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Vegetation dynamics dominate the energy flux
partitioning across typical ecosystem in the Heihe
River Basin: Observation with numerical modeling
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Abstract: Understanding the controls on seasonal variation of energy partitioning and sepa-
ration between canopy and soil surface are important for qualifying the vegetation feedback to
climate system. Using observed day-to-day variations of energy balance components in-
cluding net radiation, sensible heat flux, latent heat flux ground heat flux, and meteorological
variables combined with an energy-balanced two-source model, energy partitioning were
investigated at six sites in Heihe River Basin from 2014 to 2016. Bowen ratio () among the
six sites exhibited significant seasonal variations while showed smaller inter-annual fluctua-
tions. All ecosystems exhibit a “U-shaped” pattern, characterized by smaller value of 3 in
growing season, with a minimum value in July, and fluctuating day to day. During the growing
season, average Bowen ratio was the highest for the alpine swamp meadow (0.60 + 0.30),
followed by the desert riparian forest Populus euphratica (0.47 + 0.72), the alpine desert(0.46
+ 0.10), the Tamarix ramosissima desert riparian shrub ecosystem (0.33 * 0.57), alpine
meadow ecosystem (0.32 + 0.17), and cropland ecosystem (0.27 + 0.46). The agreement of
Bowen ratio between simulated and observed values demonstrated that the two-source
model is a promising tool for energy partitioning and separation between canopy and soil
surface. The importance of biophysical control explains the convergence of seasonal and
annual patterns of Bowen ratio for all ecosystems, and the changes in Bowen ratio showed
divergence among varied ecosystems because of different physiological responses to energy
flow pathways between canopy and soil surface.
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1 Introduction

Plants are a primary conduit for returning terrestrial water to the atmosphere while mediat-
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ing albedo and roughness (Chapin et al., 2002), thereby exerting a strong effect on hydro-
logic/energy fluxes of the terrestrial-atmospheric system (Burakowski ef al., 2018). Plant
transpiration (T) is the largest component of the terrestrial-atmosphere water/energy flux,
accounting for somewhere between 50% and 90% of annual global land-surface water flux
(Good et al., 2015; Jasechko et al., 2013; Maxwell and Condon, 2016). Vegetation exerts
strong feedback to climate by modifying the energy, momentum, and hydrologic balances of
the land surface (Arora et al., 2002; Takle et al., 2015). Therefore, climate feedback from
vegetation is mainly attributable to its physiological properties (in particular, leaf area index
(LAI, the ratio of leaf to ground area), stomatal resistance, and rooting depth), albedo, sur-
face roughness, and effect on soil moisture (Arora et al., 2002). The seasonal rhythm of
ecosystem energy partition emerges from interactions among climate, plant functional traits,
and ecosystem structure. However, the variability of energy partitioning between sites and
years has been uncertain and inconsistent.

The Bowen ratio (), an important index of ecosystem energy partitioning, was defined as
the ratio of sensible (H) to latent heat fluxes (IET) from the earth’s surface up into the air
(Bowen, 1926), which heavily influences ecosystem microclimates and hydrological cycles
at both regional and global scales via its effect on the warming extent of available energy to
the land surface air (Ning et al., 2019). The B values vary with different surface types, rang-
ing from 0.1 over the oceans to 10 over the desert regions (https://en.wikipedia.org/wiki/
Bowen _ratio). Thus, P is also a good indicator of the ecosystem biophysical properties. It is
necessary to partition energy fluxes into soil and canopy surface to provide useful informa-
tion to develop vegetation models and reduce agricultural water use. However, few studies
have considered canopy and soil surface energy partitioning separately and conducted a
comprehensive assessment. Generally, B can be estimated as the psychrometric constant
times the ratio of potential temperature difference to mixing ratio difference, where the dif-
ferences are measured between the same two heights in the atmospheric surface layer. Based
on the eddy covariance measurements, the § can be calculated directly by using the meas-
ured sensible (H) and latent heat fluxes (IET). However, those are fundamentally different
methods, and both types of method lack the complex interaction between soil, vegetation
and atmosphere that occurs in ecosystems. Two-source model is a promising tool for inte-
grating the energy/water processes with separate soil and canopy layer in terrestrial ecosys-
tems and has the advantage of enabling assessment of energy partitioning between canopy
and soil surface. The well-known two-source model (e.g. Shuttleworth-Wallace model) en-
ables us to partition latent heat flux into soil evaporation and transpiration, but the model
does not exactly consider the radiation/energy balances at vegetation and ground surfaces.
The two-source model (Wang and Yamanaka, 2014), considering the radiation/energy bal-
ances at vegetation and ground surfaces, achieved good performance in partitioning energy
flux in the humid grasslands of Japan (Wang and Yamanaka, 2014; Wang et al., 2015), the
cropland ecosystem (Wang et al., 2016c), and arid and semiarid grassland in Inner Mongolia
of China (Wang et al., 2018).

