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THREE TEMPERTURE 3T MODEL—A METHOD TO ESTIMATE EVAPO-
TRANSPIRATION AND EVALUATE ENVIRONMENTAL QUALITY
BASED ON SURFACE TEMPERATURE. IV. PLANT TRANSPI-
RATION TRANSFER COEFFICIENT
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Abstract Background and Aims Vegetation transpiration rate sensitively responses to environmental stress
introduced by air pollution environmental degradation soil and water  and global change. Based on energy
balance analysis by introducing the temperature of a canopy without transpiration the objectives of this study
are to propose a remotely measurable plant transpiration transfer coefficient h, and to verify its characteris-
tics under various environmental conditions.

Methods  The h,, is defined as T, - T, / T,-T, where T, T, and T, are temperatures of vegeta-
tion canopy a non-transpiring canopy and air respectively. Five experiments were carried out to verify the
proposed coefficient.

Key Results  Theoretical analysis and experimental results show h, <1. If T. = T, h, has its maximum
value h, = 1 and transpiration rate has its minimum value zero . This boundary is determined by lack of
water for transpiration. On the other hand when h, has a minimum value transpiration can reach its maxi-
mum value potential transpiration rate . This boundary is determined by the availability of energy for transpi-
ration.

Conclusions Therefore h,, can determine transpiration rate from its minimum value to its maximum value.
A lower value of h, corresponds to a higher transpiration rate.

Key words Environmental quality Plant transpiration transfer coefficient Remote sensing Three tempera-
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2005-11-04 2006-03-13
WL2005004 2006CB400505

E-mail gqiu@ires. cn



5 —_— Iv. 853
Qiu 1996 Qiu et al.
1996a  1996b 1998 1999a 1999h 2000 2002
2003 2006
p ” 5 p
2005
1
1.1
20
T=R,-R L-T, 1
Monteith  Szeicz 1962 Monteith 1965 v, - T
T M} m™>d™" R, R,
- M} m™* d7!
T, T, T,
Carlson 1972 C 1
Ehrler 1973
- B
- T,-T,
hy = T, - T, 2
Hatfield 1985 |Idso et al.
1977 Jackson et al. 1977 Monteith 1981 Stone & hy <1
Horton 1974 Tanner & Fuchs 1968 1.2 hy
1.2.1
T,
T, T, ha
Moran 1994
ha
Ben-Asher et al. 1992 Gardner et al. Penman-Monteith
1981 Hatfield 1983 Heilman et al. 1976 Jackson
et al. 1983 Qiu et al. 1996a 1998 2000 2002
Stone & Horton 1974 Weyers & Lawson R
1997 Idso
1982 O’ Toole et al. 1984 Qiu et al. 1996b Tan- Tanner & Fuchs 1968
ner 1963 r.-T,
T=R, - 0oC, " 3
co, Jones oG, 0. 001 2 MJ-
1999 m*Ct oy s m”!

a



854
Penman-Monteith T 1 T=R, T.=T,
Monteith & Unsworth 1990 Bowen he =
T:AR”+‘OC’J e,—e, /1, 4
A+y 1.2.3
A -
e, mb e, T
mb 0.66 mb °C~!
Y T, = Tp ha hy =1
3 4
hal =1 Rn = Rnp r=0 hal
I Y 1
T[ Tll Cp A+ '}/ n A + 'y eS e(l 5 h
at
hai
5 1994
7 5 1 Sorghum
bicolor I, = 2
258.91x107°d m ' A=2.51m C! 21
> ha 1994 ~ 1999
T.-T,=44921 x 107°R, - 315457 x 1076 ¢, - 5 !
€ 6 35°32' N 134°13' E 4
6 -
R,
_ y I,-T, 1
Tc - Ta - A+ Y Rnp R/z A+ Y 5
‘OC rTR— T’l € — €y 7 1 hm 4
attnp hat
1995 7 5
7 T,=34.91°C T,=31.18C R, =
P “ " 1 1994 7~8
17.78 M} m™= day ™! 6 1 hm?
7 1
T,-T,=44942x10"°R, - 315601 x 1076 ¢, - g
e(l
6 8
ha 10 min 1
Penman-Monteith
ha[ T{: - Ta
R 2 Lycopersicon
esculentum 1997 5
1.2.2 T.=T, 7.3 m?
31 C
T.=T, 60% 5:00 ~17:00 157 W-
Bowen T =R, m™? 0.5mx0.3mx0.2m
T.=T, Bowen 0 Otsuka Chemistry Osaka Japan



