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Abstract

A process-based distributed model is established to simulate the temporal and spatial variation of evapotranspiration over the

Lushi basin in China. The model components include the parameterization of land surface resistances, energy transfer, soil

water movement, interception and surface runoff. What is distinguished in our model is the scheme for evapotranspiration

partition by introducing a working variable related to the water vapor deficit at the reference height. The basin was divided into

6227 grids with resolution of 30 £ 30 arc seconds. A digital elevation model was used to correct meteorological variables for

altitude, and the inverse distance square method was adopted for spatial interpolation of precipitation over the basin. The

remotely sensed normalized difference vegetation index (NDVI) in 1996 and the land use/cover data, both with the resolution of

30 £ 30 arc seconds, were used to retrieve the distribution of vegetation leaf area index (LAI). The evapotranspiration simulated

by using 1996 NDVI-derived LAI is close to that by using phenologically derived LAI. The differences of annual amounts of

evapotranspiration from 1984 to 1997 simulated by using LAI derived by 1992, 1995 and 1996 monthly composite NDVI are

less than 30 mm yr21 (or 5%), in which 1995 represents drought and 1992 wet. The simulated annual evapotranspiration ðETaÞ

plus soil storage change from 1984 to 1997 is in good agreement with precipitation minus discharge at the outlet. The spatial

pattern of annual evapotranspiration and its components in 1996 clearly corresponded to the precipitation and LAI patterns over

the basin. The highest monthly evapotranspiration ðETmÞ occurred in the period of July to August with 104 mm month21. The

value of ETm for irrigated farmland is higher than that for other vegetation types all the year and the values of ETm for grass and

arid farmland are similar and about 10 mm month21 higher than those for forest covers in summer. The predicted annual

evapotranspiration in 1996 over the Lushi basin is 628 mm with the transpiration 327 mm, soil evaporation 256 mm and canopy

interception 45 mm, respectively.
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1. Introduction

Apart from precipitation and runoff, evapotran-

spiration is the principal part of a hydrological cycle

in semi-humid and arid regions, affected by both
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biophysical and environmental processes at the inter-

face between soil, vegetation and atmosphere.

In classic hydrological models, evapotranspiration

is always simulated in an empirical or conceptual way

(Zhao, 1992), and mostly in a lumped way as in the

HEC (Hydrological Engineering Center) model and

Tank models (Singh, 1995). As topography, soil

characteristics, vegetation, and climate interact in a

complex manner to determine the complete hydro-

logical cycle, including runoff production and evapo-

transpiration, in distributed process-based models it is

highly preferable to simulate evapotranspiration and

other hydrological processes as a physical process.

Considerable progress has recently been made in

the application of process-based soil–vegetation–

atmosphere transfer (SVAT) models to simulate

evapotranspiration over a basin and global scale

(Famiglietti and Wood, 1996; Dawes et al., 1997;

Choudhury and Digirolamo, 1998; Strasser and

Mauser, 2001). While defining the characteristics of

a given basin, process-based models generally need a

large number of parameters that are usually hetero-

geneous and unavailable at an appropriate scale. This

is the unfavorable aspect of process-based modeling

(Beven, 2001). Significant efforts on the utilization of

remote sensing data or the coupling of one-dimen-

sional SVAT models with distributed routing models

have remarkably improved the reliability of the

simulation results (Liang et al., 1994; Mauser and

Schadlich, 1998; Silberstein et al., 2003). But the

regionalization of the input data fields as well as the

validation of the simulation results still crucially limit

the application of such models, especially in regions

where data collecting systems are not well established

(McVicar and Jupp, 1999).

Given the recent advances in simulating evapo-

transpiration over basins worldwide, there are still few

applications in China. China is now experiencing

dramatic land use and land cover changes with its

rapid development and high population. The hydro-

logical cycles in many basins of China, especially in

the Yellow River basin which is the study area of this

paper, have been dramatically changed by human

behaviors (Wang and Takahashi, 1999; Liu et al.,

2001). It is thus of great importance to assess the basin

evapotranspiration and its components with a process-

based model for the current state of the land surface

and to quantify likely changes in evapotranspiration

due to land use/cover change.

The topics of such studies are numerous. The

objectives of this paper will be limited: (1) to describe

a simplified physically based distributed model for

simulation of evapotranspiration over the mid-sized

Lushi basin; (2) to capture the basic temporal and

spatial characteristics of evapotranspiration over the

basin; and (3) to explore the relationship between

evapotranspiration and land use.

In this paper, first we briefly describe the model,

the Lushi basin and data preparation. The model is run

with a continuous, 14-year time-series of meteorolo-

gical and hydrological input data (1984–1997). In

order to test the representation of 1996 normalized

difference vegetation index (NDVI) data to all other

years from 1984 to 1997, comparison is made between

the annual evapotranspiration estimates with both

NDVI-derived and phenologically derived leaf area

index (LAI) data. In order to validate the model, the

annual evapotranspiration simulated by the model is

compared with that calculated by the water balance

method in the basin. By taking advantage of the

distributed process-based model, the relationship

between the spatial pattern of annual evapotranspira-

tion and the land vegetation covers is explored in the

year 1996. Based on the same year’s data, seasonal

variation of the evapotranspiration is analyzed. In

order to check the validity of model assumptions,

parameters sensitivity analysis is done next. Finally,

we draw some conclusions.

2. Model description

A simplified parameterization model of SVAT is

used in this study, including a two-source canopy

energy exchange scheme and a three-layer soil

moisture dynamic scheme (Shuttleworth and Wallace,

1985; Sellers et al., 1996). Water and energy balance

components are calculated for each cell separately,

neglecting flux exchanges between cells. Water

supply to irrigated field is assumed to be drawn

from rivers in the basin. The grid size is 3000 £ 3000

(latitude £ longitude). Since the energy fluxes

response to the atmospheric driving forces much

more quickly than those to hydrological cycle in the

soil, in our model, as adopted elsewhere (Silberstein
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et al., 2003), the energy budget part will run on hourly,

with daily time step for soil moisture balance.

