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Abstract:

Freezing and thawing processes at the soil surface play an important role in determining the nature of Tibetan land and
atmosphere interactions. In this study, land surface water and heat exchanges under different freezing and thawing conditions
over the central Tibetan Plateau were investigated using observations from the Coordinated Enhanced Observing Period/Asia-
Australia Monsoon Project on the Tibetan Plateau, and the Simultaneous Heat and Water Model. During the freezing and
thawing stages, significant diurnal variation of soil temperature resulted in a diurnal cycle of unfrozen water content at the
surface. Radiation and energy components and evapotranspiration averaged over four freeze/thaw stages also changed diurnally.
On average, the surface albedo (0-68) during the completely frozen stage was sharply higher than those during the freezing,
thawing, and completely thawed stages due to the snow cover. The Bowen ratios were 3-1 and 2-5 in the freezing and thawing
stages, respectively, but the ratio was only 0-5 in the completely thawed stage. Latent heat flux displayed distinctly better
correlation with unfrozen soil water content during the freezing and thawing stages than during the completely frozen and
thawed stages. This implies that the diurnal cycle of unfrozen soil water, resulting from diurnal freeze/thaw cycles at the
surface, has a significant impact on latent heat flux. A surface energy imbalance problem was encountered, and the possible
sources of error were analysed. Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION

The Tibetan plateau has a significant influence on energy
and water cycles on both regional scales, such as the
Asian monsoon, and global scales, such as El Nifio-
Southern Oscillation (Flohn, 1957; Yeh et al., 1957; Li
and Yanai, 1996; Liu ef al., 2003). The ground absorbs a
large amount of solar radiation and undergoes dramatic
changes of surface heat and water fluxes due to topo-
graphic characteristics (Ye and Gao, 1979; Yanai et al.,
1992; Tanaka et al., 2003). Sensible heating dominates
the early summer, whereas latent heating dominates the
mid-summer monsoon (Yanai et al., 1992). These fluxes
drive the intense monsoon circulation and strongly affect
global circulation patterns (Webster, 1987; Tanaka et al.,
2001). Relatively larger net radiation, accompanied by
limited latent heat of evaporation resulting from low sur-
face temperature over the Tibetan Plateau, thus heats
the atmosphere ( Xu and Haginaya, 2001). The thermal
effects of the Plateau affect the free atmosphere in terms
of turbulence via the near-ground layer and the atmo-
spheric boundary layer. Therefore, it is vital to estimate
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the land surface heat and water flux exchanges to under-
stand the mechanisms governing the energy cycle over
the Asian monsoon region.

Land surface processes over the Tibetan Plateau are
multi-featured and complex. Irregular snow cover with
permafrost (approximately 1-4 x 10® km?) and season-
ally frozen soil are extensively present. Seasonally freez-
ing and thawing processes in the surface layers and their
spatial distribution result in time-space variations of sur-
face wetness and variations of the surface heat balance.
Such variations strongly affect the Tibetan seasonal tran-
sition (Yang et al., 2003), surface energy flux variations
(Tanaka et al., 2003), and circulation (Wang et al., 2003),
thus having profound implications for subsequent mon-
soon behaviour and even global climate processes (Bar-
nett et al., 1989; Vernekar, 1995; Su et al., 2006).

Typically, soil freezing and thawing processes are
accompanied by frequent phase transitions of soil water,
resulting in the absorption and release of latent heat.
Oscillations in the thermal soil regime and corresponding
freeze/thaw cycles engender concomitant changes in the
energy and water exchanges between land surface and
atmosphere (Yang et al., 2007a). The land surface energy
and water exchanges are quite different under frozen
or thawed soil conditions (Li et al., 2002). In addition,
the near-surface experiences diurnal freeze/thaw cycles
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over half the year (Yang et al., 2007a). Therefore, the
freeze/thaw processes of the surface layer are important
factors in the land-atmosphere interactions.

It is difficult to make conventional in situ measure-
ments on the Tibetan Plateau because of its rugged and
varied topography. Consequently, 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) were conducted by a joint Chinese-Japanese
field team. By using the collected data, some studies
associated with the surface energy budget and closure
as well as seasonal and diurnal variations of surface
heat flux components, soil temperature, and soil moisture
have been reported (Kim et al., 2000a, 2000b; Gao et al.,
2000a, 2000b, 2004; Tsukamoto et al., 2001; Tanaka
et al., 2001, 2003; Ma Y, et al., 2004, 2006; Yang et al.,
2003, 2007a; Ma and Ma, 2006; Guo et al., 2009a, 2009b;
Guo and Yang, 2010; Guo et al., 2011). However, few
works have focused on the impact of near-surface diur-
nal freeze/thaw cycles on energy and water exchanges
between the land surface and atmosphere.

