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Abstract. In this study, a parameterization methodology heat fluxes using the MODIS and in situ data over the Ti-
based on MODIS (Moderate Resolution Imaging Spectro-betan Plateau area. The shortage and further improvement of
radiometer) and in situ data is proposed and tested for dethe methodology were also discussed.
riving the regional surface reflectance, surface temperature
net radiation flux, soil heat flux, sensible heat flux and latent
heat flux over heterogeneous landscape. As a case study, the
methodology was applied to the Tibetan Plateau area. Fout Introduction
images of MODIS data (30 January 2007, 15 April 2007, 1
August 2007 and 25 October 2007) were used in this study he Tibetan Plateau contains the world’s highest elevation
for the Comparison among winter, spring, summer and au_(average elevation about 4000 m) relief features, some reach-
tumn. The derived results were also validated by using thdnd into the mid-troposphere. It represents an extensive mass
“ground truth” measured in the stations of the Tibetan Ob-extending from subtropical to middle latitudes and is span-
servation and Research Platform (TORP). The results shoiing over 25 degrees of longitude. Figure 1 shows the ge-
that the derived surface variables (surface reflectance and supgraphic location and topographic characteristics of the TP.
face temperature) and surface heat fluxes (net radiation flux@ecause of its topographic character, the plateau surface ab-
soil heat flux, sensible heat flux and latent heat flux) in fourSorbs alarge amount of solar radiation energy, and undergoes
different seasons over the Tibetan Plateau area are in goodramatic seasonal changes of surface heat and water fluxes
accordance with the land surface status. These parametef§.9., Ye and Gao, 1979; Ye, 1981; Yanai et al., 1992; Ye and
show a wide range due to the strong contrast of surface fea?Vu, 1998; Ma et al., 2002a; Ma and Tsukamoto, 2002; Hsu
tures over the Tibetan Plateau. Also, the estimated land su@nd Liu, 2003; Yang et al., 2004; Ma et al., 2006; Sato and
face variables and surface heat fluxes are in good agreemekimura, 2007; Ma et al., 2008; Cui and Graf, 2009; Zhong
with the ground measurements, and all their absolute percerit al., 2010). In order to understand the effect of the Ti-
difference (APD) is less than 10 % in the validation sites. It betan Plateau on the climatic change over China, east Asia
is therefore concluded that the proposed methodology is sucand even the global, one has to get the regional distribution
cessful for the retrieval of land surface variables and surfac®f surface heat fluxes over whole Tibetan Plateau.

Remote sensing from satellites however offers the possi-
bility to derive regional distribution of surface heat fluxes
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2.1 Netradiation flux
The regional net radiation flux can be derived from

Ry (6Y) = (L=ro06Y) - Ky (6Y) + L (6Y) —£0(x Yo Tex,y) (1)

whererg(x,y) andTsic(X,y) are surface reflectance and sur-
face temperature respectively. They can be derived from
MODIS data with the atmospheric correction, using land sur-
face and aerological observation data (Zhong, 2007; Zhong
et al., 2010). Surface emissivity ef(x,y) in Eqg. (1) is a
function of the vegetation coverag&(x,y). It can be de-
rived from the model of Valor and Caselles (1996) i.e.

eo(X,Y) =& (X, Y) Py(X,y) + €, (X, Y) (1= Py(X,Y)) +4
<de> (1= P(XY) P (XY) @

where g,(x,y) = 0.985 @0.007) andeg(x,y) = 0.960
(£0.010) are surface emissivity for full vegetation and bare
soil respectively,< de > =0.015¢0.008) is the error, and
vegetation coverage (Carlson and Ripley, 1997)

Fig. 1. The location and landscape of the Tibetan Plateau.