2.1. Estimation of transpiration and soil evaporation

The net radiation above the canopy, Rn; is

partitioned into the net radiation absorbed by canopy,

Rnc; and soil, Rns

Rn ¼ Rnc þ Rns ð1Þ

Energy balances for canopy and soil surface are

Rnc ¼ lðEc þ EiÞ þ Hc ð2Þ

Rns ¼ lEs þ Hs þ G ð3Þ

where Ec; Ei and Es are the canopy transpiration,

direct evaporation from the intercepted water and soil

evaporation, respectively. l is the latent heat of

vaporization, Hc and Hs are the canopy and soil

surface sensible heat fluxes, respectively, G is the soil

heat flux. The two-source scheme of canopy energy

balance makes the assumption that there is a source

within canopy and the heat and water vapor are

exchanged between soil surface, canopy, source and

atmosphere above canopy (Shuttleworth and Wallace,

1985). By introducing a working variable of water

vapor deficit, D0; at the source height (Appendix A, in

more detail, cf. Mo et al., 2000; Mo and Liu, 2001),

lEc; lEi and lEs can be expressed in a similar form to

the Penman–Monteith equation as follows

lEc ¼

DRnc þ
rCpD0

rac

Dþ g 1 þ
rc

rac

� � ð1 2 WfrÞ ð4Þ

lEi ¼

DRnc þ
rCpD0

rac

Dþ g
Wfr ð5Þ

lEs ¼

DðRns 2 GÞ þ
rCpD0

ras

Dþ g 1 þ
rs

ras

� � ð6Þ

where r is the air density, Cp is the air specific heat at

constant pressure, g is the psychrometric constant, D

is the first-order derivative of saturation vapor

pressure with temperature. Wfr is the wetted fraction

of the canopy. rc; rs; rac and ras are the canopy

resistance, soil resistance, bulk boundary-layer resist-

ance of the canopy and aerodynamic resistance

between the soil surface and canopy air space,

respectively. While calculating D0; the aerodynamic

resistance between canopy source and reference level,

ra; is also included. The following is the description of

all the related resistances.

2.2. Land surface resistance parameterization

2.2.1. Aerodynamic resistance between canopy source

and reference level

The aerodynamic resistance between canopy

source and reference level, ra; for heat and vapor

transfer between the vegetation surface and the

reference height is calculated with an analytical

method (Choudhury et al., 1986) for both stable and

unstable conditions. For unstable condition, ra is

given by

ra ¼ log
z 2 d

z0m

� �
log

z 2 d

z0h

� �
=k2uað1 þ hÞ2 ð7Þ

For stable conditions, ra is expressed as

ra ¼ log
z 2 d

z0m

� �
log

z 2 d

z0h

� �
=k2uað1 þ hÞ0:75 ð8Þ

where ua is the wind speed at reference height z, k is

the von-Karman constant, d is the zero displacement

height, z0m is the roughness length for momentum

transfer, z0h is the roughness length for heat and water

vapor transfer, h is the atmospheric stability correc-

tion factor.

Usually, d and z0m are estimated from the mean

height of canopy, hc: For crop and grass, it is assumed

that z0m ¼ 0:123hc and d ¼ 0:67hc (Monteith, 1981).

For forest, it is assumed that z0m ¼ 0:10hc and d ¼

0:70hc (Verseghy et al., 1993). In addition, following

Brutsaert (1979) and Garrat and Hicks (1973), the

relation of z0m and z0h is assumed as follows

z0h ¼ z0m=2:0 ðforestÞ ð9Þ

z0h ¼ z0m=7:0 ðcropsÞ ð10Þ

z0h ¼ z0m=12:0 ðgrassÞ ð11Þ

The atmospheric stability correction factor, h; is taken

as

h ¼ 5ðz 2 dÞgðT0 2 TaÞ=Tau2
a ð12Þ
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where Ta is the air temperature at the reference height,

g is the gravitational acceleration. Practically, T0 can

be thought of as an effective aerodynamic turbulence

surface temperature calculated as a weighted average

of soil and canopy temperature (De Ridder and

Schayes, 1997). Or it can be derived from energy

balance equations with first- or second-order Taylor

approximation for outgoing longwave radiation and

saturation vapor pressure terms (Lhomme, 1992; Gao,

1995). In this study, Gao’s scheme is adopted.

2.2.2. Canopy resistance

Canopy resistance is calculated as a summation of

the leaf stomatal resistance of individual leaves,

which is assumed to contribute in parallel. Generally,

the leaf stomatal resistances of dense, green and

unstressed canopies are all low, ranging from 50 to

200 s m21 (Verseghy et al., 1993). In nature, various

environmental factors, such as incoming solar radi-

ation, air water vapor deficit, soil moisture deficit in

the rooting zone, and canopy temperature, modulate

the leaf stomatal resistance. Based on the scheme

proposed by Jarvis (1976), the canopy resistance is

parameterized as a multiple response of leaf stomatal

resistance to the environmental factors

rc ¼
rsmin

LAI
f1ðR

#
sÞf2ðD0Þf3ðT0Þf4ðu2Þ ð13Þ

where rsmin is the minimum stomatal resistance, LAI

is the leaf area index. For simplicity, the quantities

f1ð·Þ; f2ð·Þ; f3ð·Þ and f4ð·Þ are taken as the functions of

the incoming shortwave solar radiation R#
s; air water

vapor deficit D0; temperature T0; and soil moisture u2:

In this paper, the following simple relations are used

(Stewart, 1988; Irannejad and Shao, 1998)

f1ðR
#
sÞ ¼ 1 2 expð2R#

s=500Þ ð14Þ

f2ðD0Þ ¼ 1 2 0:0238D0 ð15Þ

f3ðT0Þ ¼ 1 2 1:6 £ 1023ð298 2 T0Þ ð16Þ

f4ðu2Þ ¼

1; u2 $ uc

u2 2 uw

uc 2 uw

; uc , u2 , uw

0; u2 # uw

8>>><
>>>:

ð17Þ

where uc is the moisture content below which

transpiration is stressed by soil moisture, taken as

0:75usat (e.g. in Irannejad and Shao, 1998). uw is

the plant permanent wilting point. In this study, the

saturated soil moisture usat is set as 0.4 cm3 cm23 and

the wilting point as 0.1 cm3 cm23 for sandy loam in

the North China Plain.

