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Abstract

The deviations of the Priestley–Taylor (PT) coefficient from a fixed value around 1.26 indicate a nonlinear dependence of wet

surface evaporation (E) on the equilibrium evaporation (Erad, which is the radiation term in Penman potential evaporation

(EPen)). The linear PT equation with a fixed coefficient underestimates E for small E rad but overestimates E for large Erad.

In this study, the sigmoid generalized complementary (SGC) equation by Han and Tian (2018) was applied to estimate the

wet surface evaporation by setting its asymmetric parameter to infinity. The SGC equation with one parameter captures the

nonlinear dependence of E on Erad over the wet surface by including the aerodynamic component of EPen and amends the

shortage of the linear PT equation. By using datasets over open water surfaces of lakes and ocean, wetlands, and paddy fields,

the validation results indicate that the wet surface SGC equation performed better than the linear PT equation on evaporation

estimation, especially over open water surfaces, where advections or large-scale synoptic changes are more substantial. The

success of the wet surface SGC equation has implications for the extension of the complementary principle to consider above

processes.
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• Sigmoid generalized complementary (SGC) equation is applied to wet surfaces 6 

• Wet surface SGC equation outperforms the linear Priestley–Taylor (PT) equation 7 

because it considers the varying PT coefficient 8 

• Complementary principle can be extended to include advections or large-scale 9 
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Abstract: The deviations of the Priestley–Taylor (PT) coefficient from a fixed value 12 

around 1.26 indicate a nonlinear dependence of wet surface evaporation (𝐸) on the 13 

equilibrium evaporation (𝐸𝑟𝑎𝑑, which is the radiation term in Penman potential 14 

evaporation (𝐸𝑃𝑒𝑛)). The linear PT equation with a fixed coefficient underestimates 𝐸 15 

for small 𝐸𝑟𝑎𝑑 but overestimates 𝐸 for large 𝐸𝑟𝑎𝑑. In this study, the sigmoid 16 

generalized complementary (SGC) equation by Han and Tian (2018) was applied to 17 

estimate the wet surface evaporation by setting its asymmetric parameter to infinity. 18 

The SGC equation with one fixed parameter captures the nonlinear dependence of 𝐸 19 

on 𝐸𝑟𝑎𝑑 over the wet surface by including the aerodynamic component of 𝐸𝑃𝑒𝑛, and 20 

amends the shortage of the linear PT equation. By using datasets over open water 21 

surfaces of lakes and ocean, wetlands, and paddy fields, the validation results indicate 22 

that the wet surface SGC equation performed better than the linear PT equation on 23 

evaporation estimation, especially over open water surfaces, where advections or 24 

large-scale synoptic changes are more substantial. The success of the wet surface SGC 25 

equation has implications for the extension of the complementary principle to 26 

consider above processes. 27 
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1 Introduction 30 

The evaporation over a landscape where the water supply is unlimited (defined as 31 

wet surface hereafter), such as open water, wetlands, and paddy fields, etc., is 32 

governed by the available energy and atmospheric conditions (Granger, 1989; Katul 33 

& Parlange, 1992). Wet surface evaporation is sensitive to climate change and it is 34 

crucial to understand its processes for the studies of the hydrological response to 35 

climate change (Brutsaert & Parlange, 1998; Friedrich et al., 2018; Roderick & 36 

Farquhar, 2002; Wang et al., 2018a; Wang et al., 2018b). In addition, wet surface 37 

evaporation is the basis of the concept of potential evaporation (Penman, 1948; 38 

Priestley & Taylor, 1972). Quantifying wet surface evaporation is important as a 39 

reference potential evaporation for estimating actual evaporation from unsaturated 40 

surface (Allen et al., 1998; Bouchet, 1963; Budyko, 1974; McMahon et al., 2013). 41 

Energy supply and mass transfer mechanism are required for estimating wet 42 

surface evaporation (Brutsaert, 2005). The methods for estimating wet surface 43 

evaporation can be categorized into several groups, including the energy budget, 44 

aerodynamic, and their combination, except for empirical approaches (Winter et al., 45 

1995). Penman (1948) first combined the energy budget and mass transfer equation 46 

for open water evaporation, which is expressed as 47 

𝐸𝑃𝑒𝑛 =
𝛥

𝛥+𝛾
(𝑅𝑛 − 𝑅𝑒𝑠) +

𝛾

𝛥+𝛾
𝑓(𝑢)(𝑒∗ − 𝑒𝑎),                     (1) 48 

where 𝛥 is the slope of saturation vapor curve at air temperature, 𝛾 is a psychrometric 49 

constant, 𝑅𝑛  is the net radiation, 𝑅𝑒𝑠  is the residual of energy balance, including 50 

ground heat flux, heat stored in the water, and net heat flux carried by water flow etc., 51 

𝑒𝑎 is the vapor pressure at the reference height, 𝑒∗ is the saturation vapor pressure, 52 

and f(u) is a function of wind speed. The two terms on the right-hand side of Equation 53 

(1) are commonly referred to as radiation (𝐸𝑟𝑎𝑑) and aerodynamic (𝐸𝑎𝑒𝑟𝑜) terms. 54 

Over an extensive wet surface under well-established steady conditions where the 55 

air tends to be saturated, evaporation would proceed at 𝐸𝑟𝑎𝑑, and it is considered an 56 

equilibium evaporation (Slatyer & McIlroy, 1961). The atmosphere above a wet surface 57 

always tends to depart from the equilibrium state because the regional or large-scale 58 

advection affects horizontal surface variation or atmospheric conditions (Brutsaert & 59 

Stricker, 1979). Thus, the true equilibrium conditions rarely occur, and the vapor 60 

pressure deficit is maintained because some degrees of advection always exist. Priestley 61 

and Taylor (1972) proposed an empirical equation based on equilibrium evaporation 62 
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𝐸𝑟𝑎𝑑 for wet surface evaporation under an assumption of minimum advection (termed 63 

as “advection-free” by Priestley and Taylor (1972)). 64 

𝐸𝑃𝑇 = 𝛼𝑃𝑇𝐸𝑟𝑎𝑑,                                      (2) 65 

where 𝛼𝑃𝑇 is the Priestley–Taylor (hereafter referred to as PT) coefficient to account 66 

for the advection. Although 𝛼𝑃𝑇 varies with the environment (Assouline et al., 2016; 67 

Eagleson, 2002), it is widely accepted to be in the range of 1.20–1.30 (Brutsaert, 2005) 68 

and is used as a constant with a best estimate of 1.26 (Brutsaert & Stricker, 1979; 69 

Priestley & Taylor, 1972). In this study, we use 𝛼𝑃𝑇
𝑐  to denote the fixed and constant 70 

PT coefficient to avoid confusion. 71 

𝐸𝑃𝑒𝑛 and 𝐸𝑃𝑇 were widely used for estimating wet surface evaporation 72 

(McMahon et al., 2013; Winter et al., 1995; Zhao & Gao, 2019) and were combined 73 

by De Bruin (1978) to estimate lake evaporation for eliminating the energy term. 74 

Although the aerodynamic term 𝐸𝑎𝑒𝑟𝑜 is not included in Equation (2), it was thought 75 

to account for a fixed proportion of the evaporation rate and was widely used to 76 

explain the variations of 𝐸𝑃𝑇 by supposing 𝐸𝑃𝑒𝑛 = 𝐸𝑃𝑇 over an extensive wet 77 

surface (Brutsaert, 1982; Eagleson, 2002; Priestley & Taylor, 1972). This assumption 78 

was immediately adopted by the complementary principle in the manner of the 79 

advection–aridity (AA) approach (Brutsaert, 2015; Brutsaert & Stricker, 1979), where 80 

𝐸𝑃𝑒𝑛 and E were hypothesized to merge to 𝐸𝑃𝑇 with increasing water availability of 81 

the land surface. Thus, 𝐸𝑃𝑇 was treated as a limit on E, 𝐸 ≤ 𝐸𝑃𝑇 ≤ 𝐸𝑃𝑒𝑛, and a fixed 82 

PT coefficient 𝛼𝑃𝑇
𝑐  was usually used in practice (Brutsaert, 2015; Brutsaert & 83 

Stricker, 1979). On the basis of this wet boundary condition, a linear complementary 84 

relationship was derived for evaporation over a natural surface (Brutsaert & Parlange, 85 