3

regional distributions of surface heat flux(net radiation flux, NDVI (X, y) ~NDVI min 2
soil heat flux, sensible heat flux and latent heat flux) havePv(X,y) =[ NDVI— — NDVI ]
already been gotten by some researchers over the Tibetan max mn
Plateau area, but the results were only in meso-scale area tihere NDVhjin and NDVInhay are the NDVI values for bare
now (e.g. Ma et al., 2003, 2006, 2009). The objective of thissoil and full vegetation, respectively.

study is to explore the feasibility of up-scaling the pointland  The incoming long-wave radiation fluk (x,y) and in-
surface variables (surface reflectance and surface tempergoming short-wave radiation flux(x,y) in Eq. (1) can
ture) and surface heat fluxes to yield whole Plateau spatiabe calculated from radiative transfer model MODTRAN di-
distributions with the aid of MODIS and in situ data. rectly (Ma and Tsukamoto, 2002).

2.2 Soil heat flux

2 Theory and scheme The regional surface soil heat flu%o(x,y) can be deter-
mined by (Choudhury and Monteith, 1988)

The general concept of the methodology is shown in a di-Gy(x,y) = pscs[(Tsic(X, Y) — Ts(X, ¥)1/Fsh(X,Y) (4)
agram (Fig. 2). The surface reflectance for short-wave ra-

diation ro(x,y) is retrieved from MODIS data with the at- where ps is soil dry bulk density,cs is soil specific heat,
mospheric correction, using land surface and aerological ob7;(x,y) stands for soil temperature at a determined depth,
servation data (Zhong, 2007). The land surface temperaturesn(X, y) represents soil heat transfer resistance.

Tsic(X,y) is also derived from MODIS data, land surface and  Go(X,y)can not directly be mapped from satellite mea-
aerological observation data (Zhong et al., 2010). The radiasurements through Eq. (4). The difficulty is to denivg(X,y)

tive transfer model MODTRAN (Berk et al., 1989) compute and7s(x,y) (Bastiaanssen, 1995; Wang et al., 1995; Ma and
the downward short-wave and long-wave radiation at the surTsukamoto, 2002; Ma et al., 2002b; Ma et al., 2003; Ma et
face (Ma and Tsukamoto, 2002). With these results the real., 2006; Ma et al., 2007; Gao et al., 2010). To calculate the
gional surface net radiation fluR, (x,y) is determined. The values ofGo(X,y) solely from remote sensed data requires
regional soil heat fluxGo(x,y) is estimated fromR, (X,y) that it is to be made proportional to another term in the en-
and field observations over the Tibetan Plateau. The regionargy balance equation. A good candidat®,$x,y) (Jackson
sensible heat flux¥{ (x,y) is estimated fromfsic(X,y), sur- et al., 1985; Choudhury et al., 1987; Kustas and Daughtry,
face and aerological data with the aid of so-called “tile ap-1990; Bastiaanssen, 1995; Ma and Tsukamoto, 2002; Ma et
proach” (Ma et al., 2010), and the regional latent heat fluxal., 2003, 2006; Gao et al., 2010). Based on the in situ data
AE(x,y) can be derived as the residual of the energy budgebbserved in the TP area, Ma et al. (2002b) proposed an equa-
theorem for land surface. tion to derive regional soil heat flu&o(x,y) from regional
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( measurements. Secondly, SL observations dilea wind
MODIS data > speedu, air temperaturdl; and specific humidity; at the
reference height are carried out. Zero-plane displacement
" surface and dop, aerodynamic roughness lengiti, and thermodynamic
aero-logical data roughness lengthg,, the excess resistance for heat trans-
_ portationkB~* and the like in SL below the reference height
vegetation [ ] over thei —tile are used to estimate the sensible heat flux
coverage MODTRAN .
(Fig. 2).
Hence, in mathematical terms:
& [To(X,y) — Tail
- H1(X,Y) = pep=—,
rahl
T Too | | Ky | | Ly | |4 g To zom, Zon kB™, do [To(X,y) — Ta2l
Ha(X.y) = pey— 2=, )
. Fah2
tile approach
[To(X,y) — Tanl
Go Surface data] \ R, H Hy(X,y) = pcp =2 an
Fahn
Therefore,H over whole Tibetan Plateau area can be derived
AE from:
n
HX,y) =Y _a(i)H;(x,y) ®)
Fig. 2. The diagram of parameterization procedure to determine i=1