2.2.3. Soil resistance

Soil resistance describes the impedance of soil

pores to the exchange of water vapor between the

soil surface and the immediately overlying air,

which is usually related to the near surface soil

moisture content. The relation used in the present

study is (Sellers et al., 1992)

rs ¼ expð8:206 2 4:255zÞ ð18Þ

where z is the fraction of surface layer (0.1 m) soil

moisture (u1), expressed as a fraction of the

saturated moisture content.

2.2.4. Bulk boundary-layer resistance of a canopy and

aerodynamic resistance between soil surface and

canopy air space

It is assumed that heat and water vapor are

exchanged by molecular diffusion through a

laminar layer around the leaves, and that wind

speed attenuates exponentially inside the canopy.

The bulk boundary-layer resistance of a canopy is

estimated by integrating the leaf boundary-layer

resistance over the canopy height with uniform leaf

area density (Choudhury and Monteith, 1988)

rac ¼
aw

4a0½1 2 expð2aw=2Þ�

ðl=uhÞ
1=2

LAI
ð19Þ

where l is a characteristic length scale for an

average leaf width, uh is the wind speed at canopy

height, aw is the wind extinction coefficient in the

canopy (taken as 2.5), a0 is a coefficient taken as

0.005 ms21/2.

Aerodynamic resistance between the soil surface

and canopy air space (source height) is affected by

many factors, making it difficult to characterize.

Choudhury and Monteith (1988) defined it as the

integral of the reciprocal of eddy diffusivity from soil

roughness to source height. Considering free con-

vective conditions, Norman et al. (1995) and Kustas

and Norman (1999) introduced a simplified equation,
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which is expressed as

ras ¼
1

a þ bus

ð20Þ

where a and b are constants (a ¼ 0.004 m s21,

b ¼ 0.012), us is the wind speed at a height above

the soil surface where the effect of soil surface

roughness is minimal, typically 0.05–0.2 m. In this

paper, wind speed at 0.2 m is used and calculated from

the assumed exponential extinction of wind speed.

2.3. Radiative transfer

2.3.1. Shortwave radiation

The daily variation of downward solar radiation

flux, R#
s; is described as the sum of trigonometric

functions with four harmonics (Kondo and Xu, 1997)

R#
s ¼ R#

sm 1 þ
X4

n¼1

An cosðnvtÞ

( )
ð21Þ

where A1 ¼ 21:503; A2 ¼ 0:584; A3 ¼ 20:058 and

A4 ¼ 20:023; v is the angular velocity of the diurnal

cycle, t is time in seconds. The daily mean downward

solar radiation flux, R#
sm; is calculated from sunshine

duration (Kondo and Xu, 1997)

R#
sm

R#
sm0

¼

as þ bs

N

N0

; 0 ,
N

N0

# 1

cs;
N

N0

¼ 0

8>>><
>>>:

ð22Þ

where

as ¼ 0:179 þ 0:32ð1 2 Pa=1000Þ ð23Þ

bs ¼ 0:55 ð24Þ

cs ¼ 0:114 þ 0:32ð1 2 Pa=1000Þ ð25Þ

Here, N and N0 are the observed and possible sunshine

durations in hours, respectively, R#
sm0 is the daily

mean downward solar radiation at the top of the

atmosphere and Pa is the atmospheric pressure.

2.3.2. Longwave radiation

The downward longwave radiation is estimated as

(Kondo and Xu, 1997)

R#
l ¼ sT4

a 1 2 1 2
R#

lf

sT4
a

 !
C

" #
ð26Þ

where s is the Stefan–Boltzmann constant, C is

related to the fraction of sunshine hours and expressed

as

The quantity R#
lf is the downward longwave radiation

under clear sky, expressed as (Zuo et al., 1991)

R#
lf ¼ ð0:614 þ 0:057

ffiffiffi
ea

p
ÞsT4

a ð28Þ

where ea is the atmospheric vapor pressure at the

reference height.

2.3.3. Absorbed radiation of canopy and soil surface

The net radiation above the canopy top is

calculated as

Rn ¼ R#
sð1 2 aÞ þ R#

l 2 1sT4
0 ð29Þ

where a is the surface albedo, 1 is the surface

emissivity, set as 0.97 for vegetation canopy.

The net radiations absorbed by canopy, Rnc; and

soil surface, Rns; are partitioned with an exponential

attenuation, expressed as (Kustas and Norman, 1999)

Rnc ¼ Rn 2 Rns

¼ Rn½1 2 expð2KLAI=
ffiffiffiffiffiffiffiffiffiffiffi
2 cos Qs

p
Þ� ð30Þ

where Qs is the solar zenith angle and K is the

extinction coefficient of net radiation, which is usually

in the limit of 0.3–0.6 (Ross, 1975). In this study, K is

taken as 0.5.

As a component of soil surface energy balance,

the soil heat flux affected by incident radiation and

soil moisture condition is observed to be linearly

related to the net radiation of soil surface for

several hours around noon. Choudhury et al. (1987)

took it as 0:35Rns under a growing wheat canopy.