The objectives of this work are to investigate the
average diurnal variations of radiation fluxes, soil heat
flux, soil temperature, and unfrozen soil water in each of
the four freeze/thaw stages from observations. Diurnal
variations of sensible heat flux, latent heat flux, and
evapotranspiration averaged in the four stages were also
investigated with simulated data. Additionally, the impact
of near-surface diurnal freeze/thaw cycles on surface
heat flux was preliminarily evaluated with observed soil
temperature and unfrozen soil water as well as simulated
sensible and latent heat fluxes. Finally, the surface energy
budget was analysed using the closure ratio, which was
calculated by the observed net radiation, calculated soil
heat flux, and the simulated sensible and latent heat
fluxes.

DATA AND METHODS

Field measurement data
Site ‘BJ’ (31-37°N, 91-90°E; 4509 m) is an obser-
vational station of the CAMP-Tibet project located in
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a relatively large open space and covering an area of
approximately 30 x 50 km on flat Naqu grassland in
a seasonally frozen soil region of the central Tibetan
Plateau (Figure 1). Soil is predominantly sandy silt
loam with small and scattered pebbles, and vegeta-
tion cover consists of short grass with a canopy height
less than 0-05 m and a leaf area index (LAI) less
than 0-5 during the peak growth stage in late May
to mid-September (Gao et al., 2004). Details on the
instruments and various data—processing techniques are
provided in corresponding documents at the following
Web sites: http://data.eol.ucar.edu/codiac/dss/id=76-127
and http://data.eol.ucar.edu/codiac/dss/id=76-128.
General information on observational elements col-
lected at site BJ are shown in Table I. Net radia-
tion was measured at 1-5 m above the ground with
CM-21 (Kipp & Zonen), which measured downward
short-wave/long-wave and upward short-wave/long-wave
radiation separately. The thermal effects owing to sensor
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Figure 1. Distribution of frozen ground (after Li and Cheng, 1996) and
geographic location of the study sites

Table I. Observational elements at site BJ

Observational elements Height/m Instrument type, manufacturer
awind speed/m s~! 10, 5, 1 WS-D32, Komatsu

wind direction/® 10 WS-D32, Komatsu

“air temperature/ °C 82,1 Ts-801, Okazaki

specific humidity/% 82,1 HMP-45D, Vaisala
atmospheric pressure/hPa ground PTB220C, Vaisala
precipitation/mm ground NOAH-II, ETI

aradiation flux/W m™2 CM-21, Kipp & Zonen

soil heat flux/(W m~2) —0-1, —0-2 MF-81, EKO

#soil temperature/ °C
aunfrozen soil water/m® m=3 —0-04, —0-2, —0-6,

—0-04, —0-2, —0-4, —0-6, —0-8,
~1.0, —1.6, —2-1

-1.0, —-1.3, —1-6, =2, —=2.5 Pt100, Datamark

Trime EZ, Imko

? elements were used as forcing data for SHAW model simulation.

Copyright © 2011 John Wiley & Sons, Ltd.
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temperature were taken into account when calculating
long-wave radiation components. The soil heat flux was
measured at depths of 0-1 and 0-2 m with MF-81 (EFO).
Fluxes of sensible heat and latent heat were measured
by an eddy covariance system (KAIJO-DA600, Kaijo;
Li-7500, Li-Cor). These instruments were mounted at 3
and 20 m above the ground facing prevailing wind direc-
tions, with raw data sampled every 0-1 second (10 Hz).
Post-processing of the data was performed for quality
control, and various corrections were applied to mini-
mize the measurement errors. More detailed information
can be found in the works of Kim er al. (2000a), Choi
et al. (2004), Gao et al. (2004), and Ma Y, et al. (2004).
The eddy covariance data were measured during the peri-
ods from 24 November 2002 to 19 December 2002, and
from 3 June 2003 to 30 June 2003 and were derived
from http://data.eol.ucar.edu/(visited on 1 January 2010).
Data flagged B (bad) or D (dubious) were eliminated
and can be used to validate the model. Surface soil tem-
perature and unfrozen soil water at different depths were
observed during 23 August 2002—-23 May 2003 to specif-
ically reveal the surface diurnal freeze/thaw cycles. At
the BJ site, twelve platinum temperature probes were
installed at depths of 0, 0-005, 0-01, 0-02, 0-03, 0-04,
0-05, 0-06, 0-07, 0-08, 0-09, and 0-2 m. In addition,
four time-domain reflectometers were installed horizon-
tally at depths between 0—0-03, 0-03—-0-06, 0-06-0-09,
and 0-185 m—0-215 m for monitoring unfrozen soil water
content. All of the probes were connected with two
dataloggers recording at 30-min intervals. The monthly
snow depth data at the Naqu meteorological station dur-
ing 1966—1999, derived from SSM/I (Special Sensor
Microware/Imager), were also used in our analysis.

Methods

Four soil freeze/thaw stages were defined without
consideration of the effect of salinity on the soil freezing
point. These stages are completely thawed (i) where daily
minimum soil temperature is >0 °C); completely frozen,
(i) where daily maximum soil temperature is <0 °C);
freezing, (iii) where the soil profile is in the process
of freezing); and thawing (iv) where soil profile is in
the process of thawing) (Yang et al., 2007a; Guo et al.,
2011). To avoid the potential impact of random weather
processes on the movement from one stage to the next,
the passage of three consecutive days meeting a chosen
category of criteria was used as the indicator of the
transition, and the first day of these three days was
recorded as the start date of the next freeze/thaw stage.
Based on this assumption, four freeze/thaw stages were
identified at a depth of 0-02 m: freezing from 3 October
to 31 December, completely frozen from 31 December
to 25 January, thawing from 25 January to 14 May, and
completely thawed from 14 May to 3 October.

