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Abstract. Surface solar radiation is an important parame-1 Introduction

ter in surface energy balance models and in estimation of

evapotranspiration. This study developed a DEM based ra- _ ) ,
diation model to estimate instantaneous clear sky solar raMountainous area covers about one-fifth of the earth’s con-
diation for surface energy balance system to obtain accuratinental areas (X. Yang et al.,, 2011). Accurate surface solar
energy absorbed by the mountain surface. Efforts to improvéadlatlon estimations are essential for studies of solar energy
spatial accuracy of satellite based surface energy budget iffSource, hydrological processes, and climate change. Solar
mountainous regions were made in this work. Based on eighfadiation exerts strong control on available energy exchanges
scenes of Landsat TM/ETM+ (Thematic Mapper/Enhancedat the surface. Knowledge of the spatial distribution of solar
Thematic Mapper+) data and observations around the Qotadiation in mountainous area is therefore vital for the energy
molangma region of the Tibetan Plateau, the topographi-EXChange process between the atmosphere and the mountain
cal enhanced surface energy balance system (TESEBS) waand surface. Terrain determines whether a surface receives
tested for deriving net radiation, ground heat flux, sensibledirect radiation or if it is shaded. In zones of complex to-
heat flux and latent heat flux distributions over the heterogeP0graphy, variability in elevation, surface slope and aspect
neous land surface. The land surface energy fluxes over the'€ate strong spatial heterogeneity in solar radiation distri-
study area showed a wide range in accordance with the suRution, whlch d(_atermlnes air temperature,.son temperature,
face features and their thermodynamic states. The model wa@vapotranspiration, snow melt and land-air exchanges. The
validated by observations at QOMS/CAS site in the researcippatial and temporal distribution of surface radiation exerts a
area with a reasonable accuracy. The mean bias of net radidndamental control on mass and energy exchange between
tion, sensible heat flux, ground heat flux and latent heat flux@ir @nd land. The mountainous areas are often remote and in-
is lower than 23.6 WmZ2. The surface solar radiation esti- accessible to carry out measurement of land—air interactions.
mated by the DEM based radiation model developed by thisT he zones of complex topography therefore form interesting
study has a mean bias as low-a8.6 W nT2. TESEBS has a but little studied areas for land—air exchange studies.

decreased mean bias of about 5.9 W2rand 3.4 W nt2 for Recent studies have explored approaches to estimate the
sensible heat and latent heat flux, respectively, compared tfegional distribution of surface heat fluxes with observational
the Surface Energy Balance System (SEBS). data of different satellite sensors (Ma et al., 2006, 2011; Oku

et al., 2007; W. Ma et al., 2009). Remote sensing based tur-
bulent flux algorithms can be divided into two-source (like
TSEBS of Anderson et al., 2008) and single source models
(like SEBS of Su, 2002). Yang et al. (2003) pointed out that

a single source heat transfer model is applicable on the Ti-
betan plateau; SEBS was adopted here. The Surface Energy
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Balance System (SEBS) developed by Su (2002) has beet 2N : AsL
designed to estimate energy partitioning by using satellite &
and meteorological data. While most of the studies using
SEBS derive surface energy balance items located at flat ar:
eas (Su et al.,, 2005; Yang et al., 2010), none of them con-
sider the influence of topographical influence. With the de-
velopment of satellite sensor grid resolution, when applying
SEBS to the high resolution satellite dataset, the topographic
influences become increasingly important. Terrain controls _.---~*%e
how much sky is visible and therefore influences incident [
diffuse and reflected sky radiation. Since surface solar ra-
diation measurement is very sparse in the mountainous re- fg
gion, the knowledge of the terrain is thus important for the
radiation balance and further for the surface energy balance g
in complex terrain (Tovar-Pescador et al., 2006; Aguilar et
al., 2010; Long et al., 2010). The aim of this research was ..
to combine a topographically corrected solar radiation (the o=

amount of shortwave radiation received under clear-sky con-

ditions) with SEBS over the Tibetan Plateau mountain areaFig. 1. The landscape of the Tibetan Plateau (top), study area
A topographically enhanced surface energy balance systertbottom-left picture, composites of TM band 2, 3, 4) and environ-
(TESEBS) was developed to generate a series of distribument around the QOMS/CAS station (bottom-right).

tions of surface energy balance in a meso-scale area on the

north area of Mt. Qomolangma over the Plateau. Small lakes . .
Q 9 Slopes and azimuth terrains in order to make each component

rivers, glacier, and surfaces with short canopies are all in—of the enerav balance svstem more accurate
cluded in the study area (Fig. 1). 9y y )

The surface energy balance analysis around Mt. Everes[gir;A éoxﬁﬁrgggéﬂe?;?dgm Ir&Ci(rJ]rglngt rgd_lrar']nontrr:joderl corr;l— d
was studied with measurement at point scale (Zhong et al N s Introduce ect. 2. the study area a