1998; Brutsaert & Stricker, 1979). 86 

𝐸

𝐸𝑃𝑒𝑛
= (1 + 𝑏−1)𝛼𝑃𝑇

𝑐 𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
− 𝑏−1,                                (3) 87 

where b is the asymmetry parameter and increases with the land surface wetness (Wang 88 

et al., 2020). By setting b approaching infinity, Equation (3) becomes  89 

𝐸

𝐸𝑃𝑒𝑛
= 𝛼𝑃𝑇

𝑐 𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
,                                              (4) 90 

which is identical to the linear PT Equation (2).  91 

A major innovation of the PT equation is to eliminate the aerodynamic term with 92 

a fixed coefficient via the assumption of a linear relationship between E and 𝐸𝑟𝑎𝑑 (as 93 

well as 
𝐸

𝐸𝑃𝑒𝑛
 and 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
) over wet surfaces. Such a treatment is only strictly valid if the 94 
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aerodynamic control on wet surface evaporation is a fixed proportion of equilibrium 95 

evaporation 𝐸𝑟𝑎𝑑, which may hold under the condition with a fixed advection effect. 96 

𝛼𝑃𝑇
𝑐  11 represents the condition without advection when the aerodynamic control 97 

vanishes (Slatyer & McIlroy, 1961), and 𝛼𝑃𝑇
𝑐 11.26 represents the minimal advection 98 

condition where 𝐸𝑎𝑒𝑟𝑜 accounts for 26% of 𝐸𝑟𝑎𝑑 (Brutsaert, 1982). However, 𝛼𝑃𝑇 99 

is enhanced by the horizontal advection of dry air mass (Jury & Tanner, 1975) or the 100 

vertical entrainment from above the planetary boundary layer (Baldocchi et al., 2016). 101 

It may also be affected by other processes, such as the behavior of the convective 102 

boundary layer, the dissimilarly in sources and sinks of heat and water vapor at the 103 

water surface (Assouline et al., 2016), and the large-scale synoptic changes (Guo et al., 104 

2015; Liu et al., 2011). Under such conditions, 𝛼𝑃𝑇 is likely to be relatively different 105 

from 1.26 (Brutsaert & Stricker, 1979). Many studies have reported that 𝛼𝑃𝑇 shows 106 

large variations over wet surfaces (Assouline et al., 2016; Eagleson, 2002). 107 

The variations of 𝛼𝑃𝑇 demonstrate a nonlinear dependence of E on 𝐸𝑟𝑎𝑑 over 108 

wet surfaces. The linear PT equation with a fixed coefficient 𝐸 = 𝛼𝑃𝑇
𝑐 𝐸𝑟𝑎𝑑 is only an 109 

approximation. The accurate modeling of wet surface evaporation requires a 110 

consideration of the varying 𝛼𝑃𝑇. Several methods were proposed to parameterized the 111 

varying 𝛼𝑃𝑇 by including the vapor pressure deficit and/or air temperature (Eichinger 112 

et al., 1996; Jury & Tanner, 1975), sensible heat flux (Parlange & Katul, 1992), relative 113 

transport efficiency of heat and water vapor (Assouline et al., 2016), and surface 114 

temperature (Yang & Roderick, 2019). However, the 𝛼𝑃𝑇 variations cannot be fully 115 

explained by using one variable (Assouline et al., 2016). One question then arises: is 116 

there any other method that can capture the wet surface evaporation and quantify its 117 

amount? 118 

Han et al. (2012) and Han and Tian (2018a) derived a sigmoid generalized 119 

complementary equation (hereafter referred to as the SGC equation) as a nonlinear 120 

modification of the linear AA equation (3). Not involving the variations of 𝛼𝑃𝑇 in 121 

advance, the SGC equation expresses 
𝐸

𝐸𝑃𝑒𝑛
 as a sigmoid function of 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, which 122 

appears as an S-shape curve in the state space [
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, 

𝐸

𝐸𝑃𝑒𝑛
]. The parameters of the SGC 123 

equation can be determined from the parameters of the linear AA equation (PT 124 

coefficient and asymmetry parameter b) (Han & Tian, 2018a). The evaporation 125 

predicted by the SGC equation reaches 𝐸𝑃𝑒𝑛  when 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 approaches its maximum 126 
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value, but approaches 𝐸𝑃𝑇  when asymmetry parameter 𝑏 → ∞ . Thus, the SGC 127 

equation, which adopts a nonlinear relationship between 
𝐸

𝐸𝑃𝑒𝑛
 and 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, shows a 128 

potential to amend the bias of the linear PT equation. 129 

This study aims to apply the SGC equation for wet surface evaporation and 130 

explore its capacity as a nonlinear modification of the PT equation. Using the observed 131 

data of five lake sites from the Taihu Eddy Flux Network (Lee et al., 2014), a large 132 

shallow freshwater lake in southern China, we first investigate the nonlinear 133 

dependence of E on 𝐸𝑟𝑎𝑑 over the water surface of Lake Taihu to reveal the variations 134 

of the PT coefficient. Second, we examine the nonlinear dependence of 
𝐸

𝐸𝑃𝑒𝑛
 on 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 135 

over lake and ocean surfaces and demonstrate the ability to capture it by the SGC 136 

equation. We then validate the wet surface SGC equation for evaporation over open 137 

water surfaces of lakes and ocean, two wetlands and two paddy sites, with a comparison 138 

to the linear PT equation. Finally, we make some discussions on the capability of the 139 

wet surface SGC equation to capture the variations of PT coefficient, the effects of 140 

advections on its parameter, and new insights into the generalized complementary 141 

principle. 142 

2 Wet surface SGC equation accounting for varying 𝜶𝑷𝑻 143 

2.1 Variation characteristics of 𝜶𝑷𝑻 synthesized from published papers 144 

The published results were collated to investigate the variations of 𝛼𝑃𝑇 (Table 145 

1). From the table, 𝛼𝑃𝑇 calculated by Equation (2) exhibits a large variation at the 146 

sub-daily timescale in the investigated studies. 𝛼𝑃𝑇  is 1.0–2.04 on a large shallow 147 

reservoir (Ross Barnett Reservoir) in Mississippi with a depth of approximately 4–8 m 148 

(Guo et al., 2015), 0.60–4.80 on the Tilopozo wetland of the Atacama Desert in Chile 149 

(Assouline et al., 2016), 0.67–3.12 on the moist tropical forest Amazon (Knox et al., 150 

2016), and approximately1.0–3.9 on an irrigated cropland site in North China Plain (Li 151 

& Yu, 2007). At the daily or monthly timescales, the variations in 𝛼𝑃𝑇 become weak 152 

but is still larger than the widely accepted range [1.2, 1.3]. Substantial variations of 153 

𝛼𝑃𝑇 can also be found at the annual timescale. A reduction of annual 𝛼𝑃𝑇 from 1.79 154 

to 1.30 with enhancing “oasis effect” was found in a paddy field (Baldocchi et al., 2016). 155 

The annual variation of 𝛼𝑃𝑇 on a wet pine forest in England ranged from 8.57 to 11.52 156 

with a mean value of 9.5 (Shuttleworth & Calder, 1979), which is surprisingly higher 157 

than the normal values. 158 
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Table 1. Variations of the PT coefficient over wet surfaces synthesized from published 159 

papers 160 

Type Site Name Range Timescale Reference 

Open 

water 

Ross Barnett 

Reservoir, USA 

1.0-2.04 Sub-daily Guo et al. (2015) 

1.15-1.54* 
Half-

Monthly 
Zhang and Liu (2013) 

Lake Taihu, China 1.14-1.94 Monthly Wang et al. (2014) 

Lake Flevo, 

Netherlands 
1.20-1.50 Monthly De Bruin and Keijman (1979) 

Lake Qinghaihu, 

China 
1.16-1.62* Monthly Li et al. (2016) 

Ocean 1.17-2.18 Monthly Yang and Roderick (2019) 

Irrigated 

cropland 
Yucheng, China 1.0-3.95** Sub-daily Li and Yu (2007) 

Wet bare 

soil 
Campbell, USA 1.41-3.15* Daily Parlange and Katul (1992) 

Wetland Tilopozo, Chile 0.60-4.80** Sub-daily Assouline et al. (2016), 

Paddy Twitchell, USA 1.30-1.79 Annual Baldocchi et al. (2016) 

Wet forest 

Amazon 0.67-3.12 Sub-daily Knox et al. (2016) 

Central Wales 1.16-1.79 Annual Shuttleworth and Calder (1979) 

Norfolk, England 8.57-11.52 Annual Shuttleworth and Calder (1979) 

* The values are calculated by the data of the corresponding references.  161 

** The values are roughly extracted from figures of the corresponding references. 162 

In the above studies, 𝛼𝑃𝑇 showed a similar seasonal variation, which is low in 163 

warm seasons and high in cold seasons. De Bruin and Keijman (1979) found that 𝛼𝑃𝑇 164 

over a large and shallow lake in the Netherlands reaches as high as 1.5 in April and 165 

