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Abstract 

Understanding the hydrological processes of forest ecosystems in Tibetan Plateau is crucial for protecting 
water resources and the environment, especially considering that evapotranspiration is the most dominant 
hydrologic process in most forest systems. SHAW, as a physically based, hydrological model, provides a 
useful tool for understanding and analyzing evapotranspiration processes. Using the measured data of a faber 
fir forest ecosystem in eastern Tibetan Plateau, this paper assessed the model performance in simulating 
evapotranspiration and variability and transferability of the model parameters. Comparison of the simulated 
results by SHAW to the measured data showed that SHAW performed satisfactorily. Based on analyzing the 
simulated results by the calibrated and validated SHAW, some ET characteristics of faber fir forest ecosys-
tem in the eastern Tibetan Plateau were found: 1) Daily plant transpiration is low, and daily ET mainly 
comes from surface evaporation including canopy, litter and soil evaporation. Peak ET rate was approxi-
mately 4mm/day, occurring around late July. 2) Solar radiation is the most important factor accounting for 
daily ET variation, while air temperature is the secondary, wind speed and air relative humidity are minor 
and soil water storage is the least important among all the related factors. 3) The ratio of annual ET to pre-
cipitation for the faber fir forest ecosystem in eastern Tibetan Plateau is low (18%) compared with the other 
forest ecosystems owing to high-elevation, high atmospheric humidity and low annual temperature. 
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1. Introduction 
 
The transport of water in forest ecosystems is important 
because of concerns about effects of climate on vegeta-
tion and about influences of forest management on floods, 
seasonal low flows, and water and soil loss. Meanwhile, 
hydrological processes are difficult to study because they 
are influenced by a myriad of biophysical factors. Forest 
hydrology, an important science addressing the relation-
ship between forests and hydrology, has received sig-
nificant attention globally. 

Evapotranspiration is the most important factor in the 
forest hydrological cycle that links other processes (such 

as runoff, deep percolation et al.) [1]. However, there is a 
logical paradox between evapotranspiration, humidity 
and temperature in forest when explaining some obser-
vations, because of insufficient understanding of forest 
hydrological processes due to the complex structure of 
forests [2,3]. Field studies and complementary modeling 
programs have increased our understanding of the proc-
esses controlling water transport in forest ecosystems 
(e.g.,[3]).Physically based models have greatly increased 
our understanding of the complex interactions between 
hydrologic processes and vegetation. 

It is particularly important to increase our understand-
ing about the water transport mechanisms of forest eco-
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systems in regions such as the Tibetan Plateau, that are 
sensitive to climate change and whose variability could 
influence Northern hemispheric or global ecosystems [4]. 
Dark coniferous forest is the main body of forest vegeta-
tion in the alpine region of eastern edge of Tibetan Pla-
teau and the most important vegetation type for water 
conservation in the upper reaches of the Yangtze River. 
Among that, faber fir (Abies fabri) is the most typical. So, 
this paper selected the faber fir forest ecosystem in east-
ern Tibetan Plateau to study its evapotranspiration proc-
esses, the particularly critical hydrological process of 
forest ecosystems, using a physically based numerical 
model. 

Existing Soil-Vegetation-Atmosphere Transfer (SVAT) 
models simulate a number of interrelated mass and en-
ergy transfer processes through layered soil-vegetation- 
atmosphere systems [5–7]. 

Among the SVAT models, Simultaneous Heat and 
Water (SHAW) model is the most representative; it is a 
one dimensional hydrologic model that integrates the co- 
upled transport of water and energy through a soil-veg- 
etation-atmosphere systems into a simultaneous solution 
[6,8,9]. The model was validated and applied over a va-
riety of vegetation covers under some different climate 
conditions such as semiarid and arid cropland and range-
land, as well as humid forests. Many aspects of the mo- 
del have been tested, including the effects of vegetation 
on soil temperature and moisture [10], snowmelt [11,12], 
soil freezing [9,13], evapotranspiration and surface en-
ergy budgets [6], and soil deep percolation [14]. To date, 
the SHAW model has not been tested in alpine forest 
although it has been tested in the humid forest of U.S. 
Pacific Northwest [15]. 

The objectives of this paper are: 1) to determine the 
parameters of the SHAW model for application in the 
dark coniferous forest in alpine region of Tibetan Plateau; 
2) to validate the key hydrologic processes and state 
variables simulated by the model, including evapotran-
spiration and soil water content; and 3) to quantify the 
annual and daily evapotranspiration; and 4) to illuminate 
the factors influencing evapotranspiration. 
 
