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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 (FE,,q, which is the radiation term in Penman potential evaporation
(Epen)). The linear PT equation with a fixed coeflicient underestimates E for small E_rad but overestimates E for large E,,q.
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 F,,; over the wet surface by including the aerodynamic component of Epe, 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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wet surfaces: A nonlinear modification of the Priestley—Taylor

equation
Songjun Han?, Fugiang Tian? Wei Wang?, Liming Wang?

Key Points:
e Sigmoid generalized complementary (SGC) equation is applied to wet surfaces
e Wet surface SGC equation outperforms the linear Priestley—Taylor (PT) equation
because it considers the varying PT coefficient
e Complementary principle can be extended to include advections or large-scale

synoptic changes

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 (E,.,4, which is the radiation term in Penman potential
evaporation (Ep,,,)). The linear PT equation with a fixed coefficient underestimates E
for small E,,; but overestimates E for large E,,4. 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 fixed parameter captures the nonlinear dependence of E
on E,,; over the wet surface by including the aerodynamic component of Ep,,,, 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.

Key words: Evaporation; wet surface; complementary principle; Priestley—Taylor
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1 Introduction

The evaporation over a landscape where the water supply is unlimited (defined as
wet surface hereafter), such as open water, wetlands, and paddy fields, etc., is
governed by the available energy and atmospheric conditions (Granger, 1989; Katul
& Parlange, 1992). Wet surface evaporation is sensitive to climate change and it is
crucial to understand its processes for the studies of the hydrological response to
climate change (Brutsaert & Parlange, 1998; Friedrich et al., 2018; Roderick &
Farquhar, 2002; Wang et al., 2018a; Wang et al., 2018b). In addition, wet surface
evaporation is the basis of the concept of potential evaporation (Penman, 1948;
Priestley & Taylor, 1972). Quantifying wet surface evaporation is important as a
reference potential evaporation for estimating actual evaporation from unsaturated
surface (Allen et al., 1998; Bouchet, 1963; Budyko, 1974; McMahon et al., 2013).

Energy supply and mass transfer mechanism are required for estimating wet
surface evaporation (Brutsaert, 2005). The methods for estimating wet surface
evaporation can be categorized into several groups, including the energy budget,
aerodynamic, and their combination, except for empirical approaches (Winter et al.,
1995). Penman (1948) first combined the energy budget and mass transfer equation

for open water evaporation, which is expressed as

A

Epen = 7, (Rn = Res) + 7 f(W)(e” = ea), (1)

where A is the slope of saturation vapor curve at air temperature, y is a psychrometric
constant, R, 1is the net radiation, R, is the residual of energy balance, including
ground heat flux, heat stored in the water, and net heat flux carried by water flow etc.,
e, 1s the vapor pressure at the reference height, e* is the saturation vapor pressure,
and f(u) is a function of wind speed. The two terms on the right-hand side of Equation
(1) are commonly referred to as radiation (E,,,4) and aerodynamic (E,,,,) terms.
Over an extensive wet surface under well-established steady conditions where the
air tends to be saturated, evaporation would proceed at E,,;, and it is considered an
equilibium evaporation (Slatyer & Mcllroy, 1961). The atmosphere above a wet surface
always tends to depart from the equilibrium state because the regional or large-scale
advection affects horizontal surface variation or atmospheric conditions (Brutsaert &
Stricker, 1979). Thus, the true equilibrium conditions rarely occur, and the vapor
pressure deficit is maintained because some degrees of advection always exist. Priestley

and Taylor (1972) proposed an empirical equation based on equilibrium evaporation
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E,.q Tor wet surface evaporation under an assumption of minimum advection (termed
as “advection-free” by Priestley and Taylor (1972)).

Epr = aprEyqa; (2)
where ap; is the Priestley—Taylor (hereafter referred to as PT) coefficient to account
for the advection. Although ap; varies with the environment (Assouline et al., 2016;
Eagleson, 2002), it is widely accepted to be in the range of 1.20-1.30 (Brutsaert, 2005)
and is used as a constant with a best estimate of 1.26 (Brutsaert & Stricker, 1979;
Priestley & Taylor, 1972). In this study, we use ag; to denote the fixed and constant
PT coefficient to avoid confusion.

Ep., and Ep; were widely used for estimating wet surface evaporation
(McMahon et al., 2013; Winter et al., 1995; Zhao & Gao, 2019) and were combined
by De Bruin (1978) to estimate lake evaporation for eliminating the energy term.
Although the aerodynamic term E,,,, is notincluded in Equation (2), it was thought
to account for a fixed proportion of the evaporation rate and was widely used to
explain the variations of Ep; by supposing Ep., = Epy over an extensive wet
surface (Brutsaert, 1982; Eagleson, 2002; Priestley & Taylor, 1972). This assumption
was immediately adopted by the complementary principle in the manner of the
advection—aridity (AA) approach (Brutsaert, 2015; Brutsaert & Stricker, 1979), where
Epe,, and E were hypothesized to merge to Epp with increasing water availability of
the land surface. Thus, Ep; was treated as a limiton £, E < Epy < Ep,;,, and a fixed
PT coefficient ap; was usually used in practice (Brutsaert, 2015; Brutsaert &
Stricker, 1979). On the basis of this wet boundary condition, a linear complementary
relationship was derived for evaporation over a natural surface (Brutsaert & Parlange,

1998; Brutsaert & Stricker, 1979).
E

- Erq -
= (1+ b Dagy 24— b, 3)

Epen

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

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

E c Eraq
= —_ 4
Epen PT EPen’ ( )

which is identical to the linear PT Equation (2).
A major innovation of the PT equation is to eliminate the aerodynamic term with

a fixed coefficient via the assumption of a linear relationship between E and E,.,4 (as

Erad
and —

well as
Epen Epen

) over wet surfaces. Such a treatment is only strictly valid if the
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aerodynamic control on wet surface evaporation is a fixed proportion of equilibrium
evaporation E,,;, which may hold under the condition with a fixed advection effect.
apr =1 represents the condition without advection when the aerodynamic control
vanishes (Slatyer & Mcllroy, 1961), and af;=1.26 represents the minimal advection
condition where E,.,., accounts for 26% of E,,; (Brutsaert, 1982). However, apy
is enhanced by the horizontal advection of dry air mass (Jury & Tanner, 1975) or the
vertical entrainment from above the planetary boundary layer (Baldocchi et al., 2016).
It may also be affected by other processes, such as the behavior of the convective
boundary layer, the dissimilarly in sources and sinks of heat and water vapor at the
water surface (Assouline et al., 2016), and the large-scale synoptic changes (Guo et al.,
2015; Liu et al., 2011). Under such conditions, apr is likely to be relatively different
from 1.26 (Brutsaert & Stricker, 1979). Many studies have reported that ap; shows
large variations over wet surfaces (Assouline et al., 2016; Eagleson, 2002).

