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Abstract:

Environmental controls on evapotranspiration were investigated at a sparse grassland in Mongolia during 2003 and 2004. The
study site was located on the southern periphery of the Eurasian cryosphere. Data from Eddy covariance, aerodynamic, and
manual measurements were used in the analysis. A decoupling factor (�) was calculated to determine the relative importance
of surface conductance and radiation to change in evapotranspiration rates. Higher evapotranspiration rates associated with
a higher frequency of large � values revealed the importance of radiation forcing on evapotranspiration at this study site.
As � increases’, the aerodynamic conductance (ga) increased correspondingly but vegetation conductance (gC) decreased.
Aerodynamic conductance (ga) was well fitted to an exponential function of the wind stress; gC clearly decreased as the
vapour pressure deficit (d) increased; gC related to air temperature through d. Although grass cover was sparse at the study
site, the anticipated effect of soil moisture on E and gS was only slightly suggested and thus not deducible. On the 10-
day-interval time scale, the effect of vegetation cover on evapotranspiration was insignificant compared to that of surface
soil moisture. Changes in soil evaporation, related to precipitation, mainly caused the very large inter-annual differences in
evapotranspiration. The relationship between evapotranspiration and surface bulk resistance at the study site could therefore
be fit to an exponential function. Copyright  2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Evapotranspiration is an important physical process con-
trolled by a number of interconnected environmental and
biological factors (Jarvis and McNaughton, 1986; Wilson
and Baldocchi, 2000). In recent decades, evapotranspira-
tion from the land surface has been seen as a key compo-
nent of the water cycle. Evapotranspiration links energy
partitioning, stomatal conductance, carbon exchange, and
water-use efficiency in plant communities and serves as
a key regulator of the ecosystem processes (Woodward
and Smith, 1994; Sellers et al., 1996). In particular, when
considering the effects of global climate change, evapo-
transpiration represents the interaction between vegeta-
tion and the atmosphere. Variation of evapotranspiration
is influenced by all ecosystem parameters and processes,
such as soil moisture content, vegetation productivity,
and ecosystem nutrient and water budgets. The parti-
tioning of available energy into evapotranspiration (latent
heat flux) and sensible heat flux at a vegetation surface
also affects aspects of weather and climate (Dirmeyer,
1994; Pielke et al., 1998). There has been great inter-
est, therefore, in studying evapotranspiration in a vari-
ety of ecosystems to better understand the nature of the
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controlling interactions and the links between evapotran-
spiration and other earth system processes.

Today, we have a fairly sound understanding of
the mechanisms that control transpiration, or stomatal
conductance of plants, from porometer (or chamber)
measurements (e.g. Shuttleworth and Wallace, 1985;
Jones, 1992). Recent studies based on micrometeoro-
logical measurements (e.g. Steduto and Hsiao, 1998;
Villalobos et al., 2000) and model applications (e.g.
Alves and Pereira, 2000; Calvet, 2000; Mo and Liu,
2001) have also clarified evapotranspiration processes.
Over the past decade, international study programs
such as the Global Energy and Water Cycle Exper-
iment/Asian Monsoon Experiment (GEWEX/GAME)
and the International Geosphere-Biosphere Programme
(IGBP)/FLUXNET have also reported significant find-
ings. However, applying these findings to climate models
remains a challenge. Specifically, appropriate up-scaling
from leaf to plant, from plant to canopy, and from canopy
to landscape must be addressed. The processes control-
ling evapotranspiration and energy partitioning over an
entire vegetation community also require further clari-
fication (Grelle et al., 1999), as do seasonal dynamics,
in which phenology and variations in soil moisture and
temperature play important roles (Viterbo and Beljaars,
1995).

Grassland ecosystems offer special opportunities to
study the response of ecosystem physiology to environ-
mental change. Knapp and Smith (2001), for instance,
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found that grasslands had the largest inter-annual varia-
tion in primary production among the major ecosystems
in the continental U.S.; these variations were primarily
produced by changes in precipitation and may thus be the
most responsive to future climatic changes. Grasslands in
that study also exhibited very large asymmetric responses
to annual variation in precipitation. Increases in produc-
tivity in wet years were much more pronounced than
reductions in productivity during drought years (Knapp
and Smith, 2001). These asymmetric responses may have
been due to characteristics of grassland plants that allow
them to resist drought and then quickly generate new
growth when moisture becomes available. Because of the
strong link between vegetation productivity and evapo-
transpiration (Schulze et al., 1994), a large inter-annual
variation can also be expected in evapotranspiration.
Flanagan et al. (2002) examined this issue in their study
of carbon dioxide exchange in grasslands.