surface reflectance, surface temperature, net radiation flux, soil heat - . . warl .
flux, sensible heat flux and latent heat flux by combining MODIS wherea (i) is the fractional ratio of each "tile” for the Tibetan

data with field observations. Plateau, and it can be determined form the satellite images.
Hi(x,y), H2(X,y) ..., andH,(X,y) are sensible heat flux on
each “tile”, T,1, T,2..., andTy, are air temperature at the

net radiation fluxr, (x,y)based the in situ data over the Ti- reference height on each “tile¥an1,7an2 ..., andrapn are

betan Plateau. Itis aerodynamic resistance for heat transfer between land sur-

face and reference height on each “tile’an1, ran2 - . ., and

rahn €an be determined from the eddy diffusion coefficients

Eq. (5) will be used to determine the regional distribution of for heat transport between the land surface and the reference

soil heat flux in the TP area in this study. height (Ma et al., 2010).

Go(X,y) = 0.354624+0.00235 R, (X, y) — 47.79008+0.70005 (5)

2.3 Sensible heat flux 2.4 Latent heat flux

The sensible heat fluk can be estimated with a bulk trans- The regional latent heat fluxE(x,y) can be derived as the
fer equation written in the form (Montheith, 1973) residual of the energy budget theorem for land surface based
on the condition of zero horizontal advection, i.e.,

H=pcp To—Ta (6)

Tah
whererah is aerodynamic resistance for heat transfer betweer} EXY)=Rn(%.y) = H(X.Y) = Go(X.y) ©)
land surface and reference heigh,is the surface tempera-
ture, T, is the air temperature at the reference heighs, the 3 Cases study and validation
air density, and ), is the air specific heat at constant pressure.

In order to determine the regional distribution of sensi- Four images of MODIS data (30 January 2007, 15 April
ble heat fluxH (x,y) over the Tibetan Plateau, the Tile ap- 2007, 1 August 2007 and 25 October 2007) will be used in
proach (Ma et al., 2010) will be used here. In the Tile this study for the comparison among winter, spring, summer
approach, the reference heights is taken within Surface and autumn.

Layer (SL). Then, using the satellite measurements at the Figure 3 shows the distribution maps of surface reflectance
surface and the SL observations on a “tile” at and below theand surface temperature over the Tibetan Plateau area. Us-
reference height (e.g. 20 m), the heat fluxes over a heterogeng Eqgs. (1) and (9), the distributions of soil heat flux
neous landscape can be estimated. Firstly, surface reflectanemd latent heat flux are shown in Fig. 4. The distribu-
ro, surface temperaturByc vegetation coverag€, and sur-  tion maps of surface reflectance, surface temperature, soil
face emissivityeg etc. at the surface are derived from satellite heat flux and latent heat flux are based on 2823141
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Table 1. Comparison of the derived surface reflectance, surface temperature, net radiation flux and soil heat flux(Cal.) versus the values
measured (Meas.) at the Tibetan Plateau with absolute percent difference (APD).

