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In the complementary relationship (CR) between actual and potential evapotranspiration, wet environment evapotranspiration (Ew) is usually calculated using the Priestley-Taylor (P-T) equation. Based 

on the data obtained from 38 catchments of the Haihe River basin and the Weishan experiment site in 

Shandong Province of China, this study has found variations in the Priestley-Taylor parameter α (e.g. 

increase in values with increase in the amount of precipitation on annual scale, seasonal fluctuation 

noted to be at a maximum during winter and at a minimum during summer, and increased values in the 

forenoon and decreased values in the afternoon on an hourly scale). This paper explains that the inter-annual variation in α is due to the negative feedback of atmosphere in response to changes in actual increase in evapotranspiration, which is weakened because the atmosphere system is open. The 

parameter α undergoes a seasonal fluctuation brought about by seasonal changes in advection between continent and ocean; α likewise undergoes a daily variation as a result of atmospheric hysteresis 

in response to the changes in land surface energy. 
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The measurement of actual evapotranspiration is important in understanding the hydrologic cycle and in programming and managing water resources. At present, it 

is difficult to make direct measurement of actual evaporation over large areas. Therefore, indirect estimation 

models are being utilized in practice. Some of these 

models are based on the complementary relationship 

between actual and potential evapotranspiration, such as 

the complementary relationship areal evapotranspiration 

model

[1]

, the advection-aridity model

[2]

, and the complementary relationship from unsaturated surfaces

[3]

.  

The complementary relationship (CR) between actual 

and potential evapotranspiration is based on Bouchet 

hypothesis

[4]

, which states that the decrement in actual 

evapotranspiration (δE) equals the increment in potential 

evapotranspiration (δEp) because of atmospheric feedback on changes in actual evapotranspiration, that is, 

p

δ δ E E = − . (1) 

The integration of eq. (1) leads to E+Ep=C. Wet environment evapotranspiration (Ew) was introduced as a 

boundary condition. Due to sufficient water supplies at 

the wet surface, actual evapotranspiration equals both 

potential and wet environment evapotranspiration. It 

therefore leads to 

p w

E E E + = 2 . (2) 

In complementary relationship models,  Ew is usually 

estimated using the Priestley-Taylor equation

[5]

: 

E R G w n

( )/ ,

Δ
α λ

Δ γ

= −

+

 (3) 

where  Δ is the slope of saturated vapor pressure versus temperature curve, γ is a psychometric constant, λ is 

the latent heat of vaporization of water, Rn and G are net 

radiation and soil heat flux, respectively, and  α is a 
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parameter (with a standard value of 1.26) that indicates 

the capacity of available energy (Rn−G) to transform 

latent heat

[6]

. 

In a real catchment system, the impact of advection 

on CR needs to be taken into consideration. Thus, some 

studies amended eq. (2) by introducing an advection 

term

[7,8]

. Nevertheless, more studies used eq. (3) for estimating  Ew and adjusted Priestley-Taylor parameter  α

instead. This implies the impact of advection. Brutsaert 

and Chen

[9]

 suggested that α was of the order of 1.26 to 

1.28. Hobbins et al.

[10]

 proposed that the  α value is 

within the range of 1.05 to 1.32. Mo

[7] 

took α =1.08 in 

the North China Plain. Based on the theoretical analysis 

of the hydrologic and meteorological data obtained from 

108 catchments in the inland of China, Yang et al.

[11]

proposed that  α is related to latitude and the distance 

from ocean and sea due to advection impact, which was 

explained as a regional variability of CR. Aside from the 

regional variability, previous studies implied a temporal 

variability in the CR. When studying the actual evapo- 

transpiration of the Yellow River basin from 1981 to 

2000 through the CR model, Liu et al.

[12]

 found that the 

result had a relatively large error in drought years when 

choosing a constant α. Using the data from flux measurement stations #40 and #944 from the First International Land Satellite Surface Climatology Field Experiment (FIFE), Pettijohn and Salvucci

[13]

 calibrated  α as 

1.10 based on the data in July―August from 1987 to 

1989, while Szilagyi

[14]

 obtained  α as 1.18 (or 1.15) 

based on the data from station #40 in May―October in 

1987 and station #944 in July―August in 1989. 

