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ABSTRACT 

A simple frozen soil parameterization scheme is developed based on NCAR LSM and the effects of re- 
vised scheme are investigated using Former Soviet Union (FSU) 6 stations measurement data. In the revised 
model, soil ice content and the energy change in phase change process is considered; the original soil thermal 
conductivity scheme is replaced by Johanson scheme and the soil thermal and hydraulic properties is modi- 
fied depending on soil ice content. The comparison of original model with revised model results indicates 
that the frozen soil scheme can reasonably simulate the energy budget in soil column and the variation of 
thermal and hydraulic properties as the soil ice content changes. Soil moisture in spring is decreased because 
of the reduction of infiltration and increment of runoff. Consequently, the partition of heat flux and surface 
temperature changes correspondingly. 
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1. Introduction 

The impact of  the winter season processes on regional and global general circulation has 

been paid more and more attention recently. Frozen soil process plays an important role in 

the hydrology of  cold regions. Ice forms in the spaces between soil particles. As the ice content 

increases, the open channels between soil particles become narrow, and directly restrict infil- 

tration of  surface water. Aside from this, soil ice also changes the soil thermal properties. The 
thermal conductivity of  water is 0.57 W m -1 K -l, while that of  ice is 2.2 W m -t K -1. A frozen 

soil with ice content has a higher thermal conductivity than a soil with equivalent content of  
liquid water. The volumetric heat capacity for water is 4.2 • 106 J m -3 K -1, while it is 1.9 • 

106 J m -3 K -~ for ice. So increasing of  the soil ice content decreases its thermal storage capaci- 

ty and influences the transfer of  soil flux. Simultaneously, absorbing and releasing latent heat 

can redistribute the soil heat when water phase changes. 

In the earlier numerical simulation on frozen soil process, Harlan (1973), Guymon and 

Luthin (1974) and Jame and Norum (1980) simulated the freezing/ thawing process through 

evaluation of  water and heat transfer equations. These models require high-resolution finite dif- 

ference schemes and computationally expensive iterative techniques and time steps with only a 

few seconds, so they were hardly employed in climate models, Kennedy and Sharatt (1998) com- 

pared four schemes for simulating frozen front, and found that the finite difference schemes were 

better than others and heat transfer in soil column was very sensitive to snow depth simulation. 
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In more sophisticated Land Surface Scheme (LSS), there is some consideration about ef- 
fects on thermal and hydraulic properties of soil ice. In BATS (Dickinson et al. 1993), it as- 
sumes that water in the soil freezes uniformly between 0 and -4~ and the thermal diffusivity 
of  the soil is limited to 1.4 • 10 --6 m 2 s -1. Additionally the frozen soil moisture is assigned a 
lower volumetric heat capacity and heat is added to the upper soil layer to consider the latent 
heat of  fusion. In SSiB (Xue et al. 1996), if the temperature of the third soil layer is below 
freezing, all liquid precipitation is diverted into runoff. Sellers et al. (1996) modified the hy- 
draulic conductivity Krr z = KH[Tsoil- (Trr z -  10)]/10. In BASE (Slater et al. 1998), it also 
considers the effects of  frozen soil. 

There are more complex frozen soil parameterization schemes recently. Cherkauer and 
Lettenmaier (1999) considered absorbing/releasing process when soil water was 
thawing/freezing,  and employed Johansan (1975) thermal conductivity method, and validat- 
ed with the Mississippi River Basin data. Pauwels and Wood (1999) developed simple snow 
and frozen soil scheme and validated it using BOREAS data. Koren et al. (1999) developed a 
new frozen soil parameterization based on N C E P / O S U  LSM, and found that neglecting 
frozen soil process can result in simulated high / cold bias in freezing / thawing period. There 
are 11 land schemes that consider effects of frozen soil in total 21 land models that take part 
in PILPS 2(d). It is found that small temperature differences in frozen soil can subsequently 
lead to large ground and surface heat flux differences (Schlosser et al. 2000). 

In the study, we try to develop a relative complex frozen soil scheme and investigate the 
effects of  frozen soil in the land surface model based on NCAR LSM. There are two reasons 
that we select this model: (1) there is more sophisticated consideration on other components; 
and (2) it is convenient to be coupled to the Community Climate Model. 