2009; Zou et al., 2009). The aim of this research is to up_|‘emote sensing data preparations are included in Sect. 3. Re-

S . . . ote sensing applications over the Qomolangma area were
scale in situ point observations of land surface variables and! 9 app Q Y

land surface heat fluxes over regional scale using high resoluqescr'bed in Sect. 4. The relationship between surface energy

tion remote sensing data. In mountainous regions, due to thgems and land cover types, and the spatial_distribution Pf sur-
complex topography, high-resolution data are needed. Landc€ €nergy balgnce under complex terra!n are examined in
sat TM/ETM+ sensors include optical and thermal SensorsSect. 4. Discussion and conclusions are given in Sect. 5.
with higher image resolution. Here we use Landsat data to

determine regional land surface heat fluxes around the areap Model formulation

In this study, we make efforts to improve solar radiation

estimation under complex terrain. The shortwave radiationThe surface energy balance equation is written as
reaching the surface of the earth is divided into direct, diffuse

or reflected radiation. Direct radiation reaches the surface oftn = Go+ H +LE, @)
the earth from the solar beam without interactions with Par\wherer, is the net radiationGy is the ground heat flux is

ticles in the atmosphere. Diffuse radiation is scattered oUtq rhylent sensible heat flux, and LE is the turbulent latent

, LE, is computed as the last item

surface. Reflected radiation is mainly reflected to the surface v« surface energy balance equation after derivations the
from surrounding terrain and is therefore important in MOUN- it other three variables in Eq. (1)

tainous areas. A knowledge of the values for each component

is often required when considering the topographic effects orp.1  The instantaneous net radiation

each radiation component separately (Aguilar et al., 2010).

To get an accurate incoming solar radiation flux in moun- Net radiation is a critical input variable in the energy balance

tainous terrain, a radiation model which considers the shadequation and the most sensitive variable in latent heat flux
ing and reflecting effects of adjacent features is needed bystimate (Zhang et al., 2005). Therefore, the accuracy of re-
SEBS. At each point, the direct, diffuse, and reflected solartrieved net radiation determines the accuracy of estimates of
radiations were estimated. The global radiation was obtainedatent heat flux and ET (evapotranspiration) to some extent.
by adding the direct, diffuse and reflected radiation. The in-For the computation of surface energy balance in complex
tention of this study is to compute the instantaneous solaterrain, a highly detailed surface radiation balance model is
radiation with the above three radiation variables for variousnecessary. Topography is well known to alter the shortwave
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radiation balance at the surface. In order to use the surfac
energy balance equation over the complex topography of théd
Plateau, further efforts are needed to improve spatial accu-
racy of satellite based surface energy budgets in mountaink = r Lot (sins)?/(2sina), (6)
ous regions. A detailed radiation balance model is therefore

required by this study. Thus here we introduce the surfacé’vhere_9 IS so_lar incidence angle; is the solar altitude an-
radiation model as follows. gle; s is the tilt angle of the surface (slope) solar beam

The net radiation flux is computed with the following radiative tra_nsmittancecd solar diﬁusg radigtive transmit-
equation: tance, and; is the reflectance transmittaneeis the ground
reflectance.
Rn = (1— ) SWD+ LWD — LWU, ) The applications of optical remote sensors by SEBS are
limited to conditions of cloudless sky; therefore, in this paper
whereq is the broadband albedo, SWD is downward surfacewe consider atmospheric transmittances under conditions of
shortwave radiation. LWD and LWU are downward and up- cloudless sky. The clear sky radiative transmittance is based
ward surface longwave radiation. On flat terrain and underon local geographical and meteorological conditions. The
clear-sky conditions, the downwelling shortwave radiation isclear sky surface solar radiation is affected by a number of
nearly the same from point to point over relatively large areasextinction processes in the atmosphere. Although Kumar et
and so one measurement can be taken to be representative@f (1997) suggested a method for computationotq and
the entire regional area (Bastiaanssen, 2000; van der Kwast, their method did not consider the difference in Rayleigh
et al., 2009). However, direct measurements are rarely availscattering, aerosol extinction, ozone absorption, water vapor
able to represent the shortwave radiation over most mounabsorption and permanent gas absorption. Yang et al. (2001)
tainous areas. Therefore, in mountainous regions a detailedeveloped a broadband radiative transfer model based on
solar radiation balance solution is required by surface energy-€ckner’s (1978) spectral model. Evaluated as one of the best
balance equation. Parameterization models are often used #yoadband models (Gueymard, 2003a, b), here we used the
make predictions of individual solar radiation componentsmodel to calculate solar beam radiative transmittanc@&nd
under clear sky conditions (e.g., Yang et al., 2001; Liang etsolar diffuse radiative transmittancey, under clear skies.
al., 2012). Meanwhile, the topographic effects are rarely con-tc is computed as function of radiative transmittance due to
sidered. Here we employ surface radiation parameterizatio®zone absorption, water vapour absorption, permanent gas
models and solar radiation transfer above an inclined surfac@bsorption, Rayleigh scattering, and aerosol extinction, re-
to account for the impact of complex terrain, which follow spectively. The detailed solution af is described in Ap-
the simple form of the Angstrom—Prescott model (Prescottpendix A.zq andz, are computed withc. The detail solu-
1940), and its inputs (air temperature and relative humidity)tions for Iy and/; are presented in Appendix B.
are easily accessible from routine surface meteorological ob- The influence of tilted surface on surface radiation is ex-
servations. pressed by solar incidence angle, solar altitude angle and
topographic information shown in Egs. (4), (5), and (6). A
2.1.1 Theinstantaneous downward shortwave radiation  high resolution DEM map (obtained from the US Geologi-
cal Survey Earth Resources Observation and Science center)
The surface downward shortwave (solar) radiation is dividedof SRTM (Shuttle Radar Topography Mission) in the region
into three parts over complex terrain: direct radiatiép),(  was used to calculate slope and aspect of each pixel. The
diffuse (Ig) and reflected) insolation. slopes and aspects were then used in subsequent executions
to generate solar radiations in complex mountainous areas.

