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Abstract Accurate simulation of thermal and hydrologi-

cal soil processes is highly important for studying cold

region climates. In this paper, two thermal conductivity

parameterization schemes for soil proposed by Johansen

and Luo were combined with a groundwater parameteri-

zation scheme (JN and LN schemes) to modify the soil

water and heat parameterization schemes in the Commu-

nity Land Model (CLM3.5). Land surface processes in the

Central Tibetan Plateau were simulated based on the ori-

ginal scheme (Farouki scheme), JN scheme, and LN

scheme using the atmospheric forces from meteorological

observations at Nameqie, and they were compared with

observed data in the same period. We found that all three

schemes underestimated the upward shortwave radiation

and overestimated the upward longwave radiation and net

radiation, but the predictions from the modified scheme

better agreed with the observations. The three schemes

simulated the average soil temperatures higher than the

observation data. The modified schemes, particularly the

LN scheme, resulted in better predictions of the soil tem-

perature compared with the original CLM3.5. More thaw-

ing days were simulated by three schemes. The observed

freezing and thawing proceeded from the upper layers to

the lower layers; however, the frozen soil in the Farouki

and LN schemes began to thaw in the upper layers and

below *160 cm. The differences in the simulated soil

thermal conductivity among the three schemes increased

with depth. The soil thermal conductivity simulated by the

Farouki scheme was the highest, while the smallest values

were generated by the JN scheme. The soil volumetric

water content of the Farouki scheme below a 100 cm depth

was obviously larger than the observed data. After con-

sidering water exchange between the soil column and its

underlying aquifer, the JN scheme and, particularly, the LN

scheme, simulated the soil volumetric water content

slightly higher than but similarly to the observed data.

Keywords Community Land Model � Land surface

process � Soil thermal conductivity � Soil temperature �
Freeze/thaw � Soil volumetric water content

Introduction

Because of its particular geographical location and com-

plex underlying surfaces, the Tibetan Plateau has a tre-

mendous impact on its surroundings and the global climate

and environment (Rangarajan 1963; Ye and Gao 1979; Xu

et al. 2008; Yang et al. 2010, 2014; Yao et al. 2012; Wu

et al. 2012). Permafrost is a product of cold climatic
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conditions and is widespread in high-latitude and high-

elevation regions (Zhang et al. 2007a). Permafrost and

seasonal frozen ground are extensive in the Tibetan Pla-

teau, and their seasonal freezing and thawing processes and

spatial distributions lead to variations in the surface

moisture conditions and energy balance. These features

may even influence precipitation and atmospheric circula-

tion in East Asia (Wang et al. 2003; Yang et al. 2003, 2007;

Guo et al. 2010). Since the 1970s, international scientists

have been committed to conducting continuous field

observations, including the first Tibetan Plateau meteoro-

logical research in 1979, the Global Energy and Water

Cycle Experiment/Asian Monsoon Experiment on the

Tibetan Plateau (GAME-Tibet, 1996–2000), and the

Coordinated Enhanced Observing Period/Asia–Australia

Monsoon Project on the Tibetan Plateau (CAMP-Tibet,

2001–2005), which were successively and jointly con-

ducted by Chinese and Japanese scientists. Several sub-

sequent field campaigns and hydro-meteorological

observations were also conducted (Yang et al. 2014).

Accordingly, abundant firsthand field data were acquired.

These experiments have greatly improved the level of

awareness and understanding of the interactions between

the land surface and atmosphere in the Tibetan Plateau (cf.,

Ma et al. 2009 and references therein).

Recently, the use of land surface models to investigate

soil freezing and thawing processes and land-atmosphere

interactions has become an indispensable tool. It was

widely recognized that the simulated accuracy of land

models for land surface processes directly affects the

results of the climate model. Studies on parameterization

schemes for soil freezing and thawing processes in land

surface models and climate models suggest that ignoring

these processes will result in conspicuous underestimates

or overestimates of soil temperature and liquid water

content, frozen depth, and energy fluxes when the soil is

frozen (e.g., Peters-Lidard et al. 1998; Koren et al. 1999; Li

and Koike 2003). Fortunately, soil freezing and thawing

parameterization schemes for land surface models have

been developed. However, descriptions of the soil freezing

and thawing processes in some well-known land surface

models are different in detail. Li and Koike (2003) grouped

the descriptions of frozen soil processes in land surface

models into three categories: the first category provides

simple descriptions of the hydraulic and thermal properties

of frozen soil, such as SSIB, SiB2 (Sellers et al. 1986,

1996) and BATS (Dickinson et al. 1993); the second cat-

egory, i.e., the Best Approximation of Surface Exchanges

(BASE) (Slater et al. 1998) and the CCSR/NIES GCM

(Takata and Kimoto 2000), determines ice production rates

that depend on the amount of heat energy available for

phase change processes; the third category, e.g., the

Mesoscale Analysis and Prediction System (MAPS)

(Smirnova et al. 2000), the Variable Infiltration Capacity

(VIC) model (Cherkauer and Lettenmaier 1999), and the

mesoscale Eta model (Koren et al. 1999), calculates max-

imum unfrozen water content using soil matric potential

when the soil temperature is below the freezing point.