2. Development of frozen soil prameterization scheme 

2.1 Original NCAR Land Surface Model (LSM) 

The model is a one-dimensional model of energy, momentum, water, and CO2 exchange 
between atmosphere and the land, accounting for ecological differences among vegetation 
types, hydraulic and thermal differences among soil types, and allowing for multiple surface 
types, including lakes and wetlands within a grid cell. Some features of the model are pre- 
scribed time-varying leaf and stem areas; absorption, reflection, and transmittance of solar 
radiation, accounting for the different optical properties of  vegetation, soil, water, snow, and 
ice; sensible heat and latent heat, partitioning latent heat into canopy evaporation, soil evapo- 
ration, and transpiration from sunlit and shaded foliage; temperature for a six-layer soil col- 
umn using a heat diffusion equation that accounts for phase change; soil water for the same 
six-layer soil column using a one-dimensional conservation equation that accounts for infil- 
tration input, gravitational drainage at the bottom of  the column. The details about the model 
can refer to Bonan (1996). Resolution of the heat and water transfer equations and the 
parameterization of thermal and hydraulic properties are described below. 

2.1.1 Resolution of heat and water transfer equations 

The one-dimensional for energy conservation equation is 

~T ~F~ ~ ( k~T 
c--~-= c3z = ~---~ -~z} ' (1) 
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where c is the volumetric soil heat capacity (J m -3 K-I), T is the soil temperature (K), k is the 
thermal conductivity (W m -I K-I), and F z is the heat flux (W m -2) at depth z. The soil col- 
umn is divided into six layers with thickness Az i of  0.1 m, 0.2 m, 0.4 m, 0.8 m, 1.6 m, and 3.2 
m respectively. Every properties are defined at the center of  each layer, and the energy bal- 
ance for the ith layer is 

Ci AZi n 
At ( T 7 + 1 _  T i ) =  _ Fi -1 + Fi . (2) 

This equation is solved using the Crank-Nicholson  method with the boundary  condi- 
tions of  G, as the heat flux into the soil column and zero heat flux at the bot tom of  the soil 
column. 

Soil water is calculated from the conservation equation 

~0~?__[ ~ [- / (30 ~__~_0~ )1  = = v / k |  + 1 . (3) 

It is still solved by the Crank-Nicholson  method with boundary  conditions of  infiltra- 
tion, soil evaporation and transpiration as the flux of  water into the soil and gravitational 
drainage as the flux of  water at the bot tom of  the soil column. 

2.1.2 Parameterization of  soil properties 

2.1.2.1 Thermal properties 

Soil thermal capacity varies linearly with soil moisture in the form 

(c  a = ( 1 -  0~at)c s + cwO i 

~'Cf: (1-- 0sat)C s "t- ciO i ' 
(4) 

where c u and cf are the unfrozen and frozen soil heat capacities, c w and c i are the heat ca- 
pacities of  water and ice, respectively, cs is the heat capacity of  soil solids, 0 t is the 
volumetric water content of  the ith soil layer, and 0sa t is the volumetric water content at satu- 
ration. Thermal volumetric capacity o f  ith soil layer is 

C u T i > T f  q- A T  

Cf q- C u L i 
ci = 1 ~ + 2A----T Tf-- ATe< T~ ~< Tf -k- AT , (5) 

t Cf Z i < T f - -  AT 

where AT= 0.5 K, Tf is the freezing point, L i =  OihfusPw, 0 i is the volumetric soil water 
content (mm 3 mm -3) of  the ith soil layer, hfu s is the latent heat of  fusion of  water (J kg-l), and 

Pw is the density of  water (kg m-3). 
Thermal conductivity is a blend of  frozen and unfrozen values over the temperature 

r a n g e  T f  -+ 0.5 K, 

k u T~ > Tf q- AT 

k u - kf 
K i  = I k fq -  2 A ~  (Ti -- T f q -  A T )  T f - -  AT<~ T i <~ Tf-}- AT . 

L kf T i < T f -  AT 

(6) 
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The unfrozen k u and frozen kf thermal conductivity (W m -1 K -1) are calculated from 
Farouki (1981) 

k u =  ( kO-~176 .-w - 0.15 ~)-~--+ 0.15 
Usat 

, ( 7 )  

s Usat 

where ks, ki and k w are the thermal conductivities of soil solids, ice and water, respectively. 