C ¼
0:826

N

N0

� �3

21:234
N

N0

� �2

þ1:135
N

N0

� �
þ 0:29 0 , N=N0 # 1

0:2235 N=N0 ¼ 0

8><
>: ð27Þ
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By regressing field data of maize in the North

China Plain, a relation between G=Rn and LAI is

obtained as (Mo et al., 2002)

G=Rn ¼ 0:183 expð20:299LAIÞ ð31Þ

2.4. Soil water, surface runoff and interception

2.4.1. Soil moisture

The dynamics of soil moisture is described with a

three-layer scheme, in which the first layer acts as a

significant source of soil evaporation, the second as

the source of root uptake for canopy transpiration and

the third layer as the drainage layer. The governing

equations are expressed as follows

›u1

›t
¼

1

L1

½P0 2 Q12 2 Es� ð32Þ

›u2

›t
¼

1

L2

½Q12 2 Q23 2 Ec� ð33Þ

›u3

›t
¼

1

L3

½Q23 2 Q3� ð34Þ

where ui ði ¼ 1; :::; 3Þ is the soil moisture in the soil

layer i with thickness Li: P0 is the residual amount

of precipitation minus canopy interception and

overland runoff. Qi;iþ1 ði ¼ 1; 2Þ is the flow

between the i and i þ 1 layers, Q3 is the

gravitational drainage from the bottom layer.

Fluxes Qi;iþ1 and Q3 are estimated as (Sellers

et al., 1986)

Qi;iþ1 ¼
LiKw;i þ Liþ1Kw;iþ1

Li þ Liþ1

2
ci 2 ciþ1

Li þ Liþ1

þ 1

� �
ð35Þ

Q3 ¼ Kw;3 sinðxÞ ð36Þ

where Kw;i ði ¼ 1; :::; 3Þ is the hydraulic conduc-

tivity of the ith layer, ci is the water potential of

layer i, x is the slope angle. Kw;i and ci are

estimated by the relationship of Clapp and

Hornberger (1978) with parameters (saturated

conductivity Kwsat; air entry value cs and constant

B) for sand loam given by Sellers et al. (1996).

2.4.2. Interception

It is assumed that the rain falls vertically and the

interception of rain by the canopy can be treated

the same way as direct light incident at zero zenith

angles (De Ridder and Schayes, 1997). According to

this assumption, the interception is calculated with

Wr ¼ dP ð37Þ

where Wr is the interception of rainfall, P is the

precipitation above the canopy, d is the fraction of

vegetation. Whenever the canopy’s water holding

capacity ðWmax
r ðmmÞ ¼ 0:2LAIÞ is exceeded, the

excess water drips from leaves to the ground surface.

d is expressed as follows

d ¼ 1 2 expð20:5LAIÞ ð38Þ

The wetted fraction of the canopy is calculated by the

following method (Noilhan and Planton, 1989)

Wfr ¼
Wr

Wmax
r

� �2=3

ð39Þ

2.4.3. Surface runoff

The magnitude and the timing of the overland

runoff are affected by many factors, being mainly

rainfall intensity, soil moisture condition, and land

use. The overland runoff is simply treated as

(Choudhury and Digirolamo, 1998)

Qf ¼ p02=ðp0 þ mÞ ð40Þ

where Qf is the surface runoff, m is the soil moisture

deficit in the root zone, expressed as

m ¼ ðL1 þ L2Þucri 2 ðL1u1 þ L2u2Þ ð41Þ

where ucri is the critical soil moisture in the root zone

over which the runoff occurs as saturation excess, and

under which as infiltration excess. L1 and L2 are

defined in Eqs. (32)–(34).

3. Study area and data preparation

3.1. Description of the study area

The Lushi basin is a sub-basin of a tributary in

the middle reach of the Yellow River as shown in

Fig. 1. The basin is a mountainous region with an

area about 4423 km2 and altitude range of 550–

2500 m from east to west. The data recorded in 10

rainfall gauges and 1 meteorological station are

available over the basin from 1983 to 1997.

X. Mo et al. / Journal of Hydrology 285 (2004) 125–142130



Average annual precipitation is approximately

650 mm. The vegetation types and land use are

digitized from the 1:1,000,000 scale land use map

(Wu, 1992) and re-classified into six types, namely

arid farmland, broadleaf forest, coniferous forest,

dwarf shrub, grass and irrigated farmland (Fig. 2).

The fractions of the relevant land use types are 22,

14, 16, 9, 36 and 2%, respectively.

3.2. Data preparation

The raw data for the simulation falls into three

main categories: (1) topography; (2) time-series of

meteorological and hydrological data and (3) land

surface characterization, described briefly as follows.

3.2.1. Topography

The topography of the Lushi basin is described

with the digital elevation model (DEM) data. In this

study, the topographical data (3000 £ 3000) (Fig. 3) were

obtained from the US Geological Survey database.

3.2.2. Meteorology

Based on the DEM, the key meteorological

variables (daily mean, maximum and minimum air

temperature, air water vapor pressure, wind velocity

and precipitation) are topographically corrected with

the empirical relationships presented by Fu and Lu

(1990)

Ta ¼ 20:502Z100 þ Ta;obs ð42Þ

ea ¼ ea;obs expð20:0257Z100Þ ð43Þ

ua ¼ua;obs{3:622:6 exp½20:0569ðZ10020:6Þ�} ð44Þ

P¼Pobsð1þ0:043Z100Þ ð45Þ

where Z100 is the altitude in one hundred meters. The

quantities Ta;obs; ea;obs and ua;obs are the air tempera-

ture, air water vapor pressure and wind speed

recordings in the meteorological station, respectively.

Pobs is the recorded precipitation. The spatial pattern

of precipitation is usually highly inhomogeneous,

whereas the temperature is mainly affected by

topographical altitude at the basin scale. The precipi-

tation measurements at 10 sites are interpolated over

the whole basin with the inverse distance square

method (Ashraf et al., 1997).

3.2.3. Land surface characterization

The model characterizes the land surface at the

same spatial scale as the DEM, including the soil and

vegetation properties. In each grid cell, the land

surface is composed of canopy and underneath soil

surface for different vegetation types. For the soil

Fig. 2. The land use/cover over the Lushi basin.