2. Materials and Methods 
 
2.1. Materials 
 
2.1.1. Site Description 
Tibetan Plateau is in the southwest of China (Figure 1). 
The area of Tibetan Plateau is about 2.5 million km2, 
forest ecosystem mainly distributes over southeast of the 
Plateau. This study was conducted at Gongga Mountain 
Alpine Ecosystem Observation and Experiment Station 
of Chinese Academy of Sciences, located within the dark 
coniferous forest, in alpine region of eastern edge of Ti-
betan Plateau. The site is located at an elevation of 3060 
m, on the gently eastern slope of Gongga Mountain in 
the Huangbengliu Valley, at 29° 34′N latitude, 102° 0′E 
longitude. 

Climate at the site is characterized by wet, cool sum-
mers and dry, moderate winters, with an average annual 
precipitation of 1932 mm (measured from 1988 to 2003). 
About 80% of the precipitation occurs May through Oc-
tober, the mean annual rainy days is above 260. Mean 
annual air temperature is 4.2℃, with the mean monthly 
maximum of 14.0℃ occurring in July, and the mean 
monthly minimum of -1.7℃ occurring in January. 

 

 

Figure 1. The locations of the Tibetan Plateau and Gongga Mountain. 
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Dominant specie at the site is faber fir, with most in-
dividuals exceeding 70 year in age and approximately 
15m in height. The understory of faber fir forest is com-
prised of broadleaf arbor, shrub and herbage. The broad-
leaf arbor is composed of coarse-bark birch (Betula utilis 
D. Don) and big-leaf poplar (Populus lasiocarpa Ol iv.). 
The shrub includes sims azalea (Rhododendron simsii 
Planch) and sheepberry (Viburnum spp.). The canopies 
of broadleaf arbor and shrub under of faber fir are inter-
laced and averagely 5m in height. The herbage comprises 
cuckoopint (Trillium tschonoskii) and wintergreen (Py-
rola calliantha H. Andr.). In growing season, the herbage 
is averagely 30cm in height. A high diversity of non- 
vascular plants is present in the soil or residue surface, 
dominated by lichens and bryophytes. 

Soil at the site is classified as mountain dark brown 
soil, and consists of loamy sands and sandy loams char-
acterized by low bulk densities and high porosities. The 
soil is thin, and gravels are present below 40cm, owing 
to the parent materials originating from slope deposit of 
debris flow. The organic matter content is high in the top 
soil layer. Litters are in the semi-decomposed state, with 
a thickness of approximately 8cm [3]. 
 
2.1.2. Data Measurements 
1) Weather and gradient microclimate measurements 

The AMRS-I automated weather station located at an 
elevation of 3060m in eastern slope of Gongga Mountain, 
to measure total radiation, net radiation, air temperature, 
wind velocity, rainfall, humidity, soil heat flux and soil 
temperature. 30-m iron tower installed was used as an 
instrument platform for gradient microclimate measure-
ments (model MAOS-1) in the forest. Air temperature 
and relative humidity were measured using ventilated 
psychrometer sensors (model HTF22), the sensors accu-
racy are 0.1℃ and 0.1hPa respectively. The heights of 
the measurements were 1.5m, 10m, 15m and 18m above 
the ground. Soil temperature at 5cm, 10cm, 15cm, 20cm, 
40cm, 70cm and 100cm depth were measured with plati- 
num resistance temperature sensors (model HBW22B). 
These microclimate data were collected by an automated 
collecting system hourly. 

2) Bowen ratio-energy balance method of determining 
ET 

The Bowen ratio [16] and the energy balance equation 
are the basis for the Bowen ratio-energy balance method 
of determining ET using microclimate and soil heat 
measurements [17,18]. Based on the gradient microcli-
mate measurements at 15m and 18m, the evapotranspira-
tion from the forest could be calculated using Bowen 
ratio energy balance method. The latent heat flux can be 
estimated by Bowen ratio energy balance method as fol-
lows: 

( ) / (1nET R G                 (1) 

where λET is the latent heat flux (W/m2), λ is the heat of 

water vaporization (J/kg), vaporization (J/kg), ET the 
evapotranspiration (mm), Rn the net radiation (W/m2), 
and G is the ground heat flux (W/m2). Bowen ratio β is 
defined as follows: 

PCH T

ET e
P


 


  


            (2) 

where ΔΤ and Δе are the temperature (℃) and vapor 
pressure difference (kPa) between the two measurement 
levels, respectively; Cp is the constant-pressure specific 
heat, usually, Cp=1005J·kg-1·K-1, ε is the ratio of the mo-
lecular weight of water to that of dry air(ε=0.622), P is 
the atmospheric pressure. Then the evapotranspiration 
can be calculated from Equations (1) and (2). 