Recent studies indicated that describing land surface

processes, particularly soil freezing and thawing processes

in the Tibetan Plateau, have not been well represented in

land surface models and that further improvement work is

needed (Yang et al. 2009; Wang et al. 2013). Although

some improvement in soil water–heat parameterization

schemes has been made in the Tibetan Plateau (e.g., Zhang

and Lü 2002; Zhang et al. 2007b; Luo et al. 2009a; Xiao

et al. 2012; Yi et al. 2013), the near-absence of high-

quality, continuous and valid observations precludes the

simulation and improvement of soil conditions. The

Community Land Model (CLM) has been applied in the

Tibetan Plateau (e.g., Xia et al. 2011; Guo and Wang 2013;

Chen et al. 2013a, b; Wang et al. 2013) and has been

coupled to global and regional climate models (such as

CAM, CCSM, COSMO, and RegCM) to study interannual

and interdecadal variability, paleoclimate regimes, and

projections of future climate change (Collins et al. 2006;

Rockel et al. 2008; Davin et al. 2011; Xu and Dirmeyer

2011; Giorgi et al. 2012; Wang et al. 2013). However, until

now, achievements based on a series of field observations

have not yet been incorporated into the state-of-the-art and

widely used Community Land Model (CLM). There are

large gaps between field observations and land surface

process modeling.

Luo et al. (2009b) retained the calculations from Fa-

rouki’s soil thermal conductivity (1981) in the Common

Land Model (CoLM) and added the soil thermal conduc-

tivity schemes of Johansen (1977) and Côté and Konrad

(2005) to modify the thermal conductivity schemes of soil

solids and dry soil. The authors eventually included Ker-

sten’s number scheme according to field-observed soil

textures and thermal conductivities based on soil surveys

and sampling in the Central Tibetan Plateau. The interac-

tion between groundwater and soil moisture relies on the

exchange of water between unsaturated soil and its

underlying aquifer via gravity and capillary forces.

Groundwater dynamics also control runoff generation,

which can further affect the computation of soil moisture

and evapotranspiration in a climate model (Niu et al. 2007).

Niu et al. (2007, 2011) modified a groundwater model

(SIMGM) to explain the exchanges of water between soil

columns and their underlying aquifers. For these reasons,

considering the coupling and interaction between soil

temperature and soil water content, we first used Johan-

sen’s thermal conductivity scheme to modify the original

soil thermal conductivity scheme of Farouki; then, we

modified a groundwater model according to the work of
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Niu et al. (hereafter referred to as the JN scheme). We

similarly used the schemes of Luo et al. and Niu et al. (the

LN scheme) to modify the original soil water–heat

parameterization schemes. In this paper, observational data

and simulated land surface processes from the original soil

water–heat parameterization schemes (the Farouki

scheme), the JN scheme and the LN scheme were com-

pared at NMQ in the Central Tibetan Plateau to investigate

the effects of different water-heat parameterization

schemes on land surface process simulations and to iden-

tify an appropriate water-heat parameterization scheme for

the Central Tibetan Plateau.

Model descriptions

Community Land Model (CLM3.5)

CLM3.5 incorporates the advantages of the Biosphere–

Atmosphere Transfer Scheme (BATS), Institute of Atmo-

spheric Physics, the Chinese Academy of Sciences land

model (IAP94), and the NCAR LSM, and it is an upgrade

of CLM3.0. The land surface in CLM3.0 is represented by

several plant functional types (PFTs) with different bio-

logical and hydrological characteristics and by soil texture

types that determine the thermal and hydrological proper-

ties of the soil. Biophysical processes simulated by

CLM3.0 include solar and longwave radiation interactions

with the vegetation canopy and soil, momentum and tur-

bulent fluxes from the canopy and soil, heat transfer in soil

and snow, the hydrology of the canopy, soil, and snow, and

stomatal physiology and photosynthesis. A detailed

description of how these processes are parameterized in

CLM3.0 is provided by Oleson et al. (2004). Compared

with CLM3.0, the modifications in CLM3.5 are as follows:

new surface datasets and parameterizations, such as surface

datasets based on Moderate Resolution Imaging Spectro-

radiometer (MODIS) products (Lawrence and Chase

2007); improved canopy integration scheme (Thornton and

Zimmermann 2007); a simple TOPMODEL-based model

for surface and subsurface runoff (Niu et al. 2005); water-

table depth determination by a simple groundwater model

(Niu et al. 2007); and the concept of supercooled soil water

through the implementation of a freezing-point depression

equation and the relaxed dependence of hydraulic proper-

ties on the soil-ice content through incorporating the frac-

tional impermeable area to modify the frozen soil scheme

(Niu and Yang 2006). Spatial land-surface heterogeneity in

CLM is represented as a nested subgrid hierarchy in which

grid cells are composed of multiple land units, snow/soil

columns, and PFTs. The profile of CLM3.5 is represented

by 10 uneven layers of soil and up to five layers of snow,

depending on the snow depth. The soil and snow temper-

ature are solved based on the thermal conductivity equation

(Oleson et al. 2004).

Soil thermal conductivity parameterization schemes

Farouki scheme

The soil thermal conductivity parameterization scheme in

CLM3.5 is Farouki’s scheme (Farouki 1981; Oleson et al.

2013), which is one of the most frequently and widely used

schemes.