Fig. 1. The Lushi basin, China.

X. Mo et al. / Journal of Hydrology 285 (2004) 125–142 131



properties, however, only the values of parameters for

sand loam are used, since the basin is composed

largely of sand loam and the spatial distribution of soil

texture is not available at the moment. The vegetation

variables and parameters used in this study are LAI,

canopy height, minimum leaf stomatal resistance,

albedo and extinction coefficient of net radiation. The

extinction coefficient of net radiation is taken as 0.5

for all the vegetation types, other vegetation par-

ameters and the values of the maximum of NDVI are

shown in Table 1.

For the farmland, it is assumed that the dominant

crop types are winter wheat and summer maize,

which are the prevailing cultivars in the basin.

Based on our measured data in the North China

Plain which is close to the Lushi basin, canopy

height and LAI are fitted as logistic curves, relating

to cumulative days since planting date (DSP) or

days since recovering green in spring (DSR). The

relations for maize are as follows

hc ¼ hc;max=ð1 þ expð4:052 2 0:124DSPÞÞ ð46Þ

LAI ¼ 4:8={1 þ exp½20:797 2 0:105ðDSP

2 37Þ þ 0:00222ðDSP 2 37Þ2�} ð47Þ

For winter wheat

hc ¼ hc;max0:812=ð1þ expð1:05420:054DSRÞÞ ð48Þ

LAI¼ 11:25={1þ exp½0:122þ0:0067ðDSR

251:5Þþ0:000787ðDSR251:5Þ2�} ð49Þ

where hc; hc;max are the canopy height and its

maximum, respectively, DSR starts from the day

while mean air temperature is over 3 8C).

Leaf area index and canopy height of natural

vegetations can also be estimated from their

phenological stages. For trees, including deciduous

Fig. 3. The digital elevation model (DEM) of the Lushi basin (USGS 3000 £ 3000 global topographical database).

Table 1

Biophysical parameters adopted in the model

No. Vegetation type Ratio (%) a rsmin (s m21) LAImax LAImin hcmax (m) NDVImax

1 Arid farmland 22 0.2 100 6 0.1 0.8 0.674

2 Broadleaf forest 14 0.16 130 6 0.5 20 0.721

3 Coniferous forest 16 0.14 150 5 3 15 0.689

4 Dwarf shrub 9 0.16 120 4 0.5 1.5 0.674

5 Grass 36 0.20 110 4 0.1 0.8 0.611

6 Irrigated farmland 2 0.18 100 6 0.1 0.8 0.674

Source: a and rsmin are from Wang and Takahashi (1999), Kergoat (1998) and our field experiments; LAImax, LAImin, hcmax and NDVImax

are from Sellers et al. (1996).
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broadleaf forest, dwarf shrub and coniferous forest,

a growth index, b; is defined to account for the

seasonal variations of LAI. The index b has a

value of 1 during periods when the vegetation is

mature and/or fully leafed and a value of 0 during

dormant and leafless periods; the transition between

the two is taken to be linear (Verseghy et al.,

1993). Canopy heights of trees are set as fixed

values and LAI is computed by

LAI ¼ LAImin þ bðLAImax 2 LAIminÞ ð50Þ

For grass, LAI and canopy height are expressed as

LAI¼
hc

hc;max

½LAImin þbðLAImax 2LAIminÞ� ð51Þ

and

hc ¼bðhc;max 2hc;minÞþhc;min ð52Þ

where LAImax and LAImin are the maximum and

minimum of LAI, respectively, hc;min is the

minimum of hc:

As an alternative, spectral vegetation indices from

satellite-based spectral observation, such as NDVI, or

simple ratio ðSR ¼ ð1 þ NDVIÞ=ð1 2 NDVIÞ; are

widely used to extract vegetation biophysical par-

ameters of which LAI is the most important. The use

of monthly vegetation index is a good way to take into

account the phenological development of the LAI, as

well as the effects of prolonged water stresses that

reduce the LAI (Maisongrande et al., 1995). In this

study, monthly maximum composite 1-km resolution

NDVI dataset obtained from NOAA-AVHRR

(National Oceanic and Atmospheric Administration-

Advanced very High Resolution Radiometer) in 1992,

1995 and 1996 were used to estimate LAI. The simple

relationships between LAI and NDVI were taken from

SiB2 (Sellers et al., 1996). For evenly distributed

vegetation, such as grass and crops

LAI ¼ LAImax

logð1 2 FPARÞ

logð1 2 FPARmaxÞ
ð53Þ

For clustered vegetation, such as coniferous trees and

shrubs

LAI ¼
LAImaxFPAR

FPARmax

ð54Þ

where FPAR is the fraction of photosynthetically

active radiation absorbed by the canopy, calculated as

FPAR¼
ðSR2SRminÞðFPARmax 2FPARminÞ

SRmax 2SRmin

ð55Þ

where FPARmax and FPARmin are taken as 0.950 and

0.001, respectively. SRmax and SRmin are SR values

corresponding to 98 and 5% of NDVI population,

respectively. Fig. 4 shows the NDVI-derived LAI

averaged for each vegetation type in the basin. As

shown in Fig. 4, LAI was higher than 1 for most

Fig. 4. Monthly courses of leaf area index (LAI) of the vegetation types over the Lushi basin, retrieved from the monthly maximum composite

NDVI in 1996.
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vegetation types from May to October with the

maximum LAI occurring in August for all six

vegetation types, which represented the active period

of growth and transpiration in the vegetations. Due to

maturity and harvest of wheat, LAI fell down in June

over agricultural field.

3.3. Initial model state

The meteorological variables were daily mean

temperature, maximum and minimum temperature,

vapor pressure, wind speed and sunshine duration

in hours. The diurnal variations of air temperature

and global radiation were fitted by two-harmonic

waves (Kondo and Xu, 1997), and LAI was also

interpolated into daily values. As the initial

condition of soil moisture was not available, the

spatial pattern of soil moisture after one-year run

was used as the initial state. Then another one-year

run was done to warm up the model simulation. In

order to check the effects of warming up on the

simulation results, two and three years warming up

runs were also carried out, respectively. It was

shown that the differences of simulated annual

evapotranspiration between one-year run and two or

more years warming up run were less than 2 mm.