Eddy fluxes were calculated by the following equations
(Ma et al., 2004):

H=pC,wT, (1)

LE = pLw'q, )

Copyright © 2011 John Wiley & Sons, Ltd.
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where H, LE, and E refer to sensible heat, latent heat,
and evapotranspiration, respectively. p,C,, and L are
the density of air (kg m™3), the specific heat of air
(J kg=! K1), and latent heat of vaporisation (J kg=}),
respectively. w, T', and ¢ are the fluctuations of the
vertical wind component (m s~!), air temperature (K),
and specific humidity (g kg™!), respectively.

The ground soil heat flux (Gy) was calculated using
the method described in Yang and Wang (2008), which
can be applied to surface energy budget analysis in
atmospheric boundary layer experiments (Yang et al.,
2003). Meanwhile, we added a freeze/thaw term (6) for
the change of unfrozen soil water content. The equation
is as follows:

1 4
G=G re . 5Cs(Ziy T ANT ist At
(@rep) + o D _lpses(an 1+ ADT (@i, 1 + AD)

Zref

— pss(zi, T (zi, )] Az + 6, 3)

Under T(z;,t) >0°C, § = 0;
Under Tz, 1) <0°C, 8 = A7 puculu(zis 1 + A=
0 @i, DIAZ,

When adding the freeze/thaw term, we assume that
unfrozen water content is not changing significantly due
to evaporation and liquid water movement. This could
be a fair assumption as long as ice is present (7(z;, 1) <
0°C) in the soil. The soil heat capacity (p,cy) can
be calculated by the following formulas (Sellers et al.,
1996a; Oleson et al., 2004):

“)

where 6,, (m®> m™3) is the unfrozen soil water content,
Oice 1s the soil ice content from the simulated results
(m* m™3), pygrycary (3 kg=! K1) is the heat capacity of a
dry soil [~ (1 — 6,,) x 2-1 x 10%)], 6, (m> m™3) is the
soil porosity, p,c, (J kg=! K7!) is the heat capacity of
liquid water (~4-2 x 10°), and pjc.cice (J kg=! K1) is
the heat capacity of ice (*1-9 x 10°).

Net radiation (Rn) was calculated by the following
equation:

PsCs = PdryCdry + pwcwew + piceciceeice,

Rn = DS + DL — US — UL, (5)

where DS, DL, US, and UL refer to downward short-
wave (W m~2), long-wave radiation (W m~2), upward
short-wave (W m~2), and long-wave radiation (W m~2),
respectively.

Hourly averaged values (p) of any variable R in a
certain freeze/thaw stage were calculated by the following
equation,

1 & :
pi = ;ZRH%XQ_D (i=1,2,...,24). (6)
j=1

where i refers to the time of day, p; is hourly averaged
value of the variable R at the i hour in a certain
freeze/thaw stage, and n is amount of days for a certain
freeze/thaw stage.

Hydrol. Process. 25, 2531-2541 (2011)
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Model and parameter setting

The Simultaneous Heat and Water (SHAW) model was
developed by Flerchinger and Saxton (1989) and con-
sists of a vertical, one-dimensional profile extending from
the vegetation canopy, snow, residue, or soil surface to
a specified soil depth. A layered system is established
through the plant canopy, snow, residue, and soil, with
individual nodes representing each layer. Energy, mois-
ture, and solute fluxes are computed between nodes for
each time step. Unique features of the model include the
simultaneous solution of heat, water, and solute fluxes
as well as detailed provisions for soil freezing and thaw-
ing. Heat and water fluxes into the system are defined
by diurnal or hourly weather conditions (air temperature,
wind speed, humidity, solar radiation, and precipitation)
above the upper boundary and soil conditions at the lower
boundary. The model not only considers the impact of
unfrozen water, ice, and, vapour transfer on the water
and heat balances, but also the latent heat flux generated
when soil undergoes freezing or thawing. Soil volumet-
ric water content is expressed as a function of matric
potential.

The SHAW model requires flexible parameter settings.
Water and heat conditions at the lower boundary and
hydraulic parameters may either be calculated or pre-
scribed. In this study, hydraulic parameters were automat-
ically calculated by the model according to soil texture.
Soil was divided into 12 layers, and the soil texture
of each sub-layer was obtained from Luo et al. (2008)
(Table II). The in situ elements marked with letter ‘a’
in Table I were used as forcing data for model simu-
lations from 1 August 2002 through 31 August 2003.
The fraction of surface covered by canopy was 0-45
(Gao et al., 2004); the surface roughness was 0-00466 m
Ma Y, etal, 2002); the height of the canopy top
was 0-05 m (Gao etal, 2004); the root depth was
0-3 m (Gao et al., 2004); and the characteristic dimen-
sion of canopy leaves was 0-01 m (Sellers et al., 1996b).
Monthly leaf area index of the canopy was obtained
from a monthly composite of the NASA MODIS LAI

MOD15A2 product with 1 km spatial resolution (avail-
able at: ftp://primavera.bu.edu/pub/datasets/, visited on
10 August 2009).