Heihe River Basin (HRB), the second largest inland river basin in the arid region of
northwestern China, is one of the most instrumented and well-studied river basins in China
(Cheng, 2009; Li et al., 2013). Continuous records of surface energy balance are currently



WANG Pei et al.: Leaf development explains energy flux partitioning across typical ecosystem in Heihe River Basin 1567

available for the typical ecosystems (Liu et al., 2013). However, the seasonal and in-
ter-annual variations of energy petitioning in response to vegetation dynamics across various
ecosystems within the HRB have yet to be analyzed. Few studies assess the energy parti-
tioning between soil and canopy surface separately. The objectives of the present study were
to: (1) investigate the seasonality and its controls of energy partitioning in the typical eco-
system in the HRB; (2) clarify plant effects on the energy partitioning in the typical ecosys-
tem in the HRB.

2 Materials and methods
2.1 Study site

Under the framework of the HIWATER (http://hiwater.westgis.ac.cn/), hydrometeorological
observation network dataset, including eddy coevolution (EC) systems and automatic
weather stations (AWS), were deployed at typical ecosystem across upstream, middle stream,
and downstream in the Heihe River Basin (97.1 E-102.0°E and 37.7°N-42.7°N) for ecohy-
drological and micrometeorological monitoring. The total area of the HRB is 14.3 million
km? which integrates alpine glaciers, alpine grassland, oases, and the Gobi desert (Cheng et
al., 2014). In the upper reaches in the Qilian Mountains, at an altitude between 1674 and
5564 m, the climate is cold and arid. With characteristics of wet and cold climate (an aver-
age annual temperature of 0.54°C) and an average annual precipitation of 300-600 mm, the
vegetation distribution is more obvious in the vertical zone, which mainly consists of sparse
alpine vegetation, alpine meadows, swamp meadow and alpine desert. The middle reaches,
at an altitude between 1352 m and 1700 m, have a temperate continental arid climate with an
annual average precipitation of 90—160 mm and an annual evaporation of 20002500 mm.
The vegetation type is natural and artificial oases, which are the areas with the greatest in-
tensity of human activity. The lower reaches have an altitude less than 1352 m and are more
arid, with rare precipitation and strong evapotranspiration. The average annual temperature
is 8.7°C, the average annual rainfall is 36.6 mm, and the vegetation is mainly desert and ri-
parian forest. There are series of hydrometeorological observatory in the upstream, mid-
stream and downstream of the HRB (Liu et al., 2018), covering the main vegetation types of
the HRB. As shown in Figure 1, the alpine meadow and alpine swamp meadow, and alpine
desert ecosystems in the upper reaches, the cropland ecosystem in the middle reaches, and
the Tamarix ramosissima Ledeb, Populus euphratica ecosystems in the lower reaches were
selected for investigation in the present study. All sites have continuous observation data
from eddy covariance systems (EC) and automatic weather stations (AWS) from January
2014 to December 2016. Table 1 lists detailed descriptions of each ecosystem.

2.2 Plant dynamics and continuous micrometeorological and eddy covariance meas-
urements

The GLASS leaf area index (LAI) products (http://glassproduct.bnu.edu.cn/) from Beijing
Normal University, available every 8 days and interpolated onto a daily time interval, were
used to represent vegetation dynamics in this study. Vegetation heights of riparian forest in
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Figure 1 Geographic location of the study sites within the Heihe River Basin

the lower reaches were acquired by a field quadrat survey, and vegetation heights of alpine
meadow in the upper reaches were obtained by reference to a research dataset of ecohy-
drological transects in the HRB in 2013. The heights of maize in cropland were as given by
Wen et al. (2016).