The variations of ap; demonstrate a nonlinear dependence of £ on E,,; over
wet surfaces. The linear PT equation with a fixed coefficient E = afrE,.q is only an
approximation. The accurate modeling of wet surface evaporation requires a
consideration of the varying apy. Several methods were proposed to parameterized the
varying apr by including the vapor pressure deficit and/or air temperature (Eichinger
et al., 1996; Jury & Tanner, 1975), sensible heat flux (Parlange & Katul, 1992), relative
transport efficiency of heat and water vapor (Assouline et al., 2016), and surface
temperature (Yang & Roderick, 2019). However, the ap; variations cannot be fully
explained by using one variable (Assouline et al., 2016). One question then arises: is
there any other method that can capture the wet surface evaporation and quantify its
amount?

Han et al. (2012) and Han and Tian (2018a) derived a sigmoid generalized
complementary equation (hereafter referred to as the SGC equation) as a nonlinear

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

advance, the SGC equation expresses 2 asa sigmoid function of Emd, which

Epen Epen

Erad E

appears as an S-shape curve in the state space [ ]. The parameters of the SGC

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

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

predicted by the SGC equation reaches Ep,, when Z—“d approaches its maximum
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value, but approaches Ep,; when asymmetry parameter b — oo. Thus, the SGC

Eraq

. . : . . E
equation, which adopts a nonlinear relationship between - and shows a

Pen Epen '

potential to amend the bias of the linear PT equation.

This study aims to apply the SGC equation for wet surface evaporation and
explore its capacity as a nonlinear modification of the PT equation. Using the observed
data of five lake sites from the Taihu Eddy Flux Network (Lee et al., 2014), a large
shallow freshwater lake in southern China, we first investigate the nonlinear

dependence of E on E,,; over the water surface of Lake Taihu to reveal the variations

E Erad
on —
Epen Epen

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

over lake and ocean surfaces and demonstrate the ability to capture it by the SGC
equation. We then validate the wet surface SGC equation for evaporation over open
water surfaces of lakes and ocean, two wetlands and two paddy sites, with a comparison
to the linear PT equation. Finally, we make some discussions on the capability of the
wet surface SGC equation to capture the variations of PT coefficient, the effects of
advections on its parameter, and new insights into the generalized complementary

principle.
2 Wet surface SGC equation accounting for varying apr

2.1 Variation characteristics of apr synthesized from published papers

The published results were collated to investigate the variations of ap; (Table
1). From the table, ap; calculated by Equation (2) exhibits a large variation at the
sub-daily timescale in the investigated studies. apy is 1.0-2.04 on a large shallow
reservoir (Ross Barnett Reservoir) in Mississippi with a depth of approximately 4-8 m
(Guo et al., 2015), 0.60—4.80 on the Tilopozo wetland of the Atacama Desert in Chile
(Assouline et al., 2016), 0.67-3.12 on the moist tropical forest Amazon (Knox et al.,
2016), and approximately1.0—3.9 on an irrigated cropland site in North China Plain (Li
& Yu, 2007). At the daily or monthly timescales, the variations in apr become weak
but is still larger than the widely accepted range [1.2, 1.3]. Substantial variations of
apr can also be found at the annual timescale. A reduction of annual ap; from 1.79
to 1.30 with enhancing “oasis effect” was found in a paddy field (Baldocchi et al., 2016).
The annual variation of ap; on a wet pine forest in England ranged from 8.57 to 11.52
with a mean value of 9.5 (Shuttleworth & Calder, 1979), which is surprisingly higher

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

papers
Type Site Name Range Timescale Reference
Ross Barnett 1.0-2.04 Sub-daily Guo et al. (2015)
i Half- .
Reservoir, USA 9 15.1 54* Monthly Zhang and Liu (2013)
o Lake Taihu, China 1.14-1.94 Monthly Wang et al. (2014)
pen Lake Flevo
water Netherlands ' 1.20-1.50 Monthly De Bruin and Keijman (1979)
Lake Qinghaihu, i - .
China 1.16-1.62 Monthly Lietal. (2016)
Ocean 1.17-2.18 Monthly Yang and Roderick (2019)
Irrigated . o . .
cropland Yucheng, China 1.0-3.95 Sub-daily Li and Yu (2007)
e bare  campbell, USA  1.41-315°  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)
Amazon 0.67-3.12 Sub-daily Knox et al. (2016)
Wet forest  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.

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

In the above studies, apr showed a similar seasonal variation, which is low in
warm seasons and high in cold seasons. De Bruin and Keijman (1979) found that apy
over a large and shallow lake in the Netherlands reaches as high as 1.5 in April and
October but as low as 1.2 in August. Similar seasonal variations in apr of 1.14 in July
and 1.94 in January were reported over Lake Taihu (Wang et al., 2014). Using the half
monthly data of Ross Barnett Reservoir (Zhang & Liu, 2013), the calculated apr
varied between 1.15 in August and 1.54 in February. Similar variations in ap; between
1.16 and 1.62 were calculated using the data of the largest high-altitude saline lake
(Lake Qinghaihu) on the Qinghai-Tibet Plateau (Li et al., 2016). The seasonal
variations indicated large values of apr corresponding to the small values of E, 4
and E and vice versa. The regression line of £ on E,,; was usually characterized with
a positive intercept (De Bruin & Keijman, 1979; Parlange & Katul, 1992). Using the
global ocean surface evaporation product from the Objectively Analyzed Air—Sea Flux
(OAFlux) project, Yang and Roderick (2019) found a perfect linear regression
relationship between the spatial variability of monthly evaporation and equilibrium
evaporation over ocean surfaces, E = 1.16E,,4 + 10.21 (converted from the their

regression equation E,,; = 0.86E — 8.78, R%?=0.98). This finding implies that the
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calculated ap; decreases from 2.18 to 1.17 with the increase in E,,q from 10 W m?

to 150 W m?2.