RESULTS AND DISCUSSIONS

Validation of the model

The SHAW model was validated by assessing the level
of agreement between the measured and simulated sen-
sible heat flux, latent heat flux, and evapotranspiration.
Simulated hourly sensible flux, latent heat flux, and evap-
otranspiration were compared with direct measurements
during the periods 3 June 2003 to 30 June 2003 and 24
November 2002 to 19 December 2002 (Figure 2). The
simulated sensible heat flux, latent heat flux, and evapo-
transpiration are in close agreement with measured results
during the 3 June 2003 to 30 June 2003 period. However,
the model underestimated the diurnal maximum sensible
heat flux on 11 June and 30 June and overestimated the
diurnal maximum latent heat flux and evapotranspiration
on 4 June and 25 June. Their linear correlation coeffi-
cients were 0-87, 0-92, and 0-92 (above 99% confidence
level, used throughout) with mean biases of 5 W m~2,
8 W m~2, and 0-01 mm, respectively.

Between 24 November 2002 and 19 December 2002,
the simulated sensible heat flux fit closely with measured
results, with a linear correlation coefficient of 0-95 and a
mean bias of 10 W m~2. The simulated latent heat flux
and evapotranspiration also show good agreement with
observed results, except that the model underestimated
the maximum latent heat flux and evapotranspiration on
27 November and 28 November. Their linear correlation
coefficients were 0-76 and 0-73, with mean biases of
2 W m™? and 0 mm, respectively. Thus, the SHAW
model can reasonably simulate the sensible heat flux,
latent heat flux, and evapotranspiration at the BJ site on
the central Tibetan Plateau.

The simulated soil temperature at depths of 0 m and
0-04 m and unfrozen soil water content at depths of
0-04 m were also compared with direct measurements
during the 2 December 200224 December 2002 period

Table II. Input soil temperature, unfrozen soil water, and soil texture

Depth/m Unfrozen soil water/m> m™ Soil temperature/ °C Soil texture/%

start end start end sand clay silt
0.0 0-237 0-22 255 163 74 22 4
0.04 0-210 0-215 13-9 131 74 22 4
0.1 0-183 0-177 142 13-4 74 22 4
0.2 0-138 0-139 12 11-6 74 22 4
0.4 0-137 0-123 12-6 11.9 53 36 11
0.6 0-166 0-109 12.7 12 89 7 4
0.8 0-209 0-166 12:5 12 94 5 1
1.0 0-253 0-222 11-6 111 94 5 1
1.3 0-260 0-240 10-8 10-5 93 5 2
1.6 0-265 0-252 10-5 10-3 93 5 2
2.0 0-274 0-268 9-4 9-4 93 5 2
25 0-285 0-301 84 8-4 93 5 2

Copyright © 2011 John Wiley & Sons, Ltd.
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Figure 2. Comparison of simulated and observed hourly net radiation,

sensible heat flux (H), a and b, latent heat flux (LE), ¢ and d,

evapotranspiration (ET), e and f,), soil temperature (ST) at depths of

Om, g and 0-04 m, h, and unfrozen soil water (USW) at a depth of
0-04 m, i

(Figure 2). Apparently, the simulated soil temperature
fits well with the measured data, although the model
overestimated the diurnal maximum soil temperature at
a depth of 0 m. Their linear correlation coefficients were
0-94 and 0-89, with mean biases of —0-2 and 0-28 °C for
0 m and 0-04 m depths, respectively. The simulated and
observed unfrozen soil water content had a correlation

Copyright © 2011 John Wiley & Sons, Ltd.
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coefficient of 0-91 and mean bias of 0-01 m® m~>. The
model also overestimated the diurnal maximum unfrozen
soil water content. Because soil water freezing depends
on soil temperature change, the performance of the
model to simulate soil temperature can provide a basic
evaluation of the accuracy of the simulated soil ice
content used in Equation (4).

Diurnal variation of land surface heat and water fluxes
averaged in different freeze/thaw stages

Observed diurnal variation of soil temperature and
unfrozen soil water. Diurnal amplitudes of soil temper-
ature and unfrozen water content were lower at deep
soil (Figure 3). Diurnal amplitudes of soil temperature
and unfrozen water content at 0-02 m depth were dis-
tinctly larger than those at 0-04 m for all freeze/thaw
stages. The diurnal variation pattern of soil temperature
at 0-04 m depth was similar to that at 0-1 m depth for
all freeze/thaw stages. In the completely thawed stage,
the minimum and maximum values of soil temperature
occurred at the following site times (used throughout)
and depths: 5:00 and 13:00 for 0-02 m depth, 6:00
and 15:00 for 0-04 m depth, 6:00 and 14:00 for 0-1 m
depth, respectively. At the same depth, diurnal patterns
of soil temperature were similar in different freeze/thaw
stages; however, unfrozen soil water in the completely
frozen and completely thawed stages showed relatively
weak diurnal signatures compared to the significant diur-
nal cycles in the freezing and thawing stages.

