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Estimation of evapotranspiration using three-temperature model
based on MODIS data
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Abstract: Estimation of evapotranspiration (ET) is an obstacle in researches of both water and energy balance. In this paper,
three-temperature (3T) model was revised for remote sensing application. A case study was performed in a semi-arid grassland
from July to October in 2008 in Taibus Banner of Inner Mongolia, China. Eleven cloudless MODIS images at 1 km scale were
used to estimate ET and data observed from two Bowen ratio systems in the corresponding period was adopted to validate the
performance of the 3T model. Results showed that: (1) the modeled ET varied from 1.28 mm/d to 9.03 mm/d in the growing sea-
son, with a mean value of 4.58 mm/d; (2) the modeled daily ET distributed homogeneously in space, and temporally, ET value
increased and then decreased gradually as the growing season changed from beginning to the end; (3) the mean absolute error
between the observed and modeled ET was 0.58 mm/d, with maximum and minimum absolute errors of 1.64 mm/d and 0.11 mm/d,
respectively, and the mean absolute percent error was 17.10%. All the performances indicated that the 3T model has a good po-
tential in ET estimation.
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1 INTRODUCTION

Evapotranspiration (ET) is one of the key processes for hydro-
logical cycle study. When water evaporating, it needs numerous en-
ergy, approximately accounting for 46% to 50% of solar energy ab-
sorbed by the earth surface (Trenberth, et al., 2009), making ET an
important component of the energy balance. Therefore, the research
on ET quantification has been watched closely by scientists in sev-
eral fields such as remote sensing science, geography, hydrology
and ecology (Sun, et al., 2009; Qiu & Zhao, 2010; Elhaddad, et al.,
2011; Mo, et al., 2000; Xin, et al., 2003; Liu, et al., 2004; Xu, et al.,
2004; Wang, et al., 2005; Wu, et al., 2008; Zhao, et al., 2008; Tian,
et al., 2009; Pan & Liu, 2010), because ET is necessary for studies
of climate change, crop water requirement in semiarid or arid areas,
and regional sustainable water management practices.

The research on ET quantification has been conducted over

200 years ever since Dalton equation proposed in 1802, and many

Received: 2011-09-14; Accepted: 2012-01-19

methods have been proposed to estimate ET, including Penman-
Monteith (P-M) equation (Monteith, 1965), the Bowen ratio energy
balance method (Bowen, 1926), eddy covariance (Swinbank, 1951)
and lysimeter (Aboukhaled, et al., 1982). However, most of these
methods are only appropriate for homogenous surfaces at micro
scale (i.e.,from 0.1 km to 1 km), which is inadequate for water and
heat balance. Since the late 1970s, remote sensing, especially the
satellite remote sensing, has accelerated research on ET estimation,
and physical based models have been established, such as SEBAL
(surface energy balance algorithm for land) (Bastiaanssen, et al.,
1998), two source models (Shuttleworth & Wallance, 1985; Mo,
et al., 2004), N95 (Norman, et al., 1995; Zhang, et al., 2004) and
triangle method (Carlson, 2007). SEBAL, METRIC (Allen, et al.,
2007) and SEBS (Su, 2002; Jia, et al., 2003) are successed for some
applications. In China, most researchs on ET quantification are fo-
cused on improvement of these three models and their applications,
but new method to estimate ET is scarce.
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The three-temperature (3T) model is a promising method to
estimate ET. Based on the theory of surface energy balance and by
introducing the reference sites, i.e., dry soil without evaporation
(Qiu, et al., 1998) and a canopy without transpiration (Qiu, et al.,
1996), algorithms to calculate the soil evaporation and the vegeta-
tion transpiration were proposed with advantages that aerodynamic
resistance is eliminated and required few input parameters, whereas
most of them can be retrieved from remote sensing data. Studies
on field scale performed in the Arid Land Research Center, Tot-
tori University, Japan showed that the overall error was less than
0.17 mm/d in terms of mean absolute error (Qiu, et al., 1996; 1998;
2002; 2006). However, the application of the 3T model for satellite
based remote sensing has challenges in acquiring temperatures for
dry soil and dry canopy (reference temperatures) when using satel-
lite remote sensing, and dealing with evapotranspiration in mixed
pixels as the 3T model is only suitable for estimating soil evapo-
ration and vegetation transpiration. Considering these problems,
we proposed primary solutions, and remote sensing application of
the 3T model in a semi-arid grassland in Inner Mongolia, China
showed that absolute error of the mean daily ET estimated by the
3T model and the observational data was 0.23 mm/d at 30 m spatial
resolution (Xiong & Qiu, 2011).

The objective of this study is to further investigate remote sens-
ing application of the 3T model at 1 km spatial resolution.

2 The 3T MODEL FOR SATELLITE BASED
REMOTE SENSING

The 3T model for satellite based remote sensing includes three
control algorithms, i.e., equations for soil evaporation (Eq. (1)),
vegetation transpiration (Eq. (2)) and evapotranspiration (Eq. (3)),
respectively. For application, the status of a pixel can be distin-
guished by the maximum and minimum thresholds of the normal-
ized difference vegetation index (NDVI), and one of the three
equations can be used to estimate ET.