January roc-) Ts(°C) R. (Wm—2) Go(Wm~—2)

Sites Cal. Meas. APD Cal. Meas. APD Cal. Meas. APD Cal. Meas. APD
Haibei 0.21 0.22 45% 20.0 19.0 5.3% 347 331 4.8% 64 59 85%
Maqu 0.22 0.23 4.3% 19.0 18.0 5.6% 383 353 8.5% 93 85 9.4%
D105 0.26 0.25 4.0% 11.0 10.0 10.0% 351 321 9.3% 99 91 8.8%
Amdo 0.21 0.23 8.7% 16.0 15.0 6.7% 382 354 7.9% 96 92 43%
NPAM 0.18 0.19 53% 15.0 14.0 7.1% 404 413 2.2% 68 62 9.7%
BJ 0.25 027 7.4% 2.0 2.0 0.0% 311 285 9.1% 94 87 8.0%
NAMOR 0.43 041 49% -20 =20 0.0% 358 343 4.4% 72 66 9.1%
QOMS 0.28 0.29 34% 6.0 6.0 0.0% 367 337 8.9v% 103 94 9.6%
SETS 0.18 0.19 53% 18.0 19.0 5.3% 436 457  46% 54 50 8.0%
April ro—) Ts (°C) R (Wm~2) Go(Wm~—2)

Sites Cal. Meas. APD Cal. Meas. APD Cal. Meas. APD Cal. Meas. APD
Haibei 0.24 0.22 9.1% 14.0 15.0 6.7% 603 621 2.9% 86 79 8.9%
Maqu 0.24 0.23 4.3% 21.0 23.0 8.7% 449 431 4.2% 90 82 9.7%
D105 0.25 0.24 4.2% 13.0 12.0 8.3% 352 323 9.0% 86 80 7.5%
Amdo 0.23 0.21 95% 29.0 27.0 7.4% 410 388 57% 89 83 7.2%
NPAM 0.19 0.18 56% 35.0 34.0 2.9% 606 644 5.9% 91 85 7.1%
BJ 0.23 0.22 45% 29.0 27.0 7.4% 441 432 2.1% 108 101 6.9%
NAMOR 0.22 0.21 4.8% 17.0 16.0 6.3% 522 515 1.4% 96 92 43%
QOMS 0.27 0.26 3.8% 20.0 21.0 4.8% 475 466 1.9% 139 133 45%
SETS 0.19 0.20 5.0% 29.0 32.0 9.4% 611 648 5.7% 94 87 8.0%
August roc) Ts(°C) R (Wm~2) Go(Wm~2)

Sites Cal. Meas. APD Cal. Meas. APD Cal. Meas. APD Cal. Meas. APD
Haibei 0.23 0.22 45% 21.0 22.0 45% 358 350 2.3% 88 82 7.3%
Maqu 0.18 0.19 53% 24.0 25.0 4.0% 694 639 8.6% 138 126 9.5%
D105 0.22 - - 19.0 - - 633 - - 110 101 8.9%
Amdo 0.19 - - 20.0 - - 686 - - 126 - -
NPAM 0.14 013 7.7% 20.0 19.0 5.3% 737 780 5.5% 115 108 6.5%
BJ 0.15 0.16 6.3% 24.0 23.0 4.3% 702 665 5.6% 142 135 5.1%
NAMOR 0.18 0.19 53% 27.0 29.0 6.9% 715 656 9.0% 148 139 6.5%
QOMS 0.18 0.17 59% 21.0 20.0 5.0% 700 678 3.2% 180 169 6.5%
SETS 0.18 0.17 59% 25.0 27.0 7.4% 751 724  3.7% 92 87 57%
October roc-) Ts(°C) R (Wm~2) Go(Wm~—2)

Sites Cal. Meas. APD Cal. Meas. APD Cal. Meas. APD Cal. Meas. APD
Haibei 0.16 0.17 59% 3.0 3.0 0.0% 478 456 4.8% 82 77 65%
Maqu 0.18 0.19 53% 24.0 26.0 7.7% 476 434 9.7% 93 86 8.1%
D105 0.23 0.21 95% 15.0 16.0 6.3% 465 432 7.6% 100 91 9.9%
Amdo 0.21 - - 19.0 21.0 9.5% 475 - - 107 116 7.8%
NPAM 0.17 0.16 6.3% 14.0 13.0 7.7% 516 527 2.1% 73 67 9.0%
BJ 0.21 0.20 5.0% 20.0 21.0 4.8% 443 406 9.1% 126 117 7.7%
NAMOR 0.33 - - -1.0 -1.0 0.0% 479 - - 93 85 9.4%
QOMS 0.23 0.25 8.0% 17.0 16.0 6.3% 448 424 47% 132 136 2.9%
SETS 0.16 0.17 59% 22.0 24.0 8.3% 472 - - 83 76 9.2%
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Table 2. Comparison of the derived sensible heat flux and latent heat flux (Cal.) versus the values measured (Meas.) at the Tibetan Plateau
with absolute percent difference (APD).