2.1.2.2 Hydraulic properties 

The hydraulic conductivity x i and the soil matrix potential ffi vary with 0 i and soil tex- 
ture based on the works of  Clapp and Hornberger (1978) and Cosby et al. (1984). For the ith 
layer 

2b+ 3 
f K i =  KsatSi (8) 

! I/./i = I]/sat S~ b ' 

where s i = 0 i / 0sat, the hydraulic Conductivity at saturation/s (mm s-l), the matrix poten- 
tial at saturation ffsat (mm), the water content at saturation 0sat, and b are given by the em- 
pirical relation in Cosby et al. (1984). 

2.2 Development of  frozen soil parameterization 

2.2.1 Thermal conductivity and volumetric heat capacity o f frozen soil 

We consider the following aspects of  frozen soil effects: (1) latent heat releasing/ab- 
sorbing in soil water freezing / thawing; (2) the influence on soil liquid water flow for exist- 
ence of  ice; (3) influence on infiltration of  freezing ground surface; (4) the evaporation of the 
freezing ground surface. 

Considering soil water phase change, the heat flux equation with a source / sink term is 

~ [  l 00'c~ C(0, 0ic e ) ~ t  T = ~ k(O, 0ic e ~ z  T -[- pwhfus ~t ' (9) 

where 0 is total volumetric soil moisture, 0i~ e is soil ice content (ice water), and the other vari- 
ables are the same as described above. Soil volumetric capacity is weighted by every compo- 
nent 

c(O, 0ice) = (0--  0ice)C w + 0iceC i q- ( 1 -  0sat)C s , (10) 

where c~, Cw, and c i are volumetric heat capacity of  soil solid, water and ice, respectively. 
There are various methods to estimate frozen soil thermal conductivity. We adopted 

Johanson/s (1975) method. As concluded by Peter-Lidard et al. (1998) and Farouki (1986), it 
is the most accurate over the full range of  saturation. 

The method calculates the thermal conductivity of a soil as a function of its saturation, 
porosity, quartz  content, and dry density and phase of water (frozen or unfrozen). The 
thermal conductivity is calculated as a combination of the dry conductivity kdry and satu- 
rated ksa t thermal conductivity, weighted by a normalized thermal conductivity 

k = Ke(ksa t - kd ry )+  kdry , (11) 

K e is known as Kersten number. For  natural soil 
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0.135Yd + 64.7 
kdry = 2700-- 0.9477 d (12) 

where kdry is in W m -1 K -1, 7d is the dry soil density in kg m -3. In practice, the density may 
be obtained from the porosity 0sa t assuming the same solids unit weight as 

Yd = (1-- 0sat)2700 . (13) 

The saturated thermal conductivity ksa t depends on the porosity 0sat, the quartz content 
q, and the unfrozen volume fraction x u (which is defined as 0~a t • ( 0 -  0i~ ) / 0 ) ,  i.e., 

ksa t = k~- 0sat k 0sat- xu k xu , (14) 

where the thermal conductivity of  ice k i = 2.2 W m -~ K -1, the thermal conductivity of  water 
k w = 0.57 W m -~ K -l, the soil solids thermal conductivity k s is given as 

ks m_ k~klo -q , (15)  

where the thermal conductivity of  quartz kq = 7.7 W m -l K -1, and the thermal conductivity 
1 1 of  other mineral is given as k o = 2.0 W m- K - .  We assume that all the sand is composed of  

quartz. 
Kersten number is a function only of  the degree of  saturation S r and phase of  the water. 

For  unfrozen soils, 

r 0.71ogSr + 1.0 S r > 0.05 coarse 
K e =  ) (16) 

t logSr  + 1.0 S t >  0.1 fine 

In this paper, all soil type was assumed as fine soil. For  frozen soils, 

X e = S r . (17) 

Figure 1 is comparison of  original scheme for thermal conductivity (Farouki 1981) and 
revised scheme under loam soil type. 

2.2.2 Resolution o f  ice content 

Following Koren et al. (1999)'s scheme, the ice content at each soil layer is estimated as a 
function of  soil temperature and total soil moisture content. It is assumed that when ice is 
present, soil water potential remains in equilibrium with the vapor pressure over pure ice. A 
simple relation, based on the Clausius-Claperyron equation for phase equilibrium, can be 
drawn between the freezing point of  soil water and the soil water potential ~, after neglecting 

hru~ (7"- 
Tf) ,  where g is the acceleration of  gravity hfu ~ is the soil water osmotic potential ~k = gT 

latent heat of  fusion of  water (J kg-~). Campell's relationship between water potential and 
water content was modified to account for the effects of  frozen soil. 