Soil thermal conductivity ki (W m-1 K-1) is expressed

as:

ki ¼
Ke;iksat;i þ ð1� Ke;iÞkdry;i; Sr;i � 1� 10�7

kdry;i; Sr;i\1� 10�7

�
ð1Þ

where ksat;i is the saturated soil thermal conductivity, kdry;i
is the dry soil thermal conductivity, Ke;i is the Kersten

number, Sr;i is the degree of saturation, and i is the soil

layer.

The saturated soil thermal conductivity ksat;i
(W m-1 K-1) depends on the thermal conductivities of soil

solids, liquid water and ice.

ksat;i ¼
k1�hsat;i
s;i khsat;i

liq;i
; Ti � Tf

k1�hsat;i
s;i k

hliq;i
hliq;iþhice;i

hsat;i
liq;i

k
hsat;i 1� hliq;i

hliq;iþhice;i

� �
ice;i

; Ti\Tf

8><
>:

ð2Þ

where Tf is the freezing point, hsat;i is the soil saturated

water content, hliq;i is the soil liquid water content, and kliq;i
and kice;i are the thermal conductivities of water

(0.57 W m-1 K-1) and ice (2.29 W m-1 K-1), respec-

tively. The thermal conductivity of soil solids ks;i varies
with the sand and clay content.

ks;i ¼
8:80 ð% sandÞi þ 2:92 ð% clayÞi

ð% sandÞi þ ð% clayÞi
ð3Þ

where %sandð Þi and %clayð Þi are the percent compositions

of the sand and clay in each soil layer.

Dry soil thermal conductivity kdry;i is a function of dry

soil density qd;i.

kdry;i ¼
0:135qd;i þ 64:7

2700� 0:947qd;i
ð4Þ

Kersten’s number Ke;i is only a function of the degree of

saturation Sr;i and the phase of the water.

Ke;i ¼
logðSr;iÞ þ 1� 0 Ti � Tf
Sr;i Ti\Tf

�
ð5Þ

where the degree of saturation (Sr;i) is
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Sr;i ¼
hliq;i þ hice;i

hsat;i

� �
� 1 ð6Þ

Johansen scheme

The soil thermal conductivity scheme of Johansen (1977) is

similar to that of Farouki. The only differences between the

schemes are the calculations of the soil solids’ thermal

conductivity and Kersten number. The soil solids’ thermal

conductivity ks of Johansen is given as

ks ¼ kqqk
1�q
o ð7Þ

where the thermal conductivity of quartz is kq = 7.7 -

W m-1 K-1, the thermal conductivity of other minerals is

ko = 2.0 W m-1 K-1, and q is the quartz content in the

soil (0.5 times the sand content).

For unfrozen soils,

Ke ¼
0:7 lg Sr þ 1:0; Sr [ 0:5
lg Sr þ 1:0; Sr [ 0:1

�
ð8Þ

For frozen soils; Ke ¼ Sr ð9Þ

Luo scheme

Luo et al. (2009b) retained Farouki’s formula for soil

thermal conductivity, replaced the soil solids and dry soil

thermal conductivity schemes with those of Johansen

(1977) and Côté and Konrad (2005), and modified the

parameters related to Kersten’s number based on field soil

investigations and sampling. The detailed scheme is shown

as follows:

ki ¼
Ke;iksat;i þ ð1� Ke;iÞkdry;i; Sr;i � 1� 10�5

kdry;i; Sr;i\1� 10�5

�
ð10Þ

ksat;i ¼
k1�hsat;i
s;i khsat;i

liq;i
; Ti � Tf

k1�hsat;i
s;i k

hliq;i
hliq;iþhice;i

hsat;i
liq;i

k
hsat;i 1�

hliq;i
hliq;iþhice;i

� �
ice;i

; Ti\Tf

8><
>:

ð11Þ

kdry;i ¼ v� 10�ghsat;i ð12Þ

where v (W m-1 K-1) and g (unitless) are parameters that

account for the particle shape effect. Luo et al. (2009b)

provided v and g values for sand, clay and other mixed soil

texture types. The fine mineral-mixed dry soil thermal

conductivitykdry;m of each layer is:

kdry;m ¼ kdry;sandfsand þ kdry;clayfclay þ kdry;otherfother ð13Þ

where kdry;sand, kdry;clay and kdry;other are the dry thermal

conductivities of sand, clay and other mixed soil, respec-

tively. fsand, fclay and fother are the volumetric fractions of

sand, clay and other mixed soil, respectively.

The Kersten number of each layer is given as

Ke ¼
jSr

1þ ðj� 1ÞSr
ð14Þ

where j is the empirical parameter used to account for

different soil texture types. Values have been assigned for

both frozen and unfrozen states and for sand, clay and other

mixed soil texture types. For mixed soil, the Kersten

number Ke;m is:

Ke;m ¼ Ke;sandfsand þ Ke;clayfclay þ Ke;otherfother ð15Þ

where Ke;sand, Ke;clay and Ke;other are the Kersten numbers of

sand, clay and other mixed soil texture types of each layer,

respectively.