LE =R, ~G~(R,,~Gyy) _fi ,NDVISNDVI, (1)
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LE,=R — R, TT “T. Npwi =NDVI, . Q)
cp — 4
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Tsd =— : ra + Ta (4)
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where L is the latent heat of vaporization in W/(m’- mm) and
E is evaporation or transpiration in mm; the subscripts s, ¢, sd
and cp represent soil, vegetation canopy, the reference soil and
the reference canopy respectively; R, is the net radiation and G
is the soil heat flux, both in W/m®; T, is the air temperature in
K; p.; is the air density in kg/m’; C, is the specific heat of air at
constant pressure; r, is aerodynamic resistance in s/m; R, , is net

radiation absorbed by the reference soil or the reference canopys;

R, stands for the incoming shortwave radiation; 7, stands for
temperature of the reference soil or the reference canopy; a,, ¢,
are constants for surface albedo and land surface emissivity of
the reference soil or the reference canopy, respectively (Xiong
& Qiu, 2011).

It can be seen from Eq. (1) to Eq. (3) that there are five types
of inputs in the 3T model, i.e., NDVI, net radiation, soil heat
flux, land surface temperature (soil or canopy temperature), air
temperature and parameters of reference sites. Among these
inputs, except for air temperature which can be obtained and
interpolated from meteorological stations, the others can be
retrieved directly or indirectly from remote sensing data. Refer-
ence parameters can be estimated based on reference tempera-
tures, which can be obtained using Eq. (4) and Eq. (5) and the
aerodynamic resistance, calculated using methods adopted in
SEBAL (Bastiaanssen, 2000). Net radiation can be estimated by
combining R4, a,, &, reference temperatures and air tempera-
ture (Eq. (6)), and reference soil heat flux is strongly correlated
with reference net radiation (Eq. (7)). A detailed description of
the processes can be found in Xiong and Qiu (2011).

3 DATA SETS AND APPLICATION OF THE 3T
MODEL

3.1 Study area

The study area locates in the Taibus Banner of Inner Mongolia,
which is a typical agri-pasture transitional zone in the semi-arid
region of Northern China. Cropland and pasture (including natural
grassland and restored grassland) were the main land cover in this
area, but vegetation cover was low. Zonal soil type was mainly
chestnut soil and light chestnut soil, and soil texture was mainly
sand and sandy loam. Topographic features of the area are mainly
characterized by flat, with an elevation from 1300 m to 1800 m.
The climate is continental, with a mean annual temperature, pre-
cipitation and pan evaporation of 1.6 °C, 407 mm and 1900 mm,
respectively.

The field experiment was conducted in Farmland and Grass-
land Ecosystem Observation Station of Beijing Normal University.
Three observation stations, monitoring water budget, were selected
(Fig. 1). Observational items of each station included soil heat flux
(G) at 1 cm and 5 cm respectively below the ground surface, and
routine meteorological factors overground at two different heights,
i.e., net radiation (R,) and wind speed at 2 m height, and air temper-
ature and humidity measured at 1.5 m and 2 m height respectively.
All data were collected by a data-logger (model DT500 series 3)
every five seconds and ten minutes averages were calculated and
stored. System 1 measured precipitation additionally, but unfortu-
nately there was no more interface for installing net radiation and
soil heat flux. Thus there were only two Bowen ratio systems (BRS)

(Fig. 1).
3.2 Datasets and processing

In this study, datasets included observational data from BRS,
remote sensing data and geospatial data.

The BRS began operating on June 12, 2008 and stopped at the
end of 2009. The observational data was used to calculate instanta-
neous evapotranspiration (mean value of each ten minutes) through
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Fig. 1 Location of the experimental site

Bowen ratio energy balance method (BREBM, Eq. (8) and Eq. (9)),

and daily evapotranspiration (ET,) (from sun rise to sun set) was
calculated by sum instantaneous values.

. CAT _ C,PAT C,P(Ts-T,)
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where f is the Bowen ratio, which is valid between —0.7 and 10

©)

since the BREBM results in unreliable estimation when S ap-
proaches —1 and larger than 10 (Andreas & Cash, 1996; Pauwels &
Samson, 2006); C, is the air heat capacity at constant pressure; AT,
Aq and Ae, are air temperature difference, humidity difference, and
water vapor pressure difference (see FAO irrigation and drainage
in paper 56 for calculation (Allen, et al., 1998)) between the up-
per and lower air layers, respectively; 7 is the air temperature; the
subscripts 1.5 and 2.0 represent two different heights; R, and G are
the measured net radiation and soil heat flux, respectively; and €,
is the ratio of the molecular weight of water vapour to dry air (ap-
proximately equals to 0.622).

Remote sensing data included MODIS L1B image and MODIS
land use product (MCD12Q1, Fig. 1). According to the NASA,
eleven MODIS L1B images without cloud impact or affected little
by the cloud were selected during the observation (Table 1). Nine
bands (i.e., from band 1 to band 5, band 7, band 19, band 31 and
band 32) and auxiliary information (i.e., solar zenith angle, latitude
and longitude) needed as the model input were extracted and proc-
essed to 1 km spatial resolution with UTM projection (WGS84,
UTM zone 50N) using MODIS Conversion Toolkit in ENVI soft-
ware.

Geospatial data included DEM and vector data of administra-
tive boundaries. DEM, obtained from the Consortium for Spatial
Information (CGIAR-CSI), has a resolution of 90 m. All the ge-
ospatial data was preprocessed and projected to the coordinate
system with spatial resolution the same as the processed MODIS
L1B images.