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

expressed as

E 1
= = n
Epen xmax—E;ad (5)
1+m| g——- |
rad_x i
Epen min

o . . Erad .
where X, and Xpg, are the minimum and maximum values of -, respectively.
Pen

m and n can be calculated from a coefficient originated from the PT coefficient (we
use ayr to distinguish it from the PT coefficient) and asymmetry parameter b by

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

_ 4aHT (1+ b_l)(xo.s - Xmin)(xmax — XO.S)

(x =X
max min , (6)
_ ( 05 mln )
Xnax — Xo5
0.5+b~1 . Erad ) E
where x, = ——— 1is the value of corresponding to = 0.5, ;
05 ™ qur(1+b—1) Epen p g Epen Xmin

and x,,,, aresuggested to be 0 and 1, respectively, at the daily or monthly
timescales because of the insensitivity of the SGC equation to them (Han et al., 2012;
Wang et al., 2020; Zhou et al., 2020). Given Eq. (6) and using x,,,;, = 0 and
Xmax = 1.0, Eq. (5) has two independent parameters ayr and b. Asymmetric
parameter b is found to be small in dry regions (Han et al., 2012), and increases with
the land surface wetness, and approaches infinity over wet surfaces (Wang et al.,
2020). This condition indicates that we can obtain an SGC equation for wet surfaces
(named as wet surface SGC equation hereafter) by setting parameter b to infinity
(b~1=0) in Eq. (6). In this case, x,5 = 0.5ay;~1, and Eq. (6) becomes:

n=2- aHT‘l

—( Y (7

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

2ayr—1

If ayr = 1, the wet surface SGC equation is equal to the equilibrium evaporation E =
E,.q (lower blue line), whereas it is equal to the Penman equation E = Ep,, (upper
horizontal blue line) if ayy = +o0. Thus, the equilibrium evaporation and Penman

open water evaporation are the two limits for evaporation predicted by the wet surface
7
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SGC equation. For the wet surface SGC equation with a specific ayr, 7 Increases
Pen

nonlinearly with ?—“d. As shown in Figure 1, the SGC curve approaches the line of

Pen

E _ Erad E

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

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

l 0 E:El’mi (aHT = +O:)

0.8

0.6

Pen

FE/E

0.4

0.2

0'0 ‘ L 1 i 1 L 1 i 1 i
0.0 02 0.4 06 08 10

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

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

line). The lines of EL = ayr ::T—“d are plotted for comparison (dashed gray lines).
Pen Pen

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

Penman evaporation (corresponding to ayr = +o0) boundary lines.

Given that

£ divided by Zr2¢ is equal to E divided by E,uq, the PT coefficient
P

Pen Epen

apr 1n the context of Equation (2) can be derived from the wet surface SGC equation.

o E x~1
PT = prea 1+m(1;—x)n' (®)
E . .
where x = E;‘ld, and m and n are calculated from ay; by using Equation (7). Thus,
en
. . . .. E

the wet surface SGC equation suggests a varying PT coefficient related with E;ad,

en

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

sigmoid curve to the original point. Under the condition of — = 0.5, the connecting

Pen

line is the tangent of the SGC curve, and the PT coefficient ap; reaches its
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EPen,

maximum value: ayr. With the increase in the wet surface SGC equation

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

coefficient after the tangent point. Taking ayr = 1.5 as an example, the calculated
. E . : E
app is 1.19 at =22 = 0.1 and reaches its maximum value of 1.5 at =2 = 0.33.
Epen Epen

. . . . E
With the continuous increase in Em

£ the calculated ap; decreasesto 1.26 and 1.10

Pen

when :; £ increases to 0.71 and 0.89, respectively. Thus, the variation of the PT

Pen

coefficient can be reflected in the wet surface SGC equation with a fixed parameter
ayr (denoting the maximum value of varying apy).
3 Dataset

Taihu is the third largest freshwater lake (2,400 km?) in China, with a mean
depth of 1.9 m. The climate is subtropical with a mean air temperature of 16.2 °C and
mean annual precipitation of more than 1,100 mm. The five eddy flux monitoring
sites are inside the lake and a companion land site close to the lake (Table 2). The data
were obtained from the Lake Taihu Eddy Flux Network (Lee et al., 2014). The
Meiliangwan (MLW, with an average water depth of 1.8 m) site is the nearest to the
shoreline (150 m), with inevitable advection effects (Wang et al., 2014). The other
four sites, namely, Dapukou (DPK), Bifenggang (BFG), Xiaoleishan (XLS), and
Pingtaishan (PTS), have enough open fetches and strong winds, guaranteeing that
their measurements are representative of the open water. The PTS site located in the
center region of the lake is the farthest from the shore. The companion land site
(Dongshan (DS), above a landscape dominated by cropland and rural houses) is
located at a peninsula on the southeast shore of the lake. All the six sites have an eddy
covariance system, a four-component net radiometer, and a standard
micrometeorological system. Water temperature probes were placed at the 20, 50,
100, and 150 cm depths for all the five lake sites. Details of the sites and
instrumentation are given by Lee et al. (2014).

The wet surface SGC equation was also evaluated by using the published data
of the two flux sites on Qinghaihu Lake, the largest high-altitude saline lake on the
Qinghai-Tibet Plateau, China (Li et al., 2016) and Ross Barnett Reservoir, a large
southern inland water in Mississippi, United States (Zhang & Liu, 2013). For
Qinghaihu Lake, we used the monthly data during the ice-free period (April to
October) from May 2013 to May 2015((Table 2 in (Li et al., 2016)). For Ross Barnett

9
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Reservoir, we used the two-year averaged half monthly means of the flux and
meteorological variables in 2008 and 2009(Table 1 in Zhang and Liu (2013)).
Table 2. Flux sites investigated in this study

Type Site Name Lat. Lon. Periods Reference
MLW Meiliangwan 31.42  120.21 2010-20162
L ake DPK  Dapukou 31.27 11993 2011-2018°?

BFG  Bifenggang 31.17 12040 2011-2018* Leeetal. (2014)

Taihu . )

XLS  Xiaoleishan 31.00 120.13 2012-2018°?