The CR model can estimate actual evapotranspiration 

over a large region without having to determine underlying surface conditions such as soil moisture. Therefore, 

it has been widely applied to actual evaporation estimations over different time scales

[1,12,15,16]

, such as 

monthly

[17,18]

, daily

[2]

, and hourly

[19]

. In practice, the 

temporal variability of the CR has an impact on actual 

evapotranspiration estimation; therefore, further analysis 

of its regularity and mechanism is required. This paper 

aims to analyze the variations of  α at different time 

scales and explain the mechanism for these variations. 

1  Potential evapotranspiration and wet 

environment evapotranspiration 

This paper adopts the definition of potential evapotran- 

spiration which Penman proposed: in a process an unsaturated surface is brought to saturation, if net radiation, 

air temperature, and water vapor pressure are held constant, then temperature at the evapotranspiration surface 

would change and reach a new equilibrium state; 

evapotranspiration in this new equilibrium state is defined as potential evapotranspiration

[15]

. Potential 

evapotranspiration can be calculated using the Penman 

equation

[20]

: 

p n

2 s

( ) /

      6.43(1 0.536 )( ) / ,

E R G

U p p

Δ
λ
Δ γ

γ
λ
Δ γ

= −

+

+ ⋅ + −

+

(4)

where ps

 is the saturated vapor pressure (kPa), p is the 

actual vapor pressure (kPa), and U2 is the wind speed at 

the height of 2 m (m/s).  Generally, in eq. (4), 

Δ
Δ + γ

n

( ) / R G− λ is called the radiative term (Rrad), while  

6.43(1

γ
Δ γ

⋅ +

+

2 s

0.536 )( ) / U p p − λ is called the aerodynamic term (Raero). 

In a process wherein an unsaturated surface is brought 

to saturation, if net radiation is held constant, then temperature at the evapotranspiration surface, air temperature, and vapor pressure would change and reach a new 

equilibrium state; evapotranspiration in this new equilibrium state is defined as wet environment evapotranspiration, and also defined as advection-free potential 

evapotranspiration

[15]

. The wet environment evapotranspiration was proposed based on equilibrium evapotranspiration

[21]

, that is, when vapor pressure approaches 

saturation (ps−p=0) everywhere above the wet surface, 

eq. (4) only includes the radiative term, and proportion 

of latent heat to available energy is  Δ Δ γ ( + ) , where 

the equilibrium indicates saturated vapor pressure everywhere

[22]

. In fact, it is difficult to satisfy the equilibrium condition, and there is even a vapor deficiency 

above a huge amount of water (such as ocean).Therefore, 

Priestley and Taylor

[5]

 introduced a coefficient,  α, to 

approach the nonequilibrium state, thus creating the 

Priestley-Taylor equation. Based on the observations on 

water and saturated surface, α was taken as 1.26 on average, which was considered as a standard value. The 

parameter α quantifies the partition of available energy 

between latent heat (λE) and sensible heat (H), which YANG HanBo et al. Sci China Ser E-Tech Sci | Apr. 2009 | vol. 52 | no. 4 | 1059-1067 1061

can be expressed as 

1 1 .

H

E

γ
α
Δ λ

⎛ ⎞ ⎛ ⎞

= + + ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

 (5) 

When sensible heat is downward (i.e. H < 0), α will be 

greater than  1+ γ Δ ; when air is completely saturated 

above the surface, H and  λ E change with an identical 

ratio (i.e.  H Eλ = γ Δ ) and  α has a minimum of 1. 

According to the theory of turbulent diffusion,  H/  λE

can be expressed as a function of vapor pressure difference (Δp) and temperature difference (Δt) between surface and reference height, as shown by the following 

equation: 

.

t

H E

p

λ γ

Δ
=

Δ
 (6) 

Substitution of eq. (6) into (5) yields 

1 1 .

t

p

γ
α γ

Δ
⎛ ⎞ ⎛ ⎞ Δ

= + + ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠ Δ

 (7) 

Compared to the condition without advection, the horizontal transport of heat and water vapor by advection 

will affect  Δp and  Δt , and eventually α. 

