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MIN | MAX | MEAN | SD MIN | MAX | MEAN | SD
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16 NNNTWUE 2545 [ 0.40 | 0.77 | 0.58 | 0.08 | 3.16 | 4.99 | 3.94 | 0.21

13 $luNAN 2545 040 | 071 |058 |005|391|540 | 463 |0.19
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18 WEaw 2545 0.35|10.74 | 0.58 0.08 | 3.79 | 5.59 | 4.72 0.27

\aRe 032|074 |057 |008]|342|556 |453 |0.29
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0 wiruNuLag 0.19 0.36 0.28
1-20 FUNan 0.40 0.48 0.44
21-65 WANN® 0.72 0.81 0.76
66-111 Faviaananima 0.61 0.71 0.66
> 111 Auien 0.54 0.60 0.56
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AN979 3 1TH ET, (mm/day) Lenmnuatgsiudig

NDVI e | a0y (fi’u)L U | Min | Max | Mean | SD. ]
0.28 0 | 31wA | 279 | 393 | 422 0.241

16-N.N. - - - -

13-3.A. - - - -

29-1.m. Lq.zs 541 | 467 | 0.18
188, | 3.80 | 3.83 | 3.82 0.02 |

@Ay | 217 | 263 | 2.54 | 0.09

0.44 120 | 31-nm | 294 477 | 377 | 035
16-nw. | 317 | 432 | 372 | 0.16

13-3.A. | 392 | 491 | 442 | 0.20

29-1m. | 436 | 576 | 508 | 024

18-y, | 3.96 | 495 | 448 | 0.21

@Ry | 367 | 494 | 429 | 023

0.76 2165 | 31-u.A | 399 | 567 | 465 | 0.33
16-nW. | 386 | 500 | 4.11 | 0.19

13-31.A. - - - -

20-3.7. - - - -

18-, | 472 | 524 | 502 | 0.05

@Ay | 419 | 530 | 459 | 0.19

0.66 31-u.A. | 353 | 557 | 441 | 039
16NN, | 360 | 487 | 403 | 0.18

66-111 | 13-WA | 433 | 538 | 473 | 0.14

20-8.m | 489 | 592 | 513 | 0.18

18-3it. | 416 | 550 | 490 | 0.21

wdn | 410 | 547 | 464 | 022
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1519 3 SN0 ET (mm/day) wanmnuangysudng (sia)

NDVI 8dt | ey (Ju) | T4 Min | Max | Mean | S.D.
0.56 uINNg | 31-4.A 3.09 | 524 | 414 | 0.41
111 16-n.w. | 3.40 | 460 | 3.97 | 0.18

13-1lA. | 415 | 538 | 463 | 0.18

20-flm | 468 | 614 | 522 | 0.26

1808, | 419 | 536 | 472 | 023

@Ay | 390 | 534 | 454 | 0.25
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AT 4 ummﬂ?‘mmﬁﬂﬁﬁﬁamm%uu.a:ﬁ’nﬁmzmﬂﬂ?nvjLi?mim (N= 10)
water | W1 | Soil Moist. | Height | LAl | Chlo, | Chlo, | Chio,,
(ml.) (%) (cm.) (m°)
4| 15.62° 10.44° | 7.64° | 202" | 855™ | 287 "™
> 2 17.99™ | 78.94™ [11.20™ | 1.69™ | .733™ | 2.556™
dn | 2250° | 2522° | 9.25° |207™ | 874™ 294 ™
& 227" |oaea™ | oso™ | 1617 | 654" | 200"
419 | 24.75° | 27.74° | 11.18° | 1.90™ | .799™ | 2.70 ™
S TE T 256" | 550" | 1006™ | 1.66™ | 697 | 242"
4 | 29.41° | 31.26° | 11.26° | 1.90™ | .803™ | 2.70™
14 67 | 25.15™ |8564™|11.40™ | 157" | 638" | 2.27"

P1379 5 maranFuinleididemnnduisrdnsuensasdiuln (N= 8)