PTS Pingtaishan 31.23  120.11 2013-2018?

Winous b

wpr Wi 4146  -83.00 2011-2013° Chuetal. (2015)
Wetlands Point Marsh

HBW ?@fﬂi‘p 3762 10732  2004-2006° Yu et al. (2006)

MSE Masepaddy 3605 140.03 2002-2006° Saito et al. (2005)
Paddy 1 ;‘i’zgme" 38.11  -121.65 2009-2014° Baldocchi et al. (2016)

Croplands DS Dongshan 31.08 12043 2011-2018* Leeetal. (2014)

The start month of the data used is based on the study of Lee et al. (2014). "The data from June to
September are used. Only the days with water above the surface are used if the recorded water
level data are available. “Data from June 20 to September 20 are used to guarantee that water is

above the surface

The global ocean surface evaporation product (Version 3) from the OAFlux
project (Yu & Weller, 2007) was also used to evaluate the wet surface SGC equation.
This product provides monthly ocean surface latent and sensible heat fluxes, near-
surface air temperature, specific humidity, and wind speed at 1° spatial resolution
from 1958. The ocean surface evaporation data were validated with buoy- and ship-
based measurements (Yu and Weller, 2007; Yu et al., 2008). We used the monthly data
of all the ocean surfaces in 2018 to evaluate the performance of the SGC equation on
reproducing the spatial variability of global ocean surface evaporation. The evaluation
was confined to the grid-boxes/months when the air temperate is higher than 0 °C. We
did not use the grid-boxes/months with E,,; <0.1 mm day ! to avoid the high
potential biases caused by small solar radiation or extremely low evaporation. The
grid-boxes/months with E larger than 1.1 times of Ep,, were regarded as suspicious
and were excluded. A total of 375,861 grid-box/months were chosen by using this
data screening procedure. We used the data of a grid-box (N25°, E120°) from 1980 to
2018 to validate the performance of the SGC equation on repoducing the temporal
variability of ocean surface evaporation.

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

SGC equation over the wet surfaces in addition to open water. The Winous Point

10
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Marsh site (WPT) (N41°27', W82°59"), as a FLUXNET site, is located in the Winous
Point Marsh Conservancy along the shore of Lake Erie in northwestern Ohio, United
States (Chu et al., 2014). The marsh was managed to maintain year-round inundation
with the lowest water levels in September. Within the 0-250 m fetch of the tower, the
marsh comprises 42.9% of floating-leaved vegetation and 52.7% of emergent
vegetation from late May to early October, and the height of the canopy nearby the
flux tower is 0.4-0.6 m (Chu et al., 2015).

The Haibei alpine swamp site (HBW) with elevation of 3,160 m (N41.46,
E107.32), as a ChinaFLUX site, is located at the Haibei Alpine Meadow Ecosystem
Research Station in the northeast of the Qinghai—Tibet Plateau (Li et al., 2007). The
alpine marsh vegetation is distributed in surface depressions with an average canopy
height of 0.5 m, and most of the area are covered by water during June to September.

The Mase paddy site (JP-MSE) (N36°03’, E140°01"), as an AsiaFlux site, is
located at a rural area of Tsukuba City in Central Japan (Saito et al., 2005). Around
the site, irrigated rice fields extend to an area of 1.5 km from north to south by 1 km
from east to west. The paddy fields around the tower were managed as single rice-
cropping fields and were flooded from late April to the August during the study
period.

The Twitchell rice paddy site (TWT), also a FLUXNET site is located at
Twitchell Island in the Sacramento-San Joaquin Delta, California, USA. The field was
flooded throughout the growing season and harvested between late September and
late October. The measurements were conducted from April, 2009, with the flooded
rice field less than 1 km? in area during the first year. The area of flooded rice and
wetlands expanded to approximately 6 km? by 2014 (Knox et al., 2016), resulting in a
reducing “oasis effect” (Baldocchi et al., 2016).

Following Wang et al. (2014), the components of the energy balance residual,
except for water heat storage, are ignored at the Taihu lake sites. The water heat
storage is calculated with the time rate of change in the depth-weighted mean water
temperature. At Qinghaihu Lake and Ross Barnett Reservoir, the energy balance
residual is supposed to be Res = R, — LE — H, following the studies of Li et al.
(2016) and Zhang and Liu (2013). For the ocean grid, Res = R,, — LE — H.

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

Res are unavailable. However, at WPT, the slope of the regression line of daily LE +

11
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H on net radiaiton Rn — Res is 0.70 according to the energy balance closure
analysis of Chu et al. (2015). We calculated that the regression line of daily LE + H
on R, is0.59 (R? = 0.68) and deduced that Res is approximately 15% of Rn. We
also used this proportion at HBW.

At the two paddy sites, the soil heat flux data are available, whereas the other
components of Res are unavailable. Baldocchi et al. (2016) obtained a daily energy
balance of LE + H + Res = 0.835R,, + 0.782 (R? = 0.90) at TWT. We calculated
an energy balance of LE + H + G = 0.847R,, + 0.782, (R? = 0.91). This finding
implies that the components besides the soil heat flux only occupy approximately
1.2% of R,. Thus, we ignored them for the two paddy field sites.

At the lake sites and ocean grid with flat surfaces, we used the wind function
(given in mm day ! kPa™!) following Penman (1948)

f(uy) = 2.6(1 + 0.54u,), 9)
where u, is the wind speed 2 m above the ground surface, which is converted from

the wind speed (u,) by assuming a power dependency on the measurement height z,
Uy = Uy( 3)% (Brutsaert, 2005). At the wetland and paddy field sites, we used the
z

wind function derived on the basis of Monin—Obukhov similarity theory assuming
neutral conditions

fuz) =

0.622K%u, 10
R4Tq ln[(z—z_oi(z)] ln[(z_;:;)]’ ( )

where k is the von Karman constant, R, is the specific gas constant for dry air, and
T, is the mean air temperature. z,,, is the roughness lengths for momentum, which
depends on the vegetation covering the surface. We used the value of 0.12 times of the
maximum canopy height, following Allen et al. (1998). At WPT and HBW, z,,, was
estimated to be 0.06 in accordance with their canopy height around 0.5 m. At MSE
and TWT, the maximum canopy height is approximately 1.2 m, and z,,, during the
growing season is determined to be 0.15 m. The zero-plane displacement height d,
and the roughness lengths for water vapor z,, are approximated as d, = 5.5z, and
Zoy = 0.1Z¢p,.