In this study, Rn and G in equation (1) were obtained 
from AMRS-Ⅰautomated weather station. It is notice-
able that Bowen ratio β was at the order of -1 sometimes 
during nighttime or precipitation when atmosphere was 
instable. While Bowen ratio β is around the value of -1, 
Equation (1) is abnormal, so some authors discussed the 
standard for judging invalid β [19–21]. In this paper, we 
used the method providing by Perez et al. [21] to exclude 
the invalid β, which considering the accuracy of tem-
perature and humidity measurements and the water vapor 
press difference adequately. The invalid β value range 
was determined as follows: 

1 2 1 21 1
e e

   


 
     

        (3) 

where δ1 (kPa) and δ2 (K) are the measurement accuracy 
for humidity and temperature. 

3) Soil water content measurements 
A long-term observation plot of the Chinese Ecosys-

tem Research Network was located near the weather stat- 
ion. Volumetric soil water content was measured at 10cm, 
30cm, 40cm, 60cm and 100cm depths at 5 days interval 
using HH2 handheld moisture meter (Delta-T Devices 
Ltd. England) at five different sites of the plot. The ac-
curacy for measurement is 0.1% moisture. 

4) Leaf area index measurement 
Leaf area index were measured using digital plant 

canopy imager (CI-110, CID Ltd., U.S.A.) in 2005. Leaf 
area index of the faber fir forest ecosystem is given in 
Table 1. 

 

Table 1. Leaf area index for vegetation of the site. 

Vegetation LAI at 8.22 LAI at 10.17 

Faber fir 1.68 0.84 

Scrub 0.61 0.20 

Herbage 0.52 0.16 

http://www.iciba.com/consider/
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2.2. Methods 
 
2.2.1. Model Description 
The SHAW model was originally established in 1989 [8] 
and a vegetation canopy was added in 1991 [22]. It 
simulates a vertical, one-dimensional system composed 
of a vegetation canopy, snow cover (if present), residue 
and soil profile. A conceptual diagram of the model 
structure is shown in Figure 2. The model integrates the 
detailed physics of interrelated mass and energy transfer 
through the multilayer system and includes the process 
of soil freezing and thawing. Daily or hourly predictions 
include evaporation, soil frost depth, snow depth, and 
soil profiles of temperature, water, ice, and solutes. 

Boundary conditions are determined by routine wea- 
ther variables above the canopy, including air tempera-
ture, wind velocity, air humidity, total radiation and pre-
cipitation, and soil water content and soil temperature at 
the lower boundary. The canopy can be separated into 10 
layers and the soil profile can be divided into 50 layers at 
most. After computing flux at the upper boundary, the 
heat, liquid water, and vapor flux between layers are 
computed. Heat and water flux through the system are 
calculated simultaneously using implicit finite-difference 
equations that are solved iteratively using a New-
ton-Raphson procedure [23]. The model can simulate 
heat and water transfer in canopies comprised of several 
different plant species (including standing dead material). 
Plant height, biomass, leaf area index, rooting depth, and 
leaf dimension are specified by the user. Details of the 
numerical implementation of the SHAW model are pre-
sented in [24,25], and [8]. According to the description 
of these literatures, the basic computation procedures 
applied in this paper are described in the following sec-
tions: 

 

 

Figure 2. Conceptual diagram of SHAW model. 

1) Energy and water fluxes at the upper boundary of 
the multilayer system 

The inputs of energy and water into the upper bound-
ary are computed from the basic meteorological elements 
at the standard weather stations, including air tempera-
ture, wind speed, air humidity, total radiation and pre-
cipitation. Precipitation is the water input the upper 
boundary. The energy inputs are calculated with the en-
ergy balance equation: 

n vR H L E G                (4) 

where  is net radiation (W m−2), nR H  is sensible 

heat flux (W m−2),  is latent heat flux (W m−2),  

is subsurface conductive heat flux (W m−2),  is 

evaporation latent heat (J kg−1) and E is the total 
evapotranspiration of the multilayer system (kg m−2 s−1). 
Among them net radiation is determined by the transmis-
sion of solar radiation and long-wave radiation the mul-
tilayer system. In the vegetation canopy, radiation trans-
mission is calculated from leaf area index and leaf incli-
nation, as described by Flerchinger et al. [6]. Leaf aledo 
is input to the model, and soil surface albedo is involved 
with surface water content. Long wave radiation is cal-
culated from air temperature and daily mean cloud cov-
erage estimated with measured solar radiation as de-
scribed by Flerchinger et al. [12]. Sensible and latent 
heat flux at the upper boundary are computed from tem-
perature and vapor gradients between the can-
opy-residue-soil surface and the atmosphere. Sensible 
heat flux is computed from [26]: 

