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Abstract

Evaporation (E) from about 300 million lakes worldwide without plant physiological constraints
directly reflects hydrological response to atmospheric forcings. However, it remains inadequately
understood about what regulate spatial variability of global lake E across seasons. Here we show
that vertical vapor pressure difference (ep) accounts for 66% of the spatial variability of annual E,
followed by wind speed (16%). The ep, is also the predominant factor modulating diurnal
variability in E and causing greater E at night than during the daytime. As a consequence, spatial
variability in nighttime E strongly regulates that in global E across seasons. Therefore, the observed
widespread, heterogeneous changes in lake surface temperature that imply spatial variability in ep
may have contributed to changes in global E variability.

1. Introduction

There are more than 300 million lakes with surface
areas of greater than 0.001 km? in the world which
cover about 3% of the terrestrial land (Downing et al
2006). In the climate system, lake evaporation (E)
is considered energy limited (Brutsaert and Parlange
1998) and its direct response to climate perturbations
independent of varying terrestrial plant ecosystem
functionalities and regulations make lakes ideal sys-
tems to attribute changes in evaporative processes to
atmospheric forcings. However, spatiotemporal vari-
ations in global lake E in response to environmental
controls remain less studied.

Previous field studies in some individual lakes
have indicated the varying effects of atmospheric vari-
ables and lake-surface processes on lake E at dif-
ferent time scales (Woolway et al 2020). At diurnal
scale, vapor pressure difference (ep) between lake
surface and overlying air, wind-induced turbulence,
and atmospheric stability conditions that are largely

© 2022 The Author(s). Published by IOP Publishing Ltd

associated with temperature difference (TD) between
the lake surface water temperature (LSWT) and the
overlying air primarily affect E variability (Blanken
et al 2000, Liu et al 2012, Xiao et al 2018). Lake E
at sub-seasonal to seasonal time scales is largely reg-
ulated by invasions of synoptic weather events and
energy inputs (Hostetler and Bartlein 1990, Blanken
et al 2000). Invasions of synoptic weather events dis-
turb local or mesoscale atmospheric forcings that
alter LSWT, leading to changes in water surface
energy balance (Blanken et al 2011, Spence et al
2011). Lake water bodies store large amount of heat
during lake heating periods (e.g. daytime with solar
heating at daily time scales and spring and summer
at seasonal time scales) and release stored heat to
the overlying air during lake cooling periods (e.g.
nighttime and autumn and winter) due to the large
heat capacity of water (Blanken et al 2003, Lenters
et al 2005). The heat storage of lake water bod-
ies lessens temporal changes in LSWT that are off
phase with temporal changes in the over-lake air
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temperature (T,) (Henderson-Sellers 1986, Bonan
1995). Since the saturation vapor pressure (e;) across
the water-air interface is a function of LSWT, such
variations in LSWT strongly affect e, variability, lead-
ing to changes in lake E across different time scales
(Hostetler and Bartlein 1990, Woolway et al 2020).
Climate warming has caused widespread, but geo-
graphically heterogeneous increase in LSWT across
the globe (O’Reilly et al 2015). Lakes tend to chan-
nel more energy towards latent heat flux (LE) than
sensible heat flux (H) in disproportionate rates under
warmer climate conditions (i.e. decrease in Bowen
ratio) (Wang et al 2018). Thus, the heterogeneous lake
warming implies that spatial variability in global lake
E might have been changed through various feedback
mechanisms.

Lake E and its environmental controls are also
indirectly regulated by lake attributes such as geo-
graphic locations and depths (Sene et al 1991,
Delclaux et al 2007, Rosenberry et al 2007). Lake
geographic locations dictate seasonal variations of
available energy inputs (i.e. solar radiation). The
lake-depth dependent water heat storage controls
temporal phase difference between energy inputs and
E (Granger and Hedstrom 2011) and therefore plays
a critical role in modulating E patterns. In tropical
lakes, both shallow and deep, the mean monthly E
is generally in-phase with net radiation (R,), while
diurnal variations in E are sensitive to wind speed
(Sene et al 1991, Delclaux et al 2007). For mid- and
high-latitude shallow lakes, there is a strong correla-
tion between mean monthly E and R,. In mid- and
high-latitude deep lakes, however, a phase difference
of one to three months (i.e. time delays) affected by
lake depths can occur between E and R,, (Rouse et al
2003, Oswald and Rouse 2004, Li et al 2016), and
diurnal variations in E are best explained as a func-
tion of wind speeds and ep (Rouse et al 2003, Shao
etal 2015). While these previous field studies demon-
strate varying effects of specific factors among envir-
onmental controls and lake attributes on lake E for
specific lakes, spatial variability in global lake E as
a result of the collective effects from these factors
remains less studied.