Fertilizer | W1 | Soil Moist. | Height | LAl | Chlo, | Chlo, | Chlo,,
(@) (%) (cm) | (m)
4| 21.40™ | 23.48™ | 9.04™ | 1.78" | .73° | 2.50°
- o NA NA NA NA | NA | NA
0 4| 22.32™ |26.40™|10.45™ | 1.85° | 76" | 2.62°
" & NA NA NA NA | NA | NA
s 'il’:m 23.80™ | 25.42™ | 9.80™ | 2.00*" | .84 | 2.84*°
09 NA NA NA NA NA NA
, | 2391™ [2541™| 076" | 2.04* | 87" | 2.92%°
© i NA NA NA NA | NA | NA
. -if:n 23.91™ | 28.85" | 10.14™ | 2.19° | 96° | 3.15°
) NA NA NA NA NA NA
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A5 6 NAUEIBINA (Nasfueulseanlas) Al

wazanwousnisETuiLinessudtuazsiug (N= 10)

&
FADAITHTU

#7 | Soil Moist. | Height | LAl | Chlo, | Chio, | Chio,,
Treatment 2
(%) (cm.) (m%)
dq | 34.39° 34.58° | 8.98° | 2.13° | .926° | 3.06°
Chamber CO, | 62 | 27.57° |103.38° | 8.70° | 1.72° | .736° | 2.52°
g | 24.78° 25.19° | 7.68° | 2.20° | .978° | 3.18°
Chamber | & | 25.48° | 97.94° | 6.04° | 1.80° | 786° | 2.73°
41 | 18.96° 24.29° | 11.67° | 1.76° | .700° | 2.46°
Outdoor g0 | 21.44° | 55.74° | 16.97° | 1.39° | 538° | 1.93°

Aﬂldl

A1919 7 Narasan I adanneluuaznttuengnilne Aty

warAnwENITRTGuTAaIsudg (N= 20)

Variables Chamber| Mean Std. Deviation
in 27.54 5.85
Height (cm.)
out 24.28 4.67
s o in 8.00* 1.49
LAI (m“/m®)
out 11.66* 2.33
in 27.18 6.59
Soil moisture(%)
out 18.95 4.47
in 2.18* 012
Chl-a
out 1.76* 0.23
in 0.96 0.07
Chi-b
out 0.70 0.12
in 3.15 0.20
Chl-ab
out 2.46 0.35
in 0.43 0.08
Total N (%)
out 0.37 0.07

VLN * = WANFNBENINLAVATYN AT AN AUANITRITW 95%
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AT 8 HarEIAAMUIAReNNs sz euangsTAuns IR U AN ulida A LT

uardnwuznisesgdivinaeasiuiig (N= 5)

environment %soill Height LAI Chl-a | Chl-b | Chl-ab | Total N
chamber mit. moisture (cm.) (mzlmz) (%)
in 57(2) 17.36° 19.34° 6.28° | 2.16° | 0.96° | 3.13° | 0.39"
86(3) 28.18° 28.03° | 7.87° | 2.29° | 1.02° | 3.31° 0.49°
115(4) 28.81° | 28.21° | 8.90° | 2.16° | 095" | 3.11° | 041"
144(6) 34.39' 3458° | 898" | 213° | 093° | 306" | 0.44°
out 57(7) 13.89° 19.53° 9.01° | 188" | 0.74* | 2.62° 0.37°
86(8) 16.82° 22.41" | 1063° | 1.85° | 0.78° | 2.57° 0.36°
115(9) 20.69° 27.28° | 13.48" | 165" | 0.65° | 2.29 0.39"°
144(10) 24.43" | 2793 | 1355° | 167" | 0.68° | 2.35° 0.38°
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a7lua

1. dayadizasainsrarlnasainaiadion Terra/MODIS  HRNANTATUITLAN GrUn)NuRS
(LST) warA1ATUNTNTTOE (NDVE) uwda annrnutunlilunisafsuuudnananisatassingann

szazlnald seannsdruana

ET.s = (6.4327[0.0135 (LST + 17.78) APAR ¢ [a / (595.5 — 0.55 LST}]] )-5.756

LST

BT, + 1.11 (BT, - BT,) - 273

APAR

1.9788NDVl.g + 5.2536
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Development and Validation of Rice Evapotranspiration Model Based on
Terra/MODIS Remotely Sensed Data

Chada Narongrit ''** Kasem Chankao'” and Yoshifumi Yasuoka®™
) Department of Natural Resource and Environment. Naresuan University, Phitsanulok. 65000, Thailand
! College of Environment. Kasetsart University, Bangkok. 10903, Thailand
Y Institute of Industrial Scicnce, The University of Tokyo, Komaba, Tokyo 153-8505, Japan

