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Terrain Correction for Increasing the
Evapotranspiration Estimation Accuracy

in a Mountainous Watershed
Yi-Chen Wang, Tzu-Yin Chang, and Yuei-An Liou, Senior Member, IEEE

Abstract—Evapotranspiration (ET) plays a major role in the
energy and water balances of the hydrological cycle. Monitoring
ET at a regional level has become feasible with the advance of
remote-sensing technology. This letter presents a module that
incorporates satellite images, surface meteorological data, and
topographic information in estimating ET over a tropical montane
watershed. The satellite images used include Thematic Mapper
(TM), Landsat-7 Enhanced Thematic Mapper Plus, and Advanced
Spaceborne Thermal Emission and Reflection Radiometer with
visible, near infrared, shortwave infrared, and thermal infrared
bands. The estimated surface energy fluxes are compared with the
in situ measurements. The results demonstrate that, compared to
other model estimations, the proposed module with terrain cor-
rection provides the highest correlation (r = 0.75) between the
estimated latent heat flux associated with ET and its correspond-
ing in situ measurement. The proposed module will be further
refined and applied to monitor long-term ET over mountainous
watersheds.

Index Terms—Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER), digital elevation model (DEM),
evapotranspiration (ET), Landsat, surface heat flux.

I. INTRODUCTION

EVAPOTRANSPIRATION (ET) is an important factor af-
fecting local and regional water exchanges in the hydro-

logical cycle. In semiarid areas, for example, recorded pan
evaporation may be nearly equal to precipitation, and regional
ET is more than half of the total precipitation [1]. ET is
traditionally estimated using empirical equations or model sim-
ulations with meteorological data, resulting in mostly point
values for local areas. Estimating ET at a regional level, how-
ever, requires incorporating heterogeneous surface conditions
[2]. This is particularly challenging when applied to tropical
montane environments where vegetation diversity is high and
topography is complex. Although recent advances in remote-
sensing technology have enabled the estimation of spatially
distributed ET [3], [4], the use of remotely sensed data in
conjunction with empirical algorithms at a regional level is
still restricted by topographic heterogeneity, weather conditions
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Fig. 1. (a) Location of the Mae Sa watershed. (b) Distribution of the microm-
eteorological and rain gauge stations in Mae Sa.

(particularly cloud cover), and variable land use/cover types.
Most studies have thus focused on agricultural areas over flat
terrain [5], [6].

There is an urgent need to understand the regional ET in the
tropical montane watersheds because the environment is under-
going dramatic landscape modification [7], thereby influencing
water and energy fluxes that may have important consequences
for water supply and ecosystem productivity. In this letter, we
develop a Terrain-corrected Surface Energy Balance Mountain
(TSEBM) module, incorporating remotely sensed images and
auxiliary surface meteorological and terrain data to improve the
accuracy of ET estimation in mountainous watersheds.

II. STUDY SITE AND DATA

The 138 km2 Mae Sa watershed (18.83◦ N to 18.94◦ N
and 98.78◦ E to 98.97◦ E) is located in Chiang Mai Province,
Thailand [Fig. 1(a)]. The topography of the watershed is mostly
hilly, except for some flat plains in the eastern part. Elevation
ranges from 314 to 1384 m. The watershed is characterized by
a tropical monsoon climate with a rainy season that extends
from late May to November. Annual mean rainfall is 1300 mm
and annual mean temperature is 21.3 ◦C (2002–2004) [8].
The major land cover types are approximately 71% forest
and 25% agriculture. Three micrometeorological stations and a
network of gauges measuring precipitation and/or soil moisture
have been established in the watershed since 2004 [Fig. 1(b)],
recording surface meteorological and hydrological data at a
20-min interval.