It is challenging to measure lake E (Lenters et al
2005). Several indirect methods have been used for
deriving lake E based on readily measured variables,
including pan coefficient (Kohler et al 1955), water
budget (Sturrock 1978), Bowen ratio energy balance
(Ficke 1972, Sturrock 1978), Penman model (Penman
1948), Priestly and Taylor model (Priestley and Taylor
1972), and Thornthwaite model (Thornthwaite 1948)
among many others. More recently, the in-situ lake
E measurements using the eddy covariance technique
have become increasingly available (Rouse et al 2005,
Nordbo et al 2011, Wang et al 2017). Nevertheless,
these eddy covariance measurements of lake E remain
sparse. To advance understanding of spatiotemporal
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variations in E and the associated environmental
controls, numerical lake models have emerged as a
useful approach to simulate global lake E (Wang et al
2018).

This study reports spatial variability of global
lake E across seasons and quantifies the impacts of
atmospheric forcings on these variations. Using Lake,
Ice, Snow, and Sedimentation Simulator (LISSS) to
simulate global lake E, we aim to answer the fol-
lowing questions: (a) what is the spatial distribu-
tion of global lake E and how available energy is
partitioned among surface energy fluxes across sea-
sons; (b) what are the key environmental para-
meters regulating lake E variability; and (c) how
the spatial variability in day and night E regulates
global lake E variability and what are their driving
parameters.

2. Materials and methods

2.1. Model simulation and validation

We use the LISSS in the Community Land Model
(CLM v. 4.5) to simulate LSWT and lake surface
energy fluxes including LE or E, H, and heat flux
into or from lake water (G). For ice/snow covered
lakes during cold moths, the ice-surface temperat-
ure is used as LSWT. The LISSS is a sub-module
within the CLM that uses a nested hierarchy con-
sisting of five land units or tiles (glacier, urban,
agricultural, vegetation, and lake) to represent sur-
face heterogeneity at the subgrid level for each CLM
grid. In this study, the CLM simulations are con-
ducted at 0.94° x 1.25° horizontal resolutions and
30 min temporal resolution over 1930-2016 driven
by CRUNECP atmospheric forcing dataset with the
first 50 years as the spin-up period. The CLM uni-
fies all lakes within a grid cell by using the mean
depth and runs LISSS at subgrid level as one tile
to calculate surface energy fluxes. The brief descrip-
tions of LISSS are given in text S1 (available online
at stacks.iop.org/ERL/17/054006/mmedia). The out-
puts from 4591 lake tiles are extracted and then ana-
lyzed in this study. The good performance of the
LISSS in reproducing fluxes has been demonstrated
by several studies (Subin et al 2012a, Hu et al 2017,
Wang et al 2018, Xiao et al 2018). Our own val-
idation also indicates its good performance (figure
S1). The simulated lake E and LSWT are validated
against observations (figure S1). The statistical ana-
lysis indicates that simulated surface fluxes are sig-
nificant with # = 0.89, RMSE = 12.02 W m?,
p < 0.01 for E and # = 0.96, RMSE = 1.8 °C,
p < 0.01 for lake surface temperature. Despite of
the model good performance in simulating surface
fluxes, the LISSS tends to have a positive bias of
about 0.69 °C in the simulated LSWT. The implic-
ations of this bias for lake E are discussed in
section 4.2.
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Table 1. The magnitude of lake surface energy balance components at annual and seasonal time scales. The mean values of latent heat
(LE), sensible heat (H), lake heat storage (G), and net radiation (R, ) are listed. Except for G, the positive values represent flux from lake
surface to the atmosphere and vice versa. For G, the positive values show flux from the lake water surface to the layers below.