The depths of the three soil layers were set as

0.1, 1.9 and 2 m, respectively, assuming that the

vegetation rooting depth is up to 2 m and the roots

are limited to draw water directly from this

volume. It is reported that the average maximum

rooting depth was about 7 m for trees and 2.6 m for

herbaceous plants (Canadell et al., 1996). Some

trees have active roots over great depths, here we

assumed that the active root zone in the basin is

within 2 m depth.

4. Result analysis

4.1. Yearly evapotranspiration values simulated with

LAI retrieved from NDVI in three different years and

from the phenological method

Lacking of long-term datasets of NDVI, the

NDVI dataset for 1996 was used as an alternative

for other years in this study. To test the representa-

tiveness of the 1996 NDVI-derived LAI for other

years, the annual evapotranspiration ðETaÞ (sum-

mation of canopy transpiration, evaporation and soil

evaporation) is calculated from 1984 to 1997 with

LAI derived by 1996 NDVI and the phenological

method cell by cell, respectively. The average

difference of simulated annual ETa is 42 mm or

7% for 14 years. As the spatial pattern of vegetation

characteristics shows a good relation with the

remotely sensed NDVI, the simulated ETa with

NDVI is often considered more reliable than that

with the phenological method. Since the LAI time-

series of vegetation in the basin might fluctuate to a

greater or lesser extent in each year, we also

compared annual ETa; Eca (transpiration) and Esa

(soil evaporation) values simulated with 1992, 1995

and 1996 NDVI data to justify the yearly variations

of annual ETa; Esa and Eca caused by yearly NDVI

variation (Fig. 5). The results show that the

differences of annual simulated ETa; Esa and Eca

by using LAI derived from 1992 NDVI and 1996

NDVI are within 10 mm when the precipitation

amounts in these two years are similar. Simulated

ETa; Eca and Esa by using LAI derived from 1995

NDVI are slightly different from those derived from

1996 NDVI data, where the maximum and mean

absolute (relative) differences of ETa are 30 mm

(5%) and 17 mm (3%), respectively. This suggests

that the influence of annual variation of LAI

occurring at NOAA-AVHRR NDVI resolution

Fig. 5. Simulated annual evapotranspiration (ETa), transpiration

(Eca) and soil evaporation (Esa) with 1992, 1995 and 1996 monthly

maximum composite NDVI from 1984 to 1997.
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pixel is acceptable for the simulation purpose of

annual ETa: Thus in the next step the yearly

evolution of LAI derived from 1996 NDVI is used

for the whole study period.

4.2. Annual water balance

The annual water balance components are listed

in Table 2 from 1984 to 1997 in which the mean

annual precipitation, discharge and simulated

annual evapotranspiration ðETaÞ are 708, 143 and

587 mm, respectively. The standard deviation ðsÞ

of simulated ETa over all the simulated years is

40 mm, much less than that of precipitation ðs ¼

148 mmÞ and discharge ðs ¼ 87 mmÞ: As a com-

ponent of water balance, the modeled annual water

storage change ðDSÞ in the root zone oscillated in a

range of 2116 to 66 mm. The coefficient of inter-

annual variation of evapotranspiration in the Lushi

basin is 7% ðs=�xÞ; while that for precipitation,

discharge and net radiation (not shown in the table)

are, respectively, 20, 66 and 10%. Due to the

limitation to get enough groundwater data, the

above results are based on model assumption that

the change of ground water storage is negligible

over annual cycle. For the annually simulated

(yi;sim; taken as ETa þ DS) and measured (yi;obs;

taken as Pobs 2 Qobs) values (Fig. 6), the root mean

square difference (RMSD) of model prediction to

observation, which is defined as

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

X
i

ðyi;sim 2 yi;obsÞ
2

s

Table 2

Water balance components for the Lushi basin

Year Precipitation

(mm)

Storage change

(mm)

Modeled annual ETa

(mm)

Measured discharge

(mm)

The relative error of annual ETa

(%)

84 977 14 567 350 7.3

85 780 0 609 240 212.8

86 546 254 571 33 20.7

87 823 8 645 140 4.4

88 768 44 581 189 27.9

89 783 220 592 167 7.1

90 619 266 601 103 23.7

91 569 12 518 52 22.6

92 844 66 585 160 4.8

93 738 238 645 67 9.5

94 701 218 607 117 20.8

95 504 2 508 28 27.3

96 801 66 623 165 28.3

97 460 2116 563 35 25.3

Mean 708 587 143

s/Mean 0.21 0.07 0.66

Fig. 6. Comparison of the simulated annual ETa plus soil moisture

storage change ðDSÞ in the root zone with the precipitation (Pr)

minus the discharge depth (Qo) from 1984 to 1997.
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is 39 mm, and the mean absolute percent difference

(MAPD), which is defined as

MAPD ¼ 100

X
i

lyi;sim 2 yi;obslX
i

yi;obs

is 6%.