Grassland vegetation covers more than 80% of
Mongolia. Ma et al. (2003) have defined northeastern
Mongolia as semi-arid with high potential evapotranspi-
ration and a low wetness index. Relatively few studies
of evapotranspiration have been conducted in semi-arid
environments (Shirley and Eric, 2004). Those limited
field studies that have examined semi-arid environments
have shown wide temporal variations in evapotranspira-
tion. However, because precipitation is much lower than
potential evapotranspiration in arid and semi-arid envi-
ronments, evapotranspiration is believed to be limited by
soil moisture and the presence of dry-land ecosystems
(Noy-Meir, 1973; Rodriguez-Iturbe, 2000). Both simple
and complex hydrologic models typically include the
dependence of evapotranspiration on soil moisture and
ecosystem type (Desborough et al., 1996; Mahfouf et al.,
1996). Unfortunately, the field data required to test these
relationships are often lacking, particularly, for arid and
semi-arid environments where limitations arising from
low soil moisture are believed to be most important.

To help address this gap in the literature, the present
study analysed Eddy covariance and aerodynamic mea-
surements of evapotranspiration and energy flux taken
over a sparse grassland site along the southern periph-
ery of the Eurasian cryosphere in Mongolia. The eval-
uation period covered two full years (2003 and 2004).
We applied the decoupling technique of Jarvis and
McNaughton (1986) to analyse the effect of environmen-
tal factors on surface conductance in the study years; this
method allowed us to assess the biological and environ-
mental factors, which controlled evapotranspiration and
surface conductance in this northern grassland.

MATERIALS AND METHODS

Site descriptions

An observation site was established on sparse grassland
at Nalaikh in northeastern Mongolia (47°450N, 107°200E)
40 km southeast of Ulaanbaatar. The site was located on a
sediment plain in the broad Tuul River valley (Figure 1).

Figure 1. Location of the study site

The nearest mountains, with relative heights of less than
500 m, were at least 10 km away, and the topography at
and around this site was very smooth.

The observation site was in a semi-arid region char-
acterized by warm, dry summers (Bereneva, 1992).
Figure 2 presents monthly precipitation and air temper-
atures for 2003 and 2004 and mean values from 1980
to 2004 at Ulaanbaatar station, 40 km west of the study
site. The summer air temperature (June to August) was
higher than average at 0Ð7 °C in 2003 and 2Ð3 °C in 2004.
Precipitation in the growing season (May to September)
averaged 224Ð9 mm from 1980 to 2004 was 246Ð9 mm
and 190Ð4 mm in 2003 and 2004, implying a moister than
usual summer in 2003 and a drier than usual summer in
2004.

The surface soil in the study region is sandy, contains
little organic matter, and is less than 10 cm thick. Large
sand grains occur beneath the organic layer with a bulk
density of 1Ð1–1Ð7 g cm�3 and porosity of 32–59%. The
observation site was located at the periphery of the sub-
Arctic permafrost region (Sharkhuu, 2001). A thick active
layer and higher ground surface temperatures characterize
permafrost regions. Observations of ground temperature
from the surface to a depth of 3 m showed that the
surface temperature was continuously below 0 °C at the
beginning of October. The downward frost front moved
from the surface to 3 m in the following 85–90 days.
After the snowcover disappeared at the beginning of
April, the surface started to melt. The downward-moving
thawing front reached 3 m at the end of April. Seasonal
variation of the permafrost active layer suggests that the
thaw–frost cycle may not affect biological processes of
the grass, because the thaw depth exceeded 3 m during
the growth period (May to September), even though the
study site was underlain by permafrost. Therefore, this
situation can be classified as ‘warm permafrost’ (Ishikawa
et al., 2005a).