The study data were obtained from a hydrometeorological observation network dataset
provided by HIWATER (http://hiwater.westgis.ac.cn/), which includes EC systems and AWS.
The data collection has been described in detail (Liu et al., 2018; Xu et al., 2013). The EC
systems were mounted on towers ranging from 3.5 to 22 m above the various canopy heights
(Table 1). Post-processing calculations were performed using EdiRe (Liu ef al., 2011), and
the results were gap-filled using a set of general algorithms (Reichstein et al., 2005). After
gap-filling, daily energy budget closure was used to elevate the EC data, which was deter-
mined by the linear regression statistics between (IET+H) and (Rn-G) (Liu et al., 2011). The
energy balance closure for daily-mean dataset ranged from 53% to 96% (Figure 2), which
indicated that energy balance closure problem in our sites was not a big issue. Meteorologi-
cal data including air temperature (Ta, C), humidity (RH, %), wind speed (u, m/s), air
pressure (P, Pa), soil temperature (Ts, ‘C), moisture profile (0, %), and solar radiation/soil
heat flux (R,, W m ), were used for model input. The energy balance closure for the dai-
ly-mean datasets ranged from 74% to 96% (Table 1), which indicated that energy balance
closure issue was not a big concern in our sites (Pan et al., 2017).

2.3 Model description for energy partitioning into soil and plant layer

A two-layer source model was used to partition energy between plant and soil layer. The
main equations of the model are illustrated in supplementary materials (Text S1). This
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Table 1 Description of the study sites in the Heihe River Basin

River section Site Longitude Latitude Altitude (m) Dominant vegetation type EC height (m) Energy close

Yakou 100.23°E  38.02°N 4101 Alpine meadow 3.5 0.53-0.55
Upstream  Dashalong 98.94°E  38.84°N 3739 Alpine swamp meadow 4.5 0.74-0.87

A’rou 100.46°E  38.05°N 3044 Alpine meadow 3.5 0.95-0.96
Midstream  Daman 100.37°E 38.86°N 1556 Cropland 4.5 0.75-0.89

Hunhelin  101.13°E  41.99°N 874 Peuphratica 22 0.87-0.91
Downstream

Sidaogiao 101.14°E 42.00°N 873 T.ramosissima 8 0.85-0.89

Note: EC means eddy covariance; EC height means EC systems were mounted on towers above the canopy heights.
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= 150
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Figure 2 Seasonal day-to-day variations of observed energy flux of net radiation (R,), sensible heat flux (H),
latent heat flux (IET) and ground heat flux (G) in the Heihe River Basin from 2014 to 2016

model was chosen for the following reasons. First, this model, using the energy balance be-
tween the soil surface and the vegetation canopy and taking into account the energy interac-
tion between them, achieved good performance in partitioning energy flux in the humid
grasslands of Japan (Wang and Yamanaka, 2014; Wang et al., 2015), the cropland ecosystem
of the HRB (Wang et al., 2016), and arid and semiarid grassland in Inner Mongolia of China
(Wang et al., 2017; Wang et al., 2018). Second, the model uses the Newton-Raphson itera-
tion scheme to solve the governing equations for the canopy and the ground surface sepa-
rately without the need for radiometric temperature. Third, the model considers stomatal
control of transpiration, including its dependence on soil moisture, and solar radiation is ex-
plicitly included. The model was localized to fit the characteristics of each ecosystem; Text S1
summarizes the parameters used for each site in this study. More details about the model can
be found in Wang and Yamanaka (2014). The root mean square error (RMSE) and I index
(Willmott et al., 1985; Wang and Yamanaka, 2014), as well as R? (R is the correlation coef-
ficient), were used to validate and test the model for energy partitioning.

2.4 Determination of Bowen ratio and partitioning between canopy and soil surface

According to the eddy covariance measurements, the § was estimated based on the measured
sensible (H) divided by latent heat fluxes (/ET):
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p=H/IET €))
where H and [ET are sensible (/) and latent heat flux (/ET) respectively.
Based on the two-source model output, the £, was estimated based on the simulated sen-
sible (Hy) divided by transpiration fluxes (/7):
pv=HIT 2)
The fs was estimated based on the simulated sensible (H) divided by evaporation fluxes
(IE):

Bo= Hg/IE (3)

3 Results

3.1 Seasonal variations of energy flux for typical ecosystem

The observed day-to-day variations in energy balance components of net radiation, sensible
heat flux, and latent heat flux and ground heat flux were shown at six sites in the HRB (Fig-
ure 2). Energy partitioning was dominated by latent heat, followed by sensible heat and the
soil heat flux for six ecosystems during 2014-2016. Among the six ecosystems, the maxi-
mum latent heat was observed in riparian forest ecosystem of Hunhelin, followed by agri-
culture ecosystem of Daman and Sidaoqiao. There are larger fluctuations of IET for ecosys-
tems of riparian forest and agriculture ecosystem than ecosystems in upstream. The detailed
statistics of monthly mean dataset of latent (IET) and sensible heat flux (H) were summa-
rized in Table 2. Using gap-filling dataset, daily energy budget closure was evaluated by the
linear regression statistics between (IET+H) and (R,—G) (Liu et al., 2011b).