October but as low as 1.2 in August. Similar seasonal variations in 𝛼𝑃𝑇 of 1.14 in July 166 

and 1.94 in January were reported over Lake Taihu (Wang et al., 2014). Using the half 167 

monthly data of Ross Barnett Reservoir (Zhang & Liu, 2013), the calculated 𝛼𝑃𝑇 168 

varied between 1.15 in August and 1.54 in February. Similar variations in 𝛼𝑃𝑇 between 169 

1.16 and 1.62 were calculated using the data of the largest high-altitude saline lake 170 

(Lake Qinghaihu) on the Qinghai–Tibet Plateau (Li et al., 2016). The seasonal 171 

variations indicated large values of 𝛼𝑃𝑇  corresponding to the small values of 𝐸𝑟𝑎𝑑 172 

and E and vice versa. The regression line of E on 𝐸𝑟𝑎𝑑 was usually characterized with 173 

a positive intercept (De Bruin & Keijman, 1979; Parlange & Katul, 1992). Using the 174 

global ocean surface evaporation product from the Objectively Analyzed Air–Sea Flux 175 

(OAFlux) project, Yang and Roderick (2019) found a perfect linear regression 176 

relationship between the spatial variability of monthly evaporation and equilibrium 177 

evaporation over ocean surfaces,  𝐸 = 1.16𝐸𝑟𝑎𝑑 + 10.21  (converted from the their 178 

regression equation 𝐸𝑟𝑎𝑑 = 0.86𝐸 − 8.78 , 𝑅2 10.98). This finding implies that the 179 
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calculated 𝛼𝑃𝑇 decreases from 2.18 to 1.17 with the increase in 𝐸𝑟𝑎𝑑 from 10 W m2 180 

to 150 W m2. 181 

2.2 Wet surface SGC equation 182 

The SGC equation over a natural evaporating surface (Han & Tian, 2018a) is 183 

expressed as 184 

𝐸

𝐸𝑃𝑒𝑛
=

1

1+𝑚(
𝑥𝑚𝑎𝑥−

𝐸𝑟𝑎𝑑
𝐸𝑃𝑒𝑛

𝐸𝑟𝑎𝑑
𝐸𝑃𝑒𝑛

−𝑥𝑚𝑖𝑛

)

𝑛

,                               (5) 185 

where 𝑥𝑚𝑖𝑛 and 𝑥𝑚𝑎𝑥 are the minimum and maximum values of 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, respectively. 186 

m and n can be calculated from a coefficient originated from the PT coefficient (we 187 

use 𝛼𝐻𝑇 to distinguish it from the PT coefficient) and asymmetry parameter b by 188 

making the sigmoid function approximately equal to the linear AA Equation (3). 189 

1

0.5 min max 0.5

max min

0.5 min

max 0.5

4 (1 )( )( )

( )

( )

HT

n

b x x x x
n

x x

x x
m

x x

 − + − −
=

−


− =
 −

,                   (6) 190 

where 𝑥0.5 =
0.5+𝑏−1

𝛼𝐻𝑇(1+𝑏−1)
 is the value of 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 corresponding to 

𝐸

𝐸𝑃𝑒𝑛
= 0.5. 𝑥𝑚𝑖𝑛 191 

and 𝑥𝑚𝑎𝑥 are suggested to be 0 and 1, respectively, at the daily or monthly 192 

timescales because of the insensitivity of the SGC equation to them (Han et al., 2012; 193 

Wang et al., 2020; Zhou et al., 2020). Given Eq. (6) and using 𝑥𝑚𝑖𝑛 = 0 and 194 

𝑥𝑚𝑎𝑥 = 1.0, Eq. (5) has two independent parameters 𝛼𝐻𝑇 and b. Asymmetric 195 

parameter b is found to be small in dry regions (Han et al., 2012), and increases with 196 

the land surface wetness, and approaches infinity over wet surfaces (Wang et al., 197 

2020). This condition indicates that we can obtain an SGC equation for wet surfaces 198 

(named as wet surface SGC equation hereafter) by setting parameter b to infinity 199 

(𝑏−110) in Eq. (6). In this case, 𝑥0.5 = 0.5𝛼𝐻𝑇
−1, and Eq. (6) becomes: 200 

{
𝑛 = 2 − 𝛼𝐻𝑇

−1

𝑚 = (
1

2𝛼𝐻𝑇−1
)𝑛,                                         (7) 201 

where 𝛼𝐻𝑇 is the single parameter, which controls the shape of the curve (Figure 1). 202 

If 𝛼𝐻𝑇 = 1, the wet surface SGC equation is equal to the equilibrium evaporation 𝐸 =203 

𝐸𝑟𝑎𝑑 (lower blue line), whereas it is equal to the Penman equation 𝐸 = 𝐸𝑃𝑒𝑛 (upper 204 

horizontal blue line) if 𝛼𝐻𝑇 = +∞ . Thus, the equilibrium evaporation and Penman 205 

open water evaporation are the two limits for evaporation predicted by the wet surface 206 
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SGC equation. For the wet surface SGC equation with a specific 𝛼𝐻𝑇, 
𝐸

𝐸𝑃𝑒𝑛
 increases 207 

nonlinearly with 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
. As shown in Figure 1, the SGC curve approaches the line of 208 

𝐸

𝐸𝑃𝑒𝑛
= 𝛼𝐻𝑇

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
  at 

𝐸

𝐸𝑃𝑒𝑛
= 0.5  but does not exceed it. After the tangent point, the 209 

curve deviates from the line and is characterized with an obvious upper flatness part. 210 

 211 

Figure 1. Plots of the wet surface SGC equation with parameters calculated by 212 

Equation (7) with varying 𝛼𝐻𝑇 values (1.26, 1.5, 2.5, and 5 are set as examples, red 213 

line). The lines of 
𝐸

𝐸𝑃𝑒𝑛
= 𝛼𝐻𝑇

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 are plotted for comparison (dashed gray lines). 214 

The blue lines are the equilibrium evaporation (corresponding to 𝛼𝐻𝑇 = 1) and 215 

Penman evaporation (corresponding to 𝛼𝐻𝑇 = +∞) boundary lines. 216 

Given that 
𝐸

𝐸𝑃𝑒𝑛
 divided by 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 is equal to E divided by 𝐸𝑟𝑎𝑑, the PT coefficient 217 

𝛼𝑃𝑇 in the context of Equation (2) can be derived from the wet surface SGC equation. 218 

𝛼𝑃𝑇 =
𝐸

𝐸𝑟𝑎𝑑
=

𝑥−1

1+𝑚(
1−𝑥

𝑥
)𝑛

,                               (8) 219 

where 𝑥 =
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, and m and n are calculated from 𝛼𝐻𝑇 by using Equation (7). Thus, 220 

the wet surface SGC equation suggests a varying PT coefficient related with 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, 221 

which can be detected from the varying slope of the connecting line of the point of the 222 

sigmoid curve to the original point. Under the condition of 
𝐸

𝐸𝑃𝑒𝑛
= 0.5, the connecting 223 

line is the tangent of the SGC curve, and the PT coefficient 𝛼𝑃𝑇 reaches its 224 
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maximum value: 𝛼𝐻𝑇. With the increase in 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, the wet surface SGC equation 225 

suggests an increasing PT coefficient before the tangent point, but a decreasing PT 226 

coefficient after the tangent point. Taking 𝛼𝐻𝑇 = 1.5 as an example, the calculated 227 

𝛼𝑃𝑇 is 1.19 at 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
= 0.1 and reaches its maximum value of 1.5 at 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
= 0.33. 228 

With the continuous increase in 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, the calculated 𝛼𝑃𝑇 decreases to 1.26 and 1.10 229 

when 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 increases to 0.71 and 0.89, respectively. Thus, the variation of the PT 230 

coefficient can be reflected in the wet surface SGC equation with a fixed parameter 231 

𝛼𝐻𝑇 (denoting the maximum value of varying 𝛼𝑃𝑇). 232 

3 Dataset 233 

Taihu is the third largest freshwater lake (2,400 km2) in China, with a mean 234 

depth of 1.9 m. The climate is subtropical with a mean air temperature of 16.2 °C and 235 

mean annual precipitation of more than 1,100 mm. The five eddy flux monitoring 236 

sites are inside the lake and a companion land site close to the lake (Table 2). The data 237 

were obtained from the Lake Taihu Eddy Flux Network (Lee et al., 2014). The 238 

Meiliangwan (MLW, with an average water depth of 1.8 m) site is the nearest to the 239 

shoreline (150 m), with inevitable advection effects (Wang et al., 2014). The other 240 

four sites, namely, Dapukou (DPK), Bifenggang (BFG), Xiaoleishan (XLS), and 241 

Pingtaishan (PTS), have enough open fetches and strong winds, guaranteeing that 242 

their measurements are representative of the open water. The PTS site located in the 243 

center region of the lake is the farthest from the shore. The companion land site 244 