4.3. Spatial patterns of annual evapotranspiration,

transpiration and soil evaporation

Fig. 7(a) – (e) shows the spatial patterns of

annual precipitation, evapotranspiration, canopy

transpiration, soil evaporation and LAI (in August)

in 1996. Since vegetation canopy is fully leafed and

LAI always reaches its maximum in August, we use

the LAI in August to represent the vegetation

condition in the basin. It is shown that there is

significant heterogeneity at the basin scale for these

components. The annual precipitation shows a pattern

clearly similar to the basin topography (Fig. 3), where

there are heavier rainfalls in the mountains than in the

valleys. Considerable inhomogeneities of vegetation

densities also exist, with dense vegetation with high

LAI in the mountainous regions and sparse vegetation

with low LAI in the central and outlet areas of the

basin. As a consequence, higher ETa and transpiration

Fig. 7. The spatial patterns of annual precipitation (a), evapotranspiration (b), canopy transpiration (c), soil evaporation (d) and LAI in August

(e) in 1996 over the basin.
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occur in the high precipitation and dense vegetation

areas and vice versa. It is also shown that lower

evapotranspiration with high fraction of soil evapor-

ation occurs in the arid farmland in the middle and

outlet areas of the basin (Fig. 2). Fig. 7 also shows that

the ETa pattern does not fully match the vegetation

pattern that is dependent on the combination of

vegetation and climate (Silberstein and Sivapalan,

1995). Over the whole basin, significant variations of

ETa values exist among grid cells with different

vegetation types, ranging from 580 to 720 mm yr21 in

arid farmland and grassland, 510–660 mm yr21 in

broadleaf forest and 550–650 mm yr21 in coniferous

forest, respectively.

From Table 3, it is seen that the highest predicted

ETa occurred in irrigated fields with an average of

699 mm yr21 due to irrigation water supply (set as

150 mm yr21 and added to fields with 50 mm each

time). The two lowest simulated ETa amounts

occurred in broadleaf forest and coniferous forest

with 567 and 593 mm yr21, respectively. This is

related to the fact that the minimum leaf stomatal

resistance is an important parameter that determines

the transpiration rates. Non-optimal air temperature

and vapor pressure in trees will increase stomatal

resistance, leading to reduction of canopy transpira-

tion rate. The larger stomatal resistance in tree canopy

leaves also explains why ETa is smaller in woody

lands than the herbaceous land. Since there are more

grids with low LAI in the broadleaf forest, its

averaged ETa is lower than those from other

vegetation types. Over the whole basin, the fractions

of annual transpiration to evapotranspiration are

within a range of 45–58%. The coefficient of

variation of ETa is lower compared with the

coefficients of its components (Esa; Eca and Eia) with

that of the canopy Eia being highest. Except for

broadleaf forest, annual transpiration for each veg-

etation type is larger than the soil evaporation. The

simulated annual evapotranspiration averaged over

each vegetation type for the whole basin in 1996 was

628 mm, with the transpiration 327 mm, soil evapor-

ation 256 mm and interception evaporation 45 mm.

4.4. Seasonal variation of the evapotranspiration

Fig. 8 presents the evolution of total

monthly evapotranspiration (Here in after in this

Table 3

Net radiation (mm equivalent evaporation), evapotranspiration and its components for vegetation types (mm)

Vegetation type Rn ETa Eca Esa Eia Eca=ETa (%)

Arid farmland 1520 636 317 282 36 50

Broadleaf forest 1685 567 255 270 41 45

Coniferous forest 1709 593 321 206 64 54

Dwarf shrub 1615 640 369 214 55 58

Grass 1511 635 338 261 42 53

Irrigated crop 1525 699 363 302 33 52

Average 1594 628 327 256 45

Standard deviation 88 45 41 38 12

Coefficient of variation 0.06 0.07 0.13 0.15 0.26

Fig. 8. Monthly course of evapotranspiration (ET), canopy

transpiration (Ec), soil evaporation (Es), precipitation (Pr) and

water storage change in the root zone (Ds) in 1996.
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section denoted as ETmÞ; transpiration, soil

evaporation, precipitation and soil storage change in

the basin in 1996. The seasonal variation pattern of

ETm was correspondent to the incoming shortwave

radiation flux (not shown in the figure) and vegetation

canopy leaf growth phenological stages, as well as

rainy season. It showed that the highest ETm occurred

in the period of July to August with 104 mm month21,

relating to adequate precipitation and fully developed

vegetation canopy, as well as high downward

radiation fluxes. This period coincided with the

rainy season while the summer monsoon was

prevailing. Although annually the evaporation from

the soil surface was less than the canopy transpiration,

the monthly soil evaporation was an important

component of ETm in all the months. The monthly

evolution of soil evaporation showed that the highest

rate was in spring and autumn when canopy leaves

were growing and senescing, respectively, resulting

from intensive atmosphere evaporative demand in

these seasons. It also showed that canopy transpiration

exceeded soil evaporation only in summer when the

vegetation canopy had fully grown.

Fig. 9 shows the evolution of simulated monthly

evapotranspiration for each vegetation type. The ETm

from irrigated farmland was higher than that from

other vegetation types all the year although the

irrigating water was put into the field only in spring

while wheat was growing. The ETm amounts for grass

and arid farmland were similar and about

10 mm month21 higher than that for the forests in

summer. The high evapotranspiration rates with

100 mm month21 or more for all the vegetation

types only held through July and August, after

which the evapotranspiration rates decreased rapidly

for all the vegetation types.

The average simulated soil moisture in the root

zone increased with rainfall events, and decreased

afterwards (Fig. 10). The simulated highest soil

moisture was 0.19 cm3 cm23 in the early winter and

the highest daily evapotranspiration is about

5 mm d21.

5. Parameters sensitivity analysis

Shown in Fig. 11(a)–(f) are the sensitivities of

six principal parameters in the model, namely the

canopy extinction coefficient of net radiation (K),

the minimum stomatal resistance ðrsminÞ; the depths

of top soil layer (L1) and second layer (L2), the soil

saturated hydraulic conductivity ðKwsatÞ; and the

critical soil moisture ðucriÞ for infiltration (Eqs. (40)

and (41)), to the simulated annual evapotranspira-

tion ðETaÞ; canopy transpiration ðEcaÞ and soil

evaporation ðEsaÞ: The reference values for K, L1,

L2, Kwsat; and ucri are set as 0.5, 0.1, 1.9 m,

7 £ 1024 cm s21 and 0.2 cm23 cm23, respectively.

The value for rsmin is taken from Table 1 for grass.