Abstract. The simple model was developed to estimate daily evapotranspiration (ET) by using Terra-
MODIS remotely sensed data. The satellite ET model was based on the Hargreaves model which
requires only two climatic variables; temperature and incident solar radiation. By using the satellite ET
model, temperature in terms of LSTys was directly calculated from brightness temperatures of MODIS
channels 31 and 32; while incident solar radiation in terms of APARRgs was calculated from NDVIgg
computed from reflectance of MODIS channels 1 and 2. ET calibrated from the model was
experimented to assess sensitivity of ET on rice grown under increased temperature (2°C.) The result
showed that modeled ET had a good agreement with Penman-based ET. a typical model widely used
for estimating irrigated water supply. ETrs models showed a better correlation with LSTgs. compared
to that with NDVIgs. The experimental pots results showed that ET amount based on developed model
was sufficient for water consumption of rice. ET computed from the model ranged from 3.43 to 5.56
mm/day. However, from rice’s height and leaf area growth data, it was found that the optimal amout
of water supply was between 3.65-4.57 mnvday, indicating 6-17% error of the developed model.

Kevwords: MODIS, ET, LST, APAR, LAI Global Warming
1. Introduction

Climate change not only effects global ¢rop production, but also hydrological water balance. As
numerous concern in last decade has increased, crop production is biophysically affected by
meteorelogical variations, particularly, rising temperatures, changing precipitation regimes, and
increasing atmospheric carbon dioxide (Parry et. al.,, 2004) Global mean surface temperatures have
increased 0.3-0.6 °C since the late 19" century and global average surface temperatures will increase
0.6-2.5 °C over the next 50 years, and 1.4-5.8 °C during the next century. with significantly regional
variation (IPCC, 2001). Temperature is a significant climatic variable which directly relates to crop
growth parameters such as growing degree day (GDD) and evapotranspiration (ET). ET is an
ecological function, which is closely coupled to the growth stages and weather conditions, particularly
temperature. ET is a sum of two separate processes; evaporation and transpiration. The first process is
an evaporated or "lost” water from the wet soil and plant surface. The second process is a respired or
"lost” water from small openings on the leaf surfaces, called stomata, to the atmosphere (Kaisi and
Broner, 2002). The evaporation process relates to crop growth activities while the transpiration process
relates to crop surrounding weather. ET varies spatially and temporally on crop species. growth stages,
crop-soil fraction, available soil content, and surrounding weather {Kaisi and Broner, 2002; Jensen, et.
al., 1990). The actual evapotranspiration (ETa) or water consumption is a key parameter in the water

balance, describing the processes within the soil-water—atmosphere—plant environment and is an
important parameter for irrigation scheduling.

The estimation of ET is mostly based on ground meteorological parameters: temperature, relative
humidity, wind, saturation vapor pressure, and net radiation. Among the ET models, the Penman model
is widespread used. however, it requires complicated unit conversions and lengthy calculation. Then,
Hargreaves model, the simplest ET model, is practically used because it requires only two parameters:
temperature and solar energy (Wu, 1997). The methods of ET measurements using ground
measurement are expensive, tedious, and can be done only at particular sites where meteorological data
are measured. Therefore, ET estimated by using remote sensing means is promising. The satellite ET
measurement owes to reflectance and brightness temperature remotely sensed at daytime. In modeling
ET using remote sensing data, two methodologies were developed. The first method used a remotely
sensed surface temperature in combination with air temperature to calculate the sensible heat flux. The
second method used either remotely sensed vegetation index or from soil moisture measurements by
microwave remotely sensed data to determine surface resistance for latent heat transfer (Zhang et al,
1995). However, ground meteorological data are an inherent part of satellite ET method.



Rice is as a major crop cultivated and consumed by the Asain people. In 2020, global rice demand
will be increased by 35% over the 1995 level. The more rice demand, the more rice water consumption.
Therefore, in order to reserve food security. it is essential to ““produce more rice with less water”
(Cabangon et al., 2002). Nowadays. the agricultural water drought is considered a severe problem since
the ecosystem has been suffered by climatic change and hydrologic water imbalance. This study aimed
to take advantage of the different spatial resolutions and the high temporal resolutions of MODIS
sensor for developing a daily ET model which can be used as a tool to estimate rice water demand
under variation of spatial temperature. The specific objective was to (1) develop a ground-independent
method for estimation of daily ET and (2) validate a proposed ET model from rice growth experiment
in different water supply under temperature increase.