Component Season
Climate region (Wm™?) Spring Summer Autumn Winter Annual
30° S-30° N LE 128.7 136.6 129.0 111.0 126.3
H 12.8 15.5 16.8 14.8 15.0
G 20.3 4.5 —15.2 —-9.1 0.1
Rn 161.7 156.6 130.6 116.7 141.4
30° S-60° S LE 29.7 99.9 67.2 10.7 51.9
and 30° H —-1.3 15.6 22.2 —5.1 7.9
N-60° N G 67.3 38.4 —64.5 -7.7 8.4
Ry 95.7 153.9 24.9 —2.1 68.1
>60° N LE 1.1 45.8 19.5 —1.8 16.2
H —-9.7 12.0 5.7 —-17.0 —2.3
G 47.3 59.0 —48.5 -9.5 12.1
Rn 38.7 116.8 —23.3 —28.3 26.0
Global LE 53.2 94.1 71.9 40.0 64.8
H 0.6 14.4 14.9 —2.4 6.9
G 45.0 34.0 —42.7 —38.8 6.9
Rn 98.7 142.4 44.1 28.8 78.5

2.2. Methods for data analysis

One-year fluxes at the 30 min interval by averaging
the fluxes over 2000-2016 are used to examine their
spatial variations across seasons. The simulated fluxes
at the 30 min resolution were then aggregated to daily
and seasonal means. We divided the global lakes in
three climate regions and calculated arithmetic means
of all values of individual lakes within a climate region
(table 1). The time periods with incoming shortwave
radiation greater or less than 25 W m™2 are defined
as daytime or nighttime, respectively. The unit of
mm d~! is used for both the daytime and night-
time E despite of the different time durations for day-
time and nighttime so that their evaporation rates
can be directly compared. Fluxes are averaged over
single lakes and then over the latitude before the mean
zonal ratios of fluxes are calculated. It is important to
note that the average fluxes over the latitude are not
weighted by lake area and therefore are independent
of lake size. The seasons are synchronized for both
the hemispheres. For example, spring is defined as a
combination of March—-May in the Northern Hemi-
sphere and September—November in the Southern
Hemisphere. Here and throughout, H and LE from
lake surface to the atmosphere are defined as positive,
and the downward radiation flux components and G
from the water surface to the layers below are defined
as positive.

Multiple linear regression (MLR) is performed to
analyze the influence of ep, wind speed, T, specific
humidity (g,), and R,, on E. All variables are standard-
ized before analysis is made by removing mean and
scaling to unit variance so that the results can be inter-
preted at comparable scales. The relative importance
(i.e. variance explained, ) of each environmental
variable as E driver is quantified by a ratio between
the regression coefficient of individual variable and

the sum of regression coefficient of all variables from
the MLR. We use the arithmetic mean of 3 over latit-
udes within each climate region to explain the spatial
variability of driving variables on lake E. The response
of lake E to change in ep and air vapor pressure defi-
cit (VPD) is also compared using E sensitivities to ep
and VPD. Such sensitives are calculated using Theil-
Sen’s linear regression with a 95% confidence interval
(Sen 1968). The Theil-Sens is a robust nonparamet-
ric approach which calculates all possible slopes and
returns the median slope as an estimate of the linear
trend. The one-year flux data at the 30 min temporal
resolution are used in both the regression analysis and
the sensitivity analysis.

3. Results

3.1. Spatial variations of global lake E across
seasons

Lake E is intrinsically influenced by the water surface
energy balance and partitioning. Globally, the annual
mean lake E is 2.3 mm d~!, and the corresponding
annual mean LE (64.8 W m™2) accounts for about
82.5% of the annual mean global R, (figure 1(a)
and table 1), suggesting that majority of the available
energy is partitioned into latent heat fluxes. Annu-
ally, the global lakes receive 165.5 W m ™2 of incoming
shortwave radiation and 300.6 W m~? of incoming
downward longwave radiation (figure S2). The lakes
reflect 21.9 W m™~2 of the incoming shortwave radi-
ation and absorb remaining 444.3 W m™2 of radi-
ative flux (Rups). In response, the lakes adjust their
surface temperature and radiate longwave radiation
(365.8 W m™2, 82.3%) and fuel LE (64.8 W m~2,
14.6%) and H fluxes (6.9 W m~2, 1.5%) (figure
S2). Here below the surface energy balance equation
(R, = LE+ H + G) is primarily used to analyze how
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Figure 1. Spatial variations in mean lake evaporation E (mm d~!). (a) Annual. (b) Spring. (c) Summer. (d) Autumn. (e) Winter.
Each row, from left to right, shows the spatial distribution of E, zonal mean E, and the ratio of zonal mean latent heat flux (LE)
and net radiation (Ry), respectively. The shaded areas in zonal mean plots denote 10th and 90th percentile of E. Because of near
zero/negative R, in the latitudes of >40° N and 40° S, the LE/R,, ratio is very large/small and therefore has been omitted in
autumn and winter zonal plots. The positive values represent flux from lake surface to the atmosphere.

the surface absorbed R, is partitioned into LE, H,
and G.

