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A parameterization of snowpack and frozen ground intended

for NCEP weather and climate models
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Abstract.

Extensions to the land surface scheme (LSS) in the National Centers for

Environmental Prediction, regional, coupled, land-atmosphere weather prediction model,
known as the mesoscale Eta model, are proposed and tested off-line in uncoupled mode
to account for seasonal freezing and thawing of soils and snow-accumulation—ablation
processes. An original model assumption that there is no significant heat transfer during
redistribution of liquid water was relaxed by including a source/sink term in the heat
transfer equation to account for latent heat during phase transitions of soil moisture. The
parameterization uses the layer-integrated form of heat and water diffusion equations
adopted by the original Eta-LSS. Therefore it simulates the total ice content of each
selected soil layer. Infiltration reduction under frozen ground conditions was estimated by
probabilistic averaging of spatially variable ice content of the soil profile. Off-line
uncoupled tests of the new and original Eta-LSS were performed using experimental data
from Rosemount, Minnesota. Simulated soil temperature and unfrozen water content
matched observed data reasonably well. Neglecting frozen ground processes leads to
significant underestimation/overestimation of soil temperature during soil freezing/thawing
periods and underestimates total soil moisture content after extensive periods of soil freezing.

1. Introduction

Winter season processes significantly influence water and
heat fluxes between the atmospheric boundary layer and the
.:ad surface in both the real world and in the coupled land-
atmosphere models. There is empirical evidence that thermo-
dynamic effects of variable snow cover over North America
alter temperature anomalies and precipitation patterns over
the contiguous United States [Namias, 1985} and that changes
in snow cover over Eurasia affect the monsoon strength [Bar-
nett et al., 1989]. From a climate model study, Yeh er al. [1983]
found that fast removal of snow cover can produce a hydro-
logical climatic effect that can last as long as 4-5 months.
Frozen ground and snow cover also influence rainfall-runoff
cartitioning, the timing of spring runoff, and the amount of soil
inoisture that subsequently is available for evapotranspiration
in spring and summer. Nearly impermeable soil layers can
develop because soil may freeze during winter and spring sea-
sons. Finally, on shorter timescales, frozen ground and snow
cover can strongly influence the diurnal surface heat fluxes on
daily timescales, thereby affecting the near-surface atmo-
spheric temperature forecasts in numerical weather prediction
(NWP) models. This present work was partly motivated by a
systematic midday near-surface cold bias over a shallow melt-
ing snowpack in the coupled Eta NWP model: a bias arising
from a lack of subgrid “patchiness” treatment for the shallow
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snow which acts to suppress skin temperature and upward
surface heat flux. Such a low-level temperature bias can, for
example, adversely effect the outlook for precipitation type
(rain, freezing rain, sleet, snow).

Some effects of winter season surface processes on runoff
and land surface temperature can be seen from the following
two examples: Figure I illustrates the effect of frozen soil on
precipitation-runoff partitioning during flood events on the
Root River basin, Minnesota, where frozen soil depth can be
as much as 2 m. The same precipitation amount when the soil
is frozen in winter and spring produces much more runoff than
when the soil is not frozen. As shown in the figure, antecedent
soil moisture conditions alone cannot explain these differ-
ences. Observations from the Rosemount site of the Minne-
sota Agricultural Experimental Station [Spaans and Baker,
1996] in Figure 2 show ¢hat upper layer soil temperatures vary
differently when air temperature is above freezing than when
below freezing. There is a strong correlation when air temper-
atures are above freezing but little correlation when there is
frozen soil or snow cover.

There has been much theoretical and field investigation of
cold season processes at small plot scales [e.g., Anderson, 1976,
Kane and Stein, 1983; Motovilov, 1986; Lunardini, 1988; Levine
and Knoz, 1997]. Unfortunately, field experiments historically
have been limited to the plot scale and have not produced
information about spatial variability that is needed to apply
basic physical models appropriate at the plot scale to large
spatial scales where spatial heterogeneity of these processes
must be considered. Much of the past large-scale research has
not treated this heterogeneity explicitly and has produced very
simple, conceptual parameterizations of the snow cover and
frozen ground [e.g., Anderson, 1973; Bergstrom, 1975; De-
Gaetano et al., 1996].

The high sensitivity of weather and climate systems to winter
and summer land surface forcing has created a recent interest
in upgrading the cold and warm season land surface param-
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Figure 1. Precipitation-runoff relationship during periods
when soil is estimated to be frozen or unfrozen. Points are
labeled with soil moisture depth in millimeters.

eterizations of atmospheric models [Verseghy, 1991; Dickinson
et al., 1993; Marshall et al., 1994; Lynch-Stieglitz, 1995; Foster et
al., 1996]. A high priority objective of the Global Water and
Energy Experiment (GEWEX) Continental-Scale Interna-
tional Project (GCIP) is to improve the representation of cold
season processes in climate and weather models [Leese, 1997).
Achieving this objective is difficult because it is not possible to
make all of the detailed measurements that ideally would be
needed to explicitly validate all of the assumptions required to
account for the large-scale effects of heterogeneity in the basic
physical processes. The National Centers for Environmental
Prediction (NCEP) (formerly the National Meteorological
Center) develops and executes a suite of regional and global
weather prediction models (1-14 days) and climate prediction
models (1-12 months), as summarized by McPherson [1994].
The weather prediction models, such as the regional Eta model
[Black, 1994}, represent coupled land-atmosphere physical sys-
tems that include soil moisture/temperature and snowpack as
predicted state variables. The climate prediction models [Ming
et al., 1994] additionally include a coupled ocean component
that predicts sea surface temperature. In collaboration with the
GCIP community, the Office of Hydrology and NCEP are
jointly pursuing improvements to the NCEP LSS. Such im-
provements are first tested off-line in an uncoupled mode, such
as in the present study, then implemented in the regional
coupled Eta model, followed by implementation in the global
models.