*Corresponding author: chada@@nu.ac.th

2. Materials and Methods

2.1 Development of MODIS-based ET Model

The eight days during January-April 2002 of 250-m and 1-Km MODIS data were used in this study.
The 8 scenes of digital imagery data were initially processed for geometric correction. The 250 m-
reflectance of MODIS channels | and 2 were transformed to normalized different vegetation index
(NDVI) and the 1 Km-brightness temperatures of MODIS channels 31 and 32 were converted to lai.J

surface temperature (LST). These initial two variables were further used for constructing the remote
sensing ET model.

2.2 Determination of Rice Response to Water Supply Based on Hargreaves-based ET in Pot
Experiment under Increased 2 "C Temperature

Experimental study was conducted in pots (20 cm. diameter and 30 cm. high) put in open-top
chambers. Air temperature in chambers was increased approximately 2 °C (compared with temperature
of ambient air). The 20-days rice was transplanted at the density of 10 plants per pot and the
experiment was started on the transplanting date with the soil water content of all pots at field capacity
(measured by pot's weight). The investigation was about 120 days during the vegetative and yield
formation. Rice’s leaf area and height were investigated from pots which applied four water levels as
W1 =58, W2=286, W3 =115 and W4 = 144 ml./pot/day. These water levels were correspond to ET
values estimated from the developed model. During the period of the experiment, temperature, soil
moisture, rice’s height and rice’s LAI were measured weekly.

3 Results and Discussions
3.1 Development of MODIS-based ET Model

The Hargreaves model, derived from only two common climatic variables, temperature and sunshine,
was applied to establish remotely-sensed ET model expressed as follows:

ET = 0.0135¢(T,+ 17.78) R, fa/ (595.5-0.55T)] 1

. »yhere ET = potential daily evapotranspiration (mm/day), T, = mean surface temperature (C) R, =
incident solar radiation (Lengleys/day or MIJ/m%day), and a = 10 when R, is expressed as
Lengleys/day, or a = 238.8 when R; is expressed as MJ/m*/day.

For parameters used in Eq. (1), T, can be directly derived from remote sensing means by using land
surfa.ce temperature (LSTgs) calculated from the split-window algorithm to correct atmospheric effects.
In this study, LSTgs was computed based on the formulation initially proposed by Price (Price, 1984)

and modified by Chada (Chada et al, 2000) to suit with the local conditions in the Thailand Kingdom.
The modified formula is expressed below:

LSTgs = BT, + 1.11 (BT,- BT,) — 273 (2)

where LSTgs = land surface temperature (°C), BT; = brightness temperatures of thermal wavelength,

approximately range 10-12 pm. In this research, BT, and BT, were brightness temperatures from
MODIS channels 31 and 32, respectively.

R; can be derived from leaf area index (LAI) which is defined as the index of total leaf area per unit



of ground area. The function of leaf area is to absorb photosynthetic active radiation (PAR). In this
study. the amount of absorbed photosynthetic active radiation (APAR or R,) was therefore computed
from LAIL Both LAl and APAR are crop growth variables. To compute these two variables. the ground
temperature summation (T, ;.). also known as growing degree day (GDD, ;). was first calculated trom
temperature difference between the daily temperature (T,) and base temperature {T.. which is ¢cqual to
9 C in this study) in a number of observation dayvs {1 Januann-30 April 2002). Then. ground LAl
{LLAlL;;) computed from GDD,;; was used to estimate the amount of absorbed radiation (Ss,.,). or
generally called APAR (Chitnucha et al. 2001). The ground models of GDD.;,. LAlL ;.. Ss .. and r, ...
are defined as follows:

i( Ta—-Th)

GDD, = ! (3
LAl Gy = O.013EXP ¢0.003(GDD, ;) H
Ssin = S, (1-riu-t1-r.}) EXP (~¢1-m) k (.41 ;)) (5)
Fir = ry—tr,-r.) EXP (-LAL;;/2) (6)

where T, = average air temperature ( C), T, = base temperature at which development stops (9
¥ = Sum of temperature of observed davs. 0.015 = empirical constant of initial LLAI value of rice (m” ol
leaf’ m° of ground). 0.003 = empirical constant of relative growth of leaf area (m” of leaf ' m~ of
ground). S, = daily incident solar radiation (MJ m™ d™'). r = reflectance of canopy. r, = reflectance of
bare ground (0.1). ry = reflectance of rice fully covered (0.22). m - empirical constant (0.25). and k =
empirical constant (0.6) .