Table 1 Information of the adopted MODIS L1B data

Acquisition date and Acquisition
Satellite C:g;j tir(:le ([?Te Cé; DOY Satellite date and scan DOY
time(UTC)

Terra 2008-07-12 3:40 194 Terra  2008-09-02 3:15 246

Terra 2008-07-23 3:20 205 Terra  2008-09-18 3:16 262
Aqua 2008-07-29 6:05 211 Terra  2008-10-03 2:30 277
Aqua 2008-08-03 4:45 216 Terra  2008-10-113:20 285
Aqua 2008-08-05 4:30 218 Terra  2008-10-122:25 286

Aqua 2008-08-14 5:20 226

Note:day of year (DOY)

3.3 Evapotranspiration retrieval method

While applying the 3T model, soil temperature and canopy
temperature were estimated using Eq. (10) (Lhomme, et al., 1994)
and MODIS land surface temperature retrieved from split-window
method (Sobrino & Raissouni, 2000). The status of a MODIS
pixel was distinguished according to Sobrino, et al. (2003), i.e.,
when a pixel’s NDVI was less than 0.2, it was assumed to be a
bare soil pixel. Pixels with NDVI values larger than 0.5 were as-
sumed to be vegetated pixels. For the NDVI between 0.2 and 0.5,
it was supposed to be a mixture of soil and vegetation. Methods
to estimate other input parameters can be found in Xiong and
Qiu (2011). When all the necessary inputs for the 3T model were
available, the instantaneous ET rate was estimated; thereafter
daily ET was derived using the method proposed by Jackson, et
al. (1983).

T, voois = SL+A=- 0T,
T T, = a(T, yoms )" (10)

where f'is fractional vegetation cover; T, yopis 1s the retrieved
MODIS land surface temperature; ¢ and m are empirical coefficients.
The values a = 0.1 and m = 2 were used in this paper (Xiong &
Qiu, 2011).
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4 RESULTS AND DISCUSSION
4.1 Daily ET retrieved from the 3T model

Using the 3T model, daily ET was estimated based on
the MODIS L1B images and the results are shown in Fig. 2.
Statistical results showed that the modeled ET varied from
1.28 mm/d to 9.03 mm/d in the growing season, with a mean

value of 4.58 mm/d. Temporally, ET value increased first
and then decreased gradually as the evolving of the grow-
ing season (Fig. 3), which was consistent with the observed
data. Spatially, the modeled daily ET distributed homogene-
ously, and ET value in the same day showed little difference
in October (from Fig. 2(i) to Fig. 2 (k)), but it varied in other
months (from Fig. 2(a) to Fig. 2(h)).
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Fig. 2 Daily ET retrieved from the 3T model based on 1 km MODIS data in 2008
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4.2 Model validation

The modeled daily ET was averaged within block sizes of 3x3
pixels around the center of the BRS and then compared with the ET
calculated by using the BREBM. The mean absolute error (MAE)
and the mean absolute percent error (MAPE) were used to assess
the model performance during the evaluation process.

As shown in Table 2, the MAE between the modeled daily ET
and the observational data was 0.72 mm/d, with maximum and
minimum absolute errors of 2.78 mm/d and 0.11 mm/d, respec-
tively. When comparing results of the two BRS, accuracy of the 3T
model in BRS 2 was higher than that of BRS 3, because the MAE
for BRS 2 was 0.64 mm/d with maximum and minimum absolute
errors of 2.78 mm/d and 0.11 mm/d, respectively, whereas it was
0.80 mm/d for BRS 3 with maximum and minimum absolute errors
of 1.64 mm/d and 0.11 mm/d, respectively.

As shown in Table 3, the MAPE between the modeled daily ET
and the observational data was 20.76%. If the MAPE was classi-
fied into four levels, i.e., less than 0. 1 (level 1), less than 0.2 and
greater than 0.1 (level 2), less than 0.3 and greater than 0.2 (level
3), and greater than 0.3 (level 4), the first three levels accounted for
47.6%, 19.1% and 9.5%, respectively (Table 3).

Table 2 Validation of the modeled daily ET with in-situ

measurements

Bowen ratio system 2 Bowen ratio system 3

boy ET, ET, AE APE ET, ET, AE

0,
/mm /mm /mm /% /mm /mm  /mm APE /%

194 596  3.18 2.78 46.64 3.15 331 016 508
205 3.60  4.19 0.59 16.39 250  3.84 134 53.60
211 5.44 5.20 0.24 4.41 462 448 0.14  3.03
216 5.45 6.68 1.23 22.57 5.11 597 086 16.83
218 4.66 488 0.22 4.72 440 503 0.63 1432
226 459 496 0.37 8.06 397 434 037 932
246 3.09 327 0.18 5.83 3.14 325 0.1 3.50
262 260 283 0.23 8.85 2.15 2776 0.61  28.37

277 2.71 2.82 0.11 4.06 1.18 2775 1.57 133.05
285 — 2.94 — — 1.25 289  1.64 131.20
286 2.18 2.60 0.42 19.27 1.23 258  1.35 109.76
Mean  4.03 0.64 15.81 2.97 0.80  26.80

MAE  0.72 mm MAPE 20.76%

Note: ET, represents ET deduced by the Bowen ratio systems; ETy, repre-
sents ET estimated by the 3T model; — Observational data was abnormal
AE=[ET, -ET,|
APE=[ET, -ET,J/ET,
MAE=Y([ET, ~ET,/)/n
MAPE=(100/ET,)Y.(|ET, ~ETy)/n

Table 3 Statistical results of MAPE with different standards

Statistics based on single BRS/% Statistics based on

MAPE ) 3 two BRSs /%
<0.1 60.0 36.4 47.6
<0.2 20.0 18.2 19.1
<0.3 10.0 9.1 9.5
=03 10.0 36.3 23.8

4.3 Discussion

In this section, accuracy evaluation would be discussed accord-
ing to APE by analyzing daily observational data.