The objectives of the present off-line uncoupled study are
(1) to improve the Eta-LSS by considering snow and frozen
ground processes not included in the existing LSS as well as the
spatial variability of these processes and (2) to begin to close
the gap between model development and validation by testing
the new parameterization using data from a plot scale field
experiment at Rosemount, Minnesota. Additional tests at
larger spatial scales are planned for the future using PILPS
phase 2d forcing data from Valday Russia [Schlosser et al.,
1997] and for a number of natural river basins in the Upper
Mississippi basin.
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2. Snow-Frozen Ground Parameterization
Development

This study presents extensions of the Eta-LSS that include
the effects of frozen ground, patchy snow cover, and temporal/
spatial variability in snow properties. These extensions were
developed so that the added physical complexity and soil pro-
file treatment are compatible with general complexity and con-
figuration of the present Eta model. Accordingly, a physically
based parameterization of frozen ground and a more realistic
snow accumulation-ablation scheme were introduced. An orig-
inal model assumption that there is no significant heat transfer
during redistribution of liquid water between soil layers was
relaxed by including a source/sink term in the heat transfer
equation to account for the latent heat during phase transitions
of soil moisture.

2.1. Original Eta Model Land-Surface Parameterization

The Eta-LSS [Chen et al., 1997, Appendix B] employs the
National Weather Service (NWS) National Centers for Envi-
ronmental Prediction (NCEP) and Office of Hydrology (OH)
extensions to the multilayer OSU (Oregon State University)
soil/vegetation scheme [Pan and Mahr, 1987; Ek and Mahn,
1991]. It couples the Penman potential evaporation approach
of Mahrt and Ek [1984), the multilayer soil model of Mahrt and
Pan [1984], the canopy resistance-based model of Ek and
Mahrt [1991], and the surface runoff component from the SWB
model [Schaake et al., 1996).

The surface energy and water budgets are computed for a
single unified ground-vegetation surface. Soil moisture and
heat fluxes are simulated separately at each time step, assum-
ing no significant heat transfer during redistribution of liquid
water {Taylor and Luthin, 1976). The existing parameterization
does not account for the latent heat of soil moisture phase
transitions, assuming instead that water is liquid at any tem-
perature. Ground heat flux is controlled by the diffusion equa-
tion for soil temperature T [Chen et al., 1996]
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Figure 2. Soil-air temperature relationship at the Rose-
mount site. L
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where the volumetric heat capacity C and the thermal conduc-
tivity K are formulated as functions of volumetric soil moisture
content 6. Equation (1) does not include latent heat flux of
evaporation explicitly. Rather, it is accounted for by the upper
boundary condition of ground-vegetation surface skin temper-
ature, obtained via the surface energy balance equation that
iucludes latent heat of evaporation. Soil temperature at the
iswer boundary (usually at 3 m depth) is assumed to be con-
stant at the long-term mean annual air temperature.

The diffusive form of Richard’s equation is used to predict
volumetric soil moisture content:

30 8 38 2
== EE[D(G) 3 KW(G)} + F,(6) (2)

where the soil water diffusivity D and hydraulic conductivity
K., are functions of volumetric soil moisture content, and the
source/sink of soil water F,, represents effects of infiltration

+d evaporation. Water diffusivity is given by D(8) =
~,,(8)[8W¥/96], wherein ¥ is the soil water potential. Camp-

beil’s [1974] approximations for K, and W, as given by,

K. (0) = K,(0,)(6/6,)%°% and ¥ = W (6/6,)7°, were
used in the parameterization. Saturated volumetric water con-
tent 6., hydraulic conductivity K,,(6,), water potential ¥, and
parameter b are estimated on the basis of field measurements
of soil properties if available, or on the basis of empirical
values dependent on soil classification [Cosby et al., 1984].

Evaporation from the ground-vegetation surface is the sum
of the direct evaporation E, from the top soil layer, evapora-

on of precipitation intercepted by the canopy £, and tran-
.piration E,. Direct evaporation from the first soil layer is
given by the so-called liner “Beta” method [Mahfouf and No-
ilhan, 1991}, namely E 4, = B*E,, where B is the fraction of
soil moisture relative to an upper limit moist reference value
such as field capacity. An application of this formulation to the
NCEP Eta model is described by Betts et al. [1997]. A formu-
lation similar to Jacquemin and Noilthan [1990} is used for the
wet canopy evaporation E . Transpiration £, is assumed to be
proportional to the potential evaporation and inversely related
t0 canopy resistance. Jarvis [1976] parameterization of the can-

oy resistance is used. The green vegetation fraction [Gutman

«nd Ignatov, 1998] acts as a weighting factor among the three
components. Total evaporation and its components are
bounded by the potential evaporation from a Penman-based
energy balance approach [Mahrt and Ek, 1984].