5 — V. 855
5 SG32000 Met- 10 he
tler Toledo Inc. Freifensee Switzerland 1
10 min
5s 10 min H/H,= R,-T /R, T
1 Rn Rnp
3 1997 5 1 1
2 hy, H/H, -0.3 +0.5
0.3 m 0.26 m 1 0
35 C r?=0.70 i, H/H,
2 1 1 hm?
4 Cucumis melo 1998
6 ~ 7 h‘at
60.4 m 144m 3.9m
0.5 r
0.80 y=0.97%-0.03
0.4 I =
m 1.5m =070
A 0.3
]
B EKO-MS42 = 0.2
EKO Co. Lid. Tokyo Japan ; 0.1
2 ﬂﬂiﬁl 0 ; -
THI-500 Tasco Co. Lid. 2 o / -
TDR 1502B Tester SDMX50 #
-0.2 3
Multiplexer 21X Datalogger Campbell Scientific Inc. u
5 1999 5 03 '
-0.2  -0.1 0 0.1 0.2 0.3 0.4 0.5
4 ! BT HORH ha
3
TDK CHS-PR TDK 1
1
Lid. TOkyO 2 Fig.1 Relationship between plant transpiration transfer coefficient
4 hy and the ratio of sensible heat fluxes H/H, of sorghum
) plants in an open field Experiment 1
H
3.2 hy,
& 3.2.1 | h
pC Tc - Ta e at
H="———" 9a 2 3d5 7~9
c, T,-T h, 5 7
H, = et 9 ’
P rap 3d
T ap
sm™'  Qiu 1996a Tap/ Ta 1 400 h
1 0 250 g h~! 1600 h 200
p o L=T. _H 0 g h™! 1200 h 160 g
“=T,-T, H, h~! 1600h 100 g h™!
3 50g h™'  2a 3d
CWSI=1-T/T, T T,
3.1 h 0.06 0.44 0.78

at



856 30
6 C
300 ¢
. 2 3d hy, h,,
_ 250 -0.4 hy 0.2
= 200 ha 0.6
N/
#5150 | hai 3d CWsI
- 0.06 0.44 0.78 hy =-0.4
z 0.2 0.6
& 50 3.2.2 h,,
o IL 3 3d 5 24-~26
10 12 14 16 10 12 14 16 10 12 14 16 By 5 23
V1 mrp o orn
38
~ 36 3d
2 | 120 ~ 140 80 ~120 30~70 g h-!
B: n| 3a CWSI 0.08 0.22
2 % H 0.54 T, 4°C T, 35°C T,
£ 28 T, 33 C T,
2 I 2 C 1700 h T, 8C T,
24 S 3 C T, 43 C
10 12 14 16 10 12 14 16 10 12 14 16 3 34 h 0.2 08
at - . .
08 r c h,,
0.6 3.2.3 hy,
= 04 + 1998  6~7
g 0.2 6 21 7 3 4
g _;5 0 4a
£ o2 4h 4 h, 4d
et
B 04 I I I I I I 4b A
0.6 WA - y : - B har B A 4d
10 12 14 16 10 12 14 16 10 12 14 16 ha
5HTH 5A8H 5A9H 4
May 7 May 8 May 9 0
=
B 0 clock I
0.25m* m™"
2 3d 197 5 79 A 0.30 ~0.40 m*
a b c -3 3 -3
Fig.2  Transpiration rate a  temperature of non-transpiring leaf canopy m B 0.25~0.30 m* m ha
and air b and plant transpiration transfer coefficient h, ¢ in hydro- -4~ -1
ponically grown tomato plants during the 3-day drying period May 7 — 9 324 h
1997 e at
T, Temperature of canopy T, 5 4d 5 21
Temperature of non-transpiring canopy T, Air temperature ~23 h .
4 0.1~
2b 3d 3 0.3 m* m™? <0.15m* m™?
Tc Tp Tu 5S¢
1000~1400h T, 29 C 5 21~23
1600h 33 T, 35 C 300 W m~2 Sa
3d T, 30% 5b 5 24