There were 16 APEs less than 0.3 (Table 2), and data on DOY
218 observed from BRS 3 was selected as a representation because
its APE was 14.32%, nearly half of 30%. Fig. 4 (a) shows the ob-
served net radiation, soil heat flux and latent heat flux on DOY 218
at BRS 3, and it was clear that the observed data changed smoothly,
indicating that ET calculated using the BREBM was reasonable and
the validation results were authentic.

For BRS 2, APE on DOY 194 was greater than 0.3. As shown in
Fig. 4 (b), latent heat flux calculated using the BREBM was greater
than observed net radiation from 6:00 to 14:00 and almost equal to
net radiation in the rest of the time, suggesting ET calculated by us-
ing the BREBM was incorrect.

For BRS 3, APEs on DOY 205, DOY 277, DOY 285 and DOY
286 were greater than 0.3. On DOY 205, observational data de-
clined dramatically after 12 (Fig. 4 (c)), indicating an abnormal
observation. DOY 285 was chosen as a representation for DOY 277
and DOY 286, and the observational data was shown in Fig. 4 (d).
It was clear the observation was normal, suggesting ET calculated
by using the BREBM was reasonable.
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Fig. 4 Daily observational data of Bowen ratio systems

Overall, except two abnormal observations, the other 19 ob-
served data were authentic, indicating the calculated ET values
were correct, which were also proved by water budget experiments
performed in the same period and location (Qiu, et al., 2011). Con-
sidering these 19 valid validations, the MAE between the modeled
daily ET and the observational data was 0.58 mm/d, with maximum
and minimum absolute errors of 1.64 mm/d and 0.11 mm/d, respec-
tively. The paired ET was further plotted on a scatter diagram, in
which most points distributed closely along the 1:1 line (Fig. 5).

There might be some uncertainty in the validation due to two
reasons. One is the coarse resolution of MODIS data, which could
not effectively reflect the nuances of earth surface, such as ET
values observed in the same day in October showed significant
difference. But the modeled ET showed little difference (Table
2) even distance between the two stations was only 4.5 km. And
observational area of BRS was less than 1 km® (Baldocchi, 2003;
Rana & Katerji, 2000), but mean value of 3x3 pixels represented
9 km” was adopted, comparing between these two scales might lead
to uncertainty.

It is suggested the closer of the energy closure ratio (ECR) of a
flux tower to 1, the smaller the deviation between the observed and
modeled ET (Wu, et al., 2008). Results showed ECR was 0.9 in a
grassland from May to September in Xikin Gol (Yue, et al., 2010),
northeast of the study area. Assuming ECR of the study area was 0.9,

ET,/(mm/d)

Fig. 5 Scatter diagram of daily ET estimated by the 3T
model (ET,y) and the RMEBE (ET,)

our validation results were promising.

5 CONCLUSION

Observation data, obtained from two Bowen ratio systems be-
tween July and October in 2008 in a semi-arid grassland in Taibus
Banner of Inner Mongolia, China were used to validate daily ET
estimated by the 3T model at 1 km spatial resolution. The key
points of this study were as below. (1) In the adopted 22 observa-
tional data, 19 ET values calculated by the Bowen ratio energy bal-
ance method were authentic. (2) ET estimated using the 3T model
and MODIS L1B data varied from 1.28 mm/d to 9.03 mm/d in the
growing season, with a mean value of 4.58 mm/d. (3) Validation
results showed that the mean absolute error between the observed
and modeled ET was 0.58 mm/d, with maximum and minimum
absolute errors of 1.64 mm/d and 0.11 mm/d respectively, and the
mean absolute percent error was 17.10%.
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WA, 2008; XK AR %, 2008; Sun %E, 2009;
M#E 45, 2009; W EMXIAEN, 20105 Qiufl
Zhao, 2010; Elhaddad %, 2011),

F 18024F-Dalton# i+ 28 K AKX DK, 7

iR BHEA: 2011-09-14; f&ITHHEE: 2012-01-19

HOR BRI O A2002 M 15, — &R0 E T
AR L, WiPenman-Monteith/Z\ 2 (Monteith,
1965) . I3 AE &P #7% (Bowen, 1926) . i3 A
K3k (Swinbank, 1951). #&B4%i%(Aboukhaled %,
1982), SR, XEAEG 0 HZ RFRAE0.1—1 km
JJ¥ (RanafllKaterji, 2000; Baldocchi, 2003)F1°F-3H
P50 N E# i (Scott 55, 2000),  XELATE 2 IR
TS KPR TR o 202270450 LSk, AL IE
JEH AR Y BN 2 AR 1k T 2RO T A B
S5 4 — e B Y LA S SC AR AL, G R A
KISEBAL(Bastiaanssen %5, 1998), R IUZM
7 (ShuttleworthfllWallance, 1985; Mo %, 2004).
SEATRER BUZ A (Norman 25, 19955 k{4E 2,
2004) . IR JE - FE PR B0 (] OC R LAY (Carlson,
2007). o, BGEh T e Al B X Bk ZE R A

BETIR: il L3RS IR 4 (s 20110171120001); -G RFE R4 T H (45 20090460795); 5 [ SRR 3400 H
(%52 91025008, 41101313); [E S M SRS & B IT(9733 1K) (45 2009CB421303),
F—EEREN: BEAWS2— ), Y, W, JRn, BB EZEMCE R 5 NS, E-mail: xiongyuj@mail.sysu.edu.cn,
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AL, DASEBAL M AT 25 Y METRICH AU (Al-
len %, 2007). SEBS #i%I(Su, 2002; Jia %%, 2003)
N B NI 3 A A K AR A (1 et 5
L BT RAR A L,