(Dongshan (DS), above a landscape dominated by cropland and rural houses) is 245 

located at a peninsula on the southeast shore of the lake. All the six sites have an eddy 246 

covariance system, a four-component net radiometer, and a standard 247 

micrometeorological system. Water temperature probes were placed at the 20, 50, 248 

100, and 150 cm depths for all the five lake sites. Details of the sites and 249 

instrumentation are given by Lee et al. (2014). 250 

The wet surface SGC equation was also evaluated by using the published data 251 

of the two flux sites on Qinghaihu Lake, the largest high-altitude saline lake on the 252 

Qinghai–Tibet Plateau, China (Li et al., 2016) and Ross Barnett Reservoir, a large 253 

southern inland water in Mississippi, United States (Zhang & Liu, 2013). For 254 

Qinghaihu Lake, we used the monthly data during the ice-free period (April to 255 

October) from May 2013 to May 2015((Table 2 in (Li et al., 2016)). For Ross Barnett 256 
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Reservoir, we used the two-year averaged half monthly means of the flux and 257 

meteorological variables in 2008 and 2009(Table 1 in Zhang and Liu (2013)). 258 

Table 2. Flux sites investigated in this study 259 

Type Site Name Lat. Lon. Periods Reference 

Lake 

Taihu 

MLW Meiliangwan 31.42 120.21 2010-2016a 

Lee et al. (2014) 

DPK Dapukou 31.27 119.93 2011-2018a 

BFG Bifenggang 31.17 120.40 2011-2018a 

XLS Xiaoleishan 31.00 120.13 2012-2018a 

PTS Pingtaishan 31.23 120.11 2013-2018a 

Wetlands 

WPT 
Winous 

Point Marsh 
41.46 -83.00 2011-2013b Chu et al. (2015) 

HBW 
Haibei 

Swamp 
37.62 107.32 2004-2006b Yu et al. (2006) 

Paddy 

MSE Mase paddy 36.05 140.03 2002-2006b Saito et al. (2005) 

TWT 
Twitchell 

Rice 
38.11 -121.65 2009-2014c Baldocchi et al. (2016) 

Croplands DS Dongshan 31.08 120.43 2011-2018a Lee et al. (2014) 
aThe start month of the data used is based on the study of Lee et al. (2014). bThe data from June to 260 

September are used. Only the days with water above the surface are used if the recorded water 261 

level data are available. cData from June 20 to September 20 are used to guarantee that water is 262 

above the surface 263 

The global ocean surface evaporation product (Version 3) from the OAFlux 264 

project (Yu & Weller, 2007) was also used to evaluate the wet surface SGC equation. 265 

This product provides monthly ocean surface latent and sensible heat fluxes, near-266 

surface air temperature, specific humidity, and wind speed at 1° spatial resolution 267 

from 1958. The ocean surface evaporation data were validated with buoy- and ship-268 

based measurements (Yu and Weller, 2007; Yu et al., 2008). We used the monthly data 269 

of all the ocean surfaces in 2018 to evaluate the performance of the SGC equation on 270 

reproducing the spatial variability of global ocean surface evaporation. The evaluation 271 

was confined to the grid-boxes/months when the air temperate is higher than 0 °C. We 272 

did not use the grid-boxes/months with 𝐸𝑟𝑎𝑑 < 0.1 mm day−1 to avoid the high 273 

potential biases caused by small solar radiation or extremely low evaporation. The 274 

grid-boxes/months with E larger than 1.1 times of 𝐸𝑃𝑒𝑛 were regarded as suspicious 275 

and were excluded. A total of 375,861 grid-box/months were chosen by using this 276 

data screening procedure. We used the data of a grid-box (N25°, E120°) from 1980 to 277 

2018 to validate the performance of the SGC equation on repoducing the temporal 278 

variability of ocean surface evaporation. 279 

Two wetland sites and two paddy sites were investigated to further evaluate the 280 

SGC equation over the wet surfaces in addition to open water. The Winous Point 281 
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Marsh site (WPT) (N41°27′, W82°59′), as a FLUXNET site, is located in the Winous 282 

Point Marsh Conservancy along the shore of Lake Erie in northwestern Ohio, United 283 

States (Chu et al., 2014). The marsh was managed to maintain year-round inundation 284 

with the lowest water levels in September. Within the 0–250 m fetch of the tower, the 285 

marsh comprises 42.9% of floating-leaved vegetation and 52.7% of emergent 286 

vegetation from late May to early October, and the height of the canopy nearby the 287 

flux tower is 0.4–0.6 m (Chu et al., 2015). 288 

The Haibei alpine swamp site (HBW) with elevation of 3,160 m (N41.46, 289 

E107.32), as a ChinaFLUX site, is located at the Haibei Alpine Meadow Ecosystem 290 

Research Station in the northeast of the Qinghai–Tibet Plateau (Li et al., 2007). The 291 

alpine marsh vegetation is distributed in surface depressions with an average canopy 292 

height of 0.5 m, and most of the area are covered by water during June to September.  293 

The Mase paddy site (JP-MSE) (N36°03′, E140°01′), as an AsiaFlux site, is 294 

located at a rural area of Tsukuba City in Central Japan (Saito et al., 2005). Around 295 

the site, irrigated rice fields extend to an area of 1.5 km from north to south by 1 km 296 

from east to west. The paddy fields around the tower were managed as single rice-297 

cropping fields and were flooded from late April to the August during the study 298 

period. 299 

The Twitchell rice paddy site (TWT), also a FLUXNET site is located at 300 

Twitchell Island in the Sacramento-San Joaquin Delta, California, USA. The field was 301 

flooded throughout the growing season and harvested between late September and 302 

late October. The measurements were conducted from April, 2009, with the flooded 303 

rice field less than 1 km2 in area during the first year. The area of flooded rice and 304 

wetlands expanded to approximately 6 km2 by 2014 (Knox et al., 2016), resulting in a 305 

reducing “oasis effect” (Baldocchi et al., 2016). 306 

Following Wang et al. (2014), the components of the energy balance residual, 307 

except for water heat storage, are ignored at the Taihu lake sites. The water heat 308 

storage is calculated with the time rate of change in the depth-weighted mean water 309 

temperature. At Qinghaihu Lake and Ross Barnett Reservoir, the energy balance 310 

residual is supposed to be 𝑅𝑒𝑠 = 𝑅𝑛 − 𝐿𝐸 − 𝐻, following the studies of Li et al. 311 

(2016) and Zhang and Liu (2013). For the ocean grid, 𝑅𝑒𝑠 = 𝑅𝑛 − 𝐿𝐸 − 𝐻. 312 

At the two wetland sites, the data on the components of energy balance residual 313 

Res are unavailable. However, at WPT, the slope of the regression line of daily 𝐿𝐸 +314 
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𝐻 on net radiaiton 𝑅𝑛 − 𝑅𝑒𝑠 is 0.70 according to the energy balance closure 315 

analysis of Chu et al. (2015). We calculated that the regression line of daily 𝐿𝐸 + 𝐻 316 

on 𝑅𝑛 is 0.59 (𝑅2 = 0.68) and deduced that Res is approximately 15% of 𝑅𝑛. We 317 

also used this proportion at HBW.  318 

At the two paddy sites, the soil heat flux data are available, whereas the other 319 

components of Res are unavailable. Baldocchi et al. (2016) obtained a daily energy 320 

balance of 𝐿𝐸 + 𝐻 + 𝑅𝑒𝑠 = 0.835𝑅𝑛 + 0.782 (𝑅2 = 0.90) at TWT. We calculated 321 

an energy balance of 𝐿𝐸 + 𝐻 + 𝐺 = 0.847𝑅𝑛 + 0.782, (𝑅2 = 0.91). This finding 322 

implies that the components besides the soil heat flux only occupy approximately 323 

1.2% of 𝑅𝑛. Thus, we ignored them for the two paddy field sites. 324 

At the lake sites and ocean grid with flat surfaces, we used the wind function 325 