Groundwater model (SIMGM)

An aquifer is often defined as the geological structure that

constitutes soil, gravel, and/or permeable rock where

groundwater resides. Niu et al. (2007) defined an ‘‘aquifer’’

as the area below the model soil columns. The temporal

variation in the water stored in an unconfined aquifer, Wa

(mm), is expressed as:

dWa

dt
¼ Q� Rsb ð16Þ

where Q (mm s-1) is the recharge to the aquifer, Rsb

(mm s-1) is the discharge from the aquifer (base flow or

subsurface runoff). Then, Q is parameterized following

Darcy’s law and is positive when water enters the aquifer:

Q ¼ �Ka
�zr � ðwbot � zbotÞ

zr � zbot
ð17Þ

where Ka is the hydraulic conductivity of the aquifer

(kg m-2 s-1), zr is the water-table depth (m), and zbot ¼
2:98m is the node depth of the bottom layer. The matric

potential of the bottom layer (mm) wbot is defined as:

wbot ¼ wsat;bot hliq;bot=hsat;bot
� ��b ð18Þ

wsat;bot and b are the saturated soil matric potential (mm)

and soil-texture-dependent Clapp and Hornberger (1978)

exponents, respectively.

The above descriptions are only applicable to the case

when the groundwater level is lower than the depth of the

bottom layer (3.43 m). When the water table is within the

soil column, there is no exchange of water between the soil

column and the aquifer. Therefore, Niu et al. (2007, 2011)

revised the recharge rate Qi as:

Qi ¼ �Ki;r
ðwsat � zrÞ � ðfmicwi � ziÞ

zr � zi
ð19Þ

where Ki;r is the hydraulic conductivity between layer i

and the water table, and wi and zi are the matric potential

and the node depth of the ith layer, respectively. fmic is
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introduced as the fraction of micropore content in the

bottom layer soil to limit the upward flow (depending on

the level of structural soil), ranging from 0.0 to 1.0. fmic ¼
0:0 indicates structural soil or aquifers without microp-

robes, while fmic ¼ 1:0 indicates textural soil full of mi-

cropores. A larger fmic produces wetter soil with less soil

moisture variability. Here, it is set to 0.5.

The subsurface runoff or discharge, Rsb (kg m-2 s-1), is

expressed as (Niu et al. 2005):

Rsb ¼ ð1� FfrzÞRsb;maxe
�f ðzrÞ ð20Þ

Then, it is modified as (Niu et al. 2007):

Rsb ¼ ð1� FfrzÞRsb;maxe
�f ðzr�zÞ ð21Þ

where Rsb;max ¼ 4:5� 10�4 is the maximum subsurface

runoff when the grid-averaged water-table depth is zero.

The fractional saturated area Fsat is parameterized as

(Niu et al. 2007):

Fsat ¼ ð1� FfrzÞFmaxe
0:5fzr þ Ffrz ð22Þ

where Fmax is the potential or maximum saturated fraction

of a GCM grid cell. f (=0.4) is the runoff decay factor. Ffrz

is the fractional impermeable area determined by the soil-

ice content in the surface layer (Niu and Yang 2006).

The fractional saturated area Fsat is expressed as (Niu

et al. 2011):

Fsat ¼ ð1� FfrzÞFmaxe
0:5f ðzr�zÞ þ Ffrz ð23Þ

where zr is the water-table depth, and z is the depth of the

soil layer.

Study area and parameter selection

The general conditions in the study area

Nameqie (NMQ) (31.51�N, 91.40�E; 4,590 m asl) is

located in the Nameqie township of Naqu County in the

Central Tibetan Plateau (Fig. 1a). The climate of the entire

Naqu area is characterized by extreme cold, oxygen-defi-

cient, and dry conditions. At NMQ, the mean wind speed

was 3.39 m s-1, the mean temperature was 0.24 �C, and
the annual precipitation was 519.7 mm in 2011. The sur-

face is flat and open. The area mainly comprises sands,

while fine gravels are sparsely distributed; a 4–5 cm alpine

meadow is uneven distributed across the surface. The

shallow soil layer is sandy loam, and the deep soil layer is

sandy soil. At a 0–30 cm depth, within the vegetation root

layer, the soil color is ash black. At that depth, the soil

texture is sandy loam. At a 30–220 cm depth, the soil color

is caesious, and the soil texture is coarse sand with a small

amount of gravel.

Parameter selection and experiment design

Meteorological variables at the NMQ site, including air

temperature, precipitation, soil temperature, soil water

content, humidity, relative humidity, vapor pressure, radi-

ation, wind direction, and wind speed, have been measured

every 30 min since August 2010 (Fig. 1b). The depths of

the soil temperature measurements are 4, 20, 40, 60, 80,

100, 130, 160, 200 and 220 cm; the depths of the soil water

content measurements are 4, 20, 60, 100, 160 and 210 cm.

The observation variables and instruments are listed in

Table 1. The input data of the model mainly refer to the

parameters of the 30-min atmospheric forcing data, vege-

tation index, and soil texture in the simulation by Chen

et al. (2013b) using CLM3.0 at the NMQ site. The atmo-

spheric forcing data were input according to Greenwich

Mean Time. The soil column in the model is divided into

10 layers. From the surface to the deep layer node, the soil

depth is 0.0071, 0.0280, 0.0623, 0.1189, 0.2122, 0.3661,

0.6189, 1.0380, 1.7276, and 2.8647 m. The soil textures in

each layer are from 10 field-measured soil samples (4, 20,

40, 60, 80, 100, 130, 160, 200 and 220 cm) (Table 2). The

leaf area and stem area index are from MODIS (Lawrence

and Chase 2007). For a comparison with the observed data,

the model-simulated soil temperature at each depth must be

linearly interpolated. In the study, three groups of simula-

tion experiments (the Farouki scheme, JN scheme, and LN

scheme) were conducted with the same atmospheric forc-

ing data, vegetation data, soil texture data, and simulation

period (1 October 2010 to 31 May 2012). To eliminate the

effect of the initial land surface conditions, such as the soil

moisture memory, the first month (October 2010) was used

for the model spin-up and excluded in the analysis.