IR (3T model) 2T -1 H 1) —Fp i B 78 1K
KHTTT I, AR L b 3 R Al AR O SRR
Wit 5 AS % (T B LM 5 (Qiu %,
1998)FI S HAHPL (T4 . JCZE I A 1) (Qiu 5%,
1996), SR LIRS T 2 ] sh T2 b, S

H e e TR R TR, LR R
ATEG S EYT . MASEED | RESHoTE i

TP, A SRR NS, 7 H AR O
A A ST o0 B SE G R T K ) ROEEFSE
SRR UIB AR . SR 22 AUF0.17 mm/d
(Qiu %, 1996, 1998, 2002, 2006), 5 Ebf = kA
AU T KBRS, BARASR AT A G I Bk,
HRST . TiERGE S | FEROREE . TR S SR
Wi EIE AR, (A% L5 SHMINSEHE
FET PR ROBE W] S ARAsS e R RUEE I P MELASE ., Ut
Hb, SRR TR A . MR AR I R S
FHR AR T, (H 18 B th 4 I SO T e Hh T
ZRME BRR GO A B00), iR G5 0ch
ZEWUR BAFREDE . BT X =R ABTRLAE DX 5 R vy vp
TG AHERL, ASUEF BRI AR T2, TENSN
FRIF R T ZHI0 58, 45538 7630 mzs R RE
T, BT R RO AR IO, S E
76X iR 221 °00.23 mm/d (XiongA1Qiu, 2011),

AT B SRR ATE = IR AT (1 32 8N
A 3 S 5 UL 5 R A T B, R I S H ZR G X
TR, 45 A TR MODISIEBAE , Ky — AR
1 kmZs [ARERREEE, 0 X IR L R i o8 R4t —
L TR

2 BRI IR

BE T ) R AR, GLAE LA R TR
(X (). AR TR GRQ) A2 TR (X
(3))o TERLHINS, MRIAEBATBNDV TR . /)
B, A T E 7S R A P R R PRI AS A aligon
HiRGHoT, xaiggon, A =R
TR R TR XAl EOT, BRI R
TR YRGB, R R

R JG R AN
LE=R ~G~(R ,~G,) TT_T;  NDVI<NDVI_, (1)
sd ~ fa

LE.=R _—R ;}‘Ta , NDVI=NDVI, . (2)

c n,c n.cp
cp a

L(ET)=LE. +LE,,NDVI,, <NDVI<NDVI_ (3)

R .-G

T ="t T 4
sd pair CP a a ( )
7= B o 5)
= - Va
v pair Cp ! ’
Rn,r :f(std’ar’gr’Tr’T;) (6)
Gsd = f(Rn,sd) (7)

X, LIEKRIFALER(W/(m® - mm)), EJE+IE%
Je(mm), R, S R R S (W/mD), G
FHERGE E(W/m®), R, S5 T K PR
FWwm’), G JE5% HEHGER(W/m®), TJe 1R
JE(K), To2Z%HIEREK), TRSREK), Essi
PEZEME (mm), R, S B W) R PR S (W/m?)
R, o B H R K B R 5 (W/m®), TR A
HWRREK), T eS%HiREK), ETRIEMG
JCIZERUL (mm), E,. ESHMRERIRFMGICH 1 11
EESGHERERS, pJesSHE, CRESAERL
W BERE M P(s/m), R, 2SI
KGR, Ry HNEEEI WM, TIRESHE
B, a. e/NESHRERIR . WRIRENE
A (Xiong1Qiu, 2011)),

R (D)— ) AT, S T3 B — TR Y
AZHALSS, FE . G RIEPGE R R
T (LR R SHgCERRE) . iR 3%
HSH(SHEES . 2% LR . S5 ERR
J£). NDVI, Hrp. H4ah . Buia | Rk
JE . NDVIXY ] 3 i e SRS s 1 42 i (R 2 S VR A,
LA BB A RO AR 5 AT T AR
SOULIN R . AR SCHEE R T IS H 3k
RE A OIS % SHEBGRIO 2, B 2%iR
JE R HAR T IR B O 78 & s TCZE M B T B 3L TR
B, fEil, AR B R BRI E, ]
S MSFIEZR TR @) L), HPBEbi
114K FISEBALK) 557 (Bastiaanssen, 2000)(FH T #
I, SIBRFEPT. Slolt 275 b3R8 B i SR 2 i —
T E T WA R R | R R R
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AR REN R B (6), HILHZ %R S #
MR, JRHE MR SRR AR R T TR
BT RS R E L, TS B e ES; -
e HE B AR R R L GR(7)) . TR R 2
FRSIT RS % L ERGE R . BARNRES 5 S0k
XiongMIQiu (2011),