vL E G

vL

( a
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)
                (5) 

where a ,  and  are the density (kg m-3), spe-

cific heat (J-1 kg-1) and temperature (℃) of air at the 
measurement reference height, is the temperature (℃) 

of the exchange surface, and  is the resistance to sur-

face heat transfer (s m-1) corrected for atmospheric sta-
bility. Latent heat flux is associated with transfer of wa-
ter vapor from the exchange surface to the atmosphere, 
which is given by 

aC aT

T

hr

( vs va

v

E
r

) 
                 (6) 

where vs  and va  are vapor density (kg m-3) of the 

exchange surface and at the reference height and the re-
sistance value for vapor transfer,  is taken to be equal 

to  . 
vr

hr

The subsurface conductive heat flux is computed from 
Equation (4), which satisfies the whole balance of the 
energy fluxes in the multilayer system. 

2) Plant transpiration 
Plant stomas are assumed to close if light or tempera-

Copyright © 2010 SciRes.                                                                               JWARP 
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ture conditions are not adequate for transpiration. If in-
coming solar radiation is less than 10 W m2, or if the air 
temperature Ta, is colder than a specified minimum air 
temperature, transpiration is set to zero and there is no 
vapor transfer from the canopy elements for the given 
plant species. 

Table 2. Site parameters of SHAW model. 

Parameter definition value unit 

Site properties 
Site latitude 
Site slope 
Site aspect 
Site elevation 
Time of solar noon 
No. of plant species 

 
29,34 
25 
90 
3060 
13.0 
3 

 
degrees, min 
% 
degrees 
m 
h 

Residue properties 
Fraction of surface covered 
Albedo of residue  
Dry mass of residue 
Thickness of residue 
Residue resistance to vapor transport 

 
0.92 
0.25 
3000 
8.0 
50000 

 
 
fraction 
kg ha-1 
cm 
s m-1 

Transpiration within a canopy layer is determined as-
suming that soil-plant-atmosphere is a continuum. Water 
flow is computed assuming continuity in water potential 
throughout the plants, and can be computed at any point 
in the plant from 

s r r l vs v

sr rl s

T
R R r h

L
r

       
  


         (7) 

 
T is total transpiration rate (kg m-2s-1) for a given plant 

species; s , r  and l  are the water potential (m) in 

layer of soil, roots and leaves, respectively; Rsr and Rrl 
are the resistance to water flow (m-3s kg-1 ) through the 
roots of soil layer and the leaves of canopy layer; L is 
leaf area index for the given species; vs  is the vapor 

density (kg m-3) within the stomata cavities (assumed to 
be saturated vapor density); v  is the vapor density of 

the air within canopy layer; sr  is stomata resistance per 

unit of leaf area index (s m-1);  is resistance to con-

vective transfer within the layer per unit of leaf area in-
dex(s m-1). 

hr

1) Site parameters 
The site parameters of Gongga Mountain faber fir for-

est for the SHAW model are listed in Table 2. Fraction 
of surface covered by residue and thickness of residue 
were estimated based on field survey. Residue albedo 
and resistance to vapor transport were the suggested 
value in user’s manual [25]. Dry mass of residue was 
derived from literature [27]. 

2) Vegetation parameters 
Three plant species were simulated in order to de-

scribe the vegetation characteristics in detail. It is note-
worthy that the canopies of broadleaf arbor and shrub 
under of Faber fir were in the same height and interlaced, 
so they were taken as one plant specie and simply called 
scrub in this study. Similarly, cuckoopint and winter-
green were put together in herbage. The parameters of 
the three plant species are given in Table 3. Albedo of 
faber fir and scrub were estimated based on the albedo 
range of different vegetations listed by the literature [28]. 
The albedo of herbage was obtained from Cheng et al. 
[29]. The transpiration threshold values of three types of 
plant were determined according to the literature [28]. 
Minimum stomata resistance of the three types of plant 
was estimated from the data observed by Cheng et al. 
[29]. Resistance function exponent and critical leaf water 
potential for three types of plant were estimated on the 
basis of the suggested values in users’ manual [25] and 
model sensitivity analysis. Leaf resistance and root re-
sistance for three types of plant were set based on the 
physiological principle indicated by Campbell [23] that 
roughly 1/3 of the resistance to water flow within plants 
is encountered within the leaves. 

Water flow within the plant is controlled mainly by 
changes of stomata resistance. Neglecting other effects, a 
simple equation relating stomata resistance to leaf water 
potential is 

[1 ]
n

s so l cr r               (8) 

where 0sr  is stomata resistance (m s-1) with no water 

stress (assumed constant), c  is a critical leaf water 

potential (m) at which stomata resistance is twice its 
minimum value, and n is an empirical coefficient [23]. 
 