= Iptq(COSs)?/(2sina), (5)

SWD=Ip+Ig+ It €)

o o 2.1.2 The instantaneous downward and upward surface
The downward shortwave radiation varies in response to alti- longwave radiation
tude, surface slope and aspect. The parameterization schemes
for calculating the instantaneous solar radiation were im-It is relatively easy to estimate incoming longwave radiation
proved by accounting for the three part variations to slopeunder clear sky conditions. Different parameterizations for
and azimuth of land surface and terrain shadow in mountainatmospheric longwave radiation were tested for clear sky pe-
ous areas. Studies have described how to use a digital elevgiods (Brunt, 1932; Knig-Langlo and Augstein, 1994; Prata,
tion map dependent model to compute direct solar radiation1996; Iziomon et al., 2003), but Brutsaert's (1975) method
diffuse and reflected insolation (Kumar et al., 1997). Accord-was among the best performance in the computations of in-
ing to the knowledge, the method used to compute distribucoming longwave radiation (Kimball et al., 1982; Kustas et
tion of downward shortwave radiation over mountainous ar-al., 1994; Iziomon et al., 2003). Brutsaert’s (1975) parame-

eas is as follows: terization method is expressed as follows:

Ip=1Io-T¢- COSH, (4) LWD =e0T?, (7)

www.hydrol-earth-syst-sci.net/17/1607/2013/ Hydrol. Earth Syst. Sci., 17, 1606418 2013



1610 X. Chen et al.: Estimation of surface energy fluxes under complex terrain

specific heat for moist aifjy is the potential temperature at

the surfaced, is the potential air temperature at height/

is the zero plane displacement heigh, is the stability cor-

8 oA il ) ) rectior_1 functions for sensible heat transfer (Brut_saert, 1999),

107Wm™K™). Air emissivity ea is determined by actual 547 s the Obukhov length. The roughness height for heat

water vapor pres_sur'ze(hPa) anq air temperé_\tUVé(K)- transfer £o,) or kB~1 must be accurately determined before
Longwave emission from different terrains was taken asyhe computation of sensible heat flux. Based on the fractional

isotropic here. The upward longwave radiation is ComputedCanopy coverage, Su et al. (2001) and Su (2002) givelkB
using the Stefan—Boltzmann equation: as the following equation:

e
- 1_24(7)0.14286’ ®)

where o is the Stefan—Boltzmann constant .§%x

LWU = o LST?, ) kB =2 kB;1+ fs-kBI142- fo- f5-kB; L, (13)

wheree is the “broad-band” land surface emiSSiVity, derived Wherefc is the fractional canopy coverage aﬁ;dis that of
from a satellite based method referred to Chen et al. (2013)gijl. kB; ! is the kB! of the canopy and kB! is that of
When NDVI< 0 anda < 0.47, the pixel was taken as water the bare soil. Being testified as a novel one over the Tibetan
surface, where = 0.985; if « > 0.47 the pixel was assumed p|ateau (Yang et al., 2002; Chen et al., 2010), the parame-
as snow, where = 0.99; LST is land surface temperature.  terization method of Yang et al. (2002) was introduced into
kB3 ! equation. The soil part of kB! in Brutsaert (1982) in

2.2 The instantaneous soil heat flux density Eqg. (13) is revised as follows according to Chen et al. (2013):

The regional ground heat flu%g in Eq. (1) cannot directly

be mapped from satellite observations. The ground heat qukas—l = |og(z‘ﬂ)’ (14)
as an indirect variable in surface energy balance, was calcu- Z0n
lated through net radiation according to a different surface 700

exp(—pBud°922%), (15)

dependent ratio value. The relationship betwé&gnand Ry, 20n = 0,
(Kustas and Daughtry, 1990) over bare soil in this area is

whered is the kinematic viscosity of air (x 10> m?s1).
Go=0.315Rp. (10) B equals 7.2%°m 95K ~0925 4, is the surface friction ve-
locity (ms™1), andd, is the surface friction temperature (K).
Zom 1S momentum roughness length (m) referred to Eq. (7d)

in Chen et al. (2013).