The layer-integrated forms of (1) and (2) are solved using
the implicit Crank-Nicholson scheme [Pan and Mahr, 1987].
Solutions to (1) and (2) are assumed to represent soil temper-
ature and soil moisture values located at the middle point of
each soil layer. Although two—four layers that extend at least
over the root zone have been used in different applications,
~ore layers could be easily accommodated.

The boundary condition of water input at the top layer is the
excess precipitation after canopy abstraction plus snowmelt P,
less surface runoff R,, and direct evaporation £, and transpi-
ration from the top soil layer E, . The SWB formulation
[Schaake et al., 1996] is used to specify surface runoff. Losses
due to transpiration are the only source/sink term of other root
zone layers. It is assumed that the total transpiration E, is
partitioned between root zone layers according to the layer

weights x;, = Az,/z,, where Az, is the depth of ith layer and z,
is the total rooting depth. “Gravitational” percolation K., (8, )
is the lower boundary condition. There is no water diffusion at
the lower boundary. A more detailed description of the Eta-
LSS is given by Chen et al. [1996].

Snow accumulation/ablation parameterization of the origi-
nal Eta model [Chen et al., 1996] is based on the energy and

mass balance of the snowpack:

aw,
E—»P,—MS—E (3)
1
M, = Z (Q:w + Qlw - er - Q:n - Qg) (4)

where W, is the snow water equivalent, P, is precipitation in
the form of snow, M is the snowmelt rate, £ is the snow
evaporation, (,,, is net solar radiation, Q,, is net longwave
radiation, Q,, is the latent heat flux, Q,,, is the sensible heat
flux, Q,, is ground head flux, and L is the latent heat of fusion.
The parameterization neglects heat transferred by movement
of meltwater in the snowpack and assumes that all liquid water
immediately reaches the soil. It also neglects fractional snow-
covered area (except for the snow albedo). Snowpack physical
characteristics, thermal conductivity K, and density p, are
assumed constant at 0.35 Wm™' K~! and 0.1 g cm ™, respec-
tively. Below, it will be shown that this assumption can lead to
significant overestimation of snow depth.

2.2. Improvements to Snowpack Parameterization

Although the original Eta-LSS accounts reasonably well for
heat fluxes at the snow surface and for the accumulated
amount of snow water, overestimation of snow depth, and
snow area can cause biases in snow-soil surface heat exchange.
A snow compaction parameterization was introduced to over-
come this problem. On the basis of the Kojima [1967] model of
snow compaction, Anderson [1976] proposed an expression for
snow density change due to compaction

1 dp(z2)
pi(z) dt

= ClWS(z)eO.OsT,(zv~C:px(z) (5)

where snow density p,(z) increases depending on snow water
armount above level z and snow temperature 7,(z) at that
level. C, is the fragtional increase in density per unit water
equivalent of load per unit time at zero temperature and den-
sity. C, is a constant determined from observed data.

To apply (5) directly, the snowpack must be divided into
many layers, which would be computationally too expensive to
be used in the present Eta model. Because the right-hand term
of (5) is nearly constant within each time step (usually 5-15
min), an approximate solution of (5) can be derived:

PosraiZ) = py(2) exp [CLAIW (2)e BTHI=CI]  (6)

Average snow density of the snowpack may be expressed as an
integral of (6) over the snow depth H:

eBWu -1 .
Pssvrr = Pss W (7)
where
B = AtC,e*Coo (8)
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Kojima [1967] reported a vatue of 0.026 cm ™' h™! for C, and
a value of 21 ecm > g7 ! for C,; snow density is expressed in g
cm™ and snow water cquivalent in centimeters. However,
Anderson’s [1976] analysis of extensive experimental data in
Vermont indicated that the C value reported by Kojima was
oo high. He suggested a value of 0.0l ecm™ h™",

Since snowmelt and new snowfall also affect snow density
and depth, snow density during snowtall/snowmelt is adjusted
according to the following expression:

Psa+de

[P AW, =087 M) + 0.13 p.M, + prewWiew
- mimn W, +0.13 M, + W,

.0‘40}

(9)

where W, is the water equivalent of new snowfall, p,, is the
water density, and p,.,, is the density of new snowfall, which
can be estimated on the basis of air temperature T,;, [Gottib,
1980]

Prew = max [0.05 + 0.0017(T,, + 15)'5, 0.05], gcm™?
(10)

Equation (9) assumes that 13% of snowmelt water can be
stored in snowpack [Koren, 1991]. Snow density is bounded by
a 0.4 g cm™ upper limit. An exponential function with an
upper bound limit W . was used to account for the fractional
snow coverage f: -

' W’ — W’ = s Wi/ Wonax ! —ay

i) = e s e an
where a is a distribution shape parameter. Equation (11) fits
Anderson’s [1973] empirical areal snow depletion curves well
for a, varying from 2 to 4.