V. 857

160
140
120
100
80 |
ol
|

|

|

Transpiration (gh™ )

40
20

0
79111315177 9111315177 S 11131517

50
a7, 07, B8 b

45

4

Rz
Temperature ( C)
[=]

3

W

3

(=

79111315177 9111315177 911131517

25

08
06

04 |
02 F
0 L
ottt I
Bl A8 ) ]

0.4
7 9111315177 9111315177 911131517

5H24H 5H25H 5H26H
May 24 May 25 May 26

M5 0’ clock

haL

R AT HOR

3 3d 1997 5 24-~26
a b c
Fig.3 Transpiration rate a  temperature of non-transpiring leaf canopy
and air b and plant transpiration transfer coefficient h,, ¢ in potted
soil cultivated tomato plants during the 3-day drying period May 24 — 26

1997

T, T, T. 2 See Fig. 2
<150 W m~?2
>50% 150 ¢
h™! 1600h 1gh!' 5d
T, T, T,

Se

240 r
a
—~ 200
‘g
w2 160 |
R
B S
=% |
<3
5 80
)
175]
40
0
2 24 26 28 30 2 4 6 8
o, 05 |
g . . b
“g W [Xi% Section A O X Section B
. %’ 0.4
=
{E g 03
£ 8
{E £ 02
=g
£ 0.1
Q
£
=
;o' 0

2 24 26 28 30 2 4 6 8

40 r o7, Ki Section B @ T ¢
m 7. X4 Section A a7,
35
o
o 30
-
%— 25
=
20
15
22 24 26 28 30 2 4 6 8
0
B X1 Section A O X Section B d
-1
%
2 =2
By
£ <
& 3
®
iz
4
-5 1l
2 24 26 28 30 2 4 6 8
M8 0’ clock
4 1998 6~7 a
g b c d

Fig.4 Solar radiation a  volumetric soil water content ¢ b  tempera-

ture of non-transpiring leaf canopy and air ¢  and plant transpiration

transfer coefficient h, d in melon plants grown in a glasshouse in June-
July 1998
T, T, T. 2 See Fig. 2



858 30

_ 800 100
) - a
. 2 600 < 80 |
& 7 z
E 8§ 500 2B 0 |
2 8 zE
5 300 240
< kS
200 o
w \ | | | -
" [l il
o ALLLRLL RREARRD RARRLAR THRRns. o nnark LR HRAAEL
10121416 101214161012 14 16 10 12 14 16 10121416 10121416 10 1214 16 10 12 14 16
@ 250
e 0.35 d
“E 030 200
i E 025 o
X £ = 150
& § 020 @ 5
£ 8 ous ® B
B = 010 g
- = 50
Q
1 it
3]
g 0 o ML . ‘ ‘ |1 IFTTTIO
4 10121416101214161012 1416 1012 14 16 10121416 101214 1610121416 1012 14 16
101
[ mr, 87 O% . £
50
~~
o 45
o
w5 ,
% g 35
E | : . i
g | .
. LEK T \| |
20 | L -0.2 ‘
10121416101214 16101214 16 1012 14 16 10121416 1012141610 121416 10 1214 16
5H21H 5H22H 5H23H  5H24H 5H21H 5H22H 5H23H 5H24H
May 21  May 22 ~ May 23 May 24 May 21  May 22 May 23 May 24
m&h 0’ clock
5 4d199 5 21-~23 a b 0 ¢ d
e 4d f
Fig.5 Comparisons of solar radiation a relative humidity b volumetric soil water content 0 5S¢ transpiration rate d  temperature of non-transpiring
leaf canopy and air e  and plant transpiration transfer coefficient h, f in potted soil cultivated tomato plants during the 4-day drying period May 21
-23 1999
T, T, T 2 See Fig. 2
T(f
5f T, T, hy <1
T, ha -0.1 0
0.8 T.=T, ha
4 hu[ = l =
0
ha
ha ha =
T(' - Ta / Tp - Ta Tc Tp Tu