For water area (NDVk 0 anda < 0.47), we use the equa-
tion: Go = 0.5R, (Gao et al., 2011). For glacier are@p

is negligible according to Yang et al. (2011) and we use an
equation ofGo=0.05 R,. The glacier is distinguished ac-
cording to LST<=273K. Daughtry et al. (1990) investi- 3 Study site and data processing

gated that the middag o/ Ry, ratio is predictable from veg-

etation indices. For the canopy coverage area, the followingfwo scenarios have been used to assess the TESEBS

equation is adopted: model. One is to use all available in situ measurements at
QOMS/CAS as forcing data. The other is to use operational
Go= Rn(fc-rc+rs- (1= fo)), (11)  meteorological and satellite data. The model outputs of sur-

) face energy fluxes are then compared with flux tower mea-
wherers andrc are the ratios between ground heat flux and g;;rement.

net radiation for bare soils and surfaces with fully covered

vegetation respectively. The in this area is given a value 3.1 Study area

of 0.315 (Kustas and Daughtry, 1990), archas a value of

0.05 (Monteith, 1973). The fractional vegetation coygis The Himalaya, as the south barrier of the Plateau with a
determined using the normalized difference vegetation indexarge area of high mountains pierces directly to the mid-

NDVI in Eq. (20). dle troposphere of earth; consequently, it has great influ-
ence on the weather and climate of the region (Ye and Gao,
2.3 The instantaneous sensible heat flux density 1979; Gao, 1981; Bollasina and Benedict, 2004; Ueno et

al., 2008; Zhou et al., 2008; Zhong et al., 2009; Zou et
The sensible heat flux was computed by means of Monin4| | 2009). The Himalaya exerts profound thermal and dy-
Obukhov similarity theory (MOST) theory with (Eq. 12):  pnamical influence on atmospheric circulation (Bollasina and
i—d i—d o]t Benedict, 2004). The Himalaya mountains provide the wa-
H =ku*pCp(9o—9a){ln< o >—‘I’h <T) +W (7)} . (12) ter sources for the Indus, Ganges, and Brahmaputra rivers,
which supply water to billions of people in Asia (Immerzeel
whereH is the sensible heat flux.is the von Karman con- et al., 2010). Considering the importance of the Asian mon-
stant.u, is the friction velocity.p is the density of airC,, is soon (Boos and Kuang, 2010), Bollasina and Benedict (2004)
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pointed out that land—atmosphere interactions over Himalaydahe model output and observations show that TESEBS cor-
requires particular attention. The study was conducted irrectly interprets variability and is capable of accurately repre-

28°0'42’' N to 29°0'54.9' N and 869’5 E to 871'42.8'E, senting the temporal development of surface energy balance
located around QOMS/CAS station (Fig. 1), a comprehen-items at the local scale (Chen et al., 2013).

sive observation and research station on the north slope of The accuracy of the model was evaluated using mean bias
Himalaya. Elevation in the study area changes between 3700MB) and root mean square error (RMSE). These statistical

to 7107 m. This region has been chosen because it is repndicators are defined as

resentative of a high-alpine environment and because of the
glaciers, lakes, rivers, and short canopies present in this area
(see bottom left picture of Fig. 1).

N

> (x; —obg)?
=1

RMSE= N (16)
3.2 Field measurements
The Qomolangma Station for Atmospheric and Environmen- N
tal Observation and Research, Chinese Academy of Sciences __Zl(ObS —Xi)
(QOMS/CAS) is located at 221.63 N, 86°56.93 E, with MB="——! a7)

an elevation of 4276 m, and 30 km away from Mount Ever- N

est. It was established by the Institute of Tibetan Plateau Rewherex; stands for simulations of TESEBS. glstands for
search (ITP), the Chinese Academy of Sciences (Ma et al.pbservations, and/ is the sample number. There were 4616
2008). The dataset of the QOMS/CAS station consist of surdata points with a data quality level=3 used to evalu-
face radiation budget components (CNR-1, Kipp & Zonen),ate TESEBS in Fig. 2. Linear regression between modeled
vertical profiles of air temperature, humidity, wind speed andand measured values was also computed. The slope value
direction (MILOS520, Vaisala), turbulent fluxes measured by (= 1.01) in Fig. 2 demonstrate that TESEBS provides a good
eddy correlation technique. Sensors of wind speed, wind diestimation of sensible heat flux with the new ¥Bequa-
rection, air temperature, and relative humidity at five levelstions. The correlation coefficierR is as high as 0.91, with
(1.0, 2.0, 4.0, 10.0, and 20.0 m) are installed on a 40 mp.b.IMB = —7.3Wn1?2, and RMSE =41.76 W 7?.