Vegetation was uniformly sparse grass covering
38–60% of the land surface during the maximum growth
period. Plant type and species showed little varia-
tion; Artemisia frigita was dominant (¾60%) with other
species including Arenaria and Leymus chinensis. The
maximum grass height in mid-July was less than 20 cm.
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Figure 2. Monthly precipitation, air temperatures for 2003 and 2004, and mean curve of air temperatures from 1908 to 2004 at the Ulaanbaatar
station, 40 km west of the study site

Table I. Instruments used in this study

Item Unit Instrument (model, manufacturer) Record
interval

Short-wave radiation Wm�2 Radiometer (MS402, EKO, Japan) 10 min
Long-wave radiation Wm�2 Infrared radiometer (MS202, EKO, Japan) 10 min
All-wave net radiation Wm�2 Net radiometer (REBS Q7, REBS, Inc., USA) 10 min
Photosynthetically active radiation (PAR) µEs�1 m�2 Optical photon meter (PAR-01, REBS, Inc., USA) 10 min
Wind speed ms�1 Anemometer (AC750, Kaijo Corporation, Japan) 10 min
Wind direction deg Anemometer (VR036, Kaijo Corporation, Japan) 10 min
Snow depth cm Ultrasonic level-meter (SR50, Kaijo Corporation, Japan) 60 min
Precipitation mm Tipping bucket rain gauge (52 202, R. M. Young Co., USA) 10 min
Air temperature °C Humidity and temperature probe (HMD45D, Vaisala Oyj,

Finland) with ventilation pipe (PVC-02, PREDE, Japan)
10 min

Relative humidity % Humidity and temperature probe (HMD45D, Vaisala Oyj,
Finland) with ventilation pipe (PVC-02, PREDE, Japan)

10 min

Surface temperature °C Infrared radiation thermometer (CML303F, CLIM., Inc., Japan) 10 min
Heat flux in the soil Wm�2 Heat flux plate (PHF01, REBS, Inc., USA) 10 min
Volumetric water content m3/m3 ECHO probe (EC-10, Decagon Devices, Inc. USA) 10 min
Soil temperature °C Pt-thermometer (TPT100S, CLIMATEC, Inc., Japan) 10 min
Air pressure hPa Analog barometer (PTB101B, Vaisala Oyj, Finland) 10 min
Friction wind velocity m/s Ultrasonic Anemometer (Kaijo Corporation, Japan) 10 min
Latent and sensible heat Wm�2 Ultrasonic Anemometer (Kaijo Corporation, Japan) 10 min

Observations

An automatic climate observation system (ACOS)
recorded air temperature, humidity, and wind speed
at heights of 0Ð5, 1Ð0, 2Ð0, and 4Ð0 m. Short-wave
radiation, long-wave radiation, and photosynthetically
active radiation (PAR) were measured in both upward and
downward directions. In addition, sensors measuring air
pressure and an infrared radiation thermometer recording
grass leaf temperature and net radiation were installed
1Ð5 m above the ground surface. The Eddy covariance

method was used to measure latent heat (QE), sensible
heat (QH), and friction wind speed (uŁ) at 2 m above
the ground. We used an open-path hygrometer/H2O
sensor (KH20, Campbell, USA) and a three-dimensional
supersonic anemometer (81 000, YOUNG, USA). Table I
provides details of other instruments used in this study.
The data presented below were collected during the two
study years (2003–2004), however, the Eddy covariance
measurement was conducted just during the grass growth
period of 2004. Therefore, aerodynamics is the main
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method to present full seasonal variation of heat/vapour
fluxes at the study site. The parameters estimation in
aerodynamics formulas were achieved from result of
Eddy covariance measurement as show in following
section.

Precipitation gauges often underestimate true precipi-
tation amounts. Zhang et al. (2004) estimated the down-
ward bias of gauge-measured annual precipitation to
be between 17 and 42% in Mongolia. Yokoyama et al.
(2003) detailed the bias of the gauge used in this study;
our precipitation data have been corrected using their pro-
cedure, which anticipated a bias of 17%.

Soil moisture was observed both automatically and
manually. Seven time-domain reflectometry (TDR)
probes and seven Pt thermometers were installed at
depths of 0, 0Ð2, 0Ð4, 0Ð8, 1Ð2, 2Ð4, and 3Ð0 m; two sets
of heat flux meters were also inserted at 0Ð02 and 0Ð2 m.
Along with a data logger, these sensors comprised the soil
monitoring system (SMS). Soil moisture in the surface
layer (0–60 cm) was also manually sampled to calibrate
the TDR data.

Phenology observations included the grass coverage
and biomass and the water content of grass leaves. These
observations were conducted at 10-day intervals from
July 2002 to June 2004 and were conducted at four
50 ð 50 cm plots. The results shown are averages from
the four plots.