All the variables of the flux sites were recorded every 30 min and were initially
processed into daily means. The monthly data processed from the daily data were
used for the sites of Lake Taihu. We adopted the following methods to screen the data.
The data throughout the year during the study period (Table 2) were used over the
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lake sites and the ocean grid. Only the data from June to September were used for the
wetland and paddy sites to guarantee ample water availability and relatively stable
canopy heights. If the recorded water level data are available, only the days with
water above the surface were used.

The Bowen ratio closure, which corrects the latent heat fluxes (Twine et al.,
2000), was applied on a daily (Brutsaert et al., 2017; Zhang et al., 2017) or monthly
basis (Wang et al., 2014). The method is formulated as

E=2%5vE, (11)

LEy+H
where H is the sensible heat flux, and E,, is the unadjusted actual evaporation.

The data excluded from the study comprise the days that recorded missing data for
extended time periods, with negative values of (R,, — Res) or E. The data with £
larger than 1.1 times of Ep,, orlessthan E,,; areregarded as suspicious and are
excluded.

m and n of the wet surface SGC equation are determined by using Equation (7).
Thus, only one parameter is calibrated for the SGC (ayr) and PT (afr) equations by
minimizing the root mean square error (RMSE) of the actual evaporation. The mean
absolute error (MAE) and Nash—Sutcliffe coefficient of efficiency (NSE) are used to
evaluate the model performance on evaporation estimation.

4 Results from open water surfaces
4.1 Nonlinear dependence of E on E,,q; and bias of the linear PT equation at
Lake Taihu sites

The daily £ from June 2013 to December 2018 at PTS shows a significant
dependence on E,,; (E = 1.25E,,;, R?=0.99, Figure 2(a)). The very high correlation
indicates that the linear PT equation with an optimized coefficient of 1.25 can simulate
E well. However, the linear PT equation underestimates the evaporation for most of the
days with small values of E,,; (656 of the 807 days with E,,; <2 mm day ! for
instance). The mean value of the estimated E of these days with E,,; <2 mm day ' is
1.29 £ 0.70 mm day ', which is approximately 14% lower than that of the observed E
(1.4940.78 mm day ') (Table 3). On the contrary, the linear PT equation overestimates
the evaporation for most of the days with large values of E,,; (60 of the 82 days with
E,.; > 6.5 mm day ' for instance). The mean value of the estimated E of these days is
9.70+1.45 mm day !, which is approximately 3% higher than that of the observed E
(9.42+1.36 day !). However, the underestimation and overestimation are offset if
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averaging over the period, and the mean values of the estimated (3.3442.43 mm day ')
and observed E (3.4342.34 mm day ) show trivial difference.

The other four lake sites exhibit similar patterns (Table 3) with optimized ap;
close to 1.26 (Table 4). The underestimation of the linear PT equation on the mean value
of E for the days with E,,; <2 mm day ' is approximately 10%—16%, whereas the
overestimation for the days with E,,; > 6.5 mm day ' is approximately 3%—5%.
Table 3. Mean values of the observed and estimated E by the linear PT and SGC

equations for the data group with small and large E,,; (mm day )

Group with small E,,;" Group with large E, ;"
Sites PT SGC PT SGC
Observed estimated  estimated Observed estimated  estimated

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 1.2240.71 1.35+0.77 9.47+1.37 9.72+1.40 9.57+1.29
Daily 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+145 9.53+1.35

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
Monthly 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

*

E,.; <2 mm day! at the daily and monthly timescales

“E,.q > 6.5 mm day ' at the daily timescale and E,,; > 4.5 mm day ' at the monthly timescale

16 9
EVs E ,
y=1.26x ° +,
12 R*=0.99 b
6L
— +
o +
]
£ ’
P 3L # EVs.E,
4 fad v=0.84x
3 R=0.97
b +
0 0 1 1 1
0 3 6 9
(a) Et‘(m’ ’ E['erf (mm day'l} (b) Erad + E!’.m (m)?l day‘)

Figure 2. Plots of E with respect to E,.q and Ep., at PTS at the (a) daily and (b) monthly
time scales

The plot of monthly £ versus Eyus from June 2013 to December 2018 at PTS
exhibits similar features (Figure 2(b)). The linear PT equation with optimized
ayr=1.26 underestimates E for 23 of the 28 months with E,,; <2 mm day ! (Table 3)

(the mean values of the observed and estimated £ are 1.48+0.45 and 1.344+0.48 mm
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day!, respectively. However, it overestimates E for 6 of 7 months with E,,; >4.5 mm
day ™! (the mean values of the observed and estimated E are 6.40+0.53 and 6.57+0.57
mm day !, respectively). The magnitudes of the underestimation and overestimation on
the mean values of E are slightly lower than those at the daily timescale.

The daily time series of observed E and the radiation (E,.4) and aerodynamic (Ecero)
components of Epe, during 2014 (322 days left after excluding the suspicious data) at
the central lake site of PTS are shown in Figure 3 (a) as an example. The daily E,,; at
PTS varies significantly between 0.01 and 9.01 mm, with a mean value of 2.41£1.63
mm day '. The daily E,,,, at PTS varies between 0.03 and 4.07 mm day ' (a mean
value of 1.36+0.66 mm day '), and is much smaller than E,,; during summer. Ranging
between 0.02 and 11.32 mm day ' (with a mean value of 3.12+1.95 mm day '), the
daily E at PTS shows many similar pulses with E,,; during the warm seasons, but

several similar pulses with E,,,, during the cold seasons.
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Figure 3. Daily time series of observed E, the radiation (E,.4) and aerodynamic (Egero)

terms of Epen, and

E

E
and =4
E

Pen Pen

cropland site DS (c, d).

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

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

with Ep,, (Eyqq+ Egerp)» E = 0.86Ep,,, R*=0.99. However, the regression equation
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overestimates £ under the conditions of small values of £ but underestimates £ under
the conditions of large values of £ (Figure 2(a)), which is opposite to that of the linear
PT equation. The results indicate that the wet surface evaporation at PTS is also affected
by varying Euer, Which can be detected from their correlation (E = 0.23E,,,, + 0.67,
R?=0.56). Besides, the correlation between Eyqq and Egero is weak (E,,, = 0.25E,,4 +
0.80, R?=0.46). The plots of monthly E versus E.sand Ep,, exhibit similar nonlinear
characteristics to those at the daily time scale (Figure 2(b)).