Because the current Eta-LSS uses a single snow-soil inter-
face temperature and assumes a constant 100% snow cover
area, it cannot account for the influence of subgrid bare
patches of soil on the skin temperature of the unified surface.
Hence the skin temperature during snowmelt never exceeds
the melting point. In the new scheme, the skin temperature
during snowmelt is weighted, according to the fractional snow
coverage of (11), between the melting point and the skin tem-
perature estimated for non-snow-covered surface.

2.3. New Frozen Ground Parameterization

A distinguishing feature of frozen ground processes is the
formation of practically impermeable soil layers, or in extreme
circumstances frost heave, which, cause a significant reduction
of water infiltration during snowmelt periods [Komarov, 1957,
O’Neiil, 1983; Fukuda and Ishizaki, 1992; Sheng er al., 1995]. A
number of frost heave models have been proposed (review of
the existing models is given by O’Neill [1983] and Fukuda and
Ishizaki {1992]) which are based on the thermodynamic equa-
tions of a soil column and do not account for the spatial
heterogeneity of frozen ground conditions. Some parameters
of these models are not readily available and are difficult to
determine [Sheng et al., 1995] over the entire North American
continental domain of the Eta model. In this study we com-
bined a simplified thermodynamical approach to represent lo-
cal (soil column) physical processes with a probabilistic repre-
sentation of the spatial variability of the frozen ground
conditions (the latter is defined in section 2.4).

The parameterization of local processes is based on the heat
and moisture transfer equations. The following assumptions
were made: (1) all water phases are in thermal equilibrium, (2)
heat associated with convective water flow can be neglected
(Taylor and Luthin, 1976}, (3) liquid water flow in the frozen
soil is analogous to that in unfrozen soil [Harlan, 1973}, and (4)
the same relations for matric potential and hydraulic conduc-
tivity can be used under both frozen and unfrozen conditions.
Under these assumptions, Richard’s equation (2) can be used
to estimate unfrozen soil water movement in a soil column.
The only difference is that the total soil moisture content
should be replaced by unfrozen water content, and the surface
runoff formulation should consider frozen soil.

To account for soil moisture phase transitions (latent heat of
fusion), the heat flux equation (1) was replaced by a diffusion
equation with a source/sink term [Engelmark and Svensson,
1993}

c aT _ d X(8 aT I 9 6ice 12
(8) Gicc) ~6—t - 3z ( y gice) 5; + P _5—"- ( )

where L is the latent heat of fusion, the volumetric heat ca-
pacity C and the thermal conductivity K are now functions of
total volumetric soil moisture content 6 and volumetric ice
content 6. (note that unfrozen volumetric soil water is § —
Bic.). Volumetric heat capacity of soil is the sum of the volu-
metric heat capacities of the soil constituents

C(e’ Gic:) = (G - eicc)Cw + Gicccice
+ (93 - G)Cair + (1 - 9:)Csoil (13)

where C,,, Ci., C,i,, and C; are the volumetric heat capac-
ities of water, ice, air, and soil minerals, 8, is the saturated
volumetric total water content (unfrozen and frozen). Various
methods have been developed to estimate thermal conductivity
of frozen soils (see a comprehensive review by Farouki [1986]).
The methods are purely empirical or semiempirical and in-
clude a number of widely variable parameters. None of these
methods provide highly accurate estimates of thermal conduc-
tivity for various soil types [Farouki, 1986]. Furthermore, spa-
tial variability of soil properties as well as that of thermal and
saturation conditions can significantly increase the uncertainty
of these estimates. To reduce the uncertainties, a simple linear
equation suggested by Kutchment et al-[1983] is used to adjust
thermal conductivity of unfrozen soil under frozen conditions:

K(Bv GICC) = K(G)(l + Gice) (14)

where thermal conductivity K(8) for unfrozen soil is estimated
from McCumber and Pielke [1981] relationship used in the
original Eta-LSS, although the upper bound of thermal con-
ductivity was restricted significantly to a value of 1.9 W m™!
K-t

The implicit Crank-Nicholson scheme is also used to solve
the layer-integrated form of (12). An explicit approximation is
applied to the source/sink term. To reduce numerical error
during fast freezing/thawing of soil, two iterations of (12) are
used. This is similar to how water fluxes are simulated from (2)
during rainfall events. The ice content at each soil layer is
estimated as a function of soil temperature and total soil mois-
ture content [Flerchinger and. Saxton, 1989; Kulik, 1978). It is
assumed that when ice is present, soil water potential remains
in equilibrium with the vapor pressure over pure ice. A simple
relationship, based on the Clausius-Clapeyron equation for

s
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phase equilibrium, can be drawn between the freezing point of
soil water and the soil water potential W, after neglecting soil
water osmotic potential [Fuchs et al., 1978]:

LT
g(T + 273.16)

= (15)
where soil temperature T is in Celsius degrees, and g is the
acceleration of gravity. Campbeil’s relationship between water
potential and water content was modified to account for the
cffects of frozen soils [Kulik, 1978)

f— D
95

-

Vo 00 = [ T5S) (1 reat (6)
where parameter ¢, accounts for the effect of increase in
specific surface of soil minerals and ice-liquid water; Kulik

[1978] reported an average value of 8 for this parameter.
Combining (15) and (16) leads to

It ‘3(8_9*“)% ! 0 7
L ede| g T+273.16 (17)

“quation (17) indicates that the ice content is a function of
soth soil temperature and soil moisture content. This agrees
with laboratory/field experiments [Faruoki. 1986].