Data analysis

The heat budget during the snow-free period can be
written as

QN D QH C QE C QG �1�

Here, QN is the net radiation, QG is the ground energy
flux, and QH and QE are the sensible and latent heat flux,
respectively, which can be calculated by the aerodynamic
method:

QH D �CPCHUT �2�

QE D �LECEUq �3�

where CP is the specific energy at constant pressure, LE

is the latent energy of vaporization, U is the wind speed,
and T is the air temperature, q is the specific humidity.
CH and CE are bulk transfer coefficients for heat and
vapour, respectively, calculated as by Brutsaert (1984) as

CH D k2
[

ln�
z2

z1
� � H

]�1 [
ln�

z2

z1
� � m

]�1

and

CE D k2
[

ln�
z2

z1
� � W

]�1 [
ln�

z2

z1
� � m

]�1

�4�

where k is the von Karman constant (0Ð41), the subscripts
2 and 1 denote measurement levels, and H, w, and m

are stratification functions dependant on the Richardson
number (Ri ):

Ri D g

T

T

z

(
U

z

)�2

�5�

In this study, H, w, and m were deduced from
Eddy covariance observations:

Ri > 0Ð17,

{ H D 6Ð11Ri/�1 � Ri�
W D 1Ð22 H

m D H

�6�

�0Ð35 < Ri
<D0Ð17,

{ H D exp�1Ð12Ri/�1 � Ri��
W D 1Ð22 H

m D H

�7�

Ri
<D � 0Ð35,

{ H D exp�10Ð63Ri�
W D 0Ð71 H

m D H

�8�

To study the relative contribution of the radiation
(ERAD) and aerodynamic (EAERO) terms to the overall
evapotranspiration (E), Jarvis and McNaughton (1986)
presented the following equation:

E D ERAD C EAERO D �Eeq C �1 � ��Eim �9�

where Eeq is equilibrium evaporation that depends only
on the energy supply (radiation). Eim is the part of the
evapotranspiration imposed by the surrounding air. � is
a dimensionless decoupling factor computed as

� D �υ C ��/�υ C �1 C ga/gc�� �10�

where gc and ga are the ecosystem surface conductance
and aerodynamic conductance, respectively, which can
be calculated as follows (Monteith and Unsworth, 1990):

1/ga D U/uŁ2 C 6Ð2uŁ�0Ð67 �11�

1/gc D �CPd/��QE� C �ˇυ/� � 1�/ga�� �12�

Eeq D υ

υ C �
Qne �13�

Eim D �CPdgc/�LE�� �14�

where d is the vapour pressure deficit, υ is the slope of
the saturation water vapour pressure curve, and � is

� D CPP/0Ð622LE �15�

where P is air pressure. Qne is the heat energy available
for evaporation, as determined by the net radiation (QN)
and ground heat flux (QG):

Qne D �QN � QG�/LE �16�

The extractable soil water (ESW ) is an effective
indicator of soil water status in relation to plant growth.
ESW was defined by Noilhan and Planton (1989) as

ESW D 	 � 	WILT

	FC � 	WILT
�17�

where 	 is the soil volumetric moisture in the root zone,
and 	FC and 	WILT are the root-zone moisture content
at field capacity and wilting point, respectively. In this
study, the root zone was defined as 0–50 cm according
to the root distribution. 	FC and 	WILT were 17Ð2 and
4Ð1%, respectively. Thus, ESW indicates the fractional
plant–available-soil-water status, or relative soil water

Copyright  2007 John Wiley & Sons, Ltd. Hydrol. Process. 21, 2016–2027 (2007)
DOI: 10.1002/hyp



2020 Y. ZHANG ET AL.

content. The former was measured in the field, and the
latter was determined in the laboratory. The soil water
capacity ranged from 6Ð5 to 17Ð2%, and the wilting point
ranged from 2Ð8 to 4Ð1% in the surface layer.

RESULTS

Performance of flux measurements and heat budget
closure

Sensible and latent heat fluxes were measured by an
Eddy covariance system. However, measurements by the
Eddy covariance measurement were only conducted from
20 May to 28 August 2004 and failed to successfully
record data on some rainy days. Therefore, sensible and
latent heat fluxes calculated by aerodynamic formulas
(2)–(5) to present full seasonal variation. Some param-
eters used in formulas (2)–(5) were deduced from the
results of Eddy covariance measurement as shown in
Equations (6)–(8). The sensible and latent heat fluxes
gained by Eddy covariance and aerodynamic formulas
are compared in the left panel of Figure 3 during the cal-
ibration period; each point shows the hourly mean. The
regression slope was 0Ð948 for latent heat flux and 1Ð0823
for sensible heat flux. The calculated latent heat flux by
the aerodynamic method was about 5% lower than that
from the Eddy covariance measurement on average, but
the calculated sensible heat flux was higher by about 7%.
The agreement between the daily values from the two
systems was good, giving credibility to the values from
subsequent calculations.