2.2.2. Determination of Model Parameters 
The SHAW model is physically based and a number of 
physical parameters describing the site and the vegeta-
tion status are required. All original parameters were 
derived from measurements at the site where possible, or 
estimated from literature values. Some special parame-
ters were adjusted during model calibration through sen-
sitivity analysis. 

Table 3. Vegetation parameters of SHAW model. 
Value Parameter definition 

Faber fir           Scrub        Herbage
unit 

Albedo of species 0.16              0.21          0.20  fraction 
Transpiration threshold 6.0               7.0           7.0 ℃ 
Min stomata resistance 200               110          60 s m-1 
Resistance function exponent 3                 5            4  
Critical leaf water potential -150              -240          -300 m 
Leaf resistance 1.2×105           8.0×104       3.8×105 kg m-3 s-1 
Root resistance 2.4×105           1.6×105       7.7×105 kg m-3 s-1 
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Table 4. Soil parameters of SHAW model. 

Parameter definition 0cm 10cm 20cm 30cm 40cm 60cm 100cm unit 
Campbell’s pore-size distribution index 3.8 2.8 3.6 3.5 4.0 3.8 2.9  
Air-entry potential  -0.25 -0.26 -0.28 -0.29 -0.33 -0.34 -0.36 m 
Saturated conductivity 19.96 9.98 15.88 16.88 8.02 19.90 8.24 cm/h 
Bulk density 640 640 640 650 650 690 770 kg/m3

Saturated volumetric water content 0.65 0.84 0.71 0.74 0.65 0.62 0.62 m3/m3

Sand 74 74 74 74 77 77 80 % 
Silt 20 20 20 20 20 20 19 % 
Clay 6 6 6 6 3 3 1 % 
Organic matter 17.0 17.0 4.0 3.5 3.0 2.5 1.0 % 

 

 

Figure 3. Simulated and measured net radiation for 2004. 

 

 

Figure 4. Simulated and measured daily evapotranspiration for 2005. 

 
3) Soil parameters 
Based on soil characteristics and available measured 

data, soil profile was divided into 7 layers. The parame-
ters for every soil layer are shown in Table 4. Bulk den-
sity, saturated conductivity, saturated volumetric water 
content, soil particle-size composition (sand, silt, clay) 
and organic matter were measured by Cheng et al. [3]. 
Campbell’s pore-size distribution index and air-entry 
potential were estimated according to the model recom-
mended ranges [25]. 

4) Model Calibration 
Mass and energy dynamics were simulated for 2004 

year to calibrate the model parameters. Firstly, the soil 
properties used in the model were optimized by compar-
ing soil water content simulated to the measured data 
during the 2004 development period. Parameter adjust-
ments were limited to the measured and estimated soil 
properties (specifically, saturated conductivity, air-entry 
potential and the pore size distribution index) to more 
accurately simulate the observed drainage trends. The 
final soil parameters are listed in Table 4. Then, the 
originally determined vegetation parameters were cali-

brated by comparing net radiation simulated to the 
measured data. Sensitivity analysis suggested that albedo 
values of plants were the main factors to decide net ra-
diation. Through adjusting the faber fir albedo value 
from 0.14 to 0.16 and adjusting herbage albedo from 
0.19 measured by Cheng et al. [29] to 0.20, the simulated 
net radiation attained the optimal values comparing the 
measured data. Finally vegetation parameters in Table 3 
were determined. Figure 3 shows the simulated and 
measured net radiation for June to October of 2004. The 
model could simulate the net radiation trends quite well. 
The model efficiency (ME, defined in “5. Model valida-
tion”) for simulated net radiation during the 2004 devel-
opment period was 0.93. 

5) Model validation 
The parameters used in the 2004 simulations were 

subsequently applied without modification for 2005. The 
simulated evapotranspiration was validated using the cal- 
culated values by Bowen ratio energy balance method on 
the basis of the available measured data of Jul to Oct of 
2005. Comparison of model simulated and measured 
daily evapotranspiration variation given in Figure 4 
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shows that the simulated daily ET could track the actual 
variation. 

Model performance is assessed using the Nash-Sut-
cliffe coefficient, or model efficiency (ME), root mean 
square difference (RMSD), and percentage bias (PBIAS), 
defined in Table 5. ME indicates that the variation in 
measured values explained by the model. ME ranges 
from -∞ to 1.0, with ME = 1.0 being the optimal value. 
Values between 0.0 and 1.0 are generally viewed as ac-
ceptable levels of performance, whereas a value <0.0 
indicates unacceptable performance. It is visible from the 
definition that the lower the RMSD value, the better the 
model simulation performance is. PBIAS is the deviation 
of data values being evaluated, expressed as a percentage; 
it measures the average tendency of the model simulated 
values to be larger or smaller than the corresponding 
measured values. The optimal value of PBIAS is 0.0, 
with low-magnitude values indicating accurate model 
simulation. Positive values indicate model overestima-
tion bias, and negative values indicate model underesti-
mation bias. 