Because the actual amount of water converted into ice or

vice versa depends on available incoming heat flux, the actual
amount of ice/water generated per each time interval may be
less than the potential ice content estimated from (17). The
actual increase/decrease of the volumetric ice content, A8}, i
at jth soil layer for time interval Az is equal to

qrAt \e. )
pLAZJ’ ice.s

where g ; is the heat flux into the layer assuming that water
phase transitions occur in the middle of each layer, and A6,
is the potential increase/decrease of ice content estimated from
(17). This approach does not account explicitly for the freezing
front propagation because the integrated form of the diffusion
equation is used. Phase transitions can occur at each layer at
the same time depending on the distribution of soil tempera-

ture and heat fluxes.

Aﬂ”=mm< (18)

2.4.

The original Eta-LSS simulates infiltration as a residual of
the excess precipitation after canopy abstraction P, and sur-

Infiltration Reduction Under Frozen Ground Conditions

ice content, cm

0 0.25 0.5 0.75 1
Impermeable area fraction

Figure 3. Impermeable area fraction as a function of soil ice
content (adapted from Koren [1991)).
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Figure 4. Cumulative gamma distribution functions of the
frozen depth Z, generated using different coefficients of vari-
ation: 0.45 (solid line) and 1.0 (dashed line). Symbols represent
empirical functions estimated from different spatial average
frozen depths, Z ,, (adapted from Koren [1991]).

face runoff R,. Once the amount of infiltration is determined,
the redistribution of water between soil layers is estimated
from (2). As mentioned in section 2.1, the SWB model
[Schaake et al., 1996] was adopted to estimate surface runoff:

P;

R = b B = exp (—Koa0)]

(19)

where D is the total soil moisture deficit in the rooting zone,
and K, is a constant. The SWB is a storage type water balance
model that accounts for the spatial variability in precipitation
and soil moisture storage of the root zone. The model does
not, however, account for the effects of frozen ground. Frozen
soil is generally less permeable than unfrozen soil, even though
it can infiltrate as much water as unfrozen soil under certain
conditions [Komarov and Makarova, 1973]. Frozen soil is per-
meable mainly because of large noncapillary pores that exist in
its structural aggregates, cracks, dead root passages, worm

Table 1. Parameterization Parameters Used in the Study
Parameter Value
Saturation water content 8, cm’ cm ™3 0.48
Saturation soil suction ¥, m 0.072
Saturation hydraulic conductivity K,,(8,), m s~ 58X 1073
Soil retention curve parameter b 5.30
Field capacity, cm® cm™? 0.30
Wilting point, cm? cm ™3 0.19
Rooting depth, m 1.0
Minimum stomatal resistance, s m ™! : 40
‘Roughness length, m 0.045
SWB model parameter K,,, s~* 05
Critical value of soil ice W,,, mm 150
Ice content distribution parameter « , 30
Snow compaction parameter C,, cm ™! h™* 0.01
Snow compaction parameter C,, cm™> g~} 210
Snow distribution parameter o, 26
Snow distribution parameter W, ,, m™! 0.1 r
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Figure 5. (a) Snow depth and soil temperature at the (b) first, (c) second, and (d) third layers estimated
from the frozen ground version A (thin solid lines), the nonfrozen ground version B (dashed lines), and the
original Eta version C (dotted lines). Observed soil temperature (thick solid lines) is shown at the depths
closest to the middle depth of each model layer. -
holes, etc. An increase in the ice content can produce com- R,=(1-F)R*+ F.P, (20)

pletely impermeable soil layers {Komarov, 1957; Emerson, »

1994]. We assume that the area where impermeable soil layers ~ where F. is the fraction of impermeable area.

are formed produces only direct surface runoff, and the rest of Certain critical conditions of water and heat: storage in the
the area produces surface runoff R}, as calculated by (19). soil must exist to have an impermeable layer [Komarov, 1957,
Accordingly, the total areal runoff R_ is : Kalyuzhnyy et al., 1978; Sheng et al., 1995]. The water-heat
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Figure 6. Diurnal cycles of (a) estimated skin temperature, (b) ice content change, (positive when freezing, -
and negative when thawing), and (c) the first layer soil temperature during snow free surface.

storage varies significantly depending on surface topography
and soil characteristics (type, texture, depth, etc.). Field exper-
iments suggest that the spatial extent of an impermeable area
depends on the area-averaged ice storage in the frozen soil
column [Kapotov, 1976]. An example of such a relationship is
shown in Figure 3. Following Koren [1991], it is assumed that

for a particular soil and vegetation there exists a certain critical
amount of the soil ice, defined as a depth of water W, above
which the soil is practically impermeable. It is also assumed
that the spatial variability of soil ice can be described by a
probability density function f(W,.) where W, is a water
equivalent depth. Under these assumptions the fraction of the
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Figure 7. Simulated snowmelt (white bar) plus (a) rain (black bar), and simulated unfrozen water content
from the frozen ground version (a) (thin solid lines), and total soil moisture content from the frozen ground
(dashed lines) and the original Eta (dotted lines) versions at the (b) first, (c) second, and (d) third layers.
Observed unfrozen water content (thick solid lines) is an average over each model layer.