Energy balance closure provides a check for calcula-
tions by aerodynamic formulas. The daily energy bal-
ance at the study site, i.e. the sum of the sensible and
latent heat fluxes (QH C QE) versus the difference of
net radiation and ground heat flux (QN � QG) during the
snow-free periods of 2003 and 2004, is shown in the
right panel of Figure 3 by hourly scale. The slope is
less than 1 (0Ð976) with a coefficient of determination

(R2) of 0Ð7724. The intercept of the sum of QH C QE

and QN � QG was 8Ð01 Wm�2 (about 8% on average).
The error between QH C QE and QN � QG might mainly
cause by QG measurement, which was measured at the
surface by the heat flux meter. Ishikawa et al. (2006)
has demonstrated QG might be underestimated from soil
thermal processes investigation at the same study site.
They found significant heat consumption for soil internal
vaporization within ground surface layer. It is clear that
heat consumption cannot be measured by heat flux meter,
which leads to overestimating QN � QG. From these find-
ings, it could be concluded that the aerodynamic formulas
and the improved parameter estimation used were ade-
quate for continuing the analysis.

Meteorological and surface conditions during the study
period (2003–2004)

Figure 4 shows the daily mean global radiation, albedo,
surface soil moisture, air temperature, ground tempera-
ture at 1Ð2 m, and daily precipitation at the study site
during 2003 and 2004. The annual mean global solar
radiation flux was 175Ð3 Wm�2. The average albedo was
0Ð71 during periods with snow cover and was 0Ð12 during
periods without snow. Accordingly, the average net radi-
ation for each period was �6Ð0 Wm�2 and 60Ð0 Wm�2,
respectively. The annual precipitation was 176Ð0 mm in
2003 and 147Ð5 in 2004; the corresponding annual mean
air temperatures were �4Ð3 and �3Ð1 °C. The grass-
growing season (May to September) received 79% of the
annual precipitation. The annual mean relative humidity
was 61%. The prevailing wind was from the NW–ENE
with annual mean wind speed of 2Ð6 m/s. The wind was
stronger (mean wind speed of 3Ð2 m/s) during the period
of grass growth than that in other reasons.

Seasonal variation in grass phenology

Figure 5 shows the seasonal variation of grass cover-
age, water content in grass leaves, biomass, and the LAI
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over the two-year period. Grass began to become visi-
ble at the beginning of May and senesced at the end of
September. The most significant difference at the inter-
annual scale was found in the grass coverage, which was
55Ð7% in 2003, 20% higher than the maximum cover-
age in 2004. Although both the biomass and the LAI
had rather low values due to the semi-arid climate, gen-
eral seasonal variation could still be seen. Peak values
of 110 gm�2 biomass and 1Ð25 LAI were measured at
approximately mid-summer each year; these values were
somewhat lower at the beginning of the growth period.

Seasonal patterns and partitions of the heat budget

To clarify the seasonal pattern and partitions of the
heat budget, we examined seasonal variation in a 10-
day mean net radiation (QN), sensible heat (QH), latent
heat (QE), and ground heat flux (QG) at the study site
during 2003 and 2004, as detailed in Figure 6 (upper
panel). The 10-day mean values of the ratio of latent
heat flux to net radiation (QE/QN) and the Bowen ratio
(B0) for the 2003 and 2004 growth periods are also
shown in the lower panel of Figure 6. During the pre-
growth periods from the time the snow disappeared
until grass shoots could be seen (1–30 April 2003; 27
March–30 April 2004), values of QN, QH, and QG

all increased. In contrast, less consistent changes were
observed for QE. Values were rather high initially and
later decreased sharply, with a mean value of 26Ð1 Wm�2

in 2003 and 12Ð8 Wm�2 in 2004. During early growth
periods, QN, QH, and QG were variable; the seasonal
pattern was frequently disturbed by weather systems.
Even as biomass steadily increased, QE showed irregular
variations. QE increased from 30 to 80 Wm�2 in the
early growth period of 2003 but was fairly stable at
20 Wm�2 in the early growth period of 2004. This result