~l(O;Oice)= ~ls(O-- Oice ) -b 0"---~---- ( 1 +  Ck0ice )2 , (18)  

where parameter c k accounts for the effect o f  increase in specific surface of  soil minerals and 
ice-liquid water; the average value of  this parameter is 8. Combining above two equation 
leads to 
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Fig. 1. Comparison of thermal conductivity parameterization of Farouki (1981) and Johanson 

(1975) under loam soil type. 

g~s (1+ ckOiee)2(O--Oiex)-b T-- Tf 
L 0s ----f---= 0 . (19) 

From the equation, the ice content depends on soil temperature, soil moisture, and soil 
texture. We use iterative method to solve the equation. 

2.2.3 Hydraulic conductivity o f frozen soil 
There are basic theories for the movement of moisture through the frozen soil. The first is 

that moisture can move through the soil via the unfrozen films presented on the soil particle 
surfaces. This is analogous to the moisture movement in unfrozen soils where the hydraulic 
conductivity and matrix potentials are the driving forces and Darcy/s law is applied for mois- 
ture flow in equilibrium conditions. The second theory of the flow proposes that phase change 
is the main driving mechanism behind fluid flows. Here, we still adopted the first method on 
frozen soil flow, considering effects of ice on hydraulic conductivity and soil water potential 
in Eq.(3). Soil water potential was using relationship in Eq.(18). Based on the modification by 
O'Neill and Miller (1985) on hydraulic conductivity, we have 

Kfs = /s (Oh / Osat)9 , (20) 

where xrs is hydraulic conductivity in saturation frozen soil, xs is hydraulic conductivity in 
satur~ttion unfrozen soil, O h is liquid soil water content. For unsaturated frozen soil, we used 
relationship in Eq.(8), but x~a t is replaced by xr~. Meanwhile, modification on hydraulic con- 
ductivity also affected the form of infiltration and runoff. 
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de ,  (T) 
Saturation vapor pressure e ,  (T)and  d---~' that are needed in calculating surface 

evaporation, are calculated using polynomials 

100{a0 + T[a I + T(a2+ T(a 3 + T(a4+ T(a s + Ta6))))] } , (21) 

where the coefficients a 0 and a 6 vary for saturation vapor pressure with reference to water or 
ice (Bonan 1996). 

3. Forcing data and experiment design 

The data used in this study was described and used by Robock et al. (1995), from six 
hydrometeorological stations between 1978 and 1983 in Former Soviet Union (FSU). After 
that, the datasets were used in worldwide for their high quality and widespread geographical 
distribution (Uralsk, 51.3~ 51.4~ Ogurtsovo, 54.9~ 82.9~ Yershov, 51.4~ 48.3~ 
Kostroma, 57.8~ 40.9~ Khabarovsk, 48.5~ 135.2~ Tulun, 54.6~ 100.6~ Yang et 
al. (1997), Sun et al. (1999) used the data to validate the new snowpack parameterization, 
Slater (1998) used the data to investigate the effects of  a new frozen soil scheme. 

The meteorological part of these data included saturation deficiency, dew point tempera- 
ture, cloudiness amount, wind direction, wind velocity, precipitation, air pressure, air temper- 
ature etc. The actinometric data included net radiation at the surface, direct short wave radia- 
tion, total incoming solar radiation etc. Both meteorological and actinometric data were ob- 
served every 3 hours. There was no observed downward longwave radiation, and we still 
adopt Satterlund bulk scheme, which was used in Robock et al. (1995), to calculate it, 

Lz) = e a [1 + 0.2(C L + C M )2 + 0.4C~ ]aT 4 , (22) 

where e a =  1 - e x p ( -  To/b,  ea ), % is vapor pressure, b = 2016 K, total and low cloudiness 

amounts C T and C L are the measured data, middle and high cloudiness amount  are 

CM = CH = (C, r -  C L ) / 2 .  
We run the original LSM (OLSM) and revised version (RLSM) forced by six stations da- 

ta to investigate the effects of  frozen soil scheme in a land surface model. In each simulation, 
the models were initialized with 279 K in temperature and 0.35 m 3 m -3 in soil moisture, then 

Fig. 2. Location of six stations used in this paper. 
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used the observed data of  first year to sp in-up the model until achieving equilibrium. In all 
cases, vegetation cover was chosen as grassland, for the soil type we adopted values used in 
CCM3 within the same grid. The vegetation and soil thermal and hydraulic parameters were 
parameterized using the scheme in the model. 