impermeable area F, can be calculated as a probability that tions for soil ice. Analysis of expérimental data on a few Rus-
soil ice storage is above its critical value ] .+ sian basins suggest that a gamma distribution can be used to
approximate empirical distributions of frozen depth and soil
moisture content (the soil ice is a product of these two). Figure
4 from Koren [1991] is an example of empirical distribution
functions of frozen depth approximated by the gamma func-
There are limited data to develop probability density func-  tion. The figure indicates that lower areal average depths cor-

Wer
Fc{Wice > WC'} =1- f f(Wicc) dWicc (21)
0
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respond to higher spatial variability of frozen depth. If the
gamma distribution is used to account for spatial variability of
ice content, (21) becomes

1 v
F.= ———j x*le ™  dx (22)
0

I'(a)

where the upper limit of the integral v is a function of the
gamma distribution parameter « = 1/C? and the soil ice
averaged over the area of interest
' W,

: cr
V==

Wice

(23)

A more practical expression for F,. can be obtained by
rounding parameter « to the nearest integer value a*

a” i

v

D ) 24)

Equations (23) and (24) have two parameters: a (or a*), which
depends on the coefficient of variation of soil ice C,, and the
critical value of soil ice W_,. As indicated in Figure 4, just two
different values for C, cover a wide range of freezing depth
scenarios. It is more difficult, however, to estimate parameter
W., because it is model dependent. Figure 3 provides some
guidance for estimating W, for clay type soils. It suggests that
W, is about 120-150 mm in water equivalent, although the
exact frozen depth is not clearly defined. Generally higher
values of W_, should be used for sandy soils. Some calibration
may be necessary to obtain reliable estimates for surface runoff.

3. Rosemount Field Experiment Data and Model
Configuration Used —

Data from the University of Minnesota were used to test the
new snowpack and frozen ground parameterization for Eta-
LSS. The Rosemount station is located ~20 km south of St.
Paul (44°43’N latitude, 93°05'W longitude, 294 m MSE) on a

ped
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to the middle depth of each model layer.

relatively level glacial outwash plain. The soil at the site is a
Waukegan silt loam, for which the physical properties have
been extensively characterized [Spaans and Baker, 1995]. All
measurements were made at the center of a 17 ha farm field.
Soil water content and temperature were measured at eight
depths ranging from 2.5 cm to 1 m. Temperatures were mea-
sured with precision-calibrated thermistors, and water content
was measured with an automated, multiplexed time domain
reflectometry (TDR) system [Baker and Allmaras, 1990]. In
frozen soil, TDR measures liquid water only. Comprehensive
meteorological data were also collected at the site. Measure-
ments were made every 15 s and averaged or totaled at 30 min
intervals and included incoming and reflected solar radiation,

incoming and outgoing longwave radiation, temperature, relative
humidity, barometric pressure, wind speed, and precipitation.

A four-layer version of Eta-LSS was employed to represent
the Waukegan silt loam soil profile at Rosemount. The three
root zone layers are defined at 0-10, 10-30, and 30-90 cm
depths, respectively. The fourth and bottom soil layer extends
from 90 cm to 160 cm. Model parameters controlling water
redistribution were estimated on the basis of measured soil
properties at the site (soil retention curve, hydraulic conduc-

- tivity, porosity, etc.). Vegetation-related parameter values

were adopted from Chen et al. [1996]. Soil- and vegetation-
related parameters used in this study are listed in Table 1. Soil
temperature at 3 m depth is assumed to be the bottom bound-

Bt
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ary condition. Its value is equal to 7.5°C, the long-term annual
air temperature. Initial conditions at four soil layers were es-
timated from soil moisture contents and temperatures mea-
sured at the beginning of October 1995. Simulations were
performed continuously to the end of the cold season using a
half-hourly time step. Observed values of surface albedo were
used in these tests rather than the default values used in the
operational Eta model.

4. Test Results and Discussion

4.1. Soil Temperature and Soil Meisture Content Results
From Initial Testing

Figure 5 displays mean daily observed and simulated soil
temperatures at three top layers during the 1995-1996 cold
season. Observed temperatures were selected at the depths
closest to the middle depth of each soil layer, namely 5, 20, and
60 cm. Simulated snow depths are also shown in Figure 5a.
Each plot presents results for three different versions of Eta-
LSS: version A, the new Eta-LSS with both the modified snow
component and the frozen ground scheme; version B, the orig-
inal Eta-LSS with only the modified snow component; and
version C, the original Eta-LSS. The results clearly indicate
that simulation results using version A are closest to the ob-
served data. Simulated temperatures using version C, the orig-
inal Eta-LSS, are generally too cold. Results from version B
track that of version A closely in the first layer, but differences
between them can be as much as 5° in the two deeper layers.
These results confirm the hypothesis that the latent heat of ice
fusion significantly affects soil temperature variability. This can
be seen more clearly in Figure 6, which shows hourly soil

temperatures during multiple-freezing/thawing transition peri-
ods in the top layer. Although soil surface temperature varies
from —3°C to +4°C (Figure 6a), version A produces stable soil
temperature in the first layer, which matches the observed first
layer temperature reasonably well (Figure 6¢). The ice content
change in the top 30 cm soil layer (Figure 6b) suggests that the
heat energy from soil thawing/freezing stabilizes day/night vari-
ability in soil temperature. Diurnal variation in soil tempera-
tures from the original Eta-LSS follows the soil surface tem-
perature variation'very closely, even during freezing periods.
This is not consistent with observed soil temperature.