To clarify the model responses to the possible

ranges of parameter values, the model is run only

with the grassland, instead of with all the

vegetation types in the basin. As shown in

Fig. 11(a), ETa and Esa decreases, whereas Eca

enhances as K increases resulting in more net
Fig. 9. Monthly course of the averaged evapotranspiration over the

six vegetation types in 1996.

Fig. 10. Daily evolution of the averaged soil moisture in root zone

and rainfall in 1996.
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Fig. 11. The sensitivities of annual evapotranspiration (ETa), transpiration (Eca)and soil evaporation (Esa)to the canopy extinction coefficient of

net radiation (a), the minimum stomatal resistance (b), the depth of top soil layer (c), the depth of the second soil layer (d), the saturated

hydraulic conductivity (e) and the critical soil moisture for runoff generation (f).
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radiation absorbed by canopy and less by soil

surface. As K varies from 0.3 to 0.9, the relative

change of Esa to the reference value is from 17 to

221%, while 27 to 9% for Eca; and 3 to 24% for

ETa; respectively. Hence, it can be said that Esa and

Eca are very sensitive to K but ETa is not. Shown in

Fig. 11(b), ETa and Eca are all highly sensitive to

the minimum stomatal resistance in the range from

0.4 to 2 times of the reference values. Within this

range the relative change of Eca is from 28 to

224%, Esa is from 29 to 6% and ETa is from 11

to 210%. Therefore bias in the determination of

rsmin may be the principal cause of model

prediction uncertainty. The sensitivity of Eca and

Esa to depth of the top soil layer decreases as L1

increases from 2 to 20 cm. However, the sensitivity

of ETa is less significant (Fig. 11(c)). The depth of

layer 2 affects the available moisture for transpira-

tion and capillary rise to layer 1 for evaporation.

Fig. 11(d) shows that Esa is relatively more

sensitive to the variation of L2 and the variations

of ETa and Eca are within ^6% from 100 to

400 cm. Since the rainfall offering most water use

of canopy, the transpiration does not rely much on

the deep soil moisture in summer, but the soil

evaporation depends more on the capillary rise

from the lower layer in the dry season. While the

ratios of logðKwsatÞ varies from 0.2 to 2, the

changes of ETa are within ^4%, whereas Eca and

especially Esa show more noticeable responses (Fig.

11(e)). The influences of the critical soil moisture

ðucriÞ on ETa; Eca and Esa are significant when ucri

is lower than 0.18 cm3 cm23, however, as ucri

varies from 0.18 to 0.3 cm3 cm23, the influence is

decreasing, especially of ESa (Fig. 11(f)).

6. Discussions

Comprehensive calibration and uncertainty anal-

ysis was not carried out in this study. Although the

model could capture the basin temporal pattern of

annual evapotranspiration moderately well by com-

paring with the results derived from the basin water

balance, it is still hard to verify the spatial patterns of

the simulated results due to the lack of the measured

data at the same scale. This may result in significant

unavoidable uncertainty in the spatial patterns of

the simulated evapotranspiration and its components.

Since there was only one meteorological station used

in this study, it was impossible to capture spatial

heterogeneity of the microclimate over the basin for

better model prediction. In addition, the canopy

parameters, such as minimum stomatal resistance

and, are sensitive to the model prediction, and there

are no generally accepted values and information for

each vegetation types. Therefore there are still many

challenges for distributed modeling. The next step in

this work will be to use remotely sensed reflectance

and surface temperature with the model to constrain

the parameters and reduce the prediction uncertainty.

7. Summary and conclusions

A process-based model is established to simulate

the spatial and temporal patterns of evapotranspira-

tion and its components over the Lushi basin. The

remotely sensed vegetation index NDVI is used to

retrieve the LAI of the vegetation. The precipi-

tation is spatially interpolated over the basin with

the inverse distance square method and the

meteorological variables are distributed by

elevation. The predicted annual evapotranspiration

plus soil storage change over the basin is compared

with the values calculated by water balance of the

basin for 14 years. The RMSD and MAPD between

the predicted and the observed are 39 mm and 6%,

respectively. Taking 1996 as a study case, the

spatial patterns of the annual evapotranspiration and

its components are correspondent to the precipi-

tation, vegetation type and leaf area pattern;

however, there exists a significant evapotranspira-

tion range in each land cover due to the

inhomogeneity of LAI. The annual amount of

evapotranspiration was 628 mm with the transpira-

tion 327 mm, soil evaporation 256 mm and canopy

interception 45 mm in 1996.
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Appendix A

The surface energy budget can be expressed as

follows:

Rn ¼ lE þ H þ G ðA1Þ

The bulk aerodynamic expressions for latent and

sensible heat fluxes are

lE ¼
rCp

g

e0 2 ea

ra

ðA2Þ

H ¼ rCp

T0 2 Ta

ra

ðA3Þ

where e0 and T0 are the effective water vapor pressure

and aerodynamic surface temperature, respectively.

Water vapor deficit D0 at the aerodynamic surface

temperature T0 can be expressed as

D0 ¼ D þ DðT0 2 TaÞ2 ðe0 2 eaÞ ðA4Þ

By combining Eqs. (A1)– (A4), e0 and T0 are

eliminated, then

D0 ¼ D þ ½DðRn 2 GÞ2 ðDþ gÞlE�ra=rCp ðA5Þ

To eliminate lE; Eq. (A5) is combined with Eqs. (1)

and (2) in the text. Considering that lE ¼ lEs þ

lðEc þ EiÞ and rcw is rc weighted by the wetted

fraction, an analytical expression for D0 is derived as

follows:

rCpD0 ¼

rCpD

ra

þ DðRn 2 GÞ2 ARnc 2 BðRns 2 GÞ

1

ra

þ
A

rac

þ
B

ras

ðA6Þ

where

A ¼
Dþ g

Dþ g 1 þ
rcw

rac

� � ; B ¼
Dþ g

Dþ g 1 þ
rs

ras

� �
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