3 BRI WU P

31 MREXBAHR

IS DA TP 58 iy A TR DX A RS 8 B P R 3 114 K
ANSEIESE N, JErP E AL A TR R RRMGE
FEAEZSIEEIHE . T A 3 B A R (3 R R
T SRR, EERBER N RHFREAFER), +
BAPTS AR, THERTUE, TUHACH, R4 L
PAHHLED S (4 50% A B, AR A R, KD
S R 3 (R 7E 1300—1800 m), 4R IR
BAK, AUA1.6°C; 25N m A BIER, 2E20

o)
33

T
7 )

ok
i

i F Google Earth

C e
Pl 5] T3 4 W )

pURIhe2S
s BR

UK, AEEIAES .41 m/s, FeRIEER20 m/s; KAb
FpHAE K /D, 407 mm, ZEHETH . 8H . 9
H, 5 RKR165%, (AHAERZE K BHIEX
1900 mm,

b TET O8I0 b, 3 S5 A R A NS S Y A T — AR A
R EF B 7EBF AN BT v BUEL A R et
ST S ST SO RGN, WA SR AN
W (AR RA R RPERCL . BRI )Rk
P o B ARSI 3N I S RGN, S th—&
DTS500R%13 [ s G uhtgpt, WL H 452 mis R
SRR PHEER S . Fdm ey . R L KU L R W
B, 1.5 miE ARSI AR, AR - HEAGE R
MR em, 5 emPIAFERE), H3 G LK
RESRZl, ABIATCSRE, Edliic s FFE 10 min,
15 A SR G K, {HAE L 2 K P
SRS, BOER AR SR E 0 D P R R B S
el AR, A2, 35l i SC
eI 2R S5 (15 1),

42°30'N FE T T =

42°0N

4£°30'N

115°0'E 115°30'E

BT S R My R ST R LN 5 L7

3.2 HiE4bIE

AR SR F I R 5 SC H R GE LI AL |
Bl . A2 B A

W SC L 22 Ge W i [a] A 20084E7 H Z20094F . 7%
BRI SC U RE R PRA TR (U(8)(9)) , BIARE M
AT 8 BE A TR R 25 2 bR S L, PR
FE10 minfl 2880k . H 2R ET)HH I EH
PRI 5510 minfBERHE 200, R a5 51 BRI S e

< = 0.75¢ > 10.0M9571= 45 K (AndreasflCash, 1996;
PauwelsfISamson, 2006), i Al H BB R
LRI B A

_CAT _ C,PAT _ C,P(T;s-T,)

= 8
A LAq  Le g Ae, L (el.s - ez.o) ®
R -G
LE =2 9)
p+1

K, pRECCH, CEz e R MI/(kg - ),
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A TREATR G E SIRZE(C), A gRATR IS
B2, PRRRAEKP), e /KIMT2SM0 T
HHE(Z40.622), A e BN R B I SEPRoK PR 22
(kPa), HITH IS % FAO irrigation and drainage
paper 56 (Allen %, 1998), TFHr1.5H12.05 B0
[ (m), LEZWHGES, R,. GArRlRGEiEy . T
B, PSR

TR BB FHMODIS L1BSA%. 458 C L &
SEALIN H 3, MRAIENASA KA FIMODIS B A4 i,
AR, AN 2 W SO AN R 1 LR 4 A
(F1)o LESHTH I T 20084 FUMODIS + Hb 78 35
FEEMCD12Q1(E 1) FEANPREHRRT, FEHU 3 h
JRAs BN B L, 2, 3. 4, 5. 7. 19, 31, 32
BB, DIMCKPRIf . 24 BEMmES, FIH
ENVIER 4 H1 FMODIS Conversion Toolkitfdi - %) £ 4
PO, AR R T kmIPUTM(WGSS84
UTM zone 50N)§41%

*®1 RHEAKMODIS LIBEEEE

g U E‘ﬁc? M oy g ﬁ%ﬁj’?’r@f ™ oy
Terra 2008-07-123:40 194  Terra 200%;?2‘02 246
Terra 2008-07-233:20 205  Terra 2002?5?‘18 262
Aqua  2008-07-29 6:05 211  Terra 200?;;8_03 277
Aqua  2008-08-03 4:45 216  Terra 200%;;8’]] 285
Aqua  2008-08-054:30 218  Terra 200%;;2‘12 286

Aqua 2008-08-145:20 226

¥ DOYFIR—AF P JLR

FE Tl 2 [] b, 3RS H £ 45 BT = AR AL (DEM)
B . KEITBGHA S . DEMZS [ 43590 m,
oK T B A A 58 R 4 41 (CGIAR) Y %5 (1]
BRI (CST) . REATEH FRIE T H K M3
FRF L, ARG E, 2R3
UTM(WGS84. UTM zone SON)ABFRZR, BA{F-HFEEL
P 5 00 B 18 B R AR R G — 3L, P DEME R
FEEI kmZ3 RIS HER

3.3 EHARRHE

=AY v BT ) R T R S A 2 R

JE A MR S Lhomme 5 A (1994) 8 H 1953 2k (3K (10)),
S FIMODIS 1 2 I B2 SR i . sl 1388500 . 4
FHE R T FTR FIER TS Sobrino 5 A (2003) 42 1
FINDVIEERE, BI: *YMODISIZICHINDVI<0.2
F, IzMgoC el 14 2YMODISZITHINDVI>0.5
W, ZGoT RARSRIPE; NDVIA T0.2—0.52Z )i}
R IC. MODISH R J& >R H Sobrino FllRaissouni
(2000) (B f Sk S i . iR Y . RIEHGE B RS
2R TR S U7 136 2 I SCHR (Xiong ATQiu,
2011), AU, = IR R I 76 ) % B 2% 5L
%, MHEJacksonSE A (1983)F i A3 H REE

T yoois = ST +(1=NT,

I-T = a(Ts,MODIS -7)" (10)
K, SRR Tovons WMODISHIERIRE , afl
mIELR R, AHa = 0.1, m =2 (XiongHIQiu,
2011),