Global lake E shows distinct spatial variations
across seasons (figure 1 and table 1). The annual
zonal mean E peaks at about 14° N (5.4 mm d~!)
and decreases towards the polar regions with a level-
off zone (4.1 mm d—!) from 30° S to the equator
and the minimum E at 75° N (figure 1(a)). Sea-
sonal variations of the zonal mean E in spring and
winter resemble the annual ones, but with the level-
off zone substantially reduced in winter (figures 1(b)
and (e)). A second peak occurs around 25° S in sum-
mer and autumn (figures 1(c) and (d)). At the annual
and seasonal time scales, latitudinal variations in E
are primarily explained by latitudinal variations in
R, (figure S3; ¥ > 0.75, p < 0.05), suggesting that
latitudinal variations in lake E at seasonal to annual
time scales are strongly constrained by latitudinal

variations in energy input. However, latitudinal vari-
ations in wind speed plays minor roles in affecting
latitudinal variations in E at such time scales (figure
S3; p > 0.05). LE/R,, from 30° S to 30° N is about
89.3%, and LE/R,, for the latitudes of >30° N is about
69.3% (figure 1(a) and table 1). The lower LE/R,
at latitudes of >30° N is attributed to the fact that
more R, is channeled towards snow/ice melting, as
compared with low-latitude lakes. The zonal mean
H/R,, varies slightly across the latitudes from about
30° S to 30° N, but it decreases with increasing latit-
udes at the latitudes of >30° N (figure 2). In spring,
the negative H and R, at the northern high latit-
udes of >30° N (figure 2(b)) are primarily utilized for
melting snow/ice, leading to low E (figure 1(b)). In
summer, R, absorbed by high-latitude lakes is parti-
tioned into positive H and LE and heat stored in lakes
(figures 1(c) and 2(c)). The negative R, at latitudes
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Figure 2. Spatial variations in mean net radiation (R,) and sensible heat flux (H). (a) Annual. (b) Spring. (c) Summer.

(d) Autumn. (e) Winter. The left panel shows spatial and mean zonal distribution of R,. The negative R, in the latitudes of >40°
N and 40° S represents heat loss from lake surface through longwave radiation. The spatial distribution of H, its zonal mean, and
the ratio of zonal mean H and R, are shown in right panel. The negative H shows flux from overlying atmospheric air towards
lake surface. Because of near zero/negative Ry, in the latitudes of >40° N and 40° S in autumn and winter, the H/R,, ratio is very
large/small and therefore is omitted in autumn and winter zonal plots.

of >30° N in autumn is attributed to the hysteresis
of lake temperatures due to heat storage. Such heat
storage drives LE and causes positive H in this sea-
son (figures 1(d) and 2(d)) as dry cold air masses
passes over warmer lakes (Blanken ef al 2003, Lenters
et al 2005). In winter, lakes at the latitudes of >30° N
become frozen, and the negative R, is almost bal-
anced by the negative H, whereas LE approaches zero
(figures 1(e) and 2(e)). These results indicate that LE
has the large spatial variability; however, it remains
unclear as to which atmospheric variables predomin-
antly regulate such variability.

3.2. Vapor pressure difference (ep) regulating lake
E spatial variability across seasons

Our statistical analysis indicates that spatial variabil-
ity in the annual mean E is mainly explained by that
in ep (66%) followed by wind speed (16%) (figure
S4(a)). The remaining 18% of the E variability is
explained by a combination of other drivers includ-
ing T, (figure S5; 5 = 0.08), g, (figure S5; 5 = 0.07),
and R, (figure S5; 5 = 0.03). In the latitudes of 30° S
to 30° N, the regression coefficients between E and ep
are negatively correlated with regression coefficients

5

between E and wind speed (figure S6). This negative
correlation indicates that ep and wind speed jointly
regulate the E variability in this region (figure S4(a)).
However, the relatively high but varying ep in these
latitudes acts as the primary driving variable of E
under persistently adequate turbulent mixing in the
over-lake atmosphere with strong wind (figure 3(a)).
In the latitudes of >30° N and 30° S, high wind speed
provides strong vertical turbulent mixing, but ep is
low and keeps decreasing with increasing latitudes
(figure 3(a)). As a result, the low ep acts as a strong
constraint on evaporation and regulates E variability,
which also explains the high regression coefficients
between E and ep. At the seasonal scales, ep still out-
paces wind speed in regulating spatial variability in E
(figures S4(b)—(e)).