V. 859

5 [
Doy
- 1994 ~ 1999 5
hy
H/H,
1 0 ?=0.70
by -0.5 +0.5
ha, -0.4 +0.8 b _4
-1
5 1
hy, 4
Ry 1
1 hm?
hat
hy,
h

at

Ben-Asher J, Meek DW, Hutmacher RB, Phene CJ (1989). Com-
putational approach to assess actual transpiration from aerodynam-
ic and canopy resistance. Agronomy Journal, 81, 776 - 782.

Ben-Asher J, Phene CJ, Kinarti A (1992). Canopy temperature to
assess daily evapotranspiration and management of high frequency
drip irrigation systems. Agriculture Water Manage, 22, 379 —
390.

Carlson RE, Yarger DN, Shaw, RH (1972). Environmental influ-
ences on the leaf temperatures of two soybean varieties grown un-
der controlled irrigation. Agronomy Journal, 64, 224 —229.

Ehrler WL (1973) . Cotton leaf temperatures as related to soil water
depletion and meteorological factors. Agronomy Journal, 65, 404
—-409.

Gardner BR, Bald BL, Garrity DP, Watts DG (1981) . Relation-
ships between crop temperature, grain yield, evapotranspiration
and phonological development in two hybrids of moisture stressed
sorghum. [Irrigation Science, 2, 213 —224.

Hatfield JI. (1983) . Evapotranspiration obtained from remote sens-
ing methods. Advance Irrigation, 2, 395 - 416.

Hatfield JI. (1985) . Wheat canopy resistance determined by energy
balance techniques. Agronomy Jouwrnal, 77, 279 —283.

Heilman JL, Kanemasu ET, Rosenberg NJ, Bald BL (1976).
Thermal scanner measurement of canopy temperatures to estimate
evapotranspiration. Remote Sensing of Environment, 5, 137 —
145.

Idso SB (1982) . Non-water stressed baselines: a key to measuring
and interpreting plant water stress. Journal of Agriculture Meteo-
rology, 27, 59-"70.

Idso SB, Reginato RJ, Jackson RD (1977). An equation for poten-
tial evaporation from soil, water and crop surfaces adaptable to
use by remote sensing. Geophysics Research Letter, 4, 187 —
188.

Jackson RD, Hatfield JL, Reginato RJ, Idso SB, Pinter PJ Jr.
(1983) . Estimation of daily evapotranspiration from one time-of-
day measurements. Agriculiure Water Management, 7, 351 —
362.

Jackson RD, Reginato RJ, Idso SB (1977) . Wheat canopy temper-
ature: a practical tool for evaluating water requirements. Water
Resource Research, 13, 651 — 656 .

Jones HG (1999) . Use of thermography for quantitative studies of
spatial and temporal variation of stomatal conductance over leaf
surface. Plant, Cell and Environment, 22, 1043 — 1055.

Monteith JL. (1965) . Evaporation and environment. Symposia of the
Society Experimental Biology, 19, 205 - 234.