Diurnal ranges of soil temperature at 0-02 m depth
were large and reached 23 and 26 °C in the freezing and
thawing stages. In addition, daily minimum temperatures
were less than 0°C, but daily maximum temperatures
were greater than°C. If we assume that soil starts
to freeze when the temperature is <0°C, there will
essentially be a diurnal freeze/thaw cycle at 0-02 m
depth. This was demonstrated by the significant diurnal
range of 0-068 m* m~ for unfrozen soil water content at
0-0-03 m depth in the freezing stage. However, unfrozen
soil water at 0—0-03 m depth still had a low diurnal
range of 0-02 m®> m~3 in the thawing stage, which results
from the low total soil water content (unfrozen water
and ice). This low total soil water content is caused
by two factors: (1) the surface frozen soil undergoes
sublimation for approximately one month (the completely
frozen stage), and (2) precipitation is very low in winter.
A similar phenomenon can be found at a depth of 0-04 m;
however, diurnal ranges of soil temperature and unfrozen
soil water at 0-04 m depth were relatively lower than
those at 0-02 m depth in the freezing and thawing stages,
indicating a relatively weak diurnal freeze/thaw cycle.
Furthermore, soil showed almost no diurnal freeze/thaw
cycle at a depth of 0-1 m.

Observed diurnal variation of radiation components.
Diurnal variations of downward short-wave radiation,
upward short-wave radiation, and upward long-wave
radiation were observed in all freeze/thaw stages, whereas
diurnal variations of downward long-wave radiation were

Hydrol. Process. 25, 2531-2541 (2011)
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Figure 3. Diurnal variations of soil temperature and unfrozen water content at different depths averaged in the freezing, completely frozen, thawing,
and completely thawed stages. Soil temperature and unfrozen water content are from the measurements

relatively weak (Figure 4). Downward short-wave radi-
ation, upward long-wave radiation, and downward long-
wave radiation were large in the completely thawed stage
but weak in the completely frozen stage. In contrast,
upward short-wave radiation was large in the completely
frozen stage but weak in the completely thawed stage.
The large upward short-wave radiation resulted from
the large albedo of the snow-covered surface (0-68) in
the completely frozen stage (Table III). Weak upward
short-wave radiation resulted from the increase in the
surface wetness and growth of the grass in the com-
pletely thawed stage. On average, the maximum down-
ward short-wave radiation occurred at 11 : 00 and reached
642, 683, and 683 W m~2 in the freezing, thawing, and
completely thawed stages, respectively. The maximum
upward short-wave radiation also occurred at 11:00 and
reached 152, 181, and 116 W m~2 in each of these three
stages, respectively. In the completely frozen stage, how-
ever, the maximum downward and upward short-wave
radiation occurred at 12 : 00, with a maximum downward
value of 609 W m~2 and a maximum upward value of
415 W m~2. The maximum downward long-wave radi-
ation occurred at 12:00 and reached 237, 202, and
335 W m~2 in the freezing, completely frozen, and com-
pletely thawed stages respectively, but occurred at 13 : 00
and reached 256 W m~2 in the thawing stage. The max-
imum upward long-wave radiation in all stages occurred

Copyright © 2011 John Wiley & Sons, Ltd.

at 12:00 and reached levels of 387, 302, 405, and
442 W m~2 for the freezing, completely frozen, thawing,
and completely thawed stages, respectively. The min-
imum upward long-wave radiation occurred at 5:00,
3:00, 5:00, and 4:00, and reached 260, 204, 260,
335 W m~?2 during the freezing, completely frozen, thaw-
ing, and completely thawed stages, respectively. The
data for the mean radiation components in different
freeze/thaw stages are presented in Table III.

Diurnal variation of energy components. The sensible
and latent heat fluxes were simulated results; net radia-
tion was derived from measurements; and the soil heat
flux was calculated by Equation (3). The diurnal vari-
ations of net radiation, latent heat flux, and soil heat
flux were largest in the completely thawed stage and
smallest in the completely frozen stage (Figure 4); how-
ever, the largest diurnal variation of sensible heat flux
occurred in the thawing stage but not in the completely
thawed stage. This may result from the primary alloca-
tion of solar radiation to latent heat of evaporation due
to high levels of precipitation in the completely thawed
stage. As the sun rose at about 6:00, the net radiation
in all stages started to increase rapidly to extreme peaks
of 335, 95, 349, and 461 W m~2 in the freezing, com-
pletely frozen, thawing, and completely thawed stages,
respectively, until approximately 11:00, then decreased
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Figure 4. Diurnal variations of land surface heat and water exchange
components averaged in the freezing, completely frozen, freezing, and
completely thawed stages. DS refers to downward short-wave radiation,
US refers to upward short-wave radiation, DL refers to downward
long-wave radiation, UL refers to upward long-wave radiation, Rn refers
to net radiation, H refers to sensible heat flux, LE refers to latent heat
flux, GO refers to soil surface heat flux, ET refers to evapotranspiration
per hour, and P refers to precipitation per hour. Note that H, LE, and ET
are the simulated results, GO is calculated by Equation (3), and the other
variables are from the measurements