JanuaryH(Wm~2) AE(Wm~?2)

April: HWm™~2) AE (Wm~2)

Sites Cal. Meas. APD Cal. Meas. APD Cal. Meas. APD Cal. Meas. APD
Haibei 197 211 6.6 % 138 146 55% 400 381 50% 264 268 1.5%
Maqu 155 142 9.2% 36 33 9.1% 286 296 3.4% 156 143 9.1%
D105 281 267 5.2% 20 19 5.3% 283 289 21% 153 148 3.4%
Amdo 267 275 2.9% 16 15 6.7% 298 307 3.0% 142 135 52%
NPAM 281 264 6.4% 28 30 6.7 % 378 395 43% 124 114 8.8%
BJ 176 192 8.3% 12 11 9.1% 342 355 3.7% 119 127 6.3%
NAMOR 267 270 1.1% 17 16 6.3% 172 169 1.8% 176 181 2.8%
QOMS 225 244 7.8% 46 42 9.5% 142 148 4.1% 37 40 7.5%
SETS 267 252 6.0% 19 18 5.6% 139 144 35% 145 141 2.8%
August: H(Wm=2) AE(Wm~2) October:H(Wm™2) LE (Wm~2)

Sites Cal. Meas. APD Cal. Meas. APD Cal. Meas. APD Cal. Meas. APD
Haibei 120 111 8.1%- 279 264 57% 235 253 7.1% 97 93 4.3%
Maqu 158 - - 560 - - 95 101 59% 101 92 9.8%

D105 174 - - 349 - - 342 347 1.4% 82 78 51%

Amdo 162 - - 398 - - 137 131 4.6% 90 86 4.4%

NPAM 160 176 9.1% 575 603 4.6 % 398 420 55% 170 158 7.6%
BJ 159 173 88% 411 398 3.3% 275 294 65% 42 39 7.7%
NAMOR 129 141 85% 468 506 7.5% 102 96 6.3% 57 54 5.6%
QOMS 77 82 6.1% 220 201 95% 137 140 21% 26 24 8.3%
SETS 106 112 54% 469 482 2.7% 132 136 29% 151 141 7.1%

pixels with a size of & 1km?.The derived surface re- tions of the four stations, the values ok% pixel rectangle,
flectance, surface temperature, net radiation flux, soil heasurrounding the determined Universal Transfer Macerator
flux, sensible heat flux and latent heat flux can be vali-(UTM) coordinate, are compared with the in situ data. The
dated by the field measurements. In situ data observedbsolute percent difference (APD) was quantitatively mea-
in nine stations of Haibei (37.86N, 101.30 E; elevation:  sures the difference between the derived resiftdyvedi))
3220m; land-cover: grassy marshland), Maqu (339 and measured valuéffneasured)) here, and

102.14 E; elevation: 3423 m; land-cover: grassy marsh-
land), D105 (33.086N, 91.92 E; elevation: 5039 m; land-

cover: sparseness meadow), Amdo (32NM491.37 E; el-
evation: 4695 m; land-cover: grassy marshland), NPAM The results show that: (1) The derived surface reflectance

