameterization is still able to simulate
the main feature of the freezing or melting processes inside soil, and
to see if it could provide improvements in the evolution of hydro-
logical components, such as soil moisture and snow depth, in the
continuous cycling of these variables in MAPS.

Figure 1. Profiles of apparent heat capacity simulated by MAPS 1-D
land-surface models, 15 April 1981, Valdai, Russia.

The dataset most suitable for this 1-D testing was from an
observation site at Valdai, which is located in a climatic zone of
Russia with significant seasonal variations and persistent snow cov-
er from November until April. This dataset includes continuous at-
mospheric forcing data for 18 years. The Valdai dataset has been
used for the most recent phase of the ongoing, internationally based
Project for Intercomparison of Land-surface Parameterization
Schemes (PILPS) phase 2d which focused attention on the process-
es of the cold season, considered to be of great importance for glo-

bal climate simulations (Schlosser et al., 1998). The MAPS 1-
model participated in the PILPS phase 2d intercomparison, alo
with many other 1-D land-surface process models.

The MAPS results from the Valdai experiment demonstra
reasonable performance of frozen soil physics parameterization
its significant impact on the hydrological regime of the Valda
catchment during the cold season, and, in particular, in spring a
fall when thawing and freezing of the soil moisture occur.

Figure 1 demonstrates the comparison of apparent heat
pacity profiles with and without frozen soil physics parameteriz
tion when multiple melted and frozen layers were present, typic
for spring meltout in the Valdai catchment. Within the melted laye
the values of the apparent heat capacity are very close to each o
in both versions of MAPS. However, below the freezing point th
two versions of MAPS are quite different, and in the MAPS versio
with parameterization of frozen soil physics apparent heat capac
increases abruptly by one order of magnitude, which is an obvio
improvement in representing soil properties when ice formation b
gins.

Figure 2. Apparent heat capacity as a function of temperature, 9
16 April 1966, Valdai, Russia.

If we look at apparent heat capacity as a function of tempe
ature (Fig. 2), we can define the range of temperatures over wh
the energy of the water phase changes is important. For tempe
tures above freezing, apparent heat capacity is temperature-in
pendent and the same with both versions of MAPS. At belo
freezing temperatures there is an interval from 0oC to -2oC when the
apparent heat capacity is dominated by the latent heat convers
term. The increase of heat capacity is greater if the temperatur
closer to 0oC, when the fraction of water in the liquid phase is high
In this range the heat capacity depends on the soil temperature o
Below -2oC it decreases to values close to those without frozen s
physics parameterization. Here heat capacity depends again on
soil type and the amount of water and ice in the soil. Thus, the fun
tional form of the apparent heat capacity determines a well-defin
freezing-thawing zone within the soil profile. In this zone large va
ues of apparent heat capacity significantly slow downward propa
tion of, for example, the diurnal temperature wave compared to t
situation with unfrozen soil.

The dependency of apparent thermal conductivity on th
soil temperature (Fig. 3) reveals similar features as apparent hea
pacity. When temperatures fall below zero, thermal conductivity i
creases due to additional transport of latent heat inside the freez
soil, but this occurs over a narrower range of soil temperatures. T
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most abrupt increase of thermal conductivity happens between 0oC
and -0.5oC. In this subzone the damping effect from increased heat
capacity is partially compensated for by the increased thermal con-
ductivity, so that cooling or heating of soil occurs at a rate higher
than predicted from apparent heat capacity only. Therefore, it is im-
portant to consider the latent heat of fusion contribution to both soil
parameters, especially for regions having frequent freezing-thawing
cycles.

The results from the MAPS frozen soil physics parameter-
ization are consistent with the experimental data described, for ex-
ample, in Fuchs et al. (1978). They also indicate that the
parameterization implemented in MAPS is able to capture the main
features of freezing processes inside soil in the Valdai experiment.

Figure 3. Apparent thermal conductivity as a function of temperature,
9-16 April 1966, Valdai, Russia.

Figure 4. Observed and MAPS simulations of freezing depth in soil
(cm) for Tulun, Russia, 1978-1983.