can be explained by the relatively wet conditions in
2003 in contrast to the relatively dry conditions in 2004.
During peak growth in the wetter year (July and August
2003), QN, QH, and QG ranged synchronously from
210–120, 140–65, and 16–3 Wm�2, respectively. From
early September to early October (the senescence period),
QN, QH, and QG gradually decreased, reaching 47Ð0,
32Ð0, and 0 Wm�2, respectively, in 2003. As biomass
and LAI values decreased (Figure 5), QE decreased.
This result differs from observations made in dense and
tall grasslands (George and Shashi, 2001). The ratio
of QE/QN and the Bowen ratio B0 shows inter-annual
change rather than seasonal variation. The former was
stable around 0Ð4 during the main growth period of 2003,
a moister summer, and dominantly fluctuated about 0Ð15
in the drier summer of 2004. These findings reveal the
contribution of near-ground turbulence in the atmospheric
layer to the energy partition produced by ground-surface
conditions.

Because of distinct differences in ground surface con-
ditions, we divided the year into a frozen-ground period
(i.e. from when the ground surface became continuously
frozen to when it thawed) and a non-frozen period. The
latter period was further divided into three sub-periods
according to the stage of grass growth: pre-growth,
growth, and post-growth period. Heat budget compo-
nents averaged over this periods are shown in Table II
to quantify the seasonality of the heat budget and major
biometeorological factors for each period.

Most energy flux parameters showed two extreme peri-
ods, one of which corresponded to the frozen-soil/snow-
cover period. All the parameters in the growth period
were different from those in other periods. Net radia-
tion QN sharply increased after the pre-growth period
and decreased as grass senescence began. The ground
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Figure 6. Seasonal variation of 10-day mean net radiation, sensible heat, latent heat, and ground heat flux at the study site during 2003 and 2004
(upper panel). Lower panel: 10-day mean values of partitioning of the latent heat flux to net radiation and the Bowen ratio for the 2003 and 2004

growth periods
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Table II. Daily mean of solar radiation, energy budget components, and major bio-meteorological factors for each period

Frozen-soil/snow-cover
period

Non-frozen-soil/no
snow-cover period

Pre-growth
period

Growth
period

Post-growth
period

Global radiation (W/m2) 116Ð6 233Ð4 234Ð8 158Ð7
Albedo 0Ð56 0Ð18 0Ð17 0Ð18
QN, (W/m2) 4Ð9 114Ð0 117Ð0 48Ð6
QG/QN, (%) �112 4Ð7 3Ð9 �5Ð8
QE/QN, (%) 108 17Ð7 27Ð5 37Ð0
QH/QN, (%) 104 77Ð6 68Ð6 68Ð9
Air temperature (at 2 m, °C) �17Ð8 3Ð1 12Ð3 0Ð9
Relative humidity (at 2 m, %) 67Ð1 50Ð4 57Ð5 58Ð5
Wind speed (at 2 m, m/s) 2Ð1 3Ð6 3Ð1 2Ð7
Vapour deficit (hPa) 0Ð8 4Ð8 8Ð2 4Ð1
Precipitation (total, mm) 64Ð0 14Ð1 297Ð8 1Ð2
E (total, mm) 49Ð3 26Ð6 265Ð9 12Ð1
LAI 0Ð67
Decoupling factor 0Ð29 0Ð56 0Ð64 0Ð35
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Figure 7. Seasonal variation of monthly evapotranspiration (E) and precipitation at the study site from 2003 to 2004 (upper panel, excluding snow
sublimation). The lower panel shows monthly Eeq (equilibrium evaporation), Eim (imposed evaporation), and the decoupling factor

heat flux was positive (heat conductance to the deep
soil) from the pre-growth period to the growth period;
during other periods, the ground heat flux was negative.
QH and QE showed fairly high values during the non-
frozen period. In periods after the growth period (i.e.
post-senescence and pre-growth), B0 was lower in wet-
ter years than in drier years. QE/QN and B0 averaged
27Ð2% and 2Ð4, respectively, for the entire observation
period. The frozen period was quite long in this fringe
region of the cryosphere: 179 days in 2003 and 170 days

in 2004. This is an important period in the local water
cycle and requires more detailed investigation than was
done during the current study.