3.3. Nighttime E contributes more to spatial
variability in global lake E than daytime E

Our analysis shows that global mean nighttime E is
about 14% greater than the global mean daytime E
(figure 4(a) and table S3). The annually averaged dif-
ferences in E (AE) between nighttime (E,) and day-
time (Eq) demonstrate substantial spatial variability
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Figure 3. Spatial variations in mean vapor pressure difference (ep) and wind speeds (U). (a) Annual. (b) Spring. (c) Summer.

(d) Autumn. (e) Winter. The left two panels show the spatial and zonal mean distribution of ep, respectively. The positive ep
represents higher vapor pressure at air-water interface than air vapor pressure. The right three panels show the spatial distribution
of U, the daytime and nighttime zonal mean of U, and the zonal mean of the U difference between daytime and nighttime (AU).
The positive AU represents higher wind speeds at nights than during the day.

from approximately —0.9-4.2 mm d~'. Note that
the unit of mm d™! is still used for E, (Eq) which,
when dividing by 24 h, results in the nighttime (day-
time) evaporation rate in mm h™' independent of
the length of nighttime (daytime). The large posit-
ive annual AE primarily occurs across the latitudes
from about 30° S to 30° N where the zonal mean
E, can be 38% higher than the daytime counter-
part. The zonally averaged annual AE has two peaks,
one (1.4 mm) around 25° S and the other (1.7 mm)
around 14° N, and becomes negative (i.e. higher Ey)
in the latitudes of >30° S and 30° N (figure 4(a)).
Seasonal variations in the zonally averaged AE in
spring, autumn, and winter resemble the annual AE
while approaching zero in the latitudes of >30° N
in winter. In summer, however, AE peaks (2.1 mm)
in about 25° S and remains positive across latitudes
(figure 4(c)).

The spatial variability in AE is predominantly
regulated by that of the difference in ep and TD
between nighttime and daytime (figures S7-S9).
Greater AE between nighttime and daytime cor-
responds to larger difference in ep and TD. The

higher TD at night reflects more unstably stratified
atmospheric conditions. More unstable atmospheric
conditions promote evaporation thereby contrib-
uting to greater evaporation at night than dur-
ing the daytime. However, the difference in wind
speed between nighttime and daytime (AU) plays a
minor role in regulating the spatial variability in AE
(figure 3). In the latitudes of >30° S and 30° N, the
negative AE is simply attributed to negative Aep (i.e.
the lower ep at night than during the day). The pos-
itive AE is large in the latitudes of <30° S and 30° N
across seasons, being greatest in the winter with the
highest positive ep (AE/E = 22%; Aeplep = 11%),
followed by spring (AE/E = 18%; Aeplep = 9%),
autumn (AE/E = 14%; Aeplep = 8%), and sum-
mer (AE/E = 12%; Aeplep = 8%). Note that
the global mean accumulative nighttime evapora-
tion (AE, ) remains higher than accumulative daytime
evaporation (AE4) when day and night length is con-
sidered (figure S10). The annual, spring, autumn, and
winter AE, is about 9.4%, 12.5%, 28.0%, and 43.6%
higher than AE4, respectively. In summer, however,
the longer days in the latitudes of >30° N cause



10P Publishing

Environ. Res. Lett. 17 (2022) 054006

U Farooq et al

(@) oon

60N [
30N

EQ
30s

60S

— day
§ght -

(b) 4y

60N
30N

EQ
30s

60S

bl

(€) 4oy

60N
30N

EQ
30S

60S

(d) 90N

60N
30N

EQ
30S

60S

Biji:

(@) ooy

60N

30N

EQ

30S

60S

5
z
4
5

AE (mm)

daytime and vice versa.