3.2 Simulation of freezing depth

Additional testing of the MAPS frozen soil model has been
conducted using the data from six stations located in the different
climatic regions of the former Soviet Union. These data, provided
by Adam Schlosser (pers. comm.) and described by Robock et al.
(1995), contain information about the freezing depth on the sites

over a 6-year period. This is very useful for verification of the sim
ulated rate of temperature-wave propagation in freezing soil.T
model freezing depth is determined by linear interpolation of tem
perature between the levels to find the depth of the 0oC isotherm.
The deepest level at which temperature turns from below freez
to above freezing is considered to be the freezing depth in the m
el. It is defined with less accuracy if located in the deeper layers
soil domain due to low vertical resolution of the model and also du
to larger effect of uncertainty of the definition of the bottom so
temperature. However, even this crude estimate of the freez
depth is informative in regard to the performance of the frozen s
physics algorithm.

It is of interest to consider the performance of the froze
soil model in a moist climate with persistently cold winters (for ex
ample, Tulun, Russia), and in a dry climate with frequent freezin
thawing cycles in winter (for example, Uralsk, Kazakhstan). In th
first case, the contribution of the latent heat conversion term into t
rate of temperature wave propagation may be significant becaus
the large amount of water to be frozen. In the second, the effects
frozen soil physics also should be important because the soil is s
jected more often to the dynamics of freezing and thawing.

A comparison of simulated freezing depths provided by th
two versions of MAPS against observations for Tulun is present
in Fig.4. The disregard of thermodynamical processes in the fre
ing soil significantly overestimates the cooling of deep soil layers
the soil is frozen up to 2.5 m against 1.3-1.8 m in reality, and th
variations between the years are negligible. The implementation
frozen soil physics improves performance. The slowing of th
downward propagation of the temperature wave due to latent h
conversions in the fall makes the slope of freezing depth curve cl
er to the observed. The depth of freezing wave penetration is
duced to more realistic values, and simulated interannual a
intraannual variability is well correlated with the observations. Sim
ilar features are noted in Uralsk, Kazakhstan, with dryer and war
er winters (Fig. 5). In both cases the incorporation of frozen so
physics appears to be very important.

Figure 5. Observed and MAPS simulations of freezing depth in soil
(cm) for Uralsk, Kazakhstan, 1978-1983.

Experiments were also conducted for four other station
and, overall, the model with frozen soil physics demonstrated im
proved performance, although the potential for improvements d
pends on the amount of stored water in the soil and also on
winter thermal regime.
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3.3 Effect of frozen soil physics on the long-term averages of
hydrological cycle components

The performance of the frozen soil physics parameteriza-
tion in MAPS is also studied from a climatological viewpoint for the
Valdai 18-year PILPS 2d period. The annual cycles over this period
are averaged for different variables. The soil moisture in the top 1-
m layer averaged over the 18-year period (Fig. 6) verifies fairly well
against observations, demonstrating moist conditions from October
until April and drying out in the summer. The soil moisture simula-
tion in winter is less accurate than in the warm season if hydraulic
properties take no account of frozen soil. The spring maximum as-
sociated with the snow melting process is reflected in both versions
of MAPS, but it is more realistic with frozen soil physics because of
the reduced capability to infiltrate melted water into the still frozen
soil. Due to a surface runoff increase, the total runoff is higher with
frozen soil physics when melting of snow occurs. The surface runoff
in midwinter is quite small, and the underestimated storage of water
in the top meter of soil is explained by the higher drainage of soil
water through the lower boundary without frozen soil physics.
However, when temperatures rise above the freezing point in late
spring, this deficiency is offset fairly quickly by the overestimated
amount of infiltrated water from snow melt, and the two models
both perform with sufficiently good accuracy (Fig. 6).

Figure 6. Annual variation of soil moisture content in the top 1-m
layer in MAPS simulations over an 18-year period for
Valdai, Russia.

4. CONCLUDING REMARKS

An off-line one-dimensional testing of the MAPS soil/
snow/vegetation scheme with a parameterization of frozen soil
physics and a full energy budget has been undertaken on the data
from several Russian stations. The model has demonstrated good
performance in capturing the main features of the thermodynamical
processes when the ice formation in soil begins. The improvements
in representing properties of the freezing soil are the most signifi-
cant in climate simulations for stations located in the areas of moist
climates or in the areas where the soil experiences frequent freezing
and thawing. The climatology of hydrological cycle components is
affected by the soil processes in the cold season and especially dur-
ing the transition period from the cold to warm season. Spring sur-
face runoff and water storage in soil in the winter may be simulated
with better accuracy by reducing the hydraulic conductivity of soils
containing ice. Further improvement of the model results may be

achieved by more accurate estimation of the frozen water amoun
soil layer, which is currently diagnosed from the freezing characte
istic curve using the temperature of the soil layer obtained from t
previous time step.
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