(given in mm day−1 kPa−1) following Penman (1948) 326 

𝑓(𝑢2) = 2.6(1 + 0.54𝑢2),                      (9) 327 

where 𝑢2 is the wind speed 2 m above the ground surface, which is converted from 328 

the wind speed (𝑢𝑧) by assuming a power dependency on the measurement height z, 329 

𝑢2 = 𝑢𝑧(
2

𝑧
)

1

7 (Brutsaert, 2005). At the wetland and paddy field sites, we used the 330 

wind function derived on the basis of Monin–Obukhov similarity theory assuming 331 

neutral conditions 332 

 𝑓(𝑢𝑧) =
0.622𝜅2𝑢𝑧

𝑅𝑑𝑇𝑎 𝑙𝑛[(
𝑧−𝑑0)

𝑧0𝑚
] 𝑙𝑛[(

𝑧−𝑑0)

𝑧0𝑣
]
,                      (10) 333 

where 𝜅 is the von Karman constant, 𝑅𝑑 is the specific gas constant for dry air, and 334 

𝑇𝑎 is the mean air temperature. 𝑧0𝑚 is the roughness lengths for momentum, which 335 

depends on the vegetation covering the surface. We used the value of 0.12 times of the 336 

maximum canopy height, following Allen et al. (1998). At WPT and HBW, 𝑧0𝑚 was 337 

estimated to be 0.06 in accordance with their canopy height around 0.5 m. At MSE 338 

and TWT, the maximum canopy height is approximately 1.2 m, and 𝑧0𝑚 during the 339 

growing season is determined to be 0.15 m. The zero-plane displacement height 𝑑0 340 

and the roughness lengths for water vapor 𝑧0𝑣 are approximated as 𝑑0 = 5.5𝑧0 and 341 

𝑧0𝑣 = 0.1𝑧0𝑚. 342 

All the variables of the flux sites were recorded every 30 min and were initially 343 

processed into daily means. The monthly data processed from the daily data were 344 

used for the sites of Lake Taihu. We adopted the following methods to screen the data. 345 

The data throughout the year during the study period (Table 2) were used over the 346 
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lake sites and the ocean grid. Only the data from June to September were used for the 347 

wetland and paddy sites to guarantee ample water availability and relatively stable 348 

canopy heights. If the recorded water level data are available, only the days with 349 

water above the surface were used. 350 

The Bowen ratio closure, which corrects the latent heat fluxes (Twine et al., 351 

2000), was applied on a daily (Brutsaert et al., 2017; Zhang et al., 2017) or monthly 352 

basis (Wang et al., 2014). The method is formulated as 353 

𝐸 =
𝑅𝑛−𝑅𝑒𝑠

𝐿𝐸𝑢+𝐻
× 𝐸𝑢,                                     (11) 354 

where H is the sensible heat flux, and 𝐸𝑢 is the unadjusted actual evaporation.  355 

The data excluded from the study comprise the days that recorded missing data for 356 

extended time periods, with negative values of (𝑅𝑛 − 𝑅𝑒𝑠) or E. The data with E 357 

larger than 1.1 times of 𝐸𝑃𝑒𝑛 or less than 𝐸𝑟𝑎𝑑 are regarded as suspicious and are 358 

excluded. 359 

m and n of the wet surface SGC equation are determined by using Equation (7). 360 

Thus, only one parameter is calibrated for the SGC (𝛼𝐻𝑇) and PT (𝛼𝑃𝑇
𝑐 ) equations by 361 

minimizing the root mean square error (RMSE) of the actual evaporation. The mean 362 

absolute error (MAE) and Nash–Sutcliffe coefficient of efficiency (NSE) are used to 363 

evaluate the model performance on evaporation estimation. 364 

4 Results from open water surfaces 365 

4.1 Nonlinear dependence of 𝑬 on 𝑬𝒓𝒂𝒅 and bias of the linear PT equation at 366 

Lake Taihu sites 367 

The daily E from June 2013 to December 2018 at PTS shows a significant 368 

dependence on Erad (𝐸 = 1.25Erad, 𝑅210.99, Figure 2(a)). The very high correlation 369 

indicates that the linear PT equation with an optimized coefficient of 1.25 can simulate 370 

E well. However, the linear PT equation underestimates the evaporation for most of the 371 

days with small values of Erad  (656 of the 807 days with Erad  < 2 mm day−1 for 372 

instance). The mean value of the estimated E of these days with Erad < 2 mm day−1 is 373 

1.29 ± 0.70 mm day−1, which is approximately 14% lower than that of the observed E 374 

(1.49±0.78 mm day−1) (Table 3). On the contrary, the linear PT equation overestimates 375 

the evaporation for most of the days with large values of Erad (60 of the 82 days with 376 

Erad > 6.5 mm day−1 for instance). The mean value of the estimated E of these days is 377 

9.70±1.45 mm day−1, which is approximately 3% higher than that of the observed E 378 

(9.42±1.36 day−1). However, the underestimation and overestimation are offset if 379 
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averaging over the period, and the mean values of the estimated (3.34±2.43 mm day−1) 380 

and observed E (3.43±2.34 mm day−1) show trivial difference. 381 

The other four lake sites exhibit similar patterns (Table 3) with optimized 𝛼𝑃𝑇
𝑐  382 

close to 1.26 (Table 4). The underestimation of the linear PT equation on the mean value 383 

of E for the days with Erad < 2 mm day−1 is approximately 10%–16%, whereas the 384 

overestimation for the days with Erad > 6.5 mm day−1 is approximately 3%–5%. 385 

Table 3. Mean values of the observed and estimated E by the linear PT and SGC 386 

equations for the data group with small and large Erad (mm day−1) 387 

 

Sites 

Group with small Erad
* Group with large Erad

** 

 Observed 
PT 

estimated 

SGC 

estimated 
Observed 

PT 

estimated 

SGC 

estimated 

Daily 

MLW 1.43±0.79 1.20±0.71 1.35±0.77 8.94±1.15 9.38±1.21 9.18±1.10 

DPK 1.40±0.79 1.22±0.71 1.35±0.77 9.47±1.37 9.72±1.40 9.57±1.29 

BFG 1.48±0.78 1.28±0.70 1.42±0.75 8.76±0.80 9.15±0.82 8.90±0.77 

XLS 1.35±0.77 1.21±0.71 1.34±0.76 9.12±1.04 9.43±1.02 9.12±1.09 

PTS 1.49±0.78 1.29±0.70 1.44±0.75 9.42±1.36 9.70±1.45 9.53±1.35 

Monthly 

MLW 1.50±0.60 1.22±0.57 1.36±0.61 5.87±0.19 6.17±0.18 6.10±0.25 

DPK 1.50±0.54 1.30±0.55 1.41±0.56 6.05±0.63 6.25±0.59 6.16±0.56 

BFG 1.35±0.45 1.18±0.45 1.31±0.48 6.22±0.47 6.43±0.47 6.22±0.50 

XLS 1.29±0.48 1.16±0.50 1.29±0.50 6.19±0.54 6.36±0.47 6.12±0.54 

PTS 1.48±0.45 1.34±0.48 1.46±0.50 6.40±0.53 6.57±0.57 6.44±0.53 
* Erad < 2 mm day−1 at the daily and monthly timescales 388 

**Erad > 6.5 mm day−1 at the daily timescale and Erad > 4.5 mm day−1 at the monthly timescale 389 

 390 

Figure 2. Plots of E with respect to Erad and EPen at PTS at the (a) daily and (b) monthly 391 

time scales 392 

The plot of monthly E versus Erad from June 2013 to December 2018 at PTS 393 

exhibits similar features (Figure 2(b)). The linear PT equation with optimized 394 

𝛼𝐻𝑇11.26 underestimates E for 23 of the 28 months with Erad < 2 mm day−1 (Table 3) 395 

(the mean values of the observed and estimated E are 1.48±0.45 and 1.34±0.48 mm 396 
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day−1, respectively. However, it overestimates E for 6 of 7 months with Erad > 4.5 mm 397 

day−1 (the mean values of the observed and estimated E are 6.40±0.53 and 6.57±0.57 398 

mm day−1, respectively). The magnitudes of the underestimation and overestimation on 399 

the mean values of E are slightly lower than those at the daily timescale.  400 

The daily time series of observed E and the radiation (Erad) and aerodynamic (Eaero) 401 

components of EPen during 2014 (322 days left after excluding the suspicious data) at 402 

the central lake site of PTS are shown in Figure 3 (a) as an example. The daily Erad at 403 