tower. The soil temperature was measured at depths of O,

10, 20, 40, 80 and 160 cm. The soil moisture content was3-4 Remote sensing data preparation

measured at depths of 10, 20, and 30 cm. The soil heat flux he h ity of the | ‘ h
was measured using soil heat flux plates (HFPO1) buried at ;—O capture the heterogeneity of the land surface over the do-

depth of 10 cm. The soil heat flux at the surface is calculated"2!™: high-resolution satelllt_e da;a are requ_|reo_l. The Lz_and-
by adding the measured flux at 10cm depth to the energ)?at TM/ETM+ data can provide high-resolution mformatpn

stored in the layer above the heat flux plates (Chen et aI.?ITJ tr&e Iang fhurfilcgavﬁergpiiature, Iam: fovgr Ctl"’;_sl\j'/fécf&in’
2012). An open path eddy covariance turbulent measuremerﬂ te OE and the I t.d '9 1§C|\jnesh0200a8n ZSgM h 2008
system (CSAT3, Campbell; LI 7500, Licor) is set up at 3.5 m datasets were coliected on arc ’ arc ’
height. The high frequency turbulent data are processed b 1 April 2008, 29 May 2008, 2 September 2008, 20 Octo-

TK2 software (Mauder and Foken, 2004) to control the qual-I er 2?((.)8’ 21hNovember 2(:08(,jand 9 April 2010 V\gth CI%Ud_
ity of every half-hour flux. Calibrations are also done in the €SS Skies. The fraction of cloud cover is not more than 3 % on

process. TK2 also produces a quality level of turbulent ﬂuxes_these days. In mountainous areas, topography also strongly

with the definition of the quality level given by Rebmann et influence the signal recorded by space-borne optical sensors.

al. (2005) divided into 1-5 levels. The high quality fluxes The topographic influence on the satellite received signal
(quality level< = 3) were used in this study. were eliminated by the method of Richter et al. (2009). The

For all fluxes in this paper, the same sign convention ap-€flectivity for each bandz) is calculated as

plies: fluxes transporting energy towards the surface are neg- 7L,
ative, and fluxes transporting energy away from the surface®r = ESUN, d; o)/ Coss " (18)
are positive. r

whereL, is the spectral radiance for each band. EQU§N
3.3 Local-scale evaluation the mean solar exo-atmospheric irradiance for each band.

0 is solar incidence angle. is the surface slope. The so-
Standard meteorological forcing data at QOMS/CAS, includ-lar exo-atmospheric irradiance for TM and ETM+1, 2, 3,
ing wind velocity, vapor pressure, air temperature, and atmo4, 5, 7 band in Markham and Barker (1987) and Chander
spheric pressure, were used to run the TESEBS model. Landnd Markham (2003) were used separatélys the solar
surface temperature is derived from measured upward longzenith angle (from nadir), and, is the inverse squared rel-
wave radiation. A constant emissivity of 0.97 is assigned toative Earth-Sun distance. The surface albadopfér short-
estimate the surface temperature. Time series comparison efave radiation is retrieved from converting narrowband to
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500 . i Table 1. The comparison between TESEBS and SEBS statistical

: . 7 variables.
Y=6.4:2+1.01*X . . ,/--
I ST S U TESEBS ~ SEBS
R=0.51 o L4 ‘
MB=-7.3 Sensible heat flux RMSE 31.1 34.6
A S (Wm~2) MB ~158 —21.7
B00 v A g e Latent heat flux RMSE 25.0 25.1
(Wm2) MB -6.8 -10.2

emissivity was calculated from the NDVI according to the
method of Sobrino et al. (2004). To maintain a spatial consis-

TESEBS (Wm )
N
s
:

100 3 ol T e tency, NDVI, albedo and other data were interpolated to cor-
« i - Z responding thermal infrared band using a linear technique.
[ ;
oL .,_ e ._‘,'_.“ O PSRN SRR — 3.5 Weather data
¥ ' .
7 ; To compute surface fluxes over the area of one satellite
0 s oo 50 0 Iy =00 image, the spatial distribution of meteorological data (air
Eddy covatiance (Quality level <=3)(Win ) temperature, atmospheric pressure, relative humidity etc.) at

_ _ _ _ PBL height or near-surface height at satellite pixel scale is re-
Fig. 2. Evaluation of TESEBS based on the point sensible heatquired. The spatial interpolation method is often used to get
flux data of high quality (with quality levelx=3) in 2007 at  these meteorological data from meteorological stations or at-
QOMS/CAS station. Scatter plot of sensible heat flik (nit of mospheric reanalysis data (Ma et al., 2006; Oku et al., 2007:

_2 .
Wm=*) between the measurements of eddy covariance (ED) ancIk/IcVicar etal., 2007). Xie et al. (2007) pointed out that mete-

outputs of TESEBS. The thick line is 1:1 line. The linear fitting . . .
line is dashed line. Root mean square error (RMSE). CorreIationorOk)g'CaI elements above _Mt‘ Eve_rest coincided with mea-
coefficient ®). Mean bias (MB). surements at a meteorological station 60 km away. Then we
assume the meteorological measurement at QOMS/CAS sta-
tion can represent the synoptic situation of our research area.
broadband planetary reflectivity which is obtained as the to-Air temperature for each grid cell was adjusted with respect
tal sum of the different narrow-band reflectivity according to to elevation, assuming a standard air temperature lapse rate
weights for each band. The weights for the different bandsof 6 Kkm~1 (Chen et al., 2007). Atmospheric boundary layer
are given by Teixeira (2010). Broadband shortwave surfacéieight of 600 m is used according to the results of Y. Ma et
albedo was calculated from the normalized reflection valuesl. (2009). Due to the elevation changes from 4000 to higher
of channels 1, 2, 3, 4, 5 and 7, using the following equation: than 8000 m, the corresponding surface pressure changes sig-
nificantly. Thus the surface pressure is estimated by
a =0.293: p1+0.274- pp 4+ 0.233: p3+ 0.157- p4

40.033: p5 4 0.011- p7, (19)  Ps= poexp(—z/8430, (21)

wherep1—p7 are the reflectivity for band 1 to 7. The spectral wherepg = 101 325 Pag is DEM data in a unit of m.
radiance of band 6 is converted into a brightness tempera-

ture applicable at the top of the atmosphere by inversion of ,
Plank’s law (Teixeira, 2010). The LST is calculated by mono- 4 Evaluations of TM/ETM+ based TESEBS results
window algorithm (Qin et al., 2001; Sobrino et al., 2004).
The NDVI is computed as the ratio of the differences in re-
flectivities for the near-infrared bang4) and the red band
(p3) to their sum. The vegetation fractional coverage is esti-
mated using formulation:

Instantaneous surface energy balance items at the satel-
lite overpass time are highly dependent on the estimation
of key variables, namely, land surface temperature, albedo,
downward and upward shortwave/longwave radiation, etc.
Hence, we evaluate these variables by comparison with site-
NDVI (x, y) — NDVlmin specific ground-based measurements (Fig. 3). The correla-
©= "NDVI s — NDVI (20)  tion coefficient of downward shortwave radiation (SWD) be-
max min . . .
tween TESEBS simulated and measured by radiometers is
The value of NDVhin and NDVInhax is about 0.2 and 0.5 as high as 0.99, with MB 0£-9.62Wn12 and RMSE of
(Sobrino et al., 2004). In the case of ND¥I0.2, f; =0. 45.4Wn12. The LST has a mean bias of 1.48 K with a high
The broad band emissivityis used to calculate total long- R value. The albedo derived from TM/ETM+ is a little bit
wave radiation emission from the surface. This broadbandower than the in situ true values. The SWU of TESEBS
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Fig. 3. Comparison of derived results with field measurements for fjyx (LE, unit W m2).

the(a) land surface temperature (LST, unit Kj) albedoc) down-

ward shortwave radiation (SWD, unit W), (d) downward long-

wave radiation (LWD, unit W m2), (e)upward shortwave radiation

(SWU, unit Wn2), (f) upward longwave radiation (LWU, unit ground heat fluxes over the small lakes are relatively higher
Wm—2). than in other places (Fig. 5c, d), and the corresponding sensi-

ble heat flux is lower than in other places around the bodies of

water, while the latent heat flux is higher (Fig. 5a). The sen-
have a mean value of 42.55Wth higher than the obser- sible heat flux over the glacier area is dominated by negative
vation. The final surface energy balance items were alsoalues. Slopes which are exposed to the East consequently
evaluated with in situ measurement (Fig. 4). The MB val- have a higher net radiation and sensible heat flux than slopes
ues of Ry, H, Gop and LE is about-23.6,—15.8, 7.7 and  with an exposition to the West.
—6.8Wn12, respectively. Overall, the values derived from  The processes and mechanisms of energy and mass trans-
TM/ETM+ by TESEBS agree well with ground measure- fers become complicated under the complex terrain due to
ments. The comparison of TESEBS and SEBS statisticathe substantial differences in radiation availability caused by
variables were listed in Table 1. Both RMSE and MB of various slopes and azimuths of surfaces. The surface net radi-
TESEB are lower than SEBS, which shows the better per-ation in the region changes froml55 to 461.5 W m2, sen-
formance of TESEBS. sible heat flux from—25.2 to 265.6 Wm?, and latent heat