Limited by the paper length, we only give the figures for Ogurtsov and Yershov station, 
the results of  other stations are very similar to that of  these two stations, except for some cool 
bias of  Tulun station. 

4. Simulations of original and revised model 

4.1 Simulations o f frozen depth 

The frozen depth was mainly determined by soil temperature, and indirectly influenced by sim- 
ulatedsoil moisture. For the low-resolution in the soil column and little ice existing above 0~ we 
defined the 0.03 m 3 m -3 isoline of ice-liquid water content, which is very close to 0~ isotherm of 
soil temperature, as frozen depth. There are better simulation at Uralsk, Ogurtsovo, Yershov, 
Kostroma (Fig. 3), which can reflect the seasonal variation of frozen depth. All of these stations are 
located in the central continent and well simulated in the soil moisture, except for Ogurtsovo, which 
is in slightly wet region with worse simulation in soil moisture. For Khabarovsk and Tulun, the sim- 
ulated freezing state is too strong and frozen depth is too deep (Figure omitted). One reason is that 
the air temperature is too low, below -20~ and the observed frozen depth is very deep. The other 
reason is the bias in simulation of soil moisture. 

Fig. 3. Observed (al and bl) and simulated (a2 and b2 in which shaded part is greater than 0.03 
m ~ m -3 for ice content ) frozen depth of Ogurtsovo and Yershov, 
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Fig. 4. 6-year monthly averaged energy change in soil column (W). 

4.2 Simulation o,f soil thermal condition 

The new scheme considers the phase change of soil water, that includes releasing/ab- 
sorbing process in freezing / thawing period. Figure 4 is the energy increment in the soil col- 

~Ci A'~i n+ 
umn compared with previous time step, i.e. , ~  (T i 1 _ T7 )-- G, where G is the ground 

heat flux. When there is no freezing or thawing occurrence, the energy is conserved in the soil 
column. For Yershov, the energy increment in the soil column is positive during the freezing 
period from November to February, and is negative during the thawing period, from March 
to May. However, for Ogurtsovo, the freezing period is from October to March, and the 
thawing period is from April to September. Thus, the revised model can simulate the energy 
change in the soil column reasonably. 

From Eq.(5), the soil water phase change has been implicitly considered in the original 
model, i.e. when T t , -  AT<~ T i <<, Tf  + AT, the latent heat of fusion of water is considered, 
and all of the soil moisture takes part in phase change, meanwhile, the existence of the liquid 
water in frozen soil is not taken into consideration. The method has overestimated the effects 
of the soil moisture phase change, and led to the cool bias in summer. Figure 5 shows the 
comparison between the simulated 20 cm soil temperature by OLSM and RLSM and the ob- 
served data. The simulation of RLSM is closer to the observed data than OLSM. Figure 6 is 
the comparison of simulated ground heat flux in each case, and it shows that the magnitude of 

2k~ 
RLSM is smaller than the OLSM~s. For the ground heat flux, G = ~ ( T g  - -  T 1 ), where k I 

is the thermal conductivity of the first soil layer, Az~ is the thickness of the first soil layer, and 
Tg T~ is the difference of temperature between ground and the first soil layer. Because the 
difference of Tg - T~ between OLSM and RLSM is too small, the difference of ground flux 
may be caused by the modification of the thermal conductivity scheme. 