Above results indicate that the variations of E,,,, cannot be fully explained by a
constant proportion of E, ;. Euero should be considered subtly rather than a constant
proportion of Erq for a better estimation of the wet surface evaporation.

4.2 Nonlinear dependence of g/g, on g /g, —andperformance of the SGC

equation at Lake Taihu sites

E

Emd during 2014 at PTS exhibits an obvious
Pen

As shown in Figure 3(b), daily

E

variation between 0.03 and 0.87 (with a mean value of 0.59+0.17), and varies

Pen

E E
and =«
Epen Pen

exhibit similar

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

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

E Eyad

simultaneous variations of and —= are similar to those at the land site DS
Pen Pen
) . ) E Eya ) E
(Figures 3 (d)). As shown in the scatter plots of daily versus =< (Figure 4), ——
Epen Epey Epen

Erad

appears to be related to at all the five lake sites, which is similar to that at the land

Pen

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

E Eyad

b

land site in the state space of (

EPen EPen

. E . : . E,
At the five lake sites, - Increases nonlinearly with E'—“d, and the growth rate

Pen Pen

Eraq
Pen

decreases when is larger than 0.5, showing an obvious flatness part. The wet

surface SGC equation with optimized ayr fits the scatter points well for all the five
lake sites (Table 4, Figure 4). The scatter plots and the values of the optimized ayr of
the five lake sites differ slightly, which is consistent with the findings of Wang et al.
(2014) that the energy fluxes showed minimal spatial variations across the lake.

However, the biases of the linear PT equation in the state space of (£, E

ag) Shown in

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

16



445
446

447
448
449

450

r R T T
1ok 10F ®DPE * gt sl
B i t+ £
s +,
0.8 08} 13 i
+ ++ b s T ++§
= e 5 i Fas + 1
5061 5061 " E
5 = S 2
04 04F + ;H i .
L
0.2 k. —8GC curve a,,=1.52 02} — SGC curve a,,=1.53
- ——PT line «;,=1.25 o 7 . —PTline a;,=1.26 |
004 02 0.4 0.6 0.8 10 004 02 0.4 0.6 0.8 1.0
E_JE E JE
ra Pen T Pen
[ hat e I A w-ﬁ';iﬁ*-f- 4 [
10k (¢) BTG + % $+++%3-+*+ et Lok
L ok fﬂﬁ ﬁ*ﬁﬁ? ++ " L
+
0.8 - A O SaE 0.8 -
i o b v
506 ok e 506
< L=
’S +:L i - + g
++ +
04__ ++1%? +++*+:+++ + 04_
+ . i . i
0.2 B 1 SGC curve g,,=1.55 . 02} SGC curve a,,=1.61
e ——PT line a,~128 ——PT line a,=1.27 .
0.0 ' oo o
004 02 0.4 0.6 0.8 1.0 00 4 02 0.4 0.6 0.8 1.0
Ef'ﬁ :F:‘Ji Em/ El’m
r + + + r - - +
10F (©PTS: “ﬂ} P T il ghy e
081 i +++++$*¢;Hlf++ 441*; 08|
K F e An ot + KL F
I * + + lm-;tf + Eﬂ- ++
506} . AR 0.6 |
3 -+ H}f + B
& I b SR i = N
M o4t Jﬁf el + o4l
| + H ; -
02 L * ++  ——SGC curve a,,~1.51 02l f—— AA line
o I . ——PTlinc ;=125 L a,=1.13,5'=0.14 .
004 02 0.4 0.6 0.8 10 004 02 0.4 0.6 0.8 1.0
E /E;., E /B
. . E . E )
Figure 4. Plots of daily e with respect to =2 at the five lake sites (a-e) on Lake
Pen Pen

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

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

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

linear PT equation in estimating daily wet surface evaporation (mm day ')

Wet surface SGC equation

Linear PT equation

Type  Site MAE RMSE oo MAE RMSE  \cc
ayr mmday! mm day’! @pr mmday! mm day’!

MLW 152 023 030 098 125 033 044 096
L DPK 153 022 031 098 126 032 045  0.96
(Taaiiu) BFG 155 021 029 098 128 03I 042 0.96
XLS 161  0.19 028 098 127 028 039 097
PTS 151 020 029 098 125 030 041 097
WPT 131 0.8 023 097 124 020 026 097

Wetland
HBW 129 034 046 094 124 034 045  0.94
oadld MSE 169 032 042 095 141 033 049 093
Y Ttwt 173 064 08 069 170 067 085  0.68
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At the monthly time scale, the growth of

E

Epen

on

exhibits the same

Pen

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

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

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

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

SGC equation perform as a convex function for most of the points.
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Figure S. Plots of monthly = with respect to at the five lake sites (a-e) on
Pen Pen

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

equation. The land site (f) is also compared with the original SGC and AA equations.
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Table 5. Optimized parameters and performance of the wet surface SGC equation and

linear PT equation in estimating monthly wet surface evaporation

Wet surface SGC equation Linear PT equation

Lake and site MAE RMSE MAE RMSE
agr mmday! mm day’! NSE Qpr mmday! mm day’! NSE
MLW 1.46 0.15 0.18 0.98 1.26 0.25 0.28 0.96
Lake DPK 1.44 0.12 0.15 0.99 1.27 0.20 0.24 0.98
(Taihu) 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
equation (Table 3). Taking an example of PTS (Figure 6), the mean value of the
estimated E by the wet surface SGC equation for the days with E,,; <2 mm day !
(1.44+0.75 mm day ') is 4% lower than that of the observed E, which is an obvious
improvement than 14% by the linear PT equation. By contrast, the mean value of the
estimated E by the wet surface SGC equation for the days with E,,; > 6.5 mm day !
(9.53+1.35 mm day ') is 1% higher than the observed E, which is also an improvement
than 3% by the linear PT equation. The improvements of the wet surface SGC equation
on the linear PT equation can be found at all the five lake sites at the daily and monthly

timescales (Table 3).
16 o 8
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Figure 6. Plots of the estimated evaporation by the wet surface SGC equation and the
linear PT equation on the observed evaporation at PTS, Lake Taihu.