Data used in this letter include in situ measurements, satellite
images, and digital elevation model (DEM). The in situ mea-
surements are the surface energy fluxes obtained from the three
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Fig. 2. Flowchart of the TSEBM module.

micrometeorological stations and are used as references in com-
paring with the estimations derived from satellite images. The
following types of satellite images are used: Landsat-5 The-
matic Mapper (TM) (acquired on February 07, 2005 Landsat-7
Enhanced TM Plus (ETM+) (April 07, 2006, January 04, 2007,
January 20, 2007, April 10, 2007, and February 24, 2008), and
Advanced Spaceborne Thermal Emission and Reflection Ra-
diometer (ASTER) (February 02, 2006, and February 08, 2008)
images from the Land Processes Distributed Active Archive
Center, U.S. Geological Survey. Two DEMs are utilized for ter-
rain correction. DEM_map is generated from digitizing contours
of a 1 : 50 000 topographical map prepared by the Royal Thai
Survey Department in 1994. DEM_ASTER is the ASTER DEM
product, which is the 20080208 AST14DMO (Digital Elevation
Model & Registered Radiance at the Sensor—Orthorectified)
imagery. The resolutions of DEM_map and DEM_ASTER are,
respectively, 20 and 30 m.

III. TSEBM MODULE

The method used in retrieving ET from remotely sensed data
is based on basic surface energy balance theory, where ET is
associated with latent heat flux. Instantaneous ET estimation
(in mm/hr) is computed as

ET = 3600 × (LH/λ) (1)

where LH is the latent heat flux (in Wm−2) and λ is the latent
heat of vaporization (in kJ kg−1), calculated using 2500 −
2.359 × Ta, with Ta as the air temperature (in ◦C)

The key components and the procedure of the proposed
TSEBM module for LH estimation are shown in Fig. 2. The
digital numbers from satellite images are first converted into
spectral radiance, which is subsequently converted into sur-
face reflectance using the fast line-of-sight atmospheric analy-
sis of spectral hypercubes atmospheric correction module of
ENVI 4.6. This process filters the interference from the path

radiation, such as water vapor, aerosol, and dust particle. The
surface reflectance of the visible and near-infrared (VNIR)
bands and that of the shortwave infrared (SWIR) bands are then
used to calculate the normalized difference vegetation index
(NDVI) and surface albedo (α). Another component derived
from the satellite images for net radiation calculation is surface
temperature (T0), which is converted from the thermal infrared
(TIR) bands using the Planck function. These basic parameters
(i.e., NDVI, surface albedo (α), and surface skin temperature
(T0)) are used in the estimation of surface heat flux.

A. Surface Energy Flux Estimation

Based on the surface energy balance theory, LH can be
derived as

LH = Rn − G0 − H (2)

where Rn (in Wm−2) is the net radiation at the land surface,
G0 (in Wm−2) is the soil heat flux, and H (in Wm−2) is the
sensible heat flux. Under a stable atmospheric condition, net
radiation above a canopy is the balance between incoming and
outgoing radiation

Rn = (1 − α)K↓
s + K↓

L − ε0σT 4
0 (3)

where K↓
s is the incoming shortwave radiation, K↓

L is the
incoming longwave radiation, α is the surface albedo, ε0 is the
surface emissivity, σ is the Stefan–Boltzmann constant (5.67 ×
10−8 Wm−2K−4), and T0 is the surface skin temperature (in K).

Soil heat flux (G0) is commonly estimated as a fraction of net
radiation. Because the Mae Sa study area in this letter is mostly
forested, the transmission of net radiation through a canopy is
modified using the Beer–Bouguer law [9]. The equation is

G0 = a × Rn exp(−b × LAI) (4)

where coefficients a = 0.2 and b = 0.592 are acquired, respec-
tively, from Waters et al. [10] and Baldocchi et al. [11] and LAI
denotes leaf area index, estimated as [12]

LAI = 0.57 exp(2.33 × NDV I). (5)

The bulk transfer of sensible heat flux (H) is given by

H = ρairCpdT/ra (6)

where ρair and Cp are, respectively, the density (1.21 kgm−3)
and the specific heat of the air at constant pressure (1004 J
kg−1K−1), dT is the temperature difference between two
heights (in K), and ra is the aerodynamic resistance for the
sensible heat (in sm−1). Following Bastiaanssen et al. [5], a
linear relationship is assumed between dT and T0. Also, ra

is estimated using the Monin–Obukhov similarity theory [13].
Consequently, (6) can be rewritten as follows:

H =
κu∗ρairCpdT[

ln
(

z2−zd

z1−zd

)
− (

Ψh

(
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L

)
+ Ψh

(
z1−zd

L

))] (7)

u∗ =
ubκ
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zom

) (8)
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TABLE I
COMPARISON OF SURFACE ENERGY FLUXES ESTIMATED FROM FIVE MODELS WITH IN SITU MEASUREMENTS

where κ is the von Karman constant (= 0.4), u∗ is the fric-
tion velocity (in ms−2) computed in (8), Ψh is the stability
corrections for heat transport, L is the Monin–Obukhov length
(in m), ub is the wind speed measured at each of the three
micrometeorological stations at the blending height zb and
200 m and is assumed here (in ms−2), zd is the displacement
height (in m), and zom is the momentum roughness length
(in m) estimated based on the exponential relationship between
the reflectance of the NIR and red bands [14] as

zom = exp (0.1021 + 0.1484(ρNIR/ρred)) . (9)

Latent heat flux is then derived as the residual of the surface
energy balance equation [i.e., via (2)].

B. Terrain Correction

Regional ET estimation often assumes a horizontal land sur-
face such that the solar azimuth and solar elevation angles are
constant over the area of interest at the satellite overpass time.
In a mountainous watershed, however, these angles are different
for each pixel depending on the slope and aspect. Shadow
effects caused by mountains further cause variation in incoming
solar radiation. Accurate ET estimations using satellite images
in mountainous areas thus require that modifications, particu-
larly terrain correction, be made to each pixel. Waters et al. [10]
have recommended various modifications to improve the com-
putation of components of the energy balance. In our proposed
TSEBM module, terrain corrections are performed using topo-
graphic features extracted from two different DEMs (Fig. 2).

DEM_map and DEM_ASTER are first registered to the satellite
images to ensure that all the data sets are within the same
coordinate system. The registered DEMs and the VNIR and
SWIR bands are then resampled into the same pixel size of
their respective TIR bands. After resampling, the spatial res-
olution of Landsat-7 ETM+ associated data set is 60 m; that of
ASTER is 90 m. Topographical features such as shaded relief
and elevation are then extracted from the resampled DEMs
using a topographical package in ENVI 4.6 and incorporated
into respective equations of the incoming shortwave radiation
(K↓

s), the atmospheric transmissivity (τsw), and the surface skin
temperature (T0) for terrain correction.

To correct the incoming shortwave radiation (K↓
s) in (3)

for each pixel, solar azimuth angle, solar elevation angle, and
shaded relief derived using DEM are incorporated as follows:

K↓
s = Sc × Rshade × dr × τsw (10)

where Sc is the solar constant (1367 Wm−2), Rshade is
the shaded relief (ranging from 0 to 1), dr is the inverse
squared relative Earth–Sun distance, and τsw is the atmospheric
transmissivity.

In a mountainous terrain, the atmospheric transmissivity
(τsw) varies for each pixel as a function of the elevation.
The following equation from Allen et al. [15] is adopted for
correction of the transmissivity as follows:

τsw = 0.75 + 2 × 10−5(EDEM) (11)

where EDEM is the elevation of each pixel.
As for surface skin temperature (T0) used in (3) and (7), the

rate of decrease in surface skin temperature due to elevation
increase is assumed to be 0.65 ◦C/100 m, which is the same
as that for a typical air profile [10]. The terrain correction for
surface skin temperature is computed as

Ts = T0 + 0.0065(EDEM − Eref) (12)

where Eref is the elevation of the micrometeorological station
at which wind speed is measured.

IV. RESULTS AND DISCUSSION

A. Comparison of Surface Energy Flux Estimations

Surface heat fluxes are estimated using five models: the pro-
posed TSEBM module with DEM_map, the proposed TSEBM
module with DEM_ASTER, the Surface Energy Balance Al-
gorithms for Land (SEBAL) Mountain model developed by
the University of Idaho [10] with DEM_map, the SEBAL with
DEM_ASTER, and the flat surface model based on the proposed
TSEBM module without incorporating topography. The esti-
mations from the five models are compared with the in situ
measurements from the three micrometeorological stations
(Table I). The results indicate that, for net radiation, sensible
and latent heat fluxes, the correlation coefficients between the
TSEBM with DEM_ASTER, and the in situ measurements are
the highest among the five models. Also, the RMSEs for soil
heat, sensible heat, and latent heat fluxes from the TSEBM
with DEM_ASTER are lower than those from the flat surface
model and the SEBAL Mountain model. Terrain correction
incorporated in the proposed TSEBM module appears to be
effective in increasing the estimation accuracy of surface heat
fluxes in the study area.