2  Analysis of temporal variations of the 

CR 

2.1  Data and method 

In order to analyze the annual variability of the CR, this 

study selected 38 catchments in the Haihe River basin 

with drainage areas of 272―25500 km

2

. The hydrologic 

and meteorological data were collected from each 

catchment from 1953―1998. Figure 1 presents the distribution of hydrologic and meteorological stations in 

the study region. The procedures for catchment areal 

average precipitation and potential evapotranspiration 

were as follows: (1) A 10-km grid data set covering the 

study region was interpolated from 54 meteorological 

stations in the study region and the area surrounding it. 

(2) Potential evapotranspiration was estimated in each 

grid. (3) The areal average values for each catchment 

were calculated. Air temperature was interpolated using 

an inverse distance weighted technique, taking into consideration the impact of elevation. Other variables were 

interpolated using an inverse distance weighted technique. For more details about the data and methods, see 

refs. [23, 24]. 

Figure 1   Distribution of the hydrologic and meteorological stations in 

the Haihe River basin (the solid circles represent meteorological stations 

and the solid triangles represent hydrologic stations). 

To study the temporal variability of the CR within 

small time scales, data from the Weishan experiment site 

(36°39′N, 116°03′E, elevation of 30 m)

[25]

 located in the 

irrigation district along the down stream of the Yellow 

River were obtained from May 18, 2005 to December 31, 

2006. The variables observed included normal meteorological variables, net radiation flux, latent heat flux, sensible heat flux, and soil heat flux, among others. Latent 

heat and sensible heat fluxes were observed using the 

eddy correlation technique. Data were recorded every 30 

min on the average. The energy balance enclosure was 

about 80%. 

Substitution of eq. (3) into eq. (2) leads to the equation for estimating the parameter α, as follows: 

p

rad

1

.

2

E E

E

α
⎛ ⎞ +

= ⎜ ⎟

⎝ ⎠

 (8) 

where Erad is the radiative term, which can be expressed 

as  E E w rad

= α . 

2.2  Variation of the CR on different time scales 

2.2.1 Inter-annual variation.  On annual scale, the annual α value of 38 catchments was calculated using eq. 

(8), after which, the mean, maximum, and minimum 

values of  α for each catchment were obtained (see  

Figure 2(a)). On the other hand, the  α value for each 

catchment, based on the mean annual  Ep,  E, and  Erad, 

was used to calculate the annual actual evapotranspiration (Ecal

) using the equation  E=2Ew−Ep. The relative 

error was evaluated according to the equation |(Ecal−Ε)/

Ecal

|×100%. Figure 2(b) illustrates the probability that 

the absolute value of the relative error is larger than 1062 YANG HanBo et al. Sci China Ser E-Tech Sci | Apr. 2009 | vol. 52 | no. 4 | 1059-1067

Figure 2  (a) Mean, maximum, and minimum values of α for each catchment; (b) absolute value of the relative error between the estimated E and observed E (including 1317 data points); (c) and (d) the inter-annual variation in precipitation and α for the two catchments, respectively (the dot represents 

annual precipitation and the dash represents α). 

a special value. Figures 2(c) and 2(d) demonstrate the 

inter-annual variation of precipitation and α for the two 

catchments. 

Figure 2(a) shows that α has large inter-annual variations, with values ranging from 0.74 to 0.17. Figure 2(b) 

shows that a large error will be incurred in estimating 

the actual evapotranspiration based on the CR if the inter-annual variation of  α will not be taken into consideration. It likewise shows that the error in 60% of the 

results is greater than 10%, while in 35% of the results, 

the error is larger than 20%. Figures 2 (c) and 2(d) show 

an in-phase change between α and P.  

2.2.2 Seasonal variation.  Based on the data from the 

Weishan experiment site, the seasonal variation of the 

CR has been studied. We estimated the daily average of 

Ep, E, and Erad, and calculated the average every 10 days. 

After this period, the value for α was calculated using eq. 

(8), which was then plotted in Figure 3(a). In contrast, 

the annual mean of α was estimated at 1.32 based on the 

annual means of  Ep,  E, and  Erad (i.e. the sum of their 

daily value). The actual evapotranspiration for every 10 

days (Ecal

) was then calculated using the equation 

w p

E E E = 2 − . The comparison of Ecal

 with the observation of actual evapotranspiration is shown in Figure 3(b). 