In this study. S, was calculated based on irradiance or radiation output of the object using the Stetan-
Boltzman law when the temperature is known.

E = ot Ty’ (7
Soiin = EH (8)

where E = irradiance (W/m®). o = Stefan-Boltzman constant (which is equal 10 5.67*10%). and T, =
temperature (K). H = daily sunshine duration {(second)

As shown in Figure 1. LAlgg and Ssgg (or APARGR) show the best fit with the 2™ order polynomial
equation (Eq. 9). Therefore. this equation was used for estimating APARgs from L Alg:. which is
computed from NDVIgg value. as in Eq. 10 (Saito et al, 2001). Figure 2 shows a regression plot

between APARgs and APARGy. In Figure 3. the APARgs was correlated with NDVIgg to derive
APARR< based on NDV[Rb (Eq 11).

APAR = -0.5276LAF ~ 5.0377LAI - 0.023] (9)
LATy = O.3TENP (233 NDVigy (1)
APAR, = LOTKSNDIT,c ~ 50536 {1
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3.2 Validation of Hargreaves-based ET Model

Hargreaves-based ET estimates were compared with Penman-based ET, a statistic record usually
used as a reference for estimating local irrigated water allocation in Thailand. The estimates were
calculated for data of January-December, 2002. In Figure 4. Hargreaves-based ET estimates fairly
agreed with Penman-based ET records (R* = 0.60). However, the graph in Figure 4 shows that
Hargreaves-based ET model in Eq. 1 is still under estimate. Then, the regression equation in Figure 4
was used to adjust Hargreaves-based ET in Eq. 1, hereafter called as adjusted ET based or remoteiy
sensed data (ETrs *). The below equation shows ET “formula.

ETrs "= 6.4327[0.0135 (T, + 17.78) R, fa / (595.5 — 0.55 T}]] -5.756 (12)

The reflectance of MODIS channels 1 and 2 were transformed to normalized different vegetation
index (NDVIgs) and the brightness temperatures of MODIS channels 31 and 32 were converted to land
surface temperature (LSTgrs). These initial two variables were then used to develop ET gg “based on
Eq. (11).

Compared with Penman-based ET. ET ~ estimates show a better correspondence and show the least
difference with Penman-based ET references (Figure 5), particularly in November-January (Figure 6,
This indicates that the model is more reliable in winter season, the time when ET environments have
the least climatic effect of long sunshine duration.
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3.3 Hargreaves-based ET Derived from MODIS Data

As Eq. 12, ET gs * was computed from MODIS imagery data acquired on January, 31, 2002. A
profile was taken from irrigated paddy filed in Phitsanulok province of Thailand to detect 143 pixels of
ET gs . LSTgrs, NDVIgs, LAlgs and APARRs. Table 1 shows descriptive statistics and correlation of
variables of this profile. The result of correlation analysis of this profile data showed that ET gs
estimates was stronger correlated with land surface temperature as LST (R = 0.86) than that with crop
physiological variables as NDVI, LAIL and APAR (R = 0.48). Figure 7 and 8 show scatter plots
between NDVI and LST, respectively. These two graphs show that ET RS’ model was better fit with

LSg‘ lclonmpared to that with NDVI. ET RS’ regression equation was derived from LSTRS and NDVIRS
as follows:

ETry =0.241 LSTRS + 3.128 NDVIRS — 3.850 (R’ =0.99, SE = 0.32) (13)

It was found that ETr\ and ETgs showed good agreement (Figure 9). From Eq. 13, evaporation (E)
was estimated by setting NDVI as 0. indicating that there is no canopy covers. The result reveals that
ET and E were increased as temperature increased (as shown in slopes of graphs in Figure 8 and 10
with rates of 0.2348 and 0.241 mm./°C. respectively). With canopy covering on the soil, water loss
from soil was reduced 0.006 mm./day or 2.49%.