For soil heat flux, however, the results exhibit low correlation
coefficients between the in situ measurements and the model
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Fig. 3. Comparison between annual average net radiation and soil heat flux
measured at the meteorological station (site #429) in 2008.

estimations, particularly those from the SEBAL and the
TSEBM (Table I). Unlike the observation by Ogée et al. [16]
suggesting a common time delay of 30 min between the max-
ima of net radiation and soil heat flux, our in situ measurements
shows a delay of about 4 h (Fig. 3). It is probable that the soil
heat flux in Mae Sa cannot be taken just as a fraction of the net
radiation transmitted through the forest canopy, and the diurnal
patterns of the energy fluxes could be incorporated into soil heat
flux estimation for further improvement.

B. Comparison With the GVMI

Comparison of surface energy flux estimations suggests that
the TSEBM module with DEM_ASTER estimates latent heat flux
more accurately than the other four models. The TSEBM mod-
ule with DEM_ASTER and (1) are thus employed over the entire
Mae Sa watershed to derive regional ET distribution [Fig. 4(a)].
To examine if the spatial variation of ET in the watershed is
associated with vegetation water content, the Global Vegetation
Moisture Index (GVMI) proposed by Ceccato et al. [17] is
calculated using the following equation:

GV MI =
(NIR + 0.1) − (SWIR + 0.02)
(NIR + 0.1) + (SWIR + 0.02)

. (13)

The regional ET distribution is then compared with the
GVMI (Fig. 4). The patterns of ET and GVMI are, in gen-
eral, similar, particularly in the western part of the watershed.
High ET is expected to be found on south-facing slopes, and
high GVMI suggests dense forested areas. The central-northern
area, which has south-facing slopes and is forested, appears
to experience very high ET. The patterns of ET and GVMI in
the central-south area are, however, dissimilar [comparison of
Fig. 4(a) and (b)], suggesting that terrain and some other effects
such as wind flow on ET may need to be considered.

Fig. 4. Distributions of (a) ET and (b) GVMI derived using the ASTER image
dated February 02, 2008. White areas corresponding to the zero value were
caused by clouds in the original images.

V. CONCLUSION AND FUTURE WORK

In this letter, we have proposed a module that incorporates
satellite images, surface meteorological data, and topographic
information to estimate the ET in a mountainous watershed.
Compared with the estimations derived from other models,
our TSEBM module with terrain corrections using the ASTER
DEM can increase the estimation accuracy of latent heat flux
associated with ET, as evident in the highest correlation co-
efficient between the in situ measurement and the estimation
(R = 0.75). The result indicates the usefulness of the TSEBM
module in estimating spatially distributed ET over mountainous
areas if the ASTER DEM can be acquired. Note that the
scaling issue among various data sources needs to be further
considered, but some assumptions have been made in this letter
to minimize this problem. For example, when integrating the
point meteorological data with satellite images and topographic
information in (7)–(9), a blending height at 200 m was assumed
so that the friction velocity could be estimated on a pixel-by-
pixel basis. Future work could enhance the proposed module
in two aspects. First, the estimations of surface energy fluxes,
particularly in soil heat flux, can be further improved. Air flow
and wind speed can be incorporated, although predicting the
changes in the wind profile for each pixel in mountainous
areas would be difficult. Second, despite the usefulness of the
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ASTER DEM in the proposed module, some anomalous values
in the DEM product may impede the analysis. An alternative
approach is to employ the Moderate-resolution Imaging Spec-
troradiometer (MODIS) data that are low cost and high quantity.
For example, the combination of Aqua and Terra satellites can
provide up to four images per day, allowing the dynamics of
surface energy fluxes to be monitored.
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