In this study, ME of SHAW for daily simulated ET 
was 0.79, indicating that the model reasonably simulated 
the ET dynamics at the site. RMSD was 0.52 mm per day. 
PBIAS was 14.9%, meaning that model overestimated 
the daily ET by 14.9%. 
  As for monthly ET, the simulated values were very 
close to the calculated results obtained from Cheng et al. 
[29]. Cheng et al. [29] estimated the ET for this site us-
ing Penman-Monteith method based on the weather sta-
tion data of 1998. Our calculated daily mean ET rate 
from Mar. to Sep of 2005 was 1.79mm/day, whereas  
 

Table 5. Model performance statistics. 
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Note: N is the total number of observations, Yi is the observed 

value at a given time step,  is the simulated value at a given 

time step, and 
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Figure 5. Simulated cumulative evapotranspiration, plant 
transpiration and surface evaporation for 2005 hydrologic 
year. 
 
from their mean ET rate for March to September of 1998 
was 1.83mm/day. 

Thus, it can be concluded that SHAW model is appli-
cable for estimating evapotranspiration from the conif-
erous forest in alpine region of the eastern Tibetan Pla-
teau. As long as appropriate parameters are determined, 
SHAW can estimate ET quite well. This provides a good 
base for further application of SVAT models to the dark 
coniferous forest in the eastern Tibetan Plateau. 
 
3. Results 
 
Daily evapotranspiration was simulated for October 2004 
to September 2005 after we assessed the model per-
formance. Then, based on the simulated values, daily and 
seasonal variations of the key hydrologic processes of 
the dark coniferous forest in the eastern Tibetan Plateau 
were analyzed. Then the main factors influencing evapo- 
transpiration were listed and discussed. 
 
3.1. Evapotranspiration Variation 
 
Evapotranspiration in SHAW includes transpiration from 
three plant types, and evaporation from canopy intercep-
tion of precipitation, surface litter interception, and the 
soil surface. Figure 5 gives the cumulative evapotranspi-
ration, plant transpiration and surface evaporation throu- 
ghout the simulated period. Here, surface evaporation 
contains soil evaporation and evaporation intercepted 
precipitation from canopy and litter. Plant transpiration 
cumulates slow as shown in Figure 5, especially in cold 
season when there is scarcely any transpiration, while 
surface evaporation had a relative quick rise in particular 
for day 120 to 150 (May 2005). As a result, for the whole 
hydrologic year, the total ET was 366mm, of which plant 
transpiration accounted for 120mm, and surface evapora-
tion for 246mm. In this study, peak ET rate occurred at 
day 207 (July 26), the typical bright day, at a rate of ap-
proximately 3.7mm/day (shown in Figure 6). As for sea- 
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Figure 6. Daily variation of evapotranspiration and net rad- 
iation of 2004-2005. 

 
Table 6. Pearson’s correlation coefficient (R) between relat- 
ed environmental variables and evapotranspiration for cold 
and warm seasons. 

Related environmental 
variables 

R for cold season 
(2004,10-2005, 3) 

R for warm season
(2005, 4-9) 

Solar radiation 0.63* 0.78* 

Air temperature 0.56* 0.39* 

Wind speed 0.11 0.32* 

Air relative humidity -0.16** -0.31* 

Soil water storage 0.28* -0.20* 

Note: *Correlations are significant at the 0.01 level; 
**Correlation is significant at the 0.05 level. 
 
sonal variation, evapotranspiration dynamics had two 
peak periods, one was in May, and the other was in July. 
The main reason is that solar radiation is intensive in 
May and July (this can be noticed from Figure 6). 

Daily ET generally mimicked the variation in net ra-
diation as shown in Figure 6. This supports the viewpoint 
brought forward by Isard and Belding [30] that with high 
soil moisture (a common situation in the alpine zone), 
evapotranspiration has been shown to linearly correlate 
with net radiation. This phenomenon results from at least 
two facts: 1) Soil water pool is sufficient to supply soil 
evaporation and plants transpiration. 2) Net radiation is 
the main driving force for evapotranspiration. Figure 7 
shows the dynamics of soil water stored in the 100cm 
soil layer from June to October of 2005 year. It is noticed 
that soil water content generally maintained at a high 
level around 41% in this site. This means that soil water 
may not be the limiting factor to evapotranspiration, and 
the atmosphere conditions are the main factors affect ET. 
As for net radiation, we noticed that the Bowen ratio was 
low and the daily mean value was 0.15. This indicates 
that a high fraction of solar radiation is converted to la-
tent heat. The comparatively low Bowen ratio also has 
been found in other humid high altitude zone. For in-
stance, Tappeiner and Cernusca [31] noted that the Bo-
wen ratio of closed vegetation was commonly below 0.5, 
and rarely above 1 in the central Caucasus. 