Atmospheric forcing variables

The atmospheric forcing variables input into CLM3.5 were

downward shortwave radiation, air temperature and pre-

cipitation, specific humidity, wind speed, and air pressure

(Fig. 2). From the figure, the temperature, specific

humidity, downward shortwave radiation and air pressure

have obvious seasonal variations. Except for the wind

speed, the variables are all high in summer and low in

winter. The downward shortwave radiation has large sea-

sonal variations; the amplitude in summer is larger than

that in winter. The daily mean downward shortwave radi-

ation is 247.51 W m-2 in the summer (May to September)

of 2011 and 208.72 W m-2 in the winter (October to

April). The air temperature from December to April of the

next year is below 0 �C. The annual range in the temper-

ature is large (26.92 �C in 2011). The precipitation is

mainly concentrated in summer (June to August), as much
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as 64 % in 2011. The specific humidity is higher in summer

than in winter. Thus, the climate is wet in summer but dry

in winter. The wind speed is high in winter but low in

summer. The amplitude of the daily wind variations is

larger in winter than in summer. The change in the air

pressure agrees with the temperature, showing that pressure

is high in summer but low in winter.

Performance measures

The simulated results from the three schemes were com-

pared with the observed data on the basis of three statistical

analyses: the correlation coefficient (r), bias (Bias), and

standard error of the estimate (SEE). The methods for

calculating r, Bias, and SEE are as follows:

r ¼

Pn
i¼1

ðSi � SÞðOi � OÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðSi � SÞ2
s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1

ðOi � OÞ2
s ð24Þ

Bias ¼
Xn
i¼1

Si � Oi

n
ð25Þ

SEE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðSi � OiÞ2

n� 2

vuuut
ð26Þ

where Si is the simulation result, S is the average simu-

lation, Oi is the observation result, O is the average

observation, and n is the total number of data.

Results and analysis

Radiation components

Net radiation is the balance of four radiation components,

or the summation of net shortwave radiation and net

longwave radiation. Figure 3 shows the scatter plots of the

Farouki scheme’s simulated downward shortwave radia-

tion, downward longwave radiation and net radiation

Fig. 1 Geographical location (a) and field photograph of the MNQ site (b)

Table 1 Specification of the

measurements and the

instruments

Observation element Instrument and origin Height (depth) (m)

Wind direction and wind speed (034B, MetOne) 2

Snow depth (SR50-A, Campbell) 1.36

Air temperature, relative humidity (HMP-L, Vaisala) 2

Soil temperature (109SS, Campbell) 0.04, 0.2, 0.4, 0.6, 0.8, 1.00,

1.30, 1.60, 2.00, 2.20

Soil water content (CS616, Campbell) 0.04, 0.20, 0.60, 1.0, 1.6, 2.1

Precipitation (T-200B, Geonor) 1.78

Radiation (NR-01, Kipp&Zonen) 1.5

Pressure (CS106, Delta Tankers) 2
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Fig. 2 Atmospheric forcing variables input into CLM3.5: downward shortwave radiation, air temperature and precipitation, specific humidity,

wind speed, and air pressure

Table 2 Soil depth (thickness),

soil texture, and soil solids’

thermal conductivity in 10

layers at NMQ

Layer Soil depth

(m)

Soil thickness

(m)

Node depth

(m)

Soil texture

(%)

Farouki

scheme

Johansen

scheme

Sand Clay (W m-1 K-1) (W m-1 K-1)

1 0.0175 0.0175 0.0071 74.88 5.03 8.43 3.31

2 0.0451 0.0276 0.028 74.88 5.03 8.43 3.31

3 0.0906 0.0455 0.0623 74.88 5.03 8.43 3.31

4 0.1656 0.075 0.1189 81.01 4.24 8.51 3.45

5 0.2891 0.1235 0.2122 83.21 3.11 8.59 3.50

6 0.493 0.2039 0.3661 85.27 10.32 8.17 3.55

7 0.8289 0.3359 0.6198 87.21 11.03 8.14 3.60

8 1.3828 0.5539 1.038 93.01 5.46 8.47 3.74

9 2.2961 0.9133 1.7276 94.42 1.26 8.72 3.78

10 3.4331 1.137 2.8647 95.21 1.02 8.74 3.80
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compared with the observational values (the slight differ-

ence between the JN and LN schemes’ simulated radiation

and the Farouki scheme’s simulated radiation are not easily

presented in the same figure, so they are omitted here).