(31.93 N, 91.7F E; elevation: 4620 m; land-cover: grassy (7o), surface temperaturdc), net radiation heat fluxK),
marshland), BJ (31.3N, 91.90 E; elevation: 4509 m; land-  soil heat flux Go ), sensible heat fluxi{) and latent heat
cover: sparseness meadow), NAMOR(Nam Co Station forflux (AE) for the Tibetan Plateau area are in good accordance
Multisphere Observation and Research, Chinese Academy oith the land surface status, and they show a wide range due
Sciences; 30.46\, 90.59 E: elevation: 4730 m; land-cover: to the strong contrast of surface features over there (Figs. 1,
grassy marshland), QOMS(Qomolangma Station for Atmo-3 and 4). Surface reflectance is from 0.00 to 0.50 in January
spheric and Environmental Observation and Research, Chicsome of the surface reflectance with value large than 0.50
nese Academy of Sciences; 282N, 86.56 E; elevation: indicating Cloud-covering), it is from 0.00 to 0.45 in Aprll
4276 m; land-cover: sparse graSS_Gobi) and SETS(Southea-ﬁO-me-Of the surface _reﬂe(?ta_lnce with value Iargt_a than 0.45
Tibet Station for Alpine Environment Observation and Re- indicating cloud-covering), it is from 0.00 to 0.45 in August
search, Chinese Academy of Sciences; 29N,794.73 E; (some of the surface reflectance with value large than 0.45
elevation: 3326 m; land-cover: grass land) in the Tibetanindicating cloud-covering), it is from 0.00 to 0.50 in Octo-
Observation and Research Platform ( TORP, Ma et al., 2008per (some of the surface reflectance with value large than
are used for the validation. In Tables 1, 2 and Fig. 5, the0.50 indicating cloud-covering) (Fig. 3); Surface tempera-
derived results are validated against the measured values fire range from-30°C to 20°C in January, it range from

the stations. Since it is a little difficult to determine the loca- —40°C to 36°C in April, it is from —20°C to 55°C in Au-
gust, and itis from-30°C to 30°C in October (the blue parts

|Hderivec(i) — Hmeasured) |

APD= (10)

Hmeasured)
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Surface temperature (30 January 2007) c
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Fig. 3. The distribution maps of surface reflectance and surface temperature over the Tibetan Plateau area.

Soil heat flux (30 January 2007) Latent heat flux (30 January 2007)

Fig. 4. The distribution maps of surface soil heat flux and latent heat flux over the Tibetan Plateau area.
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Fig. 5. Comparison of derived results with field measurements for the surface reflectance, surface temperature, net radiation flux, soil heat
flux, sensible heat flux and latent heat flux over the Tibetan Plateau area, together with a 1:1 line.

in the distribution maps indicating cloud-covering) (Fig. 3); in April, it change from 135 to 640 W i in August, and

R, change from 115 to 550 W4 in January, it varies from  varies from 40 to 450 W m? in October (Fig. 4); (2) the
170 to 700 W m? in April, it is from 200 to 920 W 2 in derived surface reflectance, surface temperature, net radia-
August, and varies from 100 to 700 Wrhin October;Go tion flux, soil heat flux, sensible heat flux and latent heat flux
varies from 30 to 140 W iT? in January, it changes from 50 over the Tibetan Plateau area are very close to the field mea-
to 220 W n12 in April, it is from 80 to 275WnT2 in Au- surements. The difference between the derived results and
gust, and varies from 80 to 260 Wthin October (Fig. 4); the field observation APD is less than 10 % (Tables 1, 2 and
H change from 0 to 280 W n? in January, it varies from  Fig. 5). The reason is that accurate surface reflectance and
0 to 300 W n12 in April, it is from 0 to 200W nT2 in Au- surface temperature were determined and the process of at-
gust, and varies from 0 to 480 WThin October;AE is from mospheric boundary layer was considered in more detail in
40 to 250 W n2 in January, it varies from 40 to 400 WTh the determination of sensible heat flux in the procedure; and

www.atmos-chem-phys.net/11/10461/2011/ Atmos. Chem. Phys., 11, 113439-2011
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