PTS varies significantly between 0.01 and 9.01 mm, with a mean value of 2.41±1.63 404 

mm day−1. The daily Eaero at PTS varies between 0.03 and 4.07 mm day−1 (a mean 405 

value of 1.36±0.66 mm day−1), and is much smaller than Erad during summer. Ranging 406 

between 0.02 and 11.32 mm day−1 (with a mean value of 3.12±1.95 mm day−1), the 407 

daily E at PTS shows many similar pulses with Erad during the warm seasons, but 408 

several similar pulses with Eaero during the cold seasons. 409 

 410 

Figure 3. Daily time series of observed E, the radiation (Erad) and aerodynamic (Eaero) 411 

terms of EPen, and 
𝐸

𝐸𝑃𝑒𝑛
  and 

Erad

EPen
  during 2014 at the lake site PTS (a, b) and the 412 

cropland site DS (c, d).  413 

The daily E from June 2013 to December 2018 at PTS is significantly correlated 414 

with EPen (Erad +  Eaero), 𝐸 = 0.86EPen, 𝑅210.99. However, the regression equation 415 



 

16 
 

overestimates E under the conditions of small values of E but underestimates E under 416 

the conditions of large values of E (Figure 2(a)), which is opposite to that of the linear 417 

PT equation. The results indicate that the wet surface evaporation at PTS is also affected 418 

by varying Eaero, which can be detected from their correlation (𝐸 = 0.23Eaero + 0.67, 419 

𝑅210.56). Besides, the correlation between Erad and Eaero is weak (Eaero = 0.25Erad +420 

0.80, 𝑅210.46). The plots of monthly E versus Erad and EPen exhibit similar nonlinear 421 

characteristics to those at the daily time scale (Figure 2(b)). 422 

Above results indicate that the variations of Eaero cannot be fully explained by a 423 

constant proportion of Erad. Eaero should be considered subtly rather than a constant 424 

proportion of Erad for a better estimation of the wet surface evaporation. 425 

4.2 Nonlinear dependence of E/EPen
 on Erad

/EPen
 and performance of the SGC 426 

equation at Lake Taihu sites 427 

As shown in Figure 3(b), daily 
Erad

EPen
  during 2014 at PTS exhibits an obvious 428 

variation between 0.03 and 0.87 (with a mean value of 0.59±0.17), and 
𝐸

𝐸𝑃𝑒𝑛
 varies 429 

from 0.05 to 1.09 with a mean value of 0.78±0.18. Daily 
𝐸

𝐸𝑃𝑒𝑛
 and 

Erad

EPen
 exhibit similar 430 

seasonal variations of low values in winter but high values in summer. The 431 

simultaneous variations of 
𝐸

𝐸𝑃𝑒𝑛
  and 

Erad

EPen
  are similar to those at the land site DS 432 

(Figures 3 (d)). As shown in the scatter plots of daily 
𝐸

𝐸𝑃𝑒𝑛
 versus 

Erad

EPen
 (Figure 4), 

𝐸

𝐸𝑃𝑒𝑛
 433 

appears to be related to 
Erad

EPen
 at all the five lake sites, which is similar to that at the land 434 

site DS. However, the scatter points of the lake sites are located higher than those of the 435 

land site in the state space of (
E

EPen
, 

Erad

EPen
). 436 

At the five lake sites, 
𝐸

𝐸𝑃𝑒𝑛
 increases nonlinearly with 

Erad

EPen
, and the growth rate 437 

decreases when 
Erad

EPen
  is larger than 0.5, showing an obvious flatness part. The wet 438 

surface SGC equation with optimized 𝛼𝐻𝑇 fits the scatter points well for all the five 439 

lake sites (Table 4, Figure 4). The scatter plots and the values of the optimized 𝛼𝐻𝑇 of 440 

the five lake sites differ slightly, which is consistent with the findings of Wang et al. 441 

(2014) that the energy fluxes showed minimal spatial variations across the lake. 442 

However, the biases of the linear PT equation in the state space of (E, Erad) shown in 443 

Figure 3 are amplified, where the PT line obviously deviates from the scatter plots. 444 
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 445 

Figure 4. Plots of daily 
𝐸

𝐸𝑃𝑒𝑛
 with respect to 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 at the five lake sites (a-e) on Lake 446 

Taihu compared with the optimized wet surface SGC equation and the linear PT 447 

equation. The land site (f) is also compared with the original SGC and AA equations. 448 

Table 4. Optimized parameters and performance of the wet surface SGC equation and 449 

linear PT equation in estimating daily wet surface evaporation (mm day−1) 450 

Type Site 

Wet surface SGC equation Linear PT equation 

𝛼𝐻𝑇 

MAE 

mm day-1 

RMSE 

mm day-1 
NSE 𝛼𝑃𝑇

𝑐  
MAE 

mm day-1 

RMSE 

mm day-1 
NSE 

Lake 

(Taihu) 

MLW 1.52 0.23 0.30 0.98 1.25 0.33 0.44 0.96 

DPK 1.53 0.22 0.31 0.98 1.26 0.32 0.45 0.96 

BFG 1.55 0.21 0.29 0.98 1.28 0.31 0.42 0.96 

XLS 1.61 0.19 0.28 0.98 1.27 0.28 0.39 0.97 

PTS 1.51 0.20 0.29 0.98 1.25 0.30 0.41 0.97 

Wetland 
WPT 1.31 0.18 0.23 0.97 1.24 0.20 0.26 0.97 

HBW 1.29 0.34 0.46 0.94 1.24 0.34 0.45 0.94 

Paddy 
MSE 1.69 0.32 0.42 0.95 1.41 0.33 0.49 0.93 

Twt 1.73 0.64 0.83 0.69 1.70 0.67 0.85 0.68 
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At the monthly time scale, the growth of 
𝐸

𝐸𝑃𝑒𝑛
 on 

𝐸

𝐸𝑃𝑒𝑛
 exhibits the same 451 

nonlinear characteristic at all the five lake sites, and the optimized PT lines deviate 452 

from the scatter points (Figure 5). By contrast, the wet surface SGC equation with 453 

optimized 𝛼𝐻𝑇 fits the scatter points better (Table 5). The optimized 𝛼𝐻𝑇 at the 454 

monthly time scale is slightly smaller than that at the daily time scale because the 455 

SGC equation perform as a convex function for most of the points. 456 

457 

Figure 5. Plots of monthly 
𝐸

𝐸𝑃𝑒𝑛
 with respect to 

𝐸

𝐸𝑃𝑒𝑛
 at the five lake sites (a-e) on 458 

Lake Taihu compared with the optimized wet surface SGC equation and linear PT 459 

equation. The land site (f) is also compared with the original SGC and AA equations. 460 

  461 
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Table 5. Optimized parameters and performance of the wet surface SGC equation and 462 

linear PT equation in estimating monthly wet surface evaporation 463 

Lake and site 

Wet surface SGC equation Linear PT equation 

𝛼𝐻𝑇 

MAE 

mm day-1 

RMSE 

mm day-1 
NSE 𝛼𝑃𝑇

𝑐  
MAE 

mm day-1 

RMSE 

mm day-1 
NSE 

Lake 

(Taihu) 

MLW 1.46 0.15 0.18 0.98 1.26 0.25 0.28 0.96 

DPK 1.44 0.12 0.15 0.99 1.27 0.20 0.24 0.98 

BFG 1.48 0.08 0.10 1.00 1.27 0.16 0.19 0.99 

XLS 1.52 0.10 0.13 0.99 1.26 0.14 0.17 0.99 

PTS 1.44 0.09 0.11 1.00 1.26 0.15 0.18 0.99 

Ross Barnett  

Reservoir 
1.31 0.09 0.10 0.99 1.22 0.13 0.16 0.98 

Qinghaihu Lake 1.44 0.15 0.19 0.89 1.29 0.19 0.25 0.81 

Ocean 
Spatial 1.49 0.14 0.18 0.99 1.28 0.23 0.28 0.97 

Temporal 1.45 0.04 0.05 1.00 1.24 0.12 0.15 0.99 

The biases of the linear PT equation were amended by the wet surface SGC 464 

equation (Table 3). Taking an example of PTS (Figure 6), the mean value of the 465 

estimated E by the wet surface SGC equation for the days with Erad < 2 mm day−1 466 

(1.44±0.75 mm day−1) is 4% lower than that of the observed E, which is an obvious 467 

improvement than 14% by the linear PT equation. By contrast, the mean value of the 468 

estimated E by the wet surface SGC equation for the days with Erad > 6.5 mm day−1 469 