Table 1 Descriptive Statistics and Correlation (R} of Variables derived from MODIS Data

Vanables Minimum Maximum Mean Sid. Deviation Skewness Kunosis R*
ET (mm.} a20 5.40 425 0.59 0.20 2097 | 1.00
} LST ("C) 22.50 29.80 | 25.82 2.13 0.36 -1.00 | 086
fwovn 0.34 0.77 0.60 0.09 -0.64 021 | D48
LAl (mrm°) 130 3.40 2.3a 0.48 -0.08 -0.25 | 0.48
APAR , (MJm*d") 5.90 6.80 6.43 0.19 0.62 0.28 | 0.48
APAR,;, (MJm™ d”) 5.90 680 | 643 0.19 -0.62 0.28 | 0.48

r- = Correlation value considercd on ET
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3.4 Impact of Increased Temperature on ET and Crop Growth

The 31 years-meteorological statistics, collected from 1971 to 2001, were used for anomalies
analysis. Figure 11 and 12 illustrate temperature and rainfall anomalies in a 30-year period.
respectively. The results show that annual temperature increased 0.014 "C per year, and annual rainfall
reduced 0.26 mm. per year. The average GDD of rice was 126.79 days without temperature increase
and it was decreased about 5.5 days with 1 °C increase (Figure 13). However. GDD-increased crop
growth could be occurred under sufficient water supply. including increasing water loss in form of ET
caused by increased temperature. Because ETgs is dominantly influenced by LSTgrs, ET could be
affected by increasing temperature due to global warming. Every 0.5 °C increased temperature can
cause 0.1 mm ET increase. (Table 2). From pot experiment in open-top chamber with 2°C -increased
temperature, ET rate of rice grew under 2°C -increased temperature was increased 11% from an
average ET. An average rice’s ET is 4.3 mm./day during the total growing season in order to obtain the
maximum LAI). The experiments in the environmental-controlled chambers showed that the rice’s
growths both in height and LAI were significantly affected by water supply and were different after 3
week of water supply (Figure 14 and 15). Both rice’s height and LAI grew well with amount of water
supply at least 115 ml. (Figure 16). By increasing temperature, leaf area can not be developed under
normal ET rate. The experiments showed that amount of water supply affected significantly on height
and LAI but did not significantly affect on chlorophyll (Table 3). Figure 17 shows leaf area of rice
deyeloped under variations of water supply. From the top of pots, leaf area shows more covering on the
§01l when water supply increased. By applying techniques of digital image processing, leaf’s greenness
is easily separated from soil area. Therefore, the profiles were taken (Figure 17, bottom). The results
showed that the more continuous of green line in the taken profile, the more leaf’s greenness.
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Table 3 Effect of Different Water Supplies on Rice Growth under 2 "C-Elevated Temperature

Water Moisture Height | LAl Chlo, Chlo, Chlog,
(%0) {cm.) (m-)
58 17.36 19.34° 6.28° 27 0.96™ 3.13™
86 ' 28.18" 28.06" 7.87" 209™ j.o2™ 3.31™ ’
115 1 28.81" 28.22" 8.90" 2.16™ L 0.95" 3™ 1
144 34.39¢ 34.60° 8.98" 213" 1 0.93™ 3.06™
Means tn column with same letters are not significanthy different at o = 0 0S (DMRT)

.‘”‘ @ii'!_ﬂ
" RS
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P

Figure 17 Cross Section of Digital Images Taken from Different Water Supplies under 2 “C-Elevated
Temperature (X-axis is location of pixels crossing from left (0) to right (250) and Y-axis is spectral
value of those pixels)

5. Conclusion

Two remotely-sensed data namely land surface temperature (LSTgs) and absorbed photoesynthetic
active radiation (APARRs) were incorporated in the simple models for estimating daily ET. Without
aiding from ground data, the ET models based on Hargreaves models was determined form MODIS
data. The models were validated with Penman method. which is locally used as a reference ET. There
is a good correspondence between the modeled ET and Penman ET. The results from pot experiments
showed that Hargreaves ET model which need only temperature and APAR data is reliable for
estimating daily ET from MODIS data. The results are useful for daily management and long term

planning for irrigation purpose.
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