120w 60W 0 60E 120E 0

-0.6 -0.4 -0.2 0.0 0.2 04 06 10 14

Figure 4. Spatial variations in the difference between nighttime and daytime lake evaporation (AE). (a) Annual. (b) Spring.
(c) Summer. (d) Autumn. (e) Winter. The three columns, from left to right, show the spatial distribution of AE, zonal mean E for
daytime and nighttime, and zonal mean AE, respectively. The positive values represent higher nighttime evaporation than

1

1

1

1

> 1
-1 0 15 3

1

1 1

3 6 9

E(mmd-1) AE (mm)

AE, to be 14.6% less than its daytime counterpart
(figure S10(c)).

4. Discussion

4.1. Role of VPD in modulating lake E

Several studies have reported that VPD is a key envir-
onmental variable in regulating spatiotemporal vari-
ations in terrestrial evapotranspiration (Wang et al
2019, Kimm et al 2020), while its role in the global

lake E remains unclear. Although the diurnal vari-
ations in lake E are less sensitive to diurnal vari-
ations in VPD compared to ep (figure 5), it plays
important role in modulating lake E via associated
atmospheric dryness. The thermal lag, by which lakes
retain their daytime temperature values for longer
time due to higher thermal inertia of water (Rouse
et al 2005, Liu et al 2009), causes e, to be less sensit-
ive to changes in the nighttime T, (figure 5). Whereas
the changes in air saturation vapor pressure are highly

7



10P Publishing

Environ. Res. Lett. 17 (2022) 054006

U Farooq et al

(a) [

.1
oy
g

-

&

o

(b) [

T

© [

o) [

4 -~ Rg‘;?i ~ !‘% & [
3 i ._v-“ ¥ I e g 3 I _ [

(e)r-

’1'% P

e

£

n

: I
09 -06 03 00 03 06 09 12 15

(mm yr~1/Pa)

— 1 ]
20 40 60 80 100 140 180 220 260
(Pa/°C)

Figure 5. Sensitivity analysis. (a) Annual. (b) Spring. (c) Summer. (d) Autumn. (e) Winter. The first and second columns, from
left, show spatial distributions of sensitivities of lake evaporation E to vapor pressure deficit (VPD) and vapor pressure difference
(ep), respectively. The third and fourth columns show spatial distribution of sensitivities of saturated air vapor pressure and
air-water interface vapor pressure (e;) to air temperature (T,), respectively. Each data point represents the sensitivity obtained by

linear regression for each lake.

sensitive to changes in T, (figure 5), thereby make
diurnal variations in lake E less sensitive to VPD.
However, the VPD is projected to increase under
future warming trends because of faster increase in
saturated vapor pressure than actual vapor pressure
(Sherwood and Fu 2014, Ficklin and Novick 2017).
The e; is also increasing due to rapid lakes warming
globally (O’Reilly et al 2015, Woolway et al 2020).
Higher e; and VPD will lead to elevated ep. Our ana-
lysis shows that ep, mainly drives lake E across seasons,
suggesting that an increase in VPD will have posit-
ive feedback on lake E trends under future warming
climate.

4.2. Uncertainties in simulated lake E

The LISSS simulated lake E is statistically significant
while it is acknowledged that uncertainties remain.
The LISSS tends to have a mean positive bias of
0.69 °C in simulated LSWT based on our valida-
tions (figure S1(b)). The estimated relation between
LSWT and lake E (text S2 and figure S11) implies
that the simulate LE could have a 5.8% bias in the
annual mean global lake E. However, our test demon-
strates that LISSS did not over-predict LE system-
atically (figure S1(a)). Uncertainties may be associ-
ated with (a) aggregating lakes at subgrid level as one
tile in each CLM grid using mean depth and cal-
culating light extinction coefficient as a function of
depth (Subin et al 2012b); (b) underestimation of