For all the days or months, the wet surface SGC equation outperforms the linear
PT equation on estimating evaporation at all the five lake sites at the daily and monthly

timescales (Tables 4 and 5). Taking PTS site as an example, the mean value of RMSE
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of the SGC equation decreases from 0.41 mm day ! to 0.29 mm day ! at the daily
timescale compared with the linear PT equation. The MAE decreases from 0.30 mm
day! to 0.20 mm day !, and the NSE increases from 0.97 to 0.98. At the monthly
timescale, the improvement is still visible.
4.3 Two other lakes

The wet surface SGC equation with optimized ayr (1.44 and 1.31) fitted the
relationships between (semi-) monthly E/Ep,, and E,,;/Ep., well at the sites of
Qinghaihu Lake and Ross Barnett Reservoir (Figure 7). Its performance on evaporation

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

Lo 1.0

| (a) Qinghai Lake . (b) Ross Barnett Reservoir
08| «* 08+ Py
o 5 %" S,
o 7 Py
06 0.6
Ly N
R 04| Qg4
02 —— SGC curve 1'11”_—1.44 02| —— SGC curve am—l.Bl
——PTline o =129 ——PTline «, =122
0.0 L 1 L 1 L 1 L 1 ] 0.0 L 1 L 1 L 1 L | " |
00 4 02 04 06 038 10 004 02 04 0.6 038 1.0
Lot £ /E,,
. E . Erad . . .
Figure 7. Plots of = with respect to E”‘ at the flux sites on (a) Lake Qinghaihu
Pen Pen

and (b) Ross Barnett Reservoir, compared with the wet surface SGC equation and
linear PT equation.
4.4 Ocean surfaces

Similar to the lake sites, the linear PT equation with optimized ap,=1.28 performs
well over the grid-boxes/months of the ocean surfaces in 2018 (Figure 8(a)). It
underestimates the evaporation for small values of E,,; but overestimates for large
values of E,,4. This condition can be detected from the positive intercept of the
regression line of E versus E,qq, E = 1.14E.44 + 0.46, R?=0.987 (mm day™). The
results are consistent with Yang and Roderick (2019)’s work on the spatial variability
of evaporation on the global ocean. Similar to the results of lake sites, £ of the ocean
grid is highly correlated with Ep,,, E = 0.84Ep.,, R?=0.989 (Figure 8(a)).

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

ayr=1.49 fitted the relationships between monthly and E:i better (Figure 8(b))

Epen E

and improved the performance on evaporation estimation (Table 5).
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Figure 8. Plots of E with respect to E,.« and Epe, and their regression lines and

Pen

rad

with respect to 5 on (a, b) the global ocean surface in 2018 (color bar represents

Pen

data density), and (c, d) a selected grid-box from 1980 to 2018 compared with the wet
surface SGC equation and the linear PT equation.

For the selected ocean grid-box, the wet surface SGC equation reproduces the
temporal variability of monthly ocean surface evaporation from 1980 to 2018 well and
amends the bias of the linear PT equation (Figures 8 (c, d). The results are consistent
with those for the spatial distribuion.

5 Evaluation on wetlands and paddy fields

At the two wetland sites and two paddy field sites, the wet surface SGC equation
fits the relationship between daily E/Ep,, and E,,;/Ep.,, well. The optimized ayr
at the two wetland sites (1.31 and 1.29 for WPT and HBW, respectively) are lower than
those at the lake site, whereas the optimized ayr at the paddy sites (1.69 and 1.73 for
MSE and TWT, respectively) are larger. However, the nonlinear characteristics of the

growth of E/Ep,, on E,,;/Ep,, are unremarkable compared with the open water
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surfaces. The improvements of the wet surface SGC equation compared with the linear
PT equation are unremarkable. Taking the RMSE as an index, it improves from 0.26,
0.49, and 0.85 mm day ' to 0.23, 0.42, and 0.83 mm day ! at WPT, MSE, and TWT,
respectively. At HBW, the performance of the wet surface SGC equation and PT
equation slightly differs (the RMSEs are 0.40 and 0.41 mm day !, respectively).
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Figure 9. Plots of daily = with respect to =% at two wetlands sites: (a) WPT and
Pen Pen

(b) HBW, and two paddy sites: (¢) MSE and (d) TWT compared with the wet surface
SGC equation and PT equation.
6 Discussions
6.1 Capturing varying PT coefficient

The linear PT equation with optimized ap; performs well for all the wet
surfaces in this study, and the optimized af; are equal or extremely close to the

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

. . .. . E
However, the opposite biases under conditions with small and large values of ET—“d
Pen

(also E,qq) imply that the fixed af; is a result of the compromise between the two

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

Erad E

—, ] imply a varying coefficient apr over the wet surface. Taking the
Epen” Epen

space [
PTS site as an example (Figure 10(a)), apr shows a large variation versus Frad The
Pen

theoretical curve derived from the wet surface SGC equation can effectively present
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the decrease in apyr with larger than 0.5. However, it is an improvement of the

Epen

linear PT equation with a fixed coefficent. This condition explains why the the wet
surface SGC equation performs better than than linear PT equation on the open water

surfaces, as shown in Section 4.

o e 30 -

E/Em(f ( O!PT)

rad

Figure 10. Plots of daily EL (the varying PT coefficient apr) with respect to ;
rad

Pen

at (a) the lake site PTS and (b) the wetland site HBW, compared with the calibrated
fixed apy of the linear PT equation (solid line) and the theoretical curve derived from
the wet surface SGC equation (red curve).

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

Erad

apr on derived from the SGC equation is flat and differs slightly with the

Pen

optimized aS;=1.25 line for the days with =22 between 0.2 and 0.7 (Figure 10(b)).

E
Epen

The weak variations of the PT coefficient are the reason why the improvement of the
wet surface SGC equation on the linear PT equation is unremarkable at the wetland and
paddy sites. At these four sites, the study was conducted during June to September, and
the cold reasons were not involved to avoid that the land surfaces were not saturated.
Then, the variations of the PT coefficient may be limited. However, the effects of
vegetation on the different variations of the PT coefficient at the wetland and paddy
sites to the open water surfaces need further studies.