quickly. The diurnal variation of net radiation in the
complete frozen stage was distinctly weaker than that
in the other stages, and this may have been caused by
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larger upward short-wave radiation resulting from dry
ground and the large albedo of the snowpack in the com-
plete frozen stage. Sensible heat flux in all stages started
to increase at approximately 6 : 00, and reached extreme
peak values of 159, 27, 103, and 114 W m~2 in the freez-
ing, completely frozen, thawing, and completely thawed
stages, respectively, at approximately 12:00. The diur-
nal variation of latent heat flux in the completely thawed
stage was distinct from those in the other stages because
of frequent precipitation. The Bowen ratios were 3-1, 0-7,
2.5, and 0-5 in the freezing, completely frozen, thawing,
and completely thawed stages, respectively. This indi-
cates that sensible heat flux was the main consumer of
available energy at the surface during the freezing and
thawing stages. Soil heat flux was positive from 7:00 to
14: 00, but negative at other times of the day.

Simulated diurnal variation of evapotranspiration.
Evapotranspiration had obvious diurnal variation in all
freeze/thaw stages (Figure 4). Its diurnal variation was
relatively weak in the completely frozen stage, but
distinctly significant in the completely thawed stage due
to much stronger diurnal variation of available energy
(i.e. net radiation) in this stage. Evapotranspiration started
to increase at about 6: 00 and reached a peak with values
of 0-09, 0-06, 0-10, and 0-30 mm/h at about 11:00
in each of the freezing, completely frozen, thawing,
and completely thawed stages. It then deceased quickly.
This pattern of variation demonstrates the dependence of
evapotranspiration on solar radiation.

Cumulative evapotranspiration was larger than precipi-
tation during the freezing and thawing stages (Table III),
and it is equivalent to precipitation in the completely
frozen stage. The ratio of evapotranspiration to precipita-
tion reached 73% in the completely thawed stage. Similar
results can be found in previous works, such as a ratio
of 73-2% on the south sides of the Tanggula Mountains
based on observational data from GAME-Tibet (Yang
et al., 2007b) and approximately 70% near Naqu, south
of the Tanggula Mountains, based on numerical simu-
lation (Numaguti, 1998). These results show that local
evapotranspiration has a considerable contribution to the
Tibetan summer precipitation.

Cumulative evapotranspiration (40 mm) was obviously
larger than precipitation in the thawing stage. This
may result from very high unfrozen soil water when

Table III. Mean radiation and energy components (W m~2) as well as cumulative evapotranspiration (mm) and precipitation (mm) in

different freeze/thaw stages at site BJ for the period from August 2002 to August 2003. DS refers to downward short-wave radiation,

US refers to upward short-wave radiation, DL refers to downward long-wave radiation, UL refers to upward long-wave radiation,

Rn refers to net radiation, H refers to sensible heat flux, LE refers to latent heat flux, B refers to Bowen ratio, and GO refers to

soil heat flux, ET refers to cumulative evapotranspiration, and P refers to cumulative precipitation. Note that H, LE, and ET are the
simulated results, GO is calculated by Equation (3), and the other variables are from the measurements

DS [N Albedo DL UL Rn H LE B GO ET P ET/P
Freezing 176 42 0-24 203 302 35 43 14 31 —34 42 11 3-80
Completely frozen 163 111 0-68 171 237 —13 6 9 0-7 —-0-7 6 6 1-00
Thawing 206 55 0-27 221 314 59 28 11 2.5 0-7 40 14 290
Completely thawed 215 37 0-17 305 375 107 33 67 0-5 1-6 330 453 0-73

Copyright © 2011 John Wiley & Sons, Ltd.
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the ground has just thawed in this stage. Such high
unfrozen soil water results from the frozen ground storing
water from precipitation for almost six months during
the completely thawed stage in the prior year. At the
same time, due to the lower albedo of the thawed soil,
the increased ability to absorb solar radiation at the
soil surface would make the ground temperature rise,
favouring the evaporation of unfrozen soil water (Yang
et al., 2003). This process may also occur during the
freezing stage because the surface soil is still in a thawed
state—at lower albedo—during the daytime for this
stage, but high unfrozen soil water in the freezing stage
may derive from deep percolated precipitation during the
completely thawed stage.