Figure 7 displays the total and unfrozen soil moisture con-
tents simulated by versions A and C. Version B results are not
plotted because they are very similar results of version C. It can
be seen clearly from the measurements that liquid soil mois-
ture contents decease as freezing conditions persist. Version C
does not have a frozen water component, and therefore only
the total unfrozen water contents are simulated. Results from
version A agree reasonably with the measured liquid water
contents, although liquid water contents in the second and
third layers are somewhat underestimated. The underestima-
tion is due to the deeper than observed penetration of low soil
temperatures predicted by the models (see Figure 5). Simula-
tion results from version A suggest that there is a significant
upward movement of water during soil-freezing periods. Up-
ward water movement is due to the gradient in water potential
created by the abrupt drop in water potential that accompanies
freezing in porous media, expressed in (15). This is the driving
force that can create frost heave if sufficient water is available
in the subsoil to feed continued ice lens growth. It can be seen
that the November period experienced a substantial increase in
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Figure 11. Observed (thick solid lines) and simulated soil temperatures for the (a) first and (b) third layers

using McCumber and Pielke (thin solid lines) and Johansen’s (dashed lines) formulations of soil thermal

conductivity.

total soil moisture in the top two layers and, similarly, during
the December period for the third layer, reflecting that the
most intensive soil-freezing activities occurred in this period.
" The hydrological impact of frozen ground can be seen from the
total soil moisture contents in early February, before spring
snowmeit occurred. After intense rain on snow on January 17,
soil water content in the first layer from version A was increased
dramatically. At the same time, version C generated only minor
increase in soil moisture content in the first layer. Most rainwater
was percolated into deeper soil layers. Differences in total soil
moisture estimated from versions A and C can be as much as
20-25%. It means that version C would have less water avail-
able for evaporation and generate less runoff in the spring.
The effect of fractional snow cover on skin temperature and
sensible heat flux of a unified snow-bare soil surface can be
seen in Figure 8. Fraction of snow cover, skin temperature, and
sensible heat flux from versions A and C are plotted for two
snowmelt periods in February 1996. Skin temperature from the
original Eta-LSS is kept at 0°C during snowmelt periods, although
the fraction of snow cover was less than 0.5. As a result, sensible
heat flux from this version was much less as compared to the
new parameterization results. These differences were greater
when the snow cover fraction dropped down below 0.35-0.30.

4.2. Parameterization Evaluation and Sensitivity Tests

Although version A shows a significant improvement over
version C, the results show some problems in both the new and
the original versions. This can be illustrated by two events from

Figures 5 and 7: significant underestimation of soil tempera-
tures in December for all versions, and overestimation of soil
temperatures at the end of January for the new version.

The first case can be attributed to the way in which the heat
flux between snow and soil surface is parameterized in the
original Eta-LSS. The heat flux is estimated as a function of the
gradient between the snow surface temperature (skin temper-
ature) and the soil surface temperature. Because the soil sur-
face temperature is hot directly modeled, simulated soil tem-

perature in the top layer is used as its replacement. This:

implies an isothermal top soil layer, which is good assumption
only under moderate or deep snowpack but is a poor assump-
tion under shallow snowpack. The new Eta-LSS also adopted
this assumption. This assumption can result in significant er-
rors in estimating the snow-soil surface heat flux when the
snow cover is shallow as compared to the thickness of the top
soil layer. The December event was characterized by a shallow
snow depth, which was below 1 cm.

A sensitivity test was performed on this event. The soil
surface temperature T,y was estimated as a weighted value
between the skin temperature Tin and the top layer soil
temperature 7'1:

Tsoil = wTskin + (1 - “J)Tl (25)

where weight  is dependent on the ratio between the snow
depth A and the top soil layer thickness Az,
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Figure 12. Model sensitivity to the number of soil layers. Frozen soil water storages from 10-layer (solid
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_ 0.5¢Az,
T H+0.5¢Az,

Here { can vary from zero (according to the original Eta-LSS)
to infinity (i.e., no heat exchange between snow and soil). We
tested the values of 0.25, 0.50, and 1.00 for {. The correction
was applied when snow depth was less than 2.5 cm (half of the
soil depth where top layer temperature is estimated). Results
of this test are presented in Figure 9. The figure clearly shows
that simulated soil temperatures in the two top layers are quite
sensitive to differences in the estimation of heat flux. The
larger the  used, the lower the snow-soil surface heat flux (Figure
9a) and soil temperature (Figures 9b and 9c) are simulated.
The second event, overestimation of soil temperatures in