 

Figure 7. Dynamics of Soil water storage of 100cm soil layer 
form Jun. to Oct. of 2005 year. 

 
In addition, we find that the link between ET and net 

radiation is different in cold season and warm season 
from Figure 6; in warm season the link is tighter than in 
cold season. So, in order to further illuminate which are 
the main factors of daily evapotranspiration in the humid 
faber fir forest, we analyzed the relationships between 
the environmental variables and ET using Pearson’s cor-
relation coefficient (R). Taking into account there may 
be different impact intensity in different seasons, we 
separated 2005 hydrologic year into two seasons: the 
period of October 2004 to March 2005 regarded as cold 
season, and April to September 2005 for warm season. 
These environmental variables includes solar radiation, 
air temperature, wind speed, air relative humidity and 
soil water storage of 100cm soil layer considered to af-
fect ET. Here, daily mean values of these environmental 
variables were used. Table 6 gives R values for the two 
seasons between the environmental variables and 
evapotranspiration. It is noticed that solar radiation is the 
superior factor relating to ET. This further confirms the 
fact that net radiation is the main driving force for 
evapotranspiration mentioned above. Air temperature is 
the second factor for evapotranspiration, but, the relative 
extent of importance is different in cold and warm season. 
In cold season, air temperature becomes important rela-
tively compared to itself in warm season. From Figure 6, 
we also can find the evidence that the solar radiation has 
been shown a comparatively weak correlation with ET in 
cold season. The correlation between wind speed and ET 
is weak, especially in cold season. It should be men-
tioned that daily wind speed variation is small in the for-
est and wind speed usually maintains a low annual daily 
mean value of around 0.6m/s, and about 0.4m/s in cold 
season. Hence, wind speed should not be a major factor 
of concern for ET in the forest. There is feeble negative 
correlation between air relative humidity and ET. Daily 
air relative humidity variation is small in the forest and 
air relative humidity generally maintains around 90%. 
Interestingly, the correlation between soil water storage 
and ET presents opposite status in cold and warm season. 
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From Figure 5, it is noticed that most ET is comprised of 
surface evaporation in cold season, whereas surface 
evaporation mainly comes from soil due to the less pre-
cipitation and less intercepted by canopy and litter in 
cold season. Hence, ET depends on supply of soil water 
to some extent in cold season. However, in warm season,  
the weak negative correlation between soil water storage 
and ET indicates that soil water is not the limiting factor 
to ET. In general, there is no distinct correlation between 
soil water and ET. 

Taking into consideration that the ET in cold season 
accounts for only about 20% of the total ET for 2005 
hydrologic year, we ranked the relevant environmental 
factors impacting ET according to Pearson’s correlation 
coefficient for warm season. As a result, solar radiation 
is the most important impact factor on ET, air tempera-
ture is the secondary, wind speed and air relative humid-
ity are minor, and soil water storage is the least important 
of all related factors. 
 
3.2. Water Balance 
 
For 2005 hydrologic year, the total simulated ET was 
366mm, of which plant transpiration was 120mm, and 
only accounted for 33%. This is relative with the phy- 
siological characteristics of the faber fir forest. The total 
precipitation of 2005 hydrologic year was 2042mm, of 
which ET accounted for 18%. In contrast, 70% of annual 
precipitation leaves temperate zone low altitude sites in 
the form of water vapor, of which roughly two thirds 
passes through plants [32]. The ET and the ET/P ratio 
from different forest ecosystems are given in Table 7. 

The ET and ET/P ratio for this site are lower than the 
relative dryer faber fir ecosystem at the other site of the 
eastern Tibetan Plateau, which are 520-564mm and 
30-40% respectively. The low ET from the faber fir for-
est may be attributed to high-elevation, high atmospheric 
humidity and low annual temperature. In other words, 
the water discharge at this site and likely many other hu- 
mid high-altitude sites is largely liquid, driven by runoff 
and seepage rather than evaporative fluxes. This is an 
important point for ecosystem stability, because it under-
lines the significance of mechanical properties of plants, 
for protecting alpine slopes from surface erosion. 
 