Correlation between heat fluxes and soil temperature
and unfrozen soil water

In this section, the sensible and latent heat fluxes were
taken from the simulated data; however, soil temperature,
unfrozen soil water, and weather data were taken from the
measurements. To quantify the influences of the diurnal
freeze/thaw cycles on land-atmosphere interactions, we
investigated the relationships between surface heat fluxes
and the ground temperature, air temperature, unfrozen
soil water, and air humidity during the four freeze/thaw
stages (Table IV). Except for the completely frozen
stage, latent heat flux had the best correlations with
the ground temperature, and also good correlations with
air temperature at 1 m above the surface in the other
freeze/thaw stages. Sensible heat flux also had the best
correlations with the ground temperature and had good
correlations with air temperature at 1 m above the surface
in all freeze/thaw stages. Both sensible and latent heat
fluxes showed negative correlations with air humidity at
1 m above the surface. This was especially evident in
the completely thawed stage because air humidity was
relatively large due to frequent precipitation in this stage.

As seen in Table IV, the correlation coefficients
between sensible heat flux and unfrozen soil water are
quite small in all soil freeze/thaw stages. It was also noted
that latent heat flux showed almost no correlation with
unfrozen soil water at a depth of 0-04 m in the completely
frozen and thawed stages. Instead, rather low or even no

D. GUO, M. YANG AND H. WANG

unfrozen soil water content resulted in almost zero cor-
relation with latent heat flux in the completely frozen
stage. In contrast, sufficient unfrozen soil water content
during the daytime and at night made latent heat flux
more dependent on air temperature and soil temperature
in the completely thawed stage. However, latent heat flux
exhibited distinctly better correlations with unfrozen soil
water in the freezing stage than those in the completely
frozen and thawed stages. Moreover, such correlations
decreased as soil depth increased. This implies that the
near-surface unfrozen soil water change resulting from
the diurnal freeze/thaw cycle had a significant influence
on latent heat flux. Such a conclusion is also applicable
for the thawing stage, although the correlation coeffi-
cients between latent heat flux and unfrozen soil water
in the thawing stage were smaller than those in the freez-
ing stage. Thus, the impact of near-surface unfrozen soil
water change on latent heat flux was larger in the freezing
stage than in the thawing stage.

Analysis of surface energy budget

The surface energy budget is the most fundamental
factor influencing biosphere-atmosphere feedbacks, and
its diurnal variations are sensitive in climate simulations.
Missing energy could, therefore, be a significant source of
error in existing atmospheric models. Recent recognitions
of surface energy closure failure have resulted in rig-
orous investigations and convictive interpretations (e.g.
Gao et al., 2009a; Wever et al., 2002; McCaughey et al.,
1997; Stannard et al., 1994). To investigate the surface
energy budget during different soil freeze/thaw condi-
tions, we simulated sensible and latent heat fluxes from
August 2002 to August 2003 using the SHAW model.
The model can reasonably simulate surface heat fluxes
in the freezing/thawing and the completely thawed stage,
which was validated in an earlier section. The net radia-
tion used here was still derived from observations, and the
soil heat flux used here was calculated by Equation (3).
The closure ratio (CR) is defined as the ratio of the sum
of sensible and latent heat fluxes to the total available
energy sum of net radiation and soil heat fluxes. Theo-
retically, the CR should be equal or almost equal to 1-0
for a level and homogeneous observation field having

Table IV. Correlation coefficients between hourly land surface heat fluxes and the ground temperature (Ts), air temperature (Ta),
unfrozen soil water (usw), and air humidity (qa) during the four freeze/thaw stages. H and LE refer to sensible and latent heat flux*.
H and LE are the simulated results and the other variables are from the measurements

Tso m Ta; m USW0~0.03 m USWo.04 m USW0.06~0.09 m qar m

Freezing LE 0-69 0-58 0-53 0-40 0-36 —0-30
H 0-51 0-53 0-19 0-05* 0-01* —0-5

Completely frozen LE 0-27 0-50 —0.-08* —0-40

H 0-24 0-23 0-012 —0-28

Thawing LE 0-61 0-54 0-45 0-39 0-36 —0-24

H 0-63 0-50 0-13 0-12 0-04* —0-45

Completely thawed LE 0-86 0-74 0-07% —0-76

H 0-66 0-51 0-08* —0-59

2 Correlation coefficients do not exceed the 99% confidence level

Copyright © 2011 John Wiley & Sons, Ltd.
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Figure 5. Diurnal variations of closure ratio (CR) averaged in different freeze/thaw stages (a), annual variation of daily average CR (b), deviation

between CR values with freeze/thaw term and without freeze/thaw term (c), and monthly (August—July) snow depths averaged for the 34 years from

1966 to 1999 at Naqu meteorological station (d). F refers to the freezing stage, CF refers to the completely frozen stage, T refers to the thawing

stage, and CT refers to the completely thawed stage. CR is calculated by the observed net radiation, the simulated sensible and latent heat fluxes,
and the calculated soil heat flux

a sufficient number of fetches or footprint. In this study,
days with snowfall were eliminated due to the large influ-
ence of snowfalls on the surface energy balance when
calculating the CR (Yao et al., 2008).