When the upward shortwave radiation is below

100 W m-2, the simulated values are in good agreement

with the observed values. However, in the high value area,

the model-observation differences are large, i.e., the sim-

ulated values are small. This may be the result of error

related to the precipitation (Luo et al. 2009a). The instru-

ment that monitors precipitation records liquid water in

winter, so solid precipitation is not completely accounted

for (i.e., the precipitation is underestimated). Therefore,

less snow leads to a low surface albedo, which causes

reduced upward shortwave radiation. On average, the

upward shortwave radiation simulated by the Farouki

scheme is 5.478 W m-2 lower than the observed value

(Table 3). Although the correlation coefficients between

the simulated upward shortwave radiation and observed

values are low, they still exceeded the 99 % confidence

level. Three schemes simulated upward longwave radiation

very close to the observed values, and the correlation

coefficients all reach 0.959. However, the schemes over-

estimate the upward longwave radiation by

8.523–9.272 W m-2. The correlation coefficients between

the simulated net radiation and observed values are all

greater than 0.49, but the simulated values are overesti-

mated by 25.74–26.59 W m-2. Compared with the

observed data, the JN scheme improves the radiation

components. The correlation coefficients of the LN scheme

increased, and the Bias and SEE (except for the upward

longwave radiation) decreased when compared with the JN

scheme.

Soil temperature and freezing–thawing processes

Figure 4 displays the observed and simulated daily mean

soil temperature over time at different depths. Three

schemes are capable of providing good simulations of the

evolution of the soil temperature. Because of the effect of

the air temperature, the shallow soil layer temperatures

greatly fluctuate. The effect of the air temperature on the

soil temperature diminishes with depth. Therefore, the soil

temperature curves gradually level off. The three schemes

simulate the middle and lower soil layer temperatures well

Fig. 3 Scatter plots of the daily mean upward shortwave radiation,

upward longwave radiation, and net radiation (observations and

Farouki scheme). The solid line 1:1; the dashed line regression

Table 3 Statistical values of the three schemes’ simulated and

observed radiation components

Upward

shortwave

radiation

Downward

longwave

radiation

Net radiation

Farouki scheme

r 0.223 0.959 0.492

Bias (W m-2) -5.478 9.272 26.585

SEE (W m-2) 23.733 14.303 76.338

JN scheme

r 0.227 0.959 0.492

Bias (W m-2) -5.406 8.523 25.764

SEE (W m-2) 23.698 13.839 76.222

LN scheme

r 0.228 0.959 0.491

Bias (W m-2) -5.043 8.865 25.743

SEE (W m-2) 23.693 14.041 76.215
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compared with the observations. However, they distinctly

overestimate the soil temperature at a 4 cm depth, partic-

ularly after May 2011; therefore, the upward longwave

radiation is overestimated; the cause of this result requires

further study. Generally, the three schemes simulate the

soil temperature higher than the observations. The Farouki

scheme soil temperature at an 80 cm depth is the best, with

a bias of 0.149 �C (Table 4). After modifying the soil

conductivity parameterization scheme, the JN and LN

scheme soil temperatures at 4 and 20 cm depths are not

significantly improved. Although the correlation

confidences with the observed data are enhanced, the SEE

decreased and the Bias increased. The soil temperature

below a 100 cm depth as simulated by the JN and LN

schemes is more similar to the observed data. The LN

scheme soil temperature at a depth of 160 cm is much

closer to the observed data than the other two schemes.

However, below the depth of 160 cm, the soil temperatures

simulated by the LN scheme and, particularly, by the JN

scheme are higher than those simulated by the Farouki

scheme. However, it is worth noting that the modified

schemes (JN and LN) improve the simulation of the soil

Fig. 4 Observed and simulated

soil temperature (�C) at
different depths at the NMQ site

from 1 November 2010 to 31

May 2012
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temperature. For example, their correlation confidences

with the observed data increased, and the SEE and Bias

with the observed data decreased, particularly for the LN

scheme. Overall, the soil temperature simulated by the LN

scheme is most similar to the observed data; the correlation

coefficient is 0.973, the Bias is 1.180 �C and the SEE is

1.737 �C.
Figure 5 shows the isotherms of the soil temperature

simulated by the three schemes and observed data from

November 2010 to May 2012. The start date of the soil

freezing process is defined as when the daily mean soil

temperature becomes successively negative. The observed

surface soil began to freeze on 29 November 2010 and 22

October 2012. The Farouki scheme’s simulated surface soil

began to freeze on 1 December 2010 and 6 November

2012. For the JN scheme, the surface soil began to freeze

on 1 December 2010 and 11 December 2012. For the LN

scheme, the surface soil began to freeze on 1 December

Fig. 5 The isotherms of the soil temperature simulated by the three schemes and the observations from 1 November 2010 to 31 May 2012

Table 4 Statistical values of

the three schemes’ simulated

and observed soil temperatures

Soil depth

(cm)