Figure 3(a) shows a significant seasonal variation in 

parameter α, which was larger in winter than in summer. 

Figure 3   (a) Seasonal variation in α; (b) comparison of actual evapotranspiration E between the estimated (neglecting seasonal variation in α) and the 
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As shown in Figure 3(b), the actual evapotranspiration estimated by the CR has a relatively large error if 

the seasonal variability of α is not taken into consideration. From January to mid-May and from mid-October 

to December, the calculated actual evapotranspiration is 

smaller than what is actually observed, and the maximum error is −1.8 mm/d in mid-March. During the other 

seasons, the calculated value is larger than the observed 

value, and the maximum error is 1.8 mm/day in 

mid-August. 

2.2.3 Daily variation.  The time range was limited to 

08:00―16:00 in this study. Based on the data from the 

Weishan experiment site in 2006,  α for every 30 min 

was estimated and then calculated for the annual mean 

of intra-daily variation (one value for every 30 min) (see 

Figure 4(a)). On the other hand, using the annual Ep, E, 

and Erad, the annual mean of α was estimated as 1.05. 

This was different from the 1.32 value in the previous 

section because this data only covered the range of 

8:00―16:00 in this section. The actual evapotranspiration (Ecal

) for every 30 min was then estimated using the 

equation E=2Ew−Ep, as shown in Figure 4(b). Figure 4(a) 

also demonstrates that α has a downward trend at forenoon and an upward trend in the afternoon, and the average α value is smaller in the morning than in the afternoon. Figure 4(b) shows that the actual evapotranspiration estimated by the CR has a relatively large error if 

the seasonal and intra-daily variations of α are neglected. 

From 08:30―13:30, the calculated actual evapotranspi- 

ration is larger than the observed value, with a maximum 

error (0.027 mm/30 min) at 11:30; at 08:00 and from 

14:00―16:00, the calculated value is smaller than the 

observed value, with a maximum error (−0.055 mm/30 

min) at 16:00. 

3  Analysis of the mechanism of temporal 

variations 

3.1  Illustration of the advection impact in the vapor 

pressure-temperature (p-t) state space 

The impact of advection on wet environment 

evapotranspiration was analyzed in the vapor pressuretemperature (p-t) state space, which was revealed 

through the variation in α. The energy balance equation 

can be expressed as 

n

R G E H − = + λ , (9) 

where the relationship among available energy (Rn−G), 

latent heat (λE), and sensible heat (H) can be illustrated 

through  p-t state space

[26]

. Based on the state space, 

Eagleson

[6]

 illustrated the concept of wet environment 

evapotranspiration (see Figure 5). In Figure 5, ps

(t) is the 

saturated vapor pressure-temperature curve, which is 

close to a line (BC) when the temperature only undergoes a narrow change. Line  BD describes a change 

process with constant vapor pressure, whose slope is the 

slope of saturated vapor pressure-temperature curve,  Δ . 

Therefore, the angle  ∠CBD can be expressed as 

1

tan Δ

−

. Line AC represents an isothermal process. Line 

BF represents an adiabatic change process, whose slope 

is γ. The angle  ∠DBA can thus be measured as tan

−1

 γ. 

Reaching an equilibrium state at wet environment, the 

temperature difference between surface and reference 

height is very small. Therefore, it is assumed that the 

states adjacent to the wet surface and at reference height 

Figure 4  (a) Annual mean of daily variation in α; (b) comparison of actual evapotranspiration E between the estimated (neglecting seasonal and daily 
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Figure 5   Impact of actual evapotranspiration and seasonal variations on the complementary relationship. 

can be represented by Points 3 and 1 respectively, in the 

state space. According to the First Law of Thermodynamics, the path from one point to another through the 

e-T state space is arbitrary, and only the end states matter. 