Table 2 Statistics of monthly mean dataset of latent (IET) and sensible heat flux (H) of the study sites in the
Heihe River Basin during 2014-2016

Site Item N Mean S.D. Minimum Median Maximum
Yakou IET 24 31.01 19.67 6.04 28.02 68.97
H 24 11.27 14.01 -7.55 13.53 37.43
IET 36 41.13 32.84 2.74 30.36 103.23
A’rou
H 36 21.10 11.80 -7.51 20.71 42.08
IET 36 38.79 30.02 2.31 30.62 96.19
Dashalong
H 36 36.85 13.35 10.48 34.96 62.68
IET 36 58.49 45.86 4.59 51.95 152.86
Daman
H 36 20.91 15.82 -5.82 17.65 52.99
IET 36 61.02 61.32 1.74 29.40 223.25
Hunheklin
H 36 30.82 29.39 -8.71 21.49 87.85
IET 33 45.44 49.23 2.39 21.63 152.46
Sidaogiao
H 36 39.22 26.77 —4.48 38.52 100.79

3.2 Seasonal variations of Bowen ratio and vegetation dynamics for typical ecosystem

Seasonal day-to-day variations of leaf area index (LAI) and observed B for Dashalong, Ya
kou, A’rou, Daman, Hunhelin and Sidaoqiao from 2014 to 2016 were shown in Figure 3.
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Figure 3 Seasonal day to day variations of leaf area index (LAI) and Bowen ratio in the Heihe River Basin from
2014 to 2016

Bowen ratio (B) among the six sites exhibited aple 3 Statistics of measured Bowen ratio
significant seasonal variations with smaller in- with daily mean dataset of the study sites for
ter-annual fluctuations. All ecosystems exhibit a ~ growing season and all year in the Heihe River

“U-shaped” pattern, characterized by smaller Basin

value of B in growing season, with a minimum Site Grow season All year
value in July, and fluctuating day to day. Statistics A’rou 0.32+0.17 0.96 +0.43
of measured Bowen ratio show that there is sig- Dashalong 0.60+0.30 2.17+1.44
nificant difference (P < 0.01) between growing Yakou 0.46+0.10 0.21£0.18
season and non-growing season for all ecosys- Daman 0.27 +0.46 1.08 +0.50
tems (Table 3). We find there is negative fluctua- Hunhelin 0.33+0.57 2.56+1.03
tion between leaf area index and P. There is Sidaogiao 0.47+0.72 3.30£0.12

smaller § with higher LAI during the growing

season while higher B with lower LAI during non-growing season. For non-growing season,
there were higher B values than growing season, indicating that there were other environ-
mental factors (e.g. snow, freeze soil surface) rather than vegetation dominating the energy
partitioning. During the growing season, average Bowen ratio was the highest for the alpine
swamp meadow (0.60 + 0.30), followed by the desert riparian forest Populus euphratica
(0.47 £ 0.72), the alpine desert (0.46 + 0.10), the Tamarix ramosissima desert riparian shrub
ecosystem (0.33 £+ 0.57), alpine meadow ecosystem (0.32 + 0.17), and cropland ecosystem
(0.27 £ 0.46).

3.3 Bowen ratio partitioning between soil and vegetation surface

There is reasonable agreement between observed and simulated Bowen ratio (B), with high I
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index (0.64-0.85), and R’ (0.28-0.31) and
lower RMSE (0.22—0.50) values of the six eco-
systems (Table 4), which indicate that our
model is reasonable for reconstructing the en-
ergy partition process for various ecosystems.
There is similar seasonal pattern of B with lar-
ger values during non-growing seasons while
smaller values during growing seasons for the
six ecosystems. Our model can not only simu-
late the total energy flux, but also partition 3
between soil and vegetation surface. Seasonal
day-to-day variations of measured Bowen ratio
(B) and simulated Bowen ratio between canopy

(Bv) and ground soil surface (Bg) showed the similar seasonal pattern for Dashalong, Yakou,
A’rou, Daman, Hunhelin and Sidaoqgiao from 2014 to 2016 (Figure 4). There are similar
seasonal patterns of B, By and Bg which indicate the convergent ecosystem response for both

soil and vegetation surface,

(a) ashalong (b) Yakou

Table 4 Statistics of between the simulated and
measured Bowen ratio with daily mean data set of
study sites in Heihe River Basin. (RMSD is the
root mean square difference, R’ is the determina-

tion coefficient, and / is the agreement index).