(9.53±1.35 mm day−1) is 1% higher than the observed E, which is also an improvement 470 

than 3% by the linear PT equation. The improvements of the wet surface SGC equation 471 

on the linear PT equation can be found at all the five lake sites at the daily and monthly 472 

timescales (Table 3). 473 

 474 
Figure 6. Plots of the estimated evaporation by the wet surface SGC equation and the 475 

linear PT equation on the observed evaporation at PTS, Lake Taihu. 476 

For all the days or months, the wet surface SGC equation outperforms the linear 477 

PT equation on estimating evaporation at all the five lake sites at the daily and monthly 478 

timescales (Tables 4 and 5). Taking PTS site as an example, the mean value of RMSE 479 
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of the SGC equation decreases from 0.41 mm day−1 to 0.29 mm day−1 at the daily 480 

timescale compared with the linear PT equation. The MAE decreases from 0.30 mm 481 

day−1 to 0.20 mm day−1, and the NSE increases from 0.97 to 0.98. At the monthly 482 

timescale, the improvement is still visible. 483 

4.3 Two other lakes 484 

The wet surface SGC equation with optimized 𝛼𝐻𝑇  (1.44 and 1.31) fitted the 485 

relationships between (semi-) monthly E/EPen  and Erad/EPen  well at the sites of 486 

Qinghaihu Lake and Ross Barnett Reservoir (Figure 7). Its performance on evaporation 487 

estimation improved (Table 4) by amending the bias of the linear PT equation. 488 

 489 

Figure 7. Plots of 
𝐸

𝐸𝑃𝑒𝑛
 with respect to 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 at the flux sites on (a) Lake Qinghaihu 490 

and (b) Ross Barnett Reservoir, compared with the wet surface SGC equation and 491 

linear PT equation. 492 

4.4 Ocean surfaces 493 

Similar to the lake sites, the linear PT equation with optimized 𝛼𝑃𝑇
𝑐 11.28 performs 494 

well over the grid-boxes/months of the ocean surfaces in 2018 (Figure 8(a)). It 495 

underestimates the evaporation for small values of 𝐸𝑟𝑎𝑑 but overestimates for large 496 

values of 𝐸𝑟𝑎𝑑 . This condition can be detected from the positive intercept of the 497 

regression line of E versus 𝐸𝑟𝑎𝑑, 𝐸 = 1.14𝐸𝑟𝑎𝑑 + 0.46, 𝑅210.987 (mm day-1). The 498 

results are consistent with Yang and Roderick (2019)’s work on the spatial variability 499 

of evaporation on the global ocean. Similar to the results of lake sites, E of the ocean 500 

grid is highly correlated with 𝐸𝑃𝑒𝑛 , 𝐸 = 0.84𝐸𝑃𝑒𝑛 , 𝑅2 10.989 (Figure 8(a)). 501 

Compared with the linear PT equation, the wet surface SGC equation with optimized 502 

𝛼𝐻𝑇11.49 fitted the relationships between monthly 
𝐸

𝐸𝑃𝑒𝑛
 and 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 better (Figure 8(b)) 503 

and improved the performance on evaporation estimation (Table 5).  504 
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 505 

Figure 8. Plots of E with respect to Erad and EPen and their regression lines and 
𝐸

𝐸𝑃𝑒𝑛
 506 

with respect to 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 on (a, b) the global ocean surface in 2018 (color bar represents 507 

data density), and (c, d) a selected grid-box from 1980 to 2018 compared with the wet 508 

surface SGC equation and the linear PT equation. 509 

For the selected ocean grid-box, the wet surface SGC equation reproduces the 510 

temporal variability of monthly ocean surface evaporation from 1980 to 2018 well and 511 

amends the bias of the linear PT equation (Figures 8 (c, d). The results are consistent 512 

with those for the spatial distribuion. 513 

5 Evaluation on wetlands and paddy fields 514 

At the two wetland sites and two paddy field sites, the wet surface SGC equation 515 

fits the relationship between daily E/EPen and Erad/EPen well. The optimized 𝛼𝐻𝑇 516 

at the two wetland sites (1.31 and 1.29 for WPT and HBW, respectively) are lower than 517 

those at the lake site, whereas the optimized 𝛼𝐻𝑇 at the paddy sites (1.69 and 1.73 for 518 

MSE and TWT, respectively) are larger. However, the nonlinear characteristics of the 519 

growth of E/EPen  on Erad/EPen  are unremarkable compared with the open water 520 
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surfaces. The improvements of the wet surface SGC equation compared with the linear 521 

PT equation are unremarkable. Taking the RMSE as an index, it improves from 0.26, 522 

0.49, and 0.85 mm day−1 to 0.23, 0.42, and 0.83 mm day−1 at WPT, MSE, and TWT, 523 

respectively. At HBW, the performance of the wet surface SGC equation and PT 524 

equation slightly differs (the RMSEs are 0.40 and 0.41 mm day−1, respectively).  525 

 526 

Figure 9. Plots of daily 
𝐸

𝐸𝑃𝑒𝑛
 with respect to 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 at two wetlands sites: (a) WPT and 527 

(b) HBW, and two paddy sites: (c) MSE and (d) TWT compared with the wet surface 528 

SGC equation and PT equation. 529 

6 Discussions 530 

6.1 Capturing varying PT coefficient 531 

The linear PT equation with optimized 𝛼𝑃𝑇
𝑐  performs well for all the wet 532 

surfaces in this study, and the optimized 𝛼𝑃𝑇
𝑐  are equal or extremely close to the 533 

widely accepted value of 1.26, except for the two paddy field sites (Table 4 and 5). 534 

However, the opposite biases under conditions with small and large values of 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 535 

(also 𝐸𝑟𝑎𝑑) imply that the fixed 𝛼𝑃𝑇
𝑐  is a result of the compromise between the two 536 

above conditions. The departures of the scatter points from the PT line in the state 537 

space [
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, 

𝐸

𝐸𝑃𝑒𝑛
] imply a varying coefficient 𝛼𝑃𝑇 over the wet surface. Taking the 538 

PTS site as an example (Figure 10(a)), 𝛼𝑃𝑇 shows a large variation versus 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
. The 539 

theoretical curve derived from the wet surface SGC equation can effectively present 540 
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the decrease in 𝛼𝑃𝑇 with 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 larger than 0.5. However, it is an improvement of the 541 

linear PT equation with a fixed coefficent. This condition explains why the the wet 542 

surface SGC equation performs better than than linear PT equation on the open water 543 

surfaces, as shown in Section 4. 544 

 545 

Figure 10. Plots of daily 
𝐸

𝐸𝑟𝑎𝑑
 (the varying PT coefficient 𝛼𝑃𝑇) with respect to 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 546 

at (a) the lake site PTS and (b) the wetland site HBW, compared with the calibrated 547 

fixed 𝛼𝑃𝑇
𝑐  of the linear PT equation (solid line) and the theoretical curve derived from 548 

the wet surface SGC equation (red curve). 549 

However, 𝛼𝑃𝑇 varies slightly at the wetland site HBW. The theoretical curve of 550 

𝛼𝑃𝑇  on 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
  derived from the SGC equation is flat and differs slightly with the 551 

optimized 𝛼𝑃𝑇
𝑐 11.25 line for the days with 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 between 0.2 and 0.7 (Figure 10(b)). 552 

The weak variations of the PT coefficient are the reason why the improvement of the 553 

wet surface SGC equation on the linear PT equation is unremarkable at the wetland and 554 

paddy sites. At these four sites, the study was conducted during June to September, and 555 

the cold reasons were not involved to avoid that the land surfaces were not saturated. 556 

Then, the variations of the PT coefficient may be limited. However, the effects of 557 

vegetation on the different variations of the PT coefficient at the wetland and paddy 558 

sites to the open water surfaces need further studies. 559 

6.2 Effects of advection on 𝛂𝑯𝑻 560 

As shown in the above plots of 
𝐸

𝐸𝑃𝑒𝑛
 with respect to 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, a fair amount of scatter 561 

points is located outside the SGC curves with a fixed α𝐻𝑇 , especially under the 562 

conditions with small 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 . As shown in Figure 10(a), the theoretical curve of 𝛼𝑃𝑇 563 

from the wet surface SGC equation is below the scatter points with 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 smaller than 564 
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0.4 at PTS. The above biases cannot be explained by random errors and indicate that 565 

the wet surface SGC equation with a fixed 𝛼𝐻𝑇 only partially captures the variations 566 

of 𝛼𝑃𝑇. Thus, a varying α𝐻𝑇 is required for a better estimation of evaporation by the 567 

wet surface SGC equation. However, a question may arise what factors control α𝐻𝑇? 568 