Farouki scheme JN scheme LN scheme

Bias

(�C)
SEE

(�C)
r Bias

(�C)
SEE

(�C)
r Bias

(�C)
SEE

(�C)
r

4 4.247 5.089 0.916 4.007 4.867 0.918 4.125 4.983 0.917

20 1.234 1.575 0.989 1.017 1.393 0.990 1.114 1.462 0.990

40 1.360 1.724 0.985 1.173 1.549 0.986 1.244 1.613 0.986

60 1.169 1.644 0.979 1.010 1.488 0.981 1.056 1.542 0.980

80 0.149 1.231 0.973 0.019 1.164 0.975 0.040 1.204 0.974

100 1.220 1.600 0.978 1.119 1.474 0.981 1.115 1.497 0.980

130 0.922 1.299 0.981 0.865 1.179 0.983 0.822 1.198 0.982

160 0.966 1.209 0.987 0.952 1.225 0.982 0.871 1.154 0.985

200 0.812 1.205 0.985 0.856 1.353 0.968 0.725 1.230 0.978

220 0.771 1.403 0.973 0.845 1.644 0.945 0.687 1.489 0.961

Mean 1.285 1.798 0.974 1.186 1.733 0.971 1.180 1.737 0.973
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2010 and 12 December 2012. Thus, the three schemes

delay the start of the surface soil freezing compared with

the observations. The start date of the soil thawing process

is defined as when the daily mean soil temperature

becomes successively positive. The observed data show

that the surface soil began to thaw on 31 March 2010 and

20 May 2012. The Farouki scheme surface soil began to

thaw on 13 March 2010 and 18 March 2012. For the JN

scheme, the surface soil began to thaw on 22 March 2010

and 19 March 2012. For the LN scheme, the soil began to

thaw on 22 March 2010 and 18 March 2012. Thus, the

simulated start dates of the soil thawing are earlier than the

observations.

Meanwhile, the three schemes simulated and observed

days of soil thawing (when the daily mean soil temperature

is consistently greater than 0 �C) and freezing (when the

daily mean soil temperature is consistently less than 0 �C)
are listed in Table 5. As seen in the table, except for the

depths of 80 and 220 cm, the number of soil thawing days

simulated by the three schemes is obviously higher than

that for the observations; the opposite is true for the soil

freezing days. The Farouki scheme’s soil freezing and

thawing days at a 220 cm depth are the same as the

observations. At an 80 cm depth, all of the schemes sim-

ulated the soil freezing and thawing days near the observed

values. In the shallow layer of 4–60 cm, no large differ-

ences exist among the three schemes. However, below a

100 cm depth, the soil freezing and thawing days simulated

by the LN scheme approach the observed value, as

expected from Table 4.

The 0 �C isotherm patterns of the observed data, the

Farouki scheme and the LN scheme are similar (Fig. 5).

The observed data show that freezing and thawing pro-

cesses are rapid from the surface to a depth of 220 cm,

with the deepest freezing depth below 220 cm. For the JN

scheme, the soil freezing and thawing processes are evi-

dently faster, with a maximum freezing depth (cold ton-

gue) of approximately 175 cm. An unfrozen layer exists

between the depths of 175 and 200 cm. Moreover, the

observed data indicate that freezing and thawing proceed

from the upper layers to the lower layers. However, for

the Farouki and LN schemes, the soil thawing process

practically proceeds simultaneously from the upper layers

to a depth of approximately 160 cm, while the soil

thawing below that depth is gradual and successive. The

simulated soil temperature above 60 cm is higher than the

observed soil temperature during the freezing period;

thus, the downward heat flux transfer is accelerated,

which results in rapid soil thawing and a short freezing

period.

Soil thermal conductivity

From Table 2, we see that the soil solids’ thermal con-

ductivity values of the Farouki scheme are very large, with

an average value of 8.46 W m-1 K-1. The average value

of the soil solids’ thermal conductivity of the Johansen

scheme is 3.54 W m-1 K-1. Figure 6 shows the temporal

variation in the daily mean soil thermal conductivity of the

three schemes. Because of the lack of soil thermal con-

ductivity observations, we are unable to qualitatively or

quantitatively evaluate the simulated soil thermal conduc-

tivity; instead, we simply analyze the simulated results.

The soil thermal conductivity is low and relatively stable in

the completely frozen stage but high and variable in the

completely thawed stage. The soil thermal conductivity

below a depth of 100 cm is larger when soil freezing

occurs (ice and liquid coexist) than at other times. The

simulated soil thermal conductivity increases as the soil

depth increases overall. The sand had higher values of

thermal conductivity than the clay loam (Abu-Hamdeh and

Reeder 2000). The simulation by Luo et al. (2009b) sug-

gested that a higher percent of sand (Table 2) will produce

high soil thermal conductivities. At the shallow depths of 4

and 20 cm, no large differences occur among the three

schemes’ soil thermal conductivities. However, at deep

depths, the soil thermal conductivity values of the Farouki

scheme are distinctly high. The soil thermal conductivity

values of the Farouki scheme are highest during the entire

simulation period. The soil thermal conductivity values of

the other two schemes are relatively similar, and the JN

scheme has the lowest values. Therefore, the low soil

thermal conductivity values of JN may be unable to

transfer the soil heat in the shallow layers to the deeper

layers. This situation leads to a small ‘‘cold tongue’’. The

soil thermal conductivity values of the Farouki and LN

schemes are high when the soil begins to thaw; as a result,

large ‘‘warm tongues’’ occur.