Figure 5 shows the distribution maps (1604882 pix-  flux from —4.5 to 257.9 W m?. The surface flux maps re-

els) of each surface energy balance item based on TM reflect distinct mechanisms of energy partition and water evap-
mote sensing data obtained on 9 April 2010. The overpas®ration of various land cover types, showing differences in
time is 10:32 LT (local time), the sun azimuth angle is 127.2 the spatial distribution pattern of surface turbulent heating.
degree, and the sun elevation is 58.15 degree. To maintain West facing slopes are receiving only about half of the
consistency in spatial resolution, the remote sensing data adhortwave radiation of the eastern slopes (Fig. 7a). Such vari-
band 1, 2, 3, 4, 5, 7 were interpolated to 12&mh20m.  ations would surely have a significant effect on the heat bud-
The experimental area presents extreme variability characget of different places, thus influencing latent and sensible
terized not only by steep slopes and altitude variations ofheat fluxes. It can be seen that the values in the region present
thousands of meters, but also by a variety of land surfaces huge difference visible in the distributed values of the vari-
such as grassy marshland, several small rivers and lakes, baable cell by cell, but also noticeable was the wide range of
soil and glaciers. Therefore, these derived parameters shoglobal values in the region, when topographic factors are
a wide range due to the strong contrast of surface featuredaken into account, as shown by the maximum, minimum
Due to low albedo of the water surface, the net radiation andsalues. The spatial gradient in each part of solar radiation
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(a) Sensible heat flux(W/nf) (b) Latent heat flux(W/nf)

(a) Solar radiation(W/nf) (b) Solar beam radiation(W/nf)
T K

$o N

3 A % AN R/
(c) Solar diffuse radiation(W/nf)

(d) Solar reflected radiation (W/nf)

Fig. 5. Distribution of each surface energy balance item over theFig. 6. Distribution of each surface solar radiation item over the
study area of Fig. 1b at 10:30LT on 9 April 2010, the cross line is study area of Fig. 1b at 10:30 LT on 9 April 2010, the cross shows
the location of the station. The geographical information is the samethe location of the station. The geographical information is the same
as bottom-left picture of Fig. 1. as bottom-left picture of Fig. 1.

(b) SWU(W/m?
T — 300

is evident (Fig. 6). It can be seen that the locations receiving |
more radiation are those in the highest part of the region, with
an east-facing orientation that remains unobstructed during#
the hours of satellite pass over. While the west-facing slopes}
which are shaded by the terrain at the satellite pass over time|

50

cesses, especially if snow is present. Over the snow covere( (9 LWDWim) (@ Lwgwiy
glacier area on the bottom left corner of the map (Fig. 6d), the ; £
reflected solar radiation can be around 100 Wnwhich is
significant compared to low values of other surface energy
variables over there. This also demonstrate that the glaciel
topography does play a fundamental role in determining the
surface energy balance (Arnold et al., 2006).

5 Discussion and conclusions Fig. 7. Distribution of each surface radiation balance item over the

. . . study area of Fig. 1b at 10:30 LT on 9 April 2010, the cross line is
Dealing with regional land surface heat fluxes over hetero,. |ocation of the station, SWD and SWU are downward and up-

geneous landscapes is not an easy job. In order to analyzgard surface shortwave radiation. LWD and LWU are downward
the interactions between the land surface around Mt. Qoand upward surface longwave radiation. The geographical informa-
molangma and the atmosphere above it, a Topographical Enion is the same as bottom-left picture of Fig. 1.

hanced Surface Energy Balance System (TESEBS) was de-

veloped to upscale energy and turbulent heat fluxes from

point to a meso-scale. When using high resolution satelliten the spatial distribution of surface energy balance items
data over mountainous areas to get the surface energy bakh Qomolangma region’s complex topography. Each radia-
ance items, the terrains effects must be considered. In thisve flux is parameterized individually as a function of slope,
study, a radiation parameterization scheme for grid topograsun elevation angle, and albedo. We quantify the topographic
phy accounting for shading, and terrain reflections is used tampacts on each individual shortwave radiation (solar beam,
get the surface radiation and energy balance system. DEMIiffuse and reflected radiation) with real topographies. Vari-
information was used to characterize the topographic roleations in atmospheric transmissivity resulting from actual
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column water vapor, ozone, and aerosol have been consid-

ered in our clear-sky satellite applications. 27 -doy
TESEBS was evaluated from site point and a regional/o = So- (1+0.0344- coS— =) - sina, (A1)

scale. Firstly TESEBS was forced by a long time meteo-

rological observation data at point scale. The performancevhereSo (1367 Wn1?) is solar constant; doy is day of the

of TESEBS has been evaluated by comparisons between it¢ear;a is the solar altitude angle. The equation accounts for

output fluxes and a high quality dataset of observed turbuvariation in the solar irradiance at the top of the atmosphere

lent fluxes. Then TESEBS was expanded to a regional scalg¢hroughout the year.