Mean CR displayed similar diurnal variation patterns
in the four freeze/thaw stages (Figure 5-(a)). From about
8:00 to about 14:00, CR ranged from 0-40 to 1-10 in
all four freeze/thaw stages, but CR was close to zero
from about 17:00 to about 5:00 in the next morning.
Thus, the degree of energy closure was better during the
daytime than at night, which agrees with other critically
important results from the International Network of Eddy
Covariance Site (FLUXNET) and ChinaFLUX (Wilson
et al., 2002; Li et al., 2005). Daily CR fluctuated between
0-30 and 1-30 in the completely thawed stage, with an
average of 0-95 (Figure 5-(b)). Mean daily CR values
were 1-60 and 0-73 in the freezing and thawing stages,
respectively. Unexpectedly, diurnal average CR was
negative in the completely frozen stage, with an average
value of —0-72.

The mean daily CR value was greater than 1 during
the freezing process but less than 1 during the thawing
process stage. Generally, CR >1 results from the overes-
timated soil heat flux due to the heat released by the freez-
ing process of the frozen soil water during the freezing
stage. In contrast, CR <1 results from the underestimated
soil heat flux because of the heat absorbed by the melting

Copyright © 2011 John Wiley & Sons, Ltd.

process of the frozen soil water during the thawing stage.
To examine the extent to which the soil freeze/thaw pro-
cesses affect the energy balance closure, we compared the
results from the Equation (3) with the freeze/thaw term
and without freeze/thaw term (Figure 5(b,c)). The inclu-
sion of freeze/thaw term produced a reasonably lower
mean daily CR value 1-59 compared to 1-60 of the no-
freeze/thaw term during the freezing stage and almost
unchanged mean daily CR value during the thawing
stage. However, the deviations between the CR values
were small, indicating a weak impact of soil freeze/thaw
process on the energy balance closure.

Exploring the reasons for energy balance closure
failure in detail is beyond the scope of this paper;
however, previous studies have shown that the heat
stored within the vegetation mass could affect the energy
balance closure (Blanken et al., 1997; Arain et al., 2003;
Wu et al., 2007). Blanken et al. (1997) found that the
energy balance components could be largely influenced
by the leaf area change of the species overstory and
understory in a boreal aspen forest. At the BJ site,
vegetation cover is consists of short grass, with LAI <0-2
during the weak growth stage from October to April, as
well as a canopy height <0-05 m and LAI <0-5 during
the peak growth stage from late May to mid-September.
Compared to a maximum forest leaf area index of 5-6
from Blanken et al. (1997), the LAI of site BJ is distinctly

Hydrol. Process. 25, 2531-2541 (2011)
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small. Thus, it seems that vegetation is still not a leading
error source for energy balance closure at this site.

Yao et al. (2008) demonstrated that the large albedo
of the snowpack resulted in the decrease in net radiation
and the associated low CR. Moreover, a significant error
source for CR may be in the melt of the snowpack
and in the heat stored due to the thermal mass of
the snowpack. At the Naqu meteorological station near
site BJ (Figure 1), on average, snow is present from
September to the following June (Figure 5(d)). Monthly
snow depth averaged for 1966—1999 ranged from 0-15
to 2-92 cm. Assuming that precipitation is snowfall
when air temperature <0°C, monthly mean snowfall
of 4.3 mm would occur from about October 2002 to
about May 2003. Thus, thermal storage and melting
of the snowpack may be a significant source of error
for energy balance closure. Other sources not discussed
here may also contribute to the energy balance closure
failure. Careful evaluation of heat storage is important to
obtaining surface energy balance closure (Lamaud et al.,
2001; Jacobs et al., 2008).

CONCLUDING REMARKS

Our research shows that significant diurnal variation
exists in the mean radiation and energy components,
evapotranspiration, soil temperature, and unfrozen soil
water at a depth of 0-02 m in all four freeze/thaw
stages. Near-surface soil experiences diurnal freeze/thaw
cycles during the freezing and thawing stages. The
diurnal freeze/thaw cycle of near-surface soil has a
significant impact on the surface heat flux change, and
this impact is more evident in the freezing stage than in
the thawing stage. The ground energy imbalance problem
is encountered in all four soil freeze/thaw stages. Our
analysis substantiates that the freeze/thaw processes in
near-surface soil have impact on the energy balance
closure failure, but such impact is weak at this site. The
energy imbalance problem may relate to thermal storage
and melting of the snowpack. These results provide
some insights into the impacts of soil freezing/thawing
processes on energy and water exchanges between land
surface and atmosphere on the central Tibetan Plateau.
Although the SHAW model is validated to be appli-
cable for surface heat and water transfer estimation on
the Tibetan Plateau, the simulated sensible and latent
heat fluxes and evapotranspiration may still cause bias
for the surface energy closure budget to some extent.
Thus, long-term observations of the parameters (e.g. sur-
face heat fluxes, soil heat flux) are required in the future
to obtain a more accurate examination of the surface
energy budget closure on a yearly scale over the Tibetan
Plateau. In addition, our present work is based on only
one observational site, and future work needs to scale up
to the regional scale, or even the whole Plateau region, by
merging the regional measurements, atmospheric models,
remote sensing, and data assimilation methodologies.

Copyright © 2011 John Wiley & Sons, Ltd.
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