Therefore, the change from Points 1 to 3 can be divided 

into two sub-processes (i.e. the change sub-process 

along the curve ps

(t) and an adiabatic change sub-process). In the former sub-process, the latent heat flux is 

λ Δ Δ γ E R G 1 n

= + ⋅ − ( ) ( ) ; in the latter, the increment 

of latent heat equals the decrement of sensible heat 

p 1 2 p 12

ρ ρ c T T c D ( ) − = (where ρ is the density of air and 

cp is the specific heat of air), and the latent heat flux 

equals the rate between the increment of latent heat and 

the atmospheric resistance  ra (i.e. 

2 p 12 a

λ ρ E c D r = / ). 

Nevertheless, wet environment evapotranspiration can 

be expressed as 

( )

p 12

w 1 2 n

a

/ .

c D

E E E R G

r

Δ ρ

λ
Δ γ λ

= + = − +

+

 (10) 

Assuming  BE BD

k L L = (LBE 

representing the length of 

Line BE, as well as others), according to the geometric 

relation in Figure 5, we can obtain 

(1 ) 1

tan .

FG ED BD

CG CD DG BD BD

L L L k k

L L L L L k k

β
Δ γ Δ γ

− −

= = = =

+ + +

(11) 

The parameter α of the Priestley-Taylor equation can be 

expressed as 

1.

DG CD EF CD BD BD

CD CD BD

L L L L k L L k

L L L

γ Δ γ

α
Δ Δ

+ + +

= = = = +

(12) 

Substitution of eq. (11) into (12) yields 

1 tan

1.

1 tan

γ Δ β

α
Δ γ β

−

= ⋅ +

+

 (13) 

According to eq. (13), when  β equals 0,  α =1+ γ Δ , 

evapotranspiration is an isothermal process (i.e. the 

temperatures at wet surface and reference height are 

identical), and H = 0. Under some special conditions, it 

is possible that  β < 0,  α >1+ γ Δ , and  H < 0. When 

Δ tan 1 β = , α has a minimum of 1, which indicates that 

water vapor is saturated everywhere and the dry power 

of atmosphere is 0. The relationship  H Eλ = γ Δ can 

therefore be obtained. 

3.2  Mechanism of inter-annual variation in parameter α

On annual scale, the increase in precipitation P leads to 

the increase in actual evapotranspiration  E. This will 

modify the atmospheric state and result in heightening 

vapor pressure and lowering temperature. Assuming that 

the land-atmosphere system is a closed system that does 

not undergo any exchange of heat and water vapor with  YANG HanBo et al. Sci China Ser E-Tech Sci | Apr. 2009 | vol. 52 | no. 4 | 1059-1067 1065

its external environment, Point 3 represents the state (i.e. 

vapor pressure and temperature) at the wet surface and 

Point 1 represents the state at the reference height. As an 

open land-atmosphere system, a real catchment weakens 

the effect of changing E on vapor pressure and temperature. In other words, relative to the state in a closed system, vapor pressure decreases and temperature increases 

when E increases. Hence, the point representing the state 

at reference height will move from Point 1 to Point 1a 

(see Figure 5(a)). When vapor pressure increases and 

temperature decreases when E decreases, the point representing the state at reference height will move from 

Point 1 to Point 1b (see Figure 5(b)). The variation in 

state at the wet surface (i.e. Point 3) can be neglected 

because advection has less effect on the state at the wet 

surface than it does at the reference height. In the state 

space, as shown in Figure 5,  β decreases with an increase in E, while β increases with a decrease in E. According to eq. (13), the parameter α of P-T equation and 

E changes in phase. In some catchment, E increases with 

an increase in P, thus α and P have a variation in phase. 

In 28 catchments of the Haihe River basin, the correlation coefficient between  P and  α is larger than 0.8, 

whose distribution is shown in Figure 6, without significant regional characteristics. 

Figure 6  Distribution of the correlation coefficient between precipitation 

(P) and α. 

3.3  Mechanism of seasonal variation in α

Seasonal variation in  α was due to the difference in 

thermodynamic property between continent and ocean 

and the regional variation in solar radiation. Possessing a 

large heat capacity, the ocean absorbs heat during summer and releases heat during winter, consequently adjusting the temperature of the atmosphere above it. 