Advection of hot and dry air is a main factor of the varying α𝑃𝑇, which enlarges 569 

the wet surface evaporation rate. Considering that the wet surface SGC equation with a 570 

fixed α𝐻𝑇  only partially captures the varying α𝑃𝑇  (Figure 10), α𝐻𝑇  would be 571 

affected by the advection. At TWT, Baldocchi et al. (2016) pointed out that the 572 

advection effects declined along with the expansion of the flooded land area from less 573 

than 1 km2 to more than 5 km2 during the six study years. At the same time, the 574 

optimized α𝐻𝑇 at TWT declined from 1.90 in 2009 to 1.65 in 2014 (Table 5). As shown 575 

in Figure 9(d), the scatter points in 2014 are below their counterparts in 2009. 576 

Table 5. Optimized parameters and performance of the wet surface SGC equation and 577 

the linear PT equation in estimating evaporation (mm day−1) at the paddy site TWT 578 

from 2009 to 2014 with decreasing “oasis effect” 579 

Year 
SGC PT equation 

𝛼𝐻𝑇 MAE RMSE NSE 𝛼𝑃𝑇
𝑐  MAE RMSE NSE 

2009 1.90 0.68 0.89 0.72 1.85 0.74 0.94 0.69 

2010 1.70 0.52 0.68 0.64 1.67 0.54 0.70 0.62 

2011 1.77 0.59 0.75 0.62 1.71 0.65 0.81 0.56 

2012 1.61 0.69 0.87 0.35 1.60 0.69 0.86 0.37 

2013 1.77 0.55 0.70 0.83 1.74 0.59 0.73 0.81 

2014 1.65 0.45 0.57 0.87 1.62 0.44 0.57 0.87 

Advections may play a role in determining the different values of α𝐻𝑇 among the 580 

three types of wet surfaces. For the two wetland sites, their differences with the 581 

surroundings are unremarkable than the lake and paddy sites. The weak advection effect 582 

is a possible reason why the values of α𝐻𝑇 are lower than the other sites. The two 583 

paddy sites are located in small patches around 1 km2, which are significantly affected 584 

by the enhanced advections. Thus, the optimized α𝐻𝑇 at the two paddy field sites are 585 

larger than those at other the sites. 586 

Under the conditions with small values of 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 that probably occur with small 587 

radiation energy inputs, the advection effects are significant (Morton, 1983), and the 588 

evaporation rate is underestimated by the wet surface SGC equation with a specific 589 

α𝐻𝑇. This condition may be one of the reasons why many observed scatter points of 590 

𝐸

𝐸𝑃𝑒𝑛
 with respect to 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 are located above the SGC curves with small values of 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, 591 
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and many points are above the theoretical curve with fixed α𝐻𝑇 in Figure 10 (a). Thus, 592 

α𝐻𝑇 would be large under the conditions with small values of 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, thereby suggesting 593 

further studies on the seasonal variations of α𝐻𝑇 over open water surfaces. 594 

6.3 Implication for further extension of the complementary principle 595 

The complementary principle was originally proposed for the evaporation 596 

taking place from “a sufficiently large and homogeneous surface” (Brutsaert, 2015), 597 

where the advection effects of heat and water vapor from the outside are negligible or 598 

changeless (Brutsaert & Stricker, 1979; Han & Tian, 2018b; Morton, 1983). The 599 

complementary principle assumes that the land surface wetness can be effectively 600 

detected from the drying power of air with a constant radiation energy input 601 

(Brutsaert, 1982; Han & Tian, 2018a, 2020). 
𝐸

𝐸𝑃𝑒𝑛
 is then expressed as a function of 602 

the atmospheric wetness index 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 by considering that the change in 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 can be 603 

completely induced by the change in land surface wetness (Han & Tian, 2018a). 604 

However, the land surface wetness and atmospheric wetness are not necessarily fully 605 

coupled. Advections from the outside (Brutsaert & Stricker, 1979) or large-scale 606 

synoptic changes (Liu et al., 2011; Shuttleworth et al., 2009) may play important roles 607 

in determining the near-surface atmospheric variables above a natural landscape. 608 

Taking the wet surfaces investigated in this study as the extremes, the 609 

assumption of the traditional complementary principle does not hold because the 610 

water availability is ample and changeless. However, 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 varies significantly due to 611 

advections or large-scale synoptic changes, and 
𝐸

𝐸𝑃𝑒𝑛
 is still highly related to 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, 612 

which can be described by the SGC equation. The results imply that 
𝐸

𝐸𝑃𝑒𝑛
 can be 613 

expressed as a function of 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 regardless whether its changes come from the land 614 

surface (changes in water availability) or the atmospheric aspects (advections or large-615 

scale synoptic changes).  616 

For the open surfaces shown in former sections, the growth of 
𝐸

𝐸𝑃𝑒𝑛
 on 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
  617 

exhibits nonlinear characteristics with decreasing growth rate for large values of 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, 618 

which is also shown over natural land surfaces (Han & Tian, 2018a). This upper 619 

flatness feature requires that E and 𝐸𝑎𝑒𝑟𝑜 increase with constant 𝐸𝑟𝑎𝑑 when 
𝐸

𝐸𝑃𝑒𝑛
 620 
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decreases from one (Han & Tian, 2018a, 2019). If 𝐸𝑟𝑎𝑑 is constant, an increase in 621 

𝐸𝑎𝑒𝑟𝑜 indicates an increase in the vapor pressure deficit if the wind speed is 622 

changeless. However, the assumption of the complementary principle indicates that 623 

the vapor pressure deficit can only increase if less water was evaporated into the air, 624 

which means E will decrease. Thus, the upper flatness feature of the growth of 
𝐸

𝐸𝑃𝑒𝑛
 625 

upon 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 was questioned by considering that the change in E and 𝐸𝑎𝑒𝑟𝑜 in the 626 

same direction over a nearly wet surface is impossible (Szilagyi & Crago, 2019). 627 

However, the same direction changes in E and 𝐸𝑎𝑒𝑟𝑜 can be understood by 628 

considering the second type processes related to advections or large-scale synoptic 629 

changes. For example, the horizontal advection of hot dry air to the wet surface 630 

enhances E and 𝐸𝑎𝑒𝑟𝑜 with constant 𝐸𝑟𝑎𝑑. Thus, the growth of 
𝐸

𝐸𝑃𝑒𝑛
 on 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 is 631 

slow with large values of 
𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
, which can explain the upper flatness feature. 632 

For a natural landscape, the two above processes simultaneously exist, thereby 633 

explaining why the points of 
𝐸

𝐸𝑃𝑒𝑛
 on 

𝐸𝑟𝑎𝑑

𝐸𝑃𝑒𝑛
 at the land site DS are scattered. The land 634 

site DS would be affected by the processes dominated at the lake sites, or advections 635 

from the lake considerably because the nearest distance to the shore is only 2 km. This 636 

condition can be detected because the daily 𝐸𝑎𝑒𝑟𝑜 at DS is highly correlated with the 637 

lake site PTS (y10.75x+0.29, 𝑅210.69 during 2014). However, the relative 638 

importance of the two processes varies with the surface wetness. Under water-limited 639 

conditions, the actual evaporation and potential evaporation are tightly linked via the 640 

surface, whereas the regional or large-scale advection would play a greater role than 641 

the landscape-scale processes under energy-limited conditions (Lintner et al., 2015). 642 

The complementary principle can be further generalized to cover the later processes. 643 

Thus, its capability to estimate evaporation over various types of land surface can be 644 

enhanced. 645 

7 Summary 646 

(1) The meta-analysis based on the published results indicates seasonal variations 647 

of the PT coefficient, which are low in warm seasons but high in cold seasons. 648 

We confirmed this nonlinear feature of the dependence of 𝐸 on 𝐸𝑟𝑎𝑑 over the 649 

wet surface and attributed it to the variations of 𝐸𝑎𝑒𝑟𝑜 by using the data over 650 

lakes and ocean. 651 
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(2) The SGC equation, as a nonlinear modification of the linear AA approach for 652 

natural evaporating surfaces based on the complementary principle, can be 653 

extended to wet surfaces by setting its symmetric parameter to infinity. The wet 654 

surface SGC equation can effectively describe the nonlinear growth of E on 655 

𝐸𝑟𝑎𝑑 over wet surfaces by including the influences of 𝐸𝑎𝑒𝑟𝑜. The wet surface 656 

SGC equation with one calibrated parameter outperforms the linear PT equation 657 

for estimating evaporation because it considers the varying PT coefficient. 658 

(3) The parameter of the wet surface SGC equation may be related to the advections 659 

from the outside or the large-scale synoptic changes. The complementary 660 

principle can be further extended to include these processes. 661 
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