4 PEEEARS
41 AEHEBRALR

Pl 202 = TRARR) F S 2R IOR S5 . FE TR
= 11KMODIS LIBSSAR B N ZE UK L, 1E20084F
ARBNTFHIE . R F/IMES 5 H4.58 mm/d .,
9.03 mm/d, 1.28 mm/d. 7EZS[H] L, £ KEZEEAL =
AR —, AR ZERTA 8 L 9% H AL
{8 22 SEAR R B (82(a)—(h)), (HZE10 A B2 RAK
(F2(1)—(k)), X5 FJE T B AR 5] 2 — 20 .
MBS L, 2800, ZEEOR R e N P s
NHEaH, BITH L 8 AR R A KRS, NI
A BMEZ WK, 8 H KM, RIGkEE
KFERZHOEHTI/N(K3), %A 5PCCH RGN
DAY 25 SAH—3L

4.2 HWEIREBEST

PABESCIE R GE R L, W3 x 3G ICHIA AR S i
L5, DAL A1 SC e RE P AnA T B R AR Uk
OB, BIEA SCROR RO A A R (K2 . 3K3).
BriE R I R 2 | AHXTERZE VPO S Y 2 UK
EWMEZ R B F
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(a) DOY194 (h) DOY205 () DOY211

(d) DOY216 (e) DOY218 (f) DOY226

(g) DOY246 (h) DOY262 (i) DOY277
Legend

ET/(mm/d)

B 3205562
229 [ 6.3—7.1
037 [l 72—7.9
3 5—4.5 [ 8.0—8.3
4.6—5.4 1 3.9—9.0

0 15 30
— km

(j) POY285 (k) DOY286
2 RAMSFIE20084F A4 1 22 H 28 BUE SO EE A (1 kmZS [H] 73 %)

10 -~ .
= hUbMA 77277 A4t
- \ o RO T 7
A B T -
8 | /
1. | il
= = 7 7
= & /
4 ol /
2t / : Z
2 7
n n 1 " 1 L 1 L 1 L 1 / / / /6/;;
194 205 211 216 218 226 246 262 277 285 286 7 8 9 10
% J
(@) FEGRA . Fh P S (b) AP A

B3 RANMFHEZE O ARG MO a3

(C)1994-2020 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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AR, AR SCRERD R T 1 28 ORI AE
Z I A/ N X IR 22U 0.11 mm/d, (H A K48 %T iR
#42.78 mm/d, FIJAETIRZEH0.72 mm/d, FEASUE
ARG, 25 RGAE KIS B35 R G0
W& iR, I M4 %R 25 00.64 mm/d, J5# A
0.80 mm/d, . 25 RGN B/ NEXHRE
23 31250.11 mm/d, 2.78 mm/d; 35 REGALHIERK
B/ N RHRZE S35 0.11 mm/d . 1.64 mm/d.,

FETR B2 TN FE g6 UE rfr, 1 7 33 455 S 06 gl
SCLEZR G W 45 5 07 A X R 258 20.76% , &
HAEXF IR 22/ T0.10) 547.6%, 4 T0.1—0.2Z ]
M 19.1%, AF0.2—0.311159.5%(#3) . w25
SRS R, A 1ORI IR uEd, & H AR R 2
INFO0.18 5 60%, A T0.1—0.22Z 8 () 520%, 4
T0.2—0.3/510%. B3 F I CILRGEM T, FE11
YO HLETE R, % H AR 22 /N F0. 101915 36.4%,
ATF0.1—0. 22 A 518.2%, 4 T0.2—0.3/9 5
9.1%.

®2 ZRRERERHEZBRESUNEXEER

25 WS R S 3T RS
ZAix; X A%y FAXT
POV ET, ETv jop e FD EN jmy oy
/mm  /mm o % /mm  /mm o %

194 596 3.18 278 46.64 3.15 331 0.16 5.08
205 3.60 4.19 059 16.39 250 3.84 134 53.60

211 544 520 024 441 462 448 014 3.03
216 545 668 123 2257 511 597 086 16.83
218 4.66 4.88 022 4.72 440 5.03 0.63 1432
226 459 496 037 8.06 397 434 037 932
246 3.09 327 0.8 583 3.14 325 011 3.50
262 2.60 2.83 023 885 215 276 0.61 2837
277 271 282 0.1 4.06 118 275 157 133.05
285 — 294 — @ — 125 289 1.64 131.20
286 2.18 2.60 042 19.27 123 258 135 109.76
¥ 4.03 0.64 1581 2.97 0.80  26.80

FHLXTRZE 072 mm SEHAAXTIRZE 20.76 %

TE: ET, A WSCH R GEMME . BTy A SO il — %l 57

W, ARSHBIE,
AiXFiR2E=IET,~ETy|  HMXTiR2ZE=IET, -ETy|/ET,
TSR %= 3 (ET, ~ETy|)/n
SN 2E=(100/ET,) X (IET, —ETy |V
R®3 HEITREERLFISIT
Hph g%

AEXT 122 N - - BIEGET%
PE TSRS WAL SRl
<0.1 60.0 36.4 47.6
<02 20.0 18.2 19.1
<0.3 10.0 9.1 95
=03 10.0 36.3 238

4.3 WIEZRTEM

HRA I SC Lb R G S e WL S G B A3 BT I 3
eSS

(DAAXTIRZE/NT30%

AXTIRZE/NT30% 945 Rt 164>, FRTRME, X
HEFEDOY 2183 5 SC L RGAE o0, I
ST B AT IR 22 K 14.32% , B3 WA 0 1 £ v )
B (15%) . El4(a)hXF R A9 Jirt G 220 e SO0 0 540, SO i
PR S . el EE S, I B Bksh (U4
ARSI ZE A B e gh), O R R
POl R A, R LIS AR SO [ 45 2
AER

QFXFIRZE K T30%

X245 SO RS, MXTIRZE R T30% M A
DOY 194, FEHX I ) J52 b5 128 B UL I &5 40 v (4 (b))
ARV () v A S 5 G IR, RSk
THIAL Y B 0 PGl K TR T (6—140T), Hgx
WE/N TR ST (14T R H %), IR 28U 45 1)
S

3G W SRS, HIFHRZE KT 30%MA4K
DOY205. DOY277. DOY285. DOY286.