Table 5 Days (d) of simulated and observed soil thawing and freezing from 1 November 2010 to 31 May 2012 (total of 577)

4 cm 20 cm 40 cm 60 cm 80 cm 100 cm 130 cm 160 cm 200 cm 220 cm

Observed 243/334 314/263 306/271 330/247 404/173 331/246 354/223 355/222 399/178 452/125

Farouki scheme 369/208 380/197 389/188 401/156 408/149 419/158 435/142 457/120 500/77 452/125

JN scheme 356/221 370/207 380/197 394/183 406/151 421/156 454/103 504/73 571/6 474/103

LN scheme 358/219 370/207 380/197 393/184 400/157 411/146 433/144 453/124 512/65 446/131
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Soil water content

Figure 7 displays the observed and simulated daily mean

soil volumetric water content variations from 1 November

2010 to 31 May 2012. The observed data show that the soil

volumetric water content decreases as the soil begins to

freeze and increases as the soil begins to thaw. Meanwhile,

the shallow-layer soil water contents are significantly

affected by precipitation (Fig. 2), evaporation and infiltra-

tion in the soil thawing stage. The soil water content at a

60 cm depth is the highest, with an average value of

0.166 m3 m-3. The trends and values of the soil volumetric

water content below a 60 cm depth are largely consistent.

Previous studies suggested that groundwater influences the

soil moisture, thereby influencing the surface energy and

water balances in regions where the water table is shallow

(Chen and Hu 2004; Yeh and Eltahir 2005; Gayler et al.

2013). Higher soil water content below a 100 cm depth as

simulated by the original scheme (the Farouki scheme) is

the result of not considering the water exchange between

Fig. 6 Simulated soil thermal

conductivity (W m-1 K-1) at

different depths at the NMQ site

from 1 November 2010 to 31

May 2012
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the soil column and its underlying aquifer. The simulated

soil water contents of the three schemes at the shallow

layers of 4 and 20 cm are relatively good but slightly lower

during soil freezing and higher during soil thawing. The

simulation ability of the Farouki scheme for soil water

content is best at a 60 cm depth, with a small negative bias

of 0.01 m3 m-3. The study of Luo et al. (2009b) indicated

that the differences in the soil thermal conductivity of the

Farouki, JN, and LN schemes are large when the soil water

content is low but small when the soil water content is

high. Therefore, the differences in the soil thermal con-

ductivity among the schemes are small in the upper layers

but large in the deep layers (Fig. 6). Yang et al. (2003)

suggested that soil freezing and thawing processes are

strongly influenced by the soil water content. Because

water has the largest heat capacity among all materials,

latent heat is released in the process of the freezing phase

change, while heat is absorbed in the process of the

thawing phase change. Below the depth of 100 cm, the

simulated soil volumetric water content is higher. After

modifying the groundwater parameterizations (the JN and

LN schemes), the soil volumetric water content is higher

than the observed data, except at 60 and 210 cm depths,

when the soil begins to freeze or thaw, which delays/

advances the soil freezing/thawing. In spite of the fact that

the correlation coefficients between the simulated soil

water content and observed data decreased, their biases and

standard errors greatly decreased, which means that the

simulated values are close to the observed data. In general,

biases and standard errors between the LN scheme and

observed data are the smallest, with average values of

0.026 and 0.054 m3 m-3.

Concluding remarks

This paper compared simulated results (radiation compo-

nents, soil temperature, soil freezing and thawing pro-

cesses, soil water content and thermal conductivity) of the

original water-heat parameterization scheme (the Farouki

scheme) and modified soil water–heat parameterization

schemes (the JN and LN schemes) in CLM3.5 using the

same atmospheric forcing data observed at NMQ in the

Central Tibetan Plateau with observations. The major

findings are as follows:

Compared with the observed and Farouki-scheme-sim-

ulated radiation components, the JN scheme improves the

simulation of upward longwave radiation, and the LN

scheme improves the simulation of upward shortwave

radiation and net radiation. The soil temperatures in 10

layers are higher for the three schemes than for the

observed data. However, the modified schemes,

Fig. 7 Same as Fig. 4, but for

soil volumetric water content

(m3 m-3)
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particularly the LN scheme, improve the simulated soil

temperature effects. The soil thawing/freezing days are

overestimated/underestimated by the three schemes. The

JN scheme soil freezing and thawing processes are more

rapid, and the ‘‘cold tongue’’ is smaller than that of the

observed data. The observed freezing and thawing proceed

from the upper layers to the lower layers, while for the

Farouki and LN schemes, the soil thawing proceeds

simultaneously from the upper layers to a depth of

approximately 160 cm; the soil thawing below the depth of

160 cm proceeds successively and slowly. Specifically, at

the shallow layers of 4 and 20 cm, no large differences

occur among the three schemes’ soil thermal conductivi-

ties. However, at deeper depths, the soil thermal conduc-

tivity values of the Farouki scheme are distinctly large. The

soil thermal conductivity values of the Farouki scheme are

the highest during the entire simulation period. Higher soil

water contents below 100 cm are simulated by the Farouki

scheme. The modeling of the soil water content can be

improved, particularly for LN scheme, through imple-

menting water exchange between the soil column and its

underlying aquifer.

Although the modified schemes’ soil temperatures and

water contents in particular layers are coherent with the

observed results in this paper, the simulations were con-

ducted for a single point and the simulation period and

spin-up time were short. In addition, because of the sparse

observations of soil-ice content, sensible and latent heat

fluxes, surface soil heat flux, and soil thermal conductivity,

our results require further verification. Overall, the simu-

lated soil water contents are generally higher than the

observed values; as a result, the soil thermal capacity and

soil temperatures are likely to be higher. These conditions

have a significant impact on the processes of soil freezing

and thawing. Therefore, the parameterizations of soil

water–heat interactions need improvement.
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