Relative to above ocean, during summer, the atmosphere  

above continent has less water vapor content and higher 

temperature, such that advection results in vapor pressure heightening and temperature lowering. On the other 

hand, in winter, the atmosphere has less water vapor 

content and lower temperature, such that advection leads 

to a rise in both vapor pressure and temperature. Runoff 

from continent to ocean is relevant to the vapor transport 

by advection from ocean to continent. The distribution 

of isothermal lines, that is, temperature having an inverse relationship with the distance from ocean at identical latitude regions, indicates the phenomenon that heat 

is being transported from ocean to continent by advection. As a result, the state at the reference height moves 

from Point 1 (representing the state without advection) 

to Point 1c in Figure 5(c) in summer; movement is observed from Point 1 to Point 1d in Figure 5(d) in winter. 

This results in β decreasing in summer and increasing in 

winter. Neglecting state changes at the wet surface (represented by Point 3), according to eq. (13), the seasonal 

variation in α is greater in winter and less in summer. 

3.4  Mechanism of daily variation in α

Solar radiation has a marked daily variation, and the 

radiative term Erad has a consistent variation. The aerodynamic term Eaero is related to atmospheric state (temperature and relative humidity, among others), whose 

daily variation has a smaller amplitude than solar radiation does and has a lag in phase. The atmospheric response to surface changes is hysteric. For example, 

maximum air temperature comes later than maximum 

surface temperature (see Figure 7(a)). Therefore, during 

forenoon, which is accompanied by intensifying solar 

radiation, Erad and Eaero increase, however Eaero exhibits 

less change than Erad does. In the afternoon, due to the 

waning of solar radiation, Erad decreases, while Eaero initially increases and then decreases at a value less than 

Erad (see Figure 7(b)). Nevertheless, Eaero/Erad decreases 

in the forenoon and increases in the afternoon, and the 

resulting average in the forenoon is less than that in the 

afternoon. On intra-daily time scale, the relationship of 

actual evapotranspiration E with potential evapotranspiration Ep can be expressed as  E k E = s p

, where  ks

 is a 

parameter relating to surface condition and with a little 

variation (see Figure 7(c)). Substitution of  E k E = s p

into eq. (8) yields 

p p rad p

1 1

[1 ] /

2 2

α E k E E k E s s

= + = + ⎡ ⎤

⎣ ⎦
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Figure 7  Daily variations in: (a) surface temperature and air temperature; (b) Erad and Eaero; and (c) Eaero/Erad and E/Ep.

Erad aero rad

1

[1 ](1 )

2

s

= + + k E E . Neglecting the variation 

in  ks

, decreasing  E E aero rad

leads to the decrease of α

in the forenoon, while α increases as a result of increasing  E E aero rad

(see Figure 7(c)). On the average, Eaero/ 

Erad 

is less in the forenoon than in the afternoon. Therefore, α has a consistent variation. 

4  Conclusions 

Based on the data obtained from 38 catchments of the 

Haihe River basin and the Weishan experiment site located in the irrigation district of Shandong Province in 

China, the variations in the complementary relationship 

on different time scales were revealed. Through theoretical and data analyses, this study drew the following 

conclusions: (1) For estimating the actual evapotranspiration, the variability of the complementary relationship 

at different time scales needs to be considered. (2) 

Evapotranspiration changes have an impact on the atmospheric state, which is weakened in an open atmosphere system, resulting in an inter-annual variability (i.e. 

larger α in the year with greater periods of precipitation). 

(3) The transport of water vapor and heat between ocean 

and continent brings about a seasonal variability of the 

CR (i.e. α has a larger value in winter than in summer). 

(4) On an hourly scale, atmospheric feedback to the 

change in actual evapotranspiration is hysteretic, resulting in a daily variability of the CR (i.e. α increasing in 

the forenoon and decreasing in the afternoon, and having 

a lower mean value in the forenoon than in the afternoon). 

In this paper, we performed a heuristic study on the 

variation of the CR; further quantitative analysis is 

needed. As a makeshift method, α values can be determined when estimating actual evapotranspiration on 

different time scales respectively, such as different values corresponding to different annual precipitation (i.e. 

wet year, normal year or dry year), different values for 

various seasons, and different values for forenoon and 

afternoon.   
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