Seasonal variation of evapotranspiration coupled to
precipitation

Evapotranspiration (E) was calculated using the aero-
dynamic method illustrated by Equations (3)–(8). Calcu-
lations were performed for snow-free periods in 2003 and
2004. The upper panel of Figure 7 shows the seasonal
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variation of monthly E, precipitation at the study site
from 2003 to 2004.

Clear seasonality became evident by comparing vari-
ations in precipitation and those of E. The E value was
170Ð0 mm for the snow-free period of 2003, coupling
precipitation of 170Ð3 mm; in the corresponding snow-
free period of 2004, E and precipitation was 128Ð6 and
142Ð8 mm respectively. Both Eeq and Eim showed sim-
ilar seasonality to that of E (lower panel of Figure 7).
The decoupling factor averaged 0Ð64 for the snow-free
periods of the two years.

DISCUSSION

The sensitivity of evapotranspiration (E) to environmen-
tal factor can be summarized according to Jarvis and
McNaughton (1986) by the following:

dE

dgS
D �1 � ��

E

gS
�18�

where gS is the bulk conductance of the ground surface
(mm s�1):

1

gS
D rS D 1

ga
C 1

gc
�19�

in which rS is bulk surface resistance (mm s�1). � is an
index of the relative importance of the controlling factor
(radiation, wind speed, vapour pressure deficit, or surface
conductance) in the determination of E: the higher the �
value, the lower indicates importance of the atmospheric
and surface factors in the control of E, meaning that
E is then mainly determined by net radiation. On the
other hand, the lower the � values, indicates the greater
the importance of atmospheric and surface factors in
controlling E.

Evapotranspiration and radiation

Figure 8 presents the statistical results of � and corre-
sponding mean evapotranspiration rate. It is clear that the
frequency increase with increasing �, the occurrence of
� > 0Ð8 was 54Ð4%, implying the evapotranspiration pro-
cess at the study site is coupled to the radiation forcing. A
more comprehensive view of the effect of radiation can be

obtained by examining the distribution of the evapotran-
spiration rate in relation to �, which is shown in Figure 8.
The higher evapotranspiration rate occurring with higher
frequency of the larger � values reveals the importance
of radiation forcing on evapotranspiration at the study
site.

Atmospheric forcing

Ground surface conductance (gS), which determined
E directly, consisted of aero-conductance (ga) and vege-
tation conductance (gC), as given by formulas (18) and
(19). The dependencies of ga and gC on environmen-
tal factors were in opposite directions (Figure 9); as �
increases, evapotranspiration became more coupled with
radiation forcing, and ga increased while gC decreased.

The magnitude of aero-conductance (ga) depends on
the aerodynamic properties of the surface and on wind
speed; it is also a function of buoyancy (Monteith, 1995).
In this study, ga and gC was calculated from Eddy
covariance measurement using formulas (11) and (12).
We parameterized ga using wind stress (dU/dz ) as shown
in the left panel of Figure 10. An obvious relationship
showed between ga and dU/dz at the study plot:

ga D 1Ð9748e
1Ð412� dU

dz
�

�20�

Both Kabat et al. (1997) and Hanan and Prince (1997)
concluded that the vapour pressure deficit (d) was the
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ga = 1.9748e1.4121(dU/dz)

R2 = 0.8244
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Figure 10. Variation of aero-conductance (ga) versus wind stress (dU/dz), and vegetation conductance (gC) versus vapour deficit (d) at the study site
in snow-free periods
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Figure 11. Variation of surface conductance (gS, right panel) and evapotranspiration (E, left panel) versus ESW at the study site in snow-free periods

most significant environmental variable in explaining the
variation in vegetation conductance (gC) of the four
most common species at the Hydrology-Atmosphere Pilot
Experiment in the Sahel (HAPEX-Sahel) study area; this
result was similar to that found for the present study site.
We observed a strong trend of decreasing gC with increas-
ing d in snow-free periods (right panel of Figure 10).
Similar conclusions may also be inferred from the results
of Huntingford et al. (1995), who optimized a surface
conductance model for fallow savannah. Further, gC was
also related to air temperature because of the obvious cor-
relation between d and air temperature. However, d was
the most important variable for the prediction of gC at dif-
ferent time scales; d also explained 90% of the variance
of gC (Sommer et al., 2002).