Site RMSD  [index R
A’rou 0.22 0.82 0.43
Dashalong 0.50 0.72 0.39
Yakou 0.44 0.64 0.31
Daman 0.48 0.71 0.28
Hunhelin 0.42 0.61 0.35
Sidaoqgiao 0.28 0.85 0.47

O

Bowen ratio

Bowen ratio

0 365 730 1095

730 1095

DOY

Figure 4 Seasonal day to day variations of measured Bowen ratio () and simulated Bowen ratio between can-

opy (Bv) and ground soil surface (Bg) in the Heihe River Basin from 2014 to 2016

3.4 Relationship between leaf development, soil water dynamics and energy flux par-

titioning

The dependence of ecosystem energy partitioning on LAI was shown in Figure 5 for sites of
Dashalong, Yakou, A’rou, Daman, Hunhelin and Sidaoqgiao. The relationship between daily
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Figure 5 Relationship between daily mean LAI and Bowen ratio for the Beihe River Basin from 2014 to 2016

mean volumetric soil moisture and Bowen ratio for each site was shown in Figure 6. There
was a trend of convergence of Bowen ratio with both development of LAI and increase of
soil moisture. The amplitude of convergence of Bowen ratio was more obvious with the de-
velopment of LAI compared with increase of soil moisture, suggesting that the leaf devel-
opment dominates the energy partition for the six ecosystems in the HRB. The results indi-
cate that leaf development explains the seasonality of Bowen ratio and dominates the IET
flux for the six ecosystems.

4 Discussion
4.1 Energy partitioning with separation of plant and soil surface

Bowen ratio, generally measured by Bowen ratio system or EC system, failed to separate
total energy flux into soil and vegetation surface by traditional methods. Two-source model
is a useful tool for integrating the energy/water processes with separate 1E (Hg) and IT (Hy)
in terrestrial ecosystems and has the advantage of enabling process-based assessment of en-
ergy partitioning between soil and vegetation surface. Although previous studies used other
methods to partition energy flux at vineyard (Zhao et al., 2017), there are several advantages
of our modeling approach. First, the model treats the radiation/energy balance properly in
both vegetative canopy and at the ground surface with interaction between them, enabling us
to estimate all the total energy balance components, which can be comparable with meas-
ured Bowen ratio for model validation and to separate the Bowen ratio between canopy and
soil surface. In this way, we can assess qualitatively the role of soil and plant for ecosys-
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Figure 6 Relationship between daily mean volumetric soil moisture and Bowen ratio for the Heihe River Basin
from 2014 to 2016

tem energy partitioning. The model is solved by Newton—Raphson iteration scheme to
simply, stably and rapidly estimate leaf temperature (Tr) and ground soil temperature (Tg)
without directional radiometric temperature. The estimated Ty and Tg can be useful for
model validation and reconstructing the surface temperature of various ecosystems. Sec-
ond, changes of surface albedo with leaf development, and stomatal control of latent heat
flux by transpiration including its dependence on soil moisture are explicitly considered in
the model. Finally, the differences of ecohydrological (e.g. root depth, maximum and
minimum stomatal resistance, canopy structure) and soil property (e.g. soil saturation
moisture) among alpine vegetation, agriculture ecosystem and riparian ecosystem were
taken into consideration in the model. However, there also exist many uncertainties for
energy partitioning with separation of plant and soil surface, which still need to be im-
proved. In reality, the terrestrial ecosystems have complex land surface (e.g. snow cover in
winter). The amount of LAI ranged from close to nil after snow melt, up to 3-5 m’ m?
(Figure 3). During periods of snow cover almost all shortwave radiation was reflected by
the white surface and midday means of the albedo (o) varied between 0.7-0.8 with ob-
served dataset. In this study, the land was mainly covered by vegetation and soil, this as-
sumption accounted for errors of energy partitioning with separation of plant and soil sur-
face. The values of some parameters (€.8. I's; min, Tst max> Ov and og) were fixed throughout
the periods investigated; water source of plant of each ecosystems was fixed throughout
the periods investigated which may change seasonally or yearly. Those uncertainties may
result in errors for energy partitioning.
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4.2 Biophysical control of seasonal convergence of energy flux partitioning