(26)

w

January, seems to be related to how snow density and thermal
conductivity are estimated in the new Eta-LSS. A total of 36
mm of heavy rain fell on snow during January 16-17. Simu-
lated snow density was 0.17 g cm ™2 at the beginning of rain and
0.19 g cm ™ at the end. Although the snow parameterization
accounts for snow compaction during snowmelt, it does not
account for snow destruction during rainfall. Actual snow den-
sity can be much higher after heavy rain. If snowpack holds, for
example, 10% of liquid water, snow density would be as much
as 0.25 g cm™>. Figure 10 displays the resuits for test cases
when the snow density was increased to 0.25 and 0.28 g cm™3,
respectively, to account for effects of heavy rain. The figure
indicates that simulated snow-soil surface flux is very sensitive
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from the modified frozen ground version (thin solid lines) and the original Eta version (dotted lines).
Observed soil temperature (thick solid lines) is shown at the depths closest to the middle depth of each model

layer.

to snow density when it is above 0.2-0.22 g cm™>. This is
because most empirical formulas have exponential type rela-
tionships for snow density and snow thermal conductivity. A
change in snow density from 0.19 to 0.25 g cm ™2 can result in
as much as 5° in soil temperature change in the top soil layer.
Therefore a more robust approach to estimating snow density

and snow thermal conductivity should be considered for im-
proved model performance.

Soil thermal conductivity parameterization may be another
source of uncertainties in estimating soil heat fluxes. Peters-
Lidard et al. [1998] analyzed Johansen’s soil thermal conduc-
tivity parameterization [Farouki, 1986] as well as that of Mc-
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Cumber and Pielke [1981]. They concluded that the
formulation of McCumber and Pielke (which is used in the Eta
model parameterization) usually overestimates soil thermal
conductivity at high soil moisture contents and underestimates
at low soil moisture contents. To estimate the effect of soil
thermal conductivity formulation on Rosemount simulation

results, a parallel run using the Johansen formulation was
performed. Quartz content for thie silt loam soil was estimated
on the basis of the recommendation from Peters-Lidard et al.
[1998]. Figure 11 displays simulated soil temperatures in the
first and third layers using both formulations. During this par-
ticular simulation period, soil moisture content was very high.
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Surprisingly, the differences between soil temperatures simu-
lated using both formulations were small as compared to their
deviations from measured data. The reason for similar perfor-
mance by both formulations is that the original Eta-LSS ap-
plies a very stringent upper limit on McCumber and Pielke’s
estimation of soil thermal conductivity. Since the Johansen
formulation does not need this extra constraint and its param-
eters can be easily estimated from soil characteristics [Peters-
Lidard et al., 1998], it should be considered as a good substitute
for the McCumber and Pielke formulation for soil thermal
conductivity,

The number of modeled soil layers can also contribute to the
model performance. Mahrt and Pan [1984] compared simula-
tion results from a two-layer original Eta-LSS version of the
soil moisture parameterization (2) and a high-resolution model
developed by Boersma et al. [1983] during a warm period. They
concluded that the two-layer model will typically underesti-
mate the water fluxes. However, the impact of such errors on
interfacial water flux can be minimized by choosing a suffi-
ciently thin upper soil layer. Soil profile resolution may also
affect the phase change processes in soils, specifically during
snowmelt. Sensitivity tests were performed with increased
number of soil layers. Frozen water storage in the three soil
layers, 0-10, 10-30, and 30-90 cm, from 10- and 4-layer ver-
sions is plotted in Figure 12. Soil layer thicknesses of the
10-layer version were defined as 3, 5, 5, 5, 10, 10, 10, 20, 20, and
70 ecm. Simulations were performed at the end of a snowmelt
period when very intensive soil thawing occurred. It can be
seen from Figure 12 that the four-layer version leads to slightly
faster thawing in the top 30 cm layer as compared to the
10-layer version. However, these differences are probably
small compared to the differences that resulted from uncer-
tainties in the representation of soil properties.

4.3. Final Test Results After Corrections

This section presents final model results that embrace the
lessons learned from the sensitivity runs of section 4.2. The
model simulations in this section used equations (25) and (26)
to estimate soil surface temperature when a snow depth less
than 2.5 cm existed, and therein a fixed value of 0.5 was used
for the weight fraction {. Additionally, the correction for heavy
rain was included in the snow density simulation, whereby in
heavy rain exceeding 10% of the snow water equivalent, the
snow density was increased to 0.24 g cm ™3, Results of these
simulations are shown in Figures 13 and 14. Results from the
original Eta model are also plotted in the figures.

These final simulation results dgree better with measured
data in both soil temperatures (Figure 13) and soil moisture
contents (Figure 14), specifically during December and Janu-
ary events. The dynamics of unfrozen soil moisture content for
the third layer was improved significantly.

5. Conclusions and Future Studies

Simulation results for Rosemount, Minnesota, showed sig-
nificant effects of cold season processes on both soil temper-
ature and soil moisture distribution. The new Eta-LSS outper-
formed the original Eta-LSS when compared to observed data.
The total soil moisture content at the end of winter estimated
by the new Eta-LSS can be 20-25% higher than that estimated
by Eta-LSS without frozen ground component. Differences in
soil temperatures can be as much as 5-8°. Test results also
indicate that heat and water fluxes are very sensitive to uncer-

KOREN ET AL.. PARAMETERIZATION OF SNOWPACK AND FROZEN GROUND

tainties in soil surface boundary conditions and to variation in
thermal conductivities of snow and soil.

Rosemount experimental data have provided only limited
tests of the new Eta-LSS. More extensive tests are planned
using data from river basins where seasonal snow cover exists
and where frozen ground has a substantial effect on runoff
generation.
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