6.2 Effects of advection on ayr

E . E
with respect to =4

Epen Epen

As shown in the above plots of , a fair amount of scatter

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

conditions with small 2224 As shown in Figure 10(a), the theoretical curve of apr

Pen

E
rad smaller than

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

Pen
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0.4 at PTS. The above biases cannot be explained by random errors and indicate that
the wet surface SGC equation with a fixed ayr only partially captures the variations
of apr. Thus, a varying ayg is required for a better estimation of evaporation by the
wet surface SGC equation. However, a question may arise what factors control o ?
Advection of hot and dry air is a main factor of the varying apr, which enlarges
the wet surface evaporation rate. Considering that the wet surface SGC equation with a
fixed ayr only partially captures the varying apr (Figure 10), oyr would be
affected by the advection. At TWT, Baldocchi et al. (2016) pointed out that the
advection effects declined along with the expansion of the flooded land area from less
than 1 km? to more than 5 km? during the six study years. At the same time, the
optimized ayr at TWT declined from 1.90 in 2009 to 1.65 in 2014 (Table 5). As shown
in Figure 9(d), the scatter points in 2014 are below their counterparts in 2009.
Table 5. Optimized parameters and performance of the wet surface SGC equation and
the linear PT equation in estimating evaporation (mm day ') at the paddy site TWT
from 2009 to 2014 with decreasing “oasis effect”

SGC PT equation

@y MAE RMSE NSE af, MAE RMSE NSE

2009 1.90  0.68 0.89 0.72 185 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 0.87 035 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 1.62 044 0.57 0.87
Advections may play a role in determining the different values of ayr among the

Year

three types of wet surfaces. For the two wetland sites, their differences with the
surroundings are unremarkable than the lake and paddy sites. The weak advection effect
is a possible reason why the values of ayr are lower than the other sites. The two
paddy sites are located in small patches around 1 km?, which are significantly affected
by the enhanced advections. Thus, the optimized ayr at the two paddy field sites are

larger than those at other the sites.

Under the conditions with small values of ?—“d that probably occur with small

Pen

radiation energy inputs, the advection effects are significant (Morton, 1983), and the
evaporation rate is underestimated by the wet surface SGC equation with a specific

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

Eraq

. . E
with respect to are located above the SGC curves with small values of =%,
Epen Pen Epen
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and many points are above the theoretical curve with fixed ayr in Figure 10 (a). Thus,

Eraq

ayr would be large under the conditions with small values of thereby suggesting

Epen’
further studies on the seasonal variations of ayr over open water surfaces.
6.3 Implication for further extension of the complementary principle

The complementary principle was originally proposed for the evaporation
taking place from “a sufficiently large and homogeneous surface” (Brutsaert, 2015),
where the advection effects of heat and water vapor from the outside are negligible or
changeless (Brutsaert & Stricker, 1979; Han & Tian, 2018b; Morton, 1983). The
complementary principle assumes that the land surface wetness can be effectively

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

(Brutsaert, 1982; Han & Tian, 2018a, 2020). is then expressed as a function of

Epen

Erad

. . d
the atmospheric wetness index e =

S . E
by considering that the change in ET can be

Pen Pen

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

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

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

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

in determining the near-surface atmospheric variables above a natural landscape.
Taking the wet surfaces investigated in this study as the extremes, the

assumption of the traditional complementary principle does not hold because the
water availability is ample and changeless. However, —;ad varies significantly due to
en

is still highly related to 722,

Epen Pen

advections or large-scale synoptic changes, and

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

Eraq
Epen

expressed as a function of regardless whether its changes come from the land

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

scale synoptic changes).

Erad

For the open surfaces shown in former sections, the growth of — z
Pen Pen

Erad
b

exhibits nonlinear characteristics with decreasing growth rate for large values of Zp
en

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

flatness feature requires that £ and E,,,., increase with constant E,,; when Er
en
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decreases from one (Han & Tian, 2018a, 2019). If E,.,; is constant, an increase in
E,.ro indicates an increase in the vapor pressure deficit if the wind speed is
changeless. However, the assumption of the complementary principle indicates that

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

E

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

Epen

E . . . . .
upon E;—ad was questioned by considering that the change in £ and Eg,,, in the
en

same direction over a nearly wet surface is impossible (Szilagyi & Crago, 2019).
However, the same direction changes in £ and E,,,, can be understood by
considering the second type processes related to advections or large-scale synoptic

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

Eraq .
1S

on

enhances E and E,,,, with constant E, ;. Thus, the growth of
Epen Epen

Eraq

EPen’

slow with large values of which can explain the upper flatness feature.

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

E on Erad
Epen Epen

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

explaining why the points of at the land site DS are scattered. The land

from the lake considerably because the nearest distance to the shore is only 2 km. This
condition can be detected because the daily E,,.,, at DS is highly correlated with the
lake site PTS (=0.75x+0.29, R?=0.69 during 2014). However, the relative
importance of the two processes varies with the surface wetness. Under water-limited
conditions, the actual evaporation and potential evaporation are tightly linked via the
surface, whereas the regional or large-scale advection would play a greater role than
the landscape-scale processes under energy-limited conditions (Lintner et al., 2015).
The complementary principle can be further generalized to cover the later processes.
Thus, its capability to estimate evaporation over various types of land surface can be
enhanced.
7 Summary
(1) The meta-analysis based on the published results indicates seasonal variations
of the PT coefficient, which are low in warm seasons but high in cold seasons.
We confirmed this nonlinear feature of the dependence of E on E,,; over the
wet surface and attributed it to the variations of E,,,, by using the data over

lakes and ocean.
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(2) The SGC equation, as a nonlinear modification of the linear AA approach for
natural evaporating surfaces based on the complementary principle, can be
extended to wet surfaces by setting its Symmetric parameter to infinity. The wet
surface SGC equation can effectively describe the nonlinear growth of £ on
E,qq over wet surfaces by including the influences of E_,,,. The wet surface
SGC equation with one calibrated parameter outperforms the linear PT equation
for estimating evaporation because it considers the varying PT coefficient.

(3) The parameter of the wet surface SGC equation may be related to the advections
from the outside or the large-scale synoptic changes. The complementary

principle can be further extended to include these processes.
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