Surface-condition controls

Kurc and Small (2004) concluded that the correlation
between E and soil moisture in the root zone was stronger
than for an individual layer of semi-arid grassland. At
our study site, a rough correlation of soil evaporation
(Esoil ) versus ESW can be seen in the right panel of
Figure 11, despite soil moisture having been normalized
to ESW. This finding points to a need for improved soil
moisture observation techniques; our soil moisture values
were deduced from TDR probe data.

Daly et al. (2004) simulated surface conductance (gS)
using Jarvis’s formulation. They demonstrated that the
simulated gS compared well with measured values as

a function of ESW, and the general behaviour of gS

was also very well reproduced, with a plateau for well-
watered conditions and a regular decay at lower soil
water content. Our study site was locating dry region
with ES W less than 0Ð4, the ‘plateau’ for well-watered
conditions eventually missing (right panel of Figure 11).
The ‘regular decay’ was found in our study site, showed
only a tendency of gS increasing with rising ESW.

Variation of the ratio of evapotranspiration to equilib-
rium evaporation (E/Eeq) versus LAI at the study site can
be seen on left panel of Figure 12. Each point shows the
10-day mean value corresponding to the LAI data. For
such sparse vegetation with a maximum LAI of 1Ð39,
E/Eeq is not matched well to LAI, which varied gener-
ally versus LAI in wetter year of 2003 but irregularly
in drier year of 2004 at the study site. E/Eeq can be
expressed as a function of the surface soil moisture (Brut-
saert, 1984), however, coefficient of the function must
be different between wetter and drier year as shown in
right panel of Figure 12. Saugier and Ader Katerji (1991)
also concluded that in arid environments with low LAI
the feedback between soil evaporation and transpiration
becomes important and complex.

As a general conclusion, the bulk surface resistance
(rS D 1/gS) to E depended mainly on the vapour pressure
and was largely independent of wind stress. The close
relationship between evapotranspiration and surface bulk
resistance at the study site is shown in Figure 13, where
the 10-day means of E versus bulk surface resistance
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described by Equations (19) and (20) have been plotted.
The dependence can be fitted by the following function:

E D 1Ð9375�rS��0Ð9861. �21�

The form of Equation (21) is widely utilized in mod-
elling the parameters of actual evapotranspiration (Wright
et al., 1995).

CONCLUDING REMARKS

The interaction processes between grassy land surfaces
and the atmosphere can be summarized as follows: radi-
ation absorption, evaporation from bare soil with water
retained on the leaves, and transpiration and vertical dif-
fusion of water through the soil. The partitioning of
available land-surface energy into latent heat is a basic
hydrological process connecting the vegetated land sur-
face with the atmosphere. From the heat flux observations
by both Eddy covariance and aerodynamic measurements
taken during 2003 and 2004, the environmental controls
on evapotranspiration were investigated for sparse grass-
land in Mongolia at a study site located on the southern
periphery of the Eurasian cryosphere. The technique used
to deduce aerodynamic parameters from Eddy covariance
data produced satisfactory estimations of the evapotran-
spiration rate on a full seasonal scale, as verified by
examination of the energy budget closure.

The study region is characterized by dry atmosphere,
dry soil, and low grass production with a maximum
LAI of 1Ð39. Evapotranspiration showed larger temporal
variability coupling to precipitation.

The decoupling factor (�) was calculated to deter-
mine the relative importance of surface conductance and
radiation in controlling evapotranspiration rates. Higher
evapotranspiration rates were coupled to the higher fre-
quencies of the larger � values, revealing the impor-
tance of radiation forcing on evapotranspiration at the
study site. As � increased the aerodynamic conductance
(ga) increased correspondingly but the vegetation con-
ductance (gC) decreased. The aero-conductance (ga) was
well matched to the wind stress (dU/dz ) through an expo-
nential function. The value of gC decreased very clearly
as the vapour pressure deficit increased; gC was also
related to air temperature because of the obvious correla-
tion between d and air temperature. Although grass cover
was sparse at the study site, the effect of soil moisture on
E and gS could not be deduced beyond the observation of
a vague tendency towards a relationship, perhaps caused
by errors in soil moisture observations or soil moisture
being too low for accurate measurement.

On the 10-day-interval time scale, the effect of vegeta-
tion cover on evapotranspiration was insignificant com-
paring to that of surface soil moisture. However, more
intensive observation (e.g. detecting diurnal trends in
the LAI) should clarify surface controls on evapotran-
spiration for sparse grassland such as that at the study
site. Changes in soil evaporation, related to precipitation,
mainly caused the very large inter-annual differences in
E/Eeq.
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