Previous studies have shown biophysical control on energy partitioning of temperate moun-
tain grassland (e.g. Hammerle et al., 2008) and vineyard (Zhao et al., 2017). Our results
support this view for the typical ecosystems within the HRB. Strictly speaking, the daily and
seasonal variations of 3, By and Bg are mainly controlled by LAI through changes of surface
albedo and regulating permittivity. The surface albedo increased with increased LAI, and
changing surface albedo was mainly controlled by LAI during growing seasons for the six
ecosystems. The permittivity decreased with increased LAI, and controlled solar radiation
partitioning between soil and plant surface. Also, the daily or seasonal variations of 3, By
and B¢ are primarily controlled by LAI through regulating canopy conductance. With leaf
development, more and more water was lost through plant transpiration with increased can-
opy conductance. Besides, the present study suggests soil moisture variation has impact on £,
Bv and Bg (Figure 6), which indicate that soil water is primarily controlled energy partition-
ing through regulating canopy conductance during the drought period.

Strong biophysical controls of f were commonly found in previous studies. However, the
relationship or its functional form varied among sites. Our results also showed different re-
lationships for the typical ecosystems within the HRB. Figure 7 shows the statistics of LAI
and B for the six ecosystems. Although there is close relationship between LAI and B, but
differences are still shown in sensitivities of LAI to regulation of . We find the riparian
forest ecosystem (Sidaoqiao) has higher sensitivity to regulating energy partitioning, fol-
lowed by alpine desert ecosystem characterized by smaller variations of LAI (Figure 7).
From Figure 8, we find there are larger fluctuations of  for ecosystems of riparian forest
and agriculture ecosystem, but conserve day to day fluctuations for A’rou (alpine meadow
ecosystem), Dashalong (alpine swamp meadow ecosystem) and Yakou (alpine desert eco-
system) during the growing season
(from May to September). The di- 8 — 5 T 4
vergent changes of f among the A LAI
ecosystems are probably influenced 6
by climate (T,, and VPD) and soil ~3
water. The ecosystems in upper,

middle and downstream show
similar behavior of energy parti-

Bowen ratio (f)

tioning. Because the larger and rapid 5
changes of VPD regulated by I
. L 1 los6
groundwater fluctuations of riparian 0,89
) = — 0.64 7 1
ecosystems in downstream, the 0

monthly fluctuations of IET, H and B Lt

L
\
(38
Leaf area index (m?m2)

are the largest. On the contrary, for : I :
_2 T T T T T T O
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alpine ecosystems, the monthly

fluctuations of IET, H and B are the

i B Figure 7 Box-Whisker plots, which show the minimum, maxi-
smallest because of the smallest mum, median, lower quartile, and upper quartile, for Bowen ratio
changes of air temperature, which is in the Heihe River Basin from 2014 to 2016



1576 Journal of Geographical Sciences

the dominant factor for energy parti- 200 7
tioning. Daman (agriculture ecosys- 180 - g%&‘;ﬁg{f‘;’
i A Daman
tem) has larger .changes il L.AL bu.t a 160 2 Dashalong
smaller change in Bowen ratio, which 140 - O A’rou
. . . .. ® Yakou
is mainly due to the regulation of irri- _ 120
gation and soil water dynamics. The & ]
. % 100 ]
ecosystems in upstream show subtle - 8 o0
difference, the smallest variations of 807 o ©
H and B of Dashalong site which may 60 7 At
. O

be related by its largest heat storage as 40 7 ‘Lﬂ%g@ o

. L ]
alpine swamp meadow ecosystem. 20 o @ %

7 . A AQD
The smallest values of H and IET of 0 AD a g % R0 d
Yakou, followed by Dashalong and o1 .~
A’rou, corresponded their elevations. -20 0 20 40 60 80 100 120 140 160 180 200 220
IET (W m™)