Monteith JL. (1981). Evaporation and surface temperature. Quar-
terly Journal of the Royal Meteorological Society, 107, 1-27.
Monteith JI., Szeicz G (1962). Radiative temperature in the heat
balance of natural surfaces. Quarterly Journal of the Royal Mete-

orological Society, 88, 496 —507.

Monteith JI., Unsworth MH (1990). Principles of Environmental
Physics 2nd edn. Edward Arnold Press, London, 291.

Moran MS, Clark TR, Inoue Y, Vidal A (1994). Estimating crop
water deficit using the relation between surface-air temperature
and spectral vegetation index. Remote Sensing of Environment,
49, 246 - 263.

0’ Toole JC, Turner NC, Namuco OP, Dingkuhn M, Gomex KA
(1984). Comparison of some crop water stress measurement
methods. Crop Science, 24, 1121 - 1128.

Qiu GY (1996). A New Method to Estimate Evapotranspiration.
PhD dissertation, the United Graduate School of Agriculture Sci-
ence, Tottori University, Japan.

Qiu GY, Momii K, Yano T (1996a) . Estimation of plant transpira-
tion by imitation leaf temperature. I . Theoretical consideration
and field verification. Transaction of the Japanese Society of Irri-
gation, Drainage and Reclamation Engineering, 64, 401 —410.

Qiu GY, Yano T, Momii, K (1996b) . Estimation of plant transpi-
ration by imitation leaf temperature. || . Application of imitation
leaf temperature for detection of crop water stress. Transaction of
the Japanese Society of Irrigation, Drainage and Reclamation En-
gineering, 64, 767 -1773.

Qiu GY, Yano T, Mommi, K (1998) . An improved methodology to

measure evaporation from bare soil based on comparison of surface



860

30

temperature with a dry soil. Journal of Hydrology, 210, 93 —
105.

Qiu GY, Ben-Asher J, Yano T, Mommi, K (1999a). Estimation
of soil evaporation using the differential temperature method. Soil
Science Society of American Journal, 63, 1608 — 1614.

Qiu GY, Mommi, K, Yano T, Lascano RJ (1999b) . Experimental
verification of a mechanistic model to partition evapotranspiration
into soil water and plant evaporation. Agriculture for Meteorology,
93, 79-93.

Qiu GY, Miyamoto K, Sase S, Okushima L. (2000). Detection of
crop transpiration and water stress by temperature-related ap-
proach under field and greenhouse conditions. Japan Agricultural
Research Quarterly, 34,29 -37.

Qiu GY, Miyamoto K, Sase S, Gao Y, Shi P, Yano T (2002).
Comparison of the three-temperature model and conventional mod-
els for estimation transpiration. Japan Agricultural Research
Quarterly, 36, 73 - 82.

Qiu GY, Sase S, Shi P, Ding G (2003) . Theoretical analysis and
experimental verification of a remotely measurable plant transpira-

tion coefficient. Japan Agricultural Research Quarterly, 37, 141

- 149.

Qiu GY, Shi P, Wang L. (2006) . Theoretical analysis of a soil e-
vaporation transfer coefficient. Remote Sensing of Environment,
101, 390 - 398.

Stone LR, Horton ML (1974) . Estimating evapotranspiration using
canopy temperatures: field evaluation. Agronomy Journal, 66,
540 - 545.

Tanner CB (1963) .
210 -211.

Tanner CB, Fuchs M (1968) .
face: a generalized combination method. Journal of Geophysics
Research, 73, 1299 — 1304 .

Wang LM ( ), Qiu GY ( ), Zhang QT ( ),
Zhang XY ( ), Chen SY( ) (2005) . Experimental
validation of a new method to evaluate crop water stress index.

), 26, 229

Plant temperatures. Agronomy Journal, 55,

Evaporation from unsaturated sur-

Chinese Journal of Agrometeorology (
—232. (in Chinese with English abstract)

Weyers JBD, Lawson T (1997) . Heterogeneity in stomatal charac-
teristics. Advance Botany Research, 26, 317 —352.