where glaciers, bare soil and small lakes all present. It is The last stage is to calculate the solar radiation on a tilted

difficult to get spatial distributions of meteorological inputs, surface. Incident global radiation is defined as the sum of in-

hereby we spatialized the meteorological measurements dident direct (beam) radiatiordy), incident diffuse sky radi-

the station to present synoptic situation over the complexation (/g) due to scattering processes in the atmosphere, and

region. The distributions of surface energy balance correincident radiation received from the surrounding terrain due

spond well with the land surface class. The significant in-to reflections ().

cidence of topography on the values of surface energy bal-

ance throughout the region has been demonstrated by th{é’: fo-7c- cos, (A2)

proposed topographic solar radiation algorithm. Results in-_

dicate that surface flux predictions from TESEBS perform ©© "~ Max(0, toz - T - 79~ 7r - Ta— 0.013, (A3)

well at local scales on a flat terrain, when assessed against

— _ 110.713
in situ flux measurements derived from eddy covariance ap-Toz = exp(—0.036%m - 1) . (A4)
proaches, and provides realistic outputs at regional scale for
more complex topography. Due to lack of measurement or™ = MiN[1. 0.909—0.036-In(m - w)], (AS)
different aspect and slopes, it is impossible to do fully evalu-fg _ exm_OOllhggﬂg), (A6)

ations for this complex topography.

This work helps us to analyze the possibility and suitabil-
ity of TESEBS to model surface turbulent heat flux over typ- o = EXP[ —0.008733nc (A7)
ical land covers of the Plateau by remote sensing technique. 408
The performance of TESEBS over the glaciers also makes (o,547+ 0.014m¢ — 0.0038nc2 + 4.6 x 10—6m§) ' ]
it possible to study the energy balance of the snowpack, and
validate snowmelt runoff models in the future. Opportunities ,, — exp[_mﬂ (0.6777+ 0.1464n8 — o,ooazqmﬂ)Z)_l‘S] . (A8)
also exist for improving the performance of both models via

data assimilation and model calibration techniques that intey; = 1/[sink + 0.15(57.2961 + 3.885) 253, (A9)
grate remote sensing based surface energy flux predictions.
However, the topography effects on the roughness lengthy, . = mps/ po, (A10)

still remain a blank area at present. Advection could be

formed under complex terrain, which may complicate the en-Wheretoz, 7w, 7g, 7r, andra are the radiative transmittance
ergy balance at point scale. In the future, further validationdue to ozone absorption, water vapour absorption, permanent
of the parameterization method needs to be made over th@as absorption, Rayleigh scattering, and aerosol extinction,

Plateau water surface and other land covers. respectively.m is the air massmc the pressure-corrected
air mass/: (radian) the solar elevatiompg surface pressure

(given by equation 21) angy = 1.013x 10° Pa./ is the thick-

Appendix A ness of the ozone layer (unit cm or 1000 Dobson Unfs),
_ o Angstidm turbidity coefficientw is the precipitable water
Direct radiation defined as the amount of water in a vertical column of at-

) . mosphere. Humidity profile measurements of the atmosphere
Due to scattering processes by molecules (Rayleigh scatyye needed in order to calculate the precipitable water, which
tering) and by aerosols (Mie scattering) as well as duejs ysyally unavailable at surface meteorological stations. In
to absorption processes by different components of the atg,ig model, the precipitable water (cm) is estimated from

mosphere only a fraction of solar radiation is received asgrface relative humidity RH (%) and air temperatiré)

global radiation at the surface. Simple broadband transmit<Dy a semi-empirical formula (Yang et al., 2006):

tance functions for each atmospheric constituent are there-

fore commonly applied to solar radiation in order to obtain w = 0.00493RH ~lexp(26.23— 54167 1). (A11)

the specirally mteg_rat_ed gllrect and d|ffuse_ sky radiation COMrh6 0zone optical depth used in this study was computed us-

ponents. Solar radiation is attenuated as it passes through the L .
. o i ing the determinations of total ozone columnar concentration

atmosphere and, in a simplified case:

from data obtained NASA/ GSFC Ozone Processing Team.
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Appendix B ¢ =latitude of the pixel (in radians, positive for Northern
Hemisphere).
Diffuse and reflected solar radiation s =slope (radians) where=0 is horizontal and =7/2

is vertical downward  is always positive and represents a
Diffuse solar radiationl) was calculated using the method gownward slope in any direction).

suggested by Gates (1980): y =surface aspect angle (in radians) where0 for due
Ig = Iotg(coss)%/(2sina), (B1) igtrjttr?,y =+ /2 for east,y = —n/2 for west andy =+x for

wheretg is the diffuse radiation transmissivity.is the solar w=n(r—12)/12, hour angle (in radians).is the local
altitude angles is the tilt angle of the surface (slope). standard timew =0 at solar noony is negative in morning

_ o andw is positive in afternoon.
Sina = SinL Sinds + COSL C0S35COShs, (B2)

L is the latitude, solar declinatiods) and hour anglef().
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