4. Discussion 
 
The structure of the faber fir forest ecosystem in eastern 
Tibetan Plateau is complicated. The vegetation is com-
prised of arbor, shrub and herbage, and soil is covered by 
residue. It is difficult to simulate evapotranspiration from 
the complex forest ecosystem such as evaporation from 
surface of soil and canopy and transpiration from vegeta-
tion synchronously using a single layer model or a dou-
ble layer model. For example, Penman-Monteith equa-
tion as a single layer model regards vegetation canopy 
and soil as one layer, takes the characteristics of atmosp- 
here and plant physiology into account, can explain eva- 
potranspiration processes and illuminate the factors in-
fluencing evapotranspiration. Based on Penman-Mon- 
teith equation many model for simulating evapotranspi-
ration were developed; however, Penman-Monteith 
equation is only applicable in the condition that the  

 
Table 7. Comparison of ET and ET/P ratio from different types of forest ecosystems. 

Forest types Location 
Latitude 

(N) 
Longitude 

( E) 
Altitude 

(m) 
Annual temp. 

( ℃) 
P 

(mm) 
ET 

(mm) 
ET/P
(%) 

Korean pine a 
Xiao Hinggan 

Range 
47°51′ 129°52′ 480 1.0 716 602 84 

Japanese birch b 
Mao-er-shan 
Heilongjiang 

45°24′ 129°98′ 373 2.6 700 554 89 

Larch b 
Mao-er-shan 
Heilongjiang 

45°16′ 129°34′ 350 2.8 666 426 64 

Chinese pine b 
Xishan 
Beijing 

39°54′ 116°28′ 375 11.8 630 315 50 

Armand pine c 
Qinling 

(South slope) 
34°10′ 106°28′ 

1710- 
2000 

12.0 763 477 63 

Faber fir b 
Miyaluo, 
Sichuan 

31°43′ 102°39′ 3600 6.5 
700- 
900 

520- 
564 

30- 
40 

Faber fir d 
Mt. Gongga, 

Sichuan 
29°34′ 102°00′ 3060 4.7 2042 366 18 

Chinese fir b 
Huitong 
Hunan 

26°50′ 109°45′ 
270- 
400 

16.8 1158 896 77 

Evergreen broadleaf e 
Dinghushan, 
Guangdong 

23°10′ 112°34′ 300 21.0 2102 952 45 

Monsoon forest f Hainan 18°40′ 108°49′ 310 24.5 1590 677 43 
 

Note: a Zhu [33]. b Liu et al. [34]. c Lei et al.[35,36]. d This study. e Yan et al.[37]. f Zeng [38].   
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ground surface is whole covered by low and short vege-
tation [39]. Shuttleworth-Wallce equation [40] as one 
representative model of the double layer models separa- 
tes an ecosystem into soil layer and vegetation layer. But 
it is suitable to simulate evapotranspiration from sparse 
vegetation only and when the vegetation is not com-
prised by a single type it is incapable to describe the wa-
ter flux from every element [41]. 

As a detailed multilayer model, the SHAW model can 
simulate evapotranspiration from at most 10 layers can-
opy with different height and physiological trait and resi- 
due layer. In this paper, the canopy of the faber fir forest 
ecosystem was divided into 3 layers and the residue was 
took as a special layer, then the total evapotranspiration 
from the ecosystem was evaluated by comparing with the 
calculated result of Bowen ratio method using measured 
data. Overall, the SHAW model performed well. This 
provides a good base for further application of SVAT 
models to the forest ecosystem in the eastern Tibetan 
Plateau. 

By analysis of simulated ET using the SHAW model 
after calibrated and validated, some conclusions are at-
tained: 

1) Daily plant transpiration is low, and daily ET 
mainly comes from surface evaporation including can-
opy, litter and soil evaporation. 

2) Daily ET has been shown to linearly correlate with 
net radiation due to the high soil moisture; the link be-
tween ET and net radiation is particularly during the 
warm season. Daily mean Bowen ratio value was 0.15, 
implying that a high fraction of solar radiation is con-
verted to latent heat. 

3) Solar radiation is the most important impact factor 
on ET, air temperature is the secondary, wind speed and 
air relative humidity is minor, and soil water storage is 
the least important of all related factors. 

4) Annual ET of the faber fir forest ecosystem in east-
ern Tibetan Plateau is 366mm, accounting for 18% of the 
precipitation, this is lower compared with the other forest 
ecosystems owing to high-elevation, high atmospheric 
humidity and low annual temperature. The water dis-
charge at this site and likely many other humid high- 
altitude sites is largely liquid, driven by runoff and see- 
page rather than evaporative fluxes. This point is impor-
tant for water resource protection and soil conservation. 
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