Hunhelin showed a lower value of B
Figure 8 Average monthly sensible and latent heat flux (IET)

for different ecosystems measured by eddy covariance. Dashed
plained by the ecohydrlogical differ- lines show Bowen ratio of 1 (B), including A’rou (alpine meadow
ecosystem), Dashalong (alpine swamp meadow ecosystem),
Yakou (alpine desert ecosystem), Daman (cropland ecosystem),
tween the sites and river channel. Sidaoqiao (T.ramosissima ecosystem), and Hunelin (P.euphratica
ecosystem) sites in the Heihe River Basin

than Sidaoqiao, which can be ex-

ence of plants and the distance be-

5 Conclusions

Using eddy covariance flux measurements of sensible and latent heat, soil heat flux,
combined with energy-balanced two-source model, energy partitioning was investigated
across six typical ecosystems in the Heihe River Basin. Bowen ratio () among the six
sites exhibited significant seasonal variations with smaller inter-annual fluctuations. All
the ecosystems exhibit a “U-shaped” pattern, characterized by a smaller value of B in
growing season, with a minimum value in July, and a daily fluctuation. During the
growing season, average Bowen ratio was the highest for the alpine swamp meadow
(0.60 = 0.30), followed by the desert riparian forest Populus euphratica (0.47 = 0.72),
the alpine desert (0.46 = 0.10), the Tamarix ramosissima desert riparian shrub ecosystem
(0.33 £ 0.57), alpine meadow ecosystem (0.32 + 0.17), and cropland ecosystem (0.27 +
0.46). At the daily or seasonal timescales, LAI is the primary controlling factor, regu-
lating both surface albedo, solar radiation permissively to soil surface and canopy resis-
tance. Soil water is primarily controlled by energy partitioning through regulating can-
opy conductance during the drought period. The results of this study highlight a
two-source model, which is a useful tool for integrating the energy/water processes with
separate E (Hg) and T (Hy) in terrestrial ecosystems and has the advantage of enabling
long-term assessment of energy partitioning between canopy and soil surface. The im-
portance of biophysical control explains the convergence of seasonal and annual patterns
of Bowen ratio for all the ecosystems, and the changes in Bowen ratio showed diver-
gence among various ecosystems because of different physiological responses and
vegetation growth to energy flow pathways (e.g. IE (Hg) and 1T (Hy)) between canopy
and soil surface.
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Introduction

This text S1 provides the main equations in two-source model used in this study and sum-
mary of parameters for each site.

Text S1

The important formulas and methods involved in the estimation of evapotranspiration and
latent heat are as follows:

Ry =(1=f,)| (1=, )Sd + Ld + 0T} = 20T} | = H, +IT (1)

R =1 [(1-a¢)S;+ L, |+(1- f;, )oT}! =0T} =G+ Hg +IE )

where R, and Hy is the net radiation (W m™) and sensible heat flux (W m™) from the vege-
tation canopy, 7 is the transpiration flux (kg m™ s'l), [ is the permittivity of the vegetation
canopy, ay is the albedo of the vegetation canopy, Sd is the downward shortwave radiation
(W m™), L, is the downward longwave radiation (W m™), & is the Stefan-Boltzmann con-
stant (=5.67 X 10° W m™ K'4), T is the ground surface temperature (°C), T} is the leaf tem-
perature (°C), R, is the net radiation at the ground surface (W m?), G is the ground heat
flux (W m'z), Hg is the sensible heat flux from the ground surface (W m'z), E is the evapora-
tion flux (kg m™ s™) and a is the albedo of the ground surface. Note that this model is not a
patch model but a layer model (Lhomme and Chehbouni, 1999), so total flux per unit area is
given as the sum of vegetation canopy and ground surface components, that is, R, = R+
R,G, H=Hy +Hg and [ET = [(E+ T).
The f was given as a function of LA/ as follows:
fy =1—tanh(C, ,,LAI) 3)

where Cpy; is the empirical constant and can be revised according to the specific situation of
different ecosystems in the study area. The ay and ag were assumed to be constant as 0.2
and 0.1, respectively.