4.3 Simulations o['water cycle and surfhce heat flux 

Figure 7 is the comparison Of infiltration and runoff. After considering the frozen soil 
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process, the hydraulic conductivity of first soil layer is decreased, and the soil porosity turned 
small�9 Thus, during the spring snowmelt period, it is easy to form saturated surface runoff 
rather than forming infiltration�9 In later fall, there is a few runoff. In OLSMIs simulation, the 
amount of infiltration is very large, and hardly to form runoff�9 There is no observed data 
about runoff, but the magnitude of RLSM modeled value is very closed to Valdai data 
(Schlosser et al. 2000)�9 Figure 8 is 6-year averaged 0-50 cm available soil moisture 
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(ASM), W,. = (0-Odry)Di,  where W i is the ASM, 0 is the total soil moisture, 0dry  
1 

= 0sat ( -  3 1 6 2 3 0 ~ - ~  i//sat . / is the soil moisture when the soil is dry, and Dj is the depth o f  ith soil 

layer. The results are very similar to Robock's  ( R o b o c k  et al. 1995, Fig. 7) s imulation using 
Bucket and SSiB model. For  Ogurtsovo,  and Yershov,  which are located in the center o f  con- 
tinent, the results are similar and better than that for other stations. The O L S M  can simulate 
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Fig. 9. 6-year monthly averaged latent heat and sensible heat W m -2 (lines with open circle are for 
OLSM; lines with solid square are for RLSM). 

the spike of  ASM in spring; but in RLSM, when snowmelt occurs, the snowmelt forms runoff 
rather than infiltration because the ground is still frozen. 

Because of  the difference of  simulated soil moisture between OLSM and RLSM, the 
simulated evaporation by RLSM is less than that by OLSM, and so do the latent heat (Fig. 
9). Figure l0 is the comparison between simulated and observed ground temperature for 
OLSM and RLSM, from which we can see that, the simulated ground temperature by RLSM 
is slightly higher than that by OLSM in summer. Because of  the larger temperature difference 
between the ground and the atmosphere, the simulated sensible heat by RLSM is higher than 
that by OLSM in spring and summer. 

5. Conclusion and discussion 

In this study, we develop a simple frozen soil parameterization scheme based on NCAR 
LSM. The soil ice content is solved; the sink / source effects of  soil water phase-changing are 
considered; the thermal conductivity is modified for well solving water-ice mixed soil; the hy- 
draulic conductivity is calculated depending on the soil ice content. Then some simulation ex- 
periments are conducted with the Original model and revised model using Former Soviet 
Union 6 stations measured data. 

The results indicate that the energy in the soil column increases during the freezing peri- 
od, and decreases during the thawing period because of  the latent heat releasing / absorbing 
when the soil water freezing / thawing. The simulated summer soil temperature by the revised 
model is closer to the observed data. When the snowmelt occurs in spring, the ground surface 
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Fig. 10. Simulated (Y-axis) versus observed (X-axis) ground temperature for two stations�9 The 

1:1 line and linear regression line are plotted on each pannel, a l )  and a2) are for Ogurtsovo; b l )  

and b2) are for Yershov. 

is still frozen, and that causes increment in runoff, decrease in infiltration, and hardly simu- 
lates the replenishment of  soil moisture in spring�9 Because it is lower in soil moisture and 
higher in ground temperature in the simulations by RLSM, the simulated latent heat is less 
and the sensible heat is higher. 

There is some discussion about  the soil moisture simulation in Robock et al. (1995) and 
Slater et al. (1998). It indicated that Bucket model without frozen soil process can simulate the 
ASM reasonably, and SSiB, in which all spring snowmelt is partitioned into runoff  if the sur- 
face temperature is below the frozen point, cannot simulate the soil moisture spike in spring�9 

Xue et al. (1996)Omodified the hydraulic conductivity using K frz = K n [ T soi~ -- ( T frz 
- - 1 0 ) ] / 1 0 ,  meaning that the hydraulic conductivity varies linearly in the range of  
-10~176 and there were some evident improvements on the simulated results using the 
same forcing dat a as Robock et al. (1995). As described in Li and Cheng (1995), however, this 
consideration underestimates the effects of  frozen soil, and it is hard to determine the basic 
range of  the order of  magnitude according to current data. 

The authors would like to thank Professors Sun Shufen and Li Shuxun for their valuable suggestion. Professor ~ 

Alan Robock generously provided the Former Soviet Union observational data. This study is supported by National 

Key Developing Programme for Basic Sciences (G 1998040900) and the Innovation Project of Cold and Arid Regions 

Environment and Engineering Research Institute, CAS (CACX210036). 

(~We have not found the original copy of this paper, but there is some discussion in Slater et al. (1998). 
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