DOY 205X} 10 4 Ji7 32 Bof XL 4 LA 1285 Ry 43
2, ZRTREERST . BIERGE B EGE B, 25
R I Z AR A (BT 4(c)), 5 IEEZIX 2 H TERE K
sk, WIEERIE T 5, mIi a4 1)
FH

DOY277. DOY285. DOY 28654 2% i Wi %
PR/ NG AL FARARAL, 3R A AR R 2540 T
HEADOY285 A0/, DOY285X% i i Ji if 12
BSOS A an 1 4(d) s, dm sy . ARG UL
BRI, POCHEIRE R (HF401.8), &
TR (R BUR) B B

ZE TR, AE21RAT ISR, BR2S SO R
SAEDOY 194535 R4 /EDOY 205 A WL 25 5 n] B 5+
HAL, HABTOWISUESS ST HE . 7RO 5 R 1Y) bl
IKIFWCLIZE (R NZE B AL . TDR 3K 75,
W UE B T SC L RGEARATF I ZE HUR RS FE = (Qiu 5%,
2011), A HEEX 19T HLIGIE, T8 A =R
B [ e P ZE IR B S Z R A e/ L e R4t
RZE 011 mm/d, 1.64 mm/d, ~FE{E 48X} %%
490.58 mm/d. &SN 19K H 28 50K f I iE S 1A
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I 600 - ® LE
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R E]

(a) 35 WL A AEDOY 21 813 I WL B st

3:10 6:30  9:50 13:10 16:30 19:50 23:10

Fisf A]
(b) 25 W 25, ZEDOY 19414 75 I LI K4

400
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i
e
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qm

100
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R ]
(d) 35 S ZEDOY 2857 7 ) WL Hic 47

4 I LI A

| ]
600 |- > it
I ®IE
500 | A G
> I
: 400 r ; ."
o8 300 F : J
] L 3 _go'e"
1§ 200 | ?‘:"'
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L L]
-100 - .
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3:10 6:30 9:50 13:10 16:30 19:50 23:10
Fisf ]
(¢) 35 WL 5 AEDOY 205 Y ZR LI B
7 i *
o FHAXTIRZE <0.1
6 .
" FAXERZE <0.2 "

5F % MXIRZE<03 "y

MXIRZES>03 o @

ET g/ (mm/d)
N
T
o

g %
2k
114
1Lk
0 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7

ET g/ (mm/dl)
E5  HZEHUR ERIES, R
RABIFHORNTT = 1M1, A SO s 45 R IS0

b 2R GE U 25 SR ) S A IR 22 4 17.10%
Y FMODIS L1BiE B AR 1) 45 (8] 5 PR 50HL

B [ A S AR RE A s e T R T A 22 1),
2. ISP SCHOUI REAAIEA A 4.5 km, TN
IBBFREH (UL ), (H10 7 B R G0 i [ H 2%
R B R 22 5, TSR S Y ) 0T 1 25 SR 1 JC I ik
ZE5(F2) o VIS S F2 G W AR A X2 A Bl /)
F1 km’(RanafiiKaterji, 2000; Baldocchi, 2003), i
HAGE 1 kmNJE T3 x 3MGIuIE, FAAE—E AR
PEo AR, D SC I 22 0 1) BE B P 5 R B X B UE 25
AW, PR RVIGEREMASFBIEREL, ZEik R
T 8 SR A LA ) R 3B | S Y 4 SR (R
Ji A, 2008). A SCEZES Hh I ARGE B, ASRERT
TP RGeS, R4 A (2010)
FIH EIZR Gl il i I GOR AT 2551, 58
MER R AEA RN (S—9 1) B H P HIRe A A 12
BER10% o AR SCF 5 DX AN T8 AR 08 5 o Lo P P i 4
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AT DM AR Y B0 30 6] A RE FE AT 5 R O 90% ., HE T LU
EIrAT, ARSCRIRSZBIAHE PERIRIR, (HE5 RN
FER

5 45 8

FE NS KA MFRERG AR T — o A 245 2R 4 [ 5 BT
AR TEREAEST,  LA20084FAE B A K ZRIH R (7H—10H)
A PR SC L R GE LI S A 55 — VRS TR 7 1 ks [i]
RO SO ZEROR RS B, 13t DA 458

(1) 2530, ZR3C3%E I JC = MODIS L1BR & [RI
22 WM A5 5 v, S SC HE R G N 4552 Jmy b
SAESEATEM R, FEO RS .
POl e S E SRR, 2R B B3R R
WEAL, (HHAB 1OV I B IR R T {5, W45
1EH

(2) FT =R 5MODIS L1BRR I A2 L
i, ERANMERENTIME. &R S/IMESHHR
458 mm/d. 9.03 mm/d. 1.28 mm/d;

(3) BLADKS BEVTM 25 AR . 190X LI TE T,
B R — IR R R R R S SO R G
2SS 2 ] RN . B R4 X 2243519011 mmy/d
1.64 mm/d, “FI4axtiR 2 40.58 mm/d; ZEHUA
T8 235 SR I S B R 8 ORI 45 2R 114 S 35 AR R R 25
17.10%.

E OB ORFH MR IR L K M
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