The Hy and Hg can be given by the following bulk equations:

Hy=c,p, (T, -T,) /1,y 4
He=c,p,(T5 —T5)/ 1,6 (5)

where 7,y is the aerodynamic resistance for vegetation canopy (s m") and r, is the aerody-
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namic resistance for ground surface (s m'l).
The E and T involved in the results analysis are calculated as follows:

T:pa(qsat(TL)_qa)/(raV +rc) (6)

E:pa (qsat(TG)_Qa)/(raG +rSS) (7)

where gg(77) is the saturated specific humidity for the leaf temperature (kg kg™), gsa(75) is
saturated specific humidity for the ground surface temperature (kg kg'l), q. 1s the air specific
humidity (kg kg™) as a function of Ta, ha and air pressure (P), 4y is the aerodynamic resis-
tance for vegetation canopy (s m™), r. is the canopy (stomatal) resistance (s m™), rog is the
aerodynamic resistance for ground surface (s m'l), and rgs is the surface soil resistance (s
m'l). re=ra/LAlr is leaf stomatal resistance, although there are many scholars have pro-
posed ry, parameterization in this two-source model using the following calculation:

r, = Vst—min + Vst—max — Vst—min {1 —tanhS—d} (8)

Cow Cow Co
where 7y i and 7 mac are the minimum and maximum values, respectively, of leaf stomatal
resistance (s m™), according to the vegetation type in different ecosystem we set different
¥st min according to previous study (Kelliher et al., 1993; Koetz et al., 2005; Nagler ef al.,
2004) and calculated use field observation of the maximum stomatal conductance by
Li6400XTportable Photosynthesis Measurement System (LICOR, USA). In accordance with
the same method to determine the empirical parameters: Csy= 6/0max, 0 is the volumetric
soil water content (m® m™) in different ecosystems, we set them according to the measured
soil moisture content, and C,; =25 W m™. The 5o Was given as the function of € with a
power term (Sun, 1982):

Ty =a(6, 1 0)" +c )

where 6, is saturated water content (m’ m ). Because the soil in most site of HRB is merely
saturated, the 6; was set as O,.x. Empirical constants were derived by the trial and error
methods to optimize the modeling simulation for energy flux (Table S1).

In the present study, the Newton-Raphson (NR) iteration scheme was introduced to solve
Equations (1) and (2) simultaneously for 7; and Tg, respectively. If measured values of S,
Lg, u, Ty, hgy, P, LAI z,, Ty and 6 were given, we get 7, and T to calculate all the en-
ergy/water fluxes. The NR scheme is a robust method used to obtain a numerical solution
with a higher rate of convergence (Paniconi and Putti, 1994) and has been used for solving
energy balance equations diagnostically (e.g., Yamanaka et al., 1997). Rearranging Equa-
tions (1) and (2) with x=T; and y = T, we can define the following two functions:

F(x,y)=1-f)l-a,)S, +L, +oy']-2(~ f,)ox*
_Cppa(x_Ta)/raV _lpa [q.yat(x)_qa]/(raV—F’?vr)
G(x,y) = fl(1-a)S, + L1+ (1~ f,)ox' —=Ay-T,)/ z,, -
oyt =c,p,(v=T) /16 =1, [0 () =4, ]/ 5 + 1)

(10)

(11

Approximate solutions of x and y closer to true values can be obtained by computing the
following repeatedly:



1580 Journal of Geographical Sciences

(ij :(j Z]_] (:gj (12)

a=0F/ox=-8(1- f,)ox’ erpu i —Ip,
0.622 / )

e (X)) (1, +1.),

P Rw(xi+273.16)2 sat( ,) (aV (,)

b=0F/dy=4(1-f,)oy’, (14)
c=0G/ox=4(1- f,)ox’, (15)
0.622 I

d=0G|dy=-4cy>~Alz_ —c p |r.—I e. () (re+r.), (16
Y yz soil ppa aG pa P Rw(yi+273.16)2 S(ll(yt) (aG sozl) ( )

where Ax = x4 — x;, Ay = yir1 — i, subscript i denotes iteration number, R, is the gas con-
stant for water vapor, and ey(x;) or es.(;) is the saturation vapor pressure at a temperature x;
or y;. This iteration was continued until absolute values of both Ax and Ay are less than
0.0001.
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Table S1 List of input parameters in the two-source model for each site

Site CLAI T min Tt max Ass Zgs Zm Zn alby albg
A’rou 1 100 10000 0.4 1 1 1 0.2 0.1
Dashalong 1 100 10000 0.4 1 10 5 0.2 0.1
Yakou 1 100 10000 0.4 0.4 10 5 0.2 0.1
Daman 1 40 10000 0.4 0.8 4 5 0.2 0.1
Sidaoqgiao 1 60 10000 0.4 0.8 10 10 0.2 0.1

Hunhelin 1 50 10000 0.4 1 28 28 0.2 0.1