wind drag in case of limited fetch for shallow lakes
leading to insufficient wind-driven turbulent mixing
(Stepanenko et al 2013); (c) inadequate simulations
of vertical circulations in deep lakes (Bennington et al
2014). Another uncertainty source is attributed to
the quality of the forcing dataset. Ideally, meteorolo-
gical variables that drive the model should be meas-
ured directly over lakes. Given that observation sites
over lakes are sparse, all these variables are derived
from reanalysis datasets that are primarily based on
weather stations over land (Qian et al 2006, Shef-
field et al 2006, Saha et al 2010). The use of land-
based datasets to force lake models could induce addi-
tional uncertainties (Bradley 1968, McJannet et al
2012). The discrepancies among different datasets are
another source of uncertainty associated with forcing
data (Wang et al 2016). The comparison of terrestrial
latent heat flux simulated by CLM v. 4.5 driven
by CRUNECP (used in this study) and three other
reanalysis products (i.e. MERRA, CFSR, and ERA-
Interim) with flux tower measurements demonstrates
similar r* (0.81-0.83) and RMSE (19.66 W m™*-
21.45 W m~2) (Wang et al 2016). The slight dif-
ference in RMSE is attributed to the disparities of
precipitation, air temperature, and downward solar
radiation (Wang et al 2016). However, the independ-
ence of lake E on precipitation by maintaining con-
stant water mass (Oleson et al 2013) implies that sim-
ulated lake E as driven by different forcing datasets



10P Publishing

Environ. Res. Lett. 17 (2022) 054006

should result in small differences. Nevertheless, our
LISSS-derived lake E shows variabilities comparable
with measurements in individual lakes across latit-
udes. Thus, the simulated global E variability should
capture its major spatiotemporal features.

5. Conclusions

Using a state-of-science lake model, our study shows
that the annual, spring, summer, autumn, and
winter mean global lake E is 2.3, 1.9, 3.4, 2.6, and
1.4 mm d—!, respectively, with large spatial variab-
ility across seasons. The annual zonal mean E peaks
around 14° N where both ep and wind speed are high,
and it then decreases towards both high latitudes with
a leveled-off zone from the equator to 30° S where
wind speed is low. Seasonal variations of the zonal
mean E show similar patterns, but with a second peak
in summer and autumn in around 25° S where both
ep and wind speed are high. The ep also predomin-
antly modulates seasonal and diurnal variations in
global lake E. Further, our study indicates that the
spatial variability in the nighttime E contributes more
to that in the global lake E across seasons than that in
the daytime E, which is largely attributed to the night-
time spatial variability in ep. The rapid increase in
LSWT and VPD under warmer climate leads to elev-
ated ep which will have positive feedback on lake E
trends.

Data availability statement

The data that support the findings of this study are
available upon reasonable request from the authors.

Acknowledgments

We thank the two anonymous reviewers for their con-
structive comments that greatly improved the qual-
ity of our manuscript. We acknowledge support by
National Science Foundation (EAR-2002644, EAR-
2006281, EAR-2003076). U F was financially suppor-
ted in part by the Government of Punjab in collab-
oration with University of Agriculture, Faisalabad,
Pakistan.

Author contributions

H L and U F conceived the study. U F performed
model simulations and analyzed the data. Y M modi-
fied some of the code. U F and H L wrote the first draft
of the manuscript. All authors were involved in writ-
ing, editing, and interpretation of results. All authors
read and approved the final manuscript.

Conflict of interest

The authors declare no competing interests.

U Farooq et al

ORCID iDs

Umar Farooq ® https://orcid.org/0000-0001-6164-
1889
Heping Liu
6924
Jingfeng Wang ® https://orcid.org/0000-0002-2548-
6372

Lian Shen

https://orcid.org/0000-0002-2184-

https://orcid.org/0000-0003-3762-3829

References

Bennington V, Notaro M and Holman K D 2014 Improving
climate sensitivity of deep lakes within a regional climate
model and its impact on simulated climate J. Clim.

27 2886911

Blanken P D, Rouse W R, Culf A D, Spence C, Boudreau L D,
Jasper ] N, Kochtubajda B, Schertzer W M, Marsh P and
Verseghy D 2000 Eddy covariance measurements of
evaporation from Great Slave Lake, Northwest Territories,
Canada Water Resour. Res. 36 1069—77

Blanken P D, Rouse W R and Schertzer W M 2003 Enhancement
of evaporation from a large northern lake by the
entrainment of warm, dry air J. Hydrometeorol. 4 680-93

Blanken P D, Spence C, Hedstrom N and Lenters ] D 2011
Evaporation from Lake Superior: 1. Physical controls and
processes J. Gt. Lakes Res. 37 707-16

Bonan B 1995 Sensitivity of a GCM simulation to inclusion of
inland water surfaces J. Clim. 8 2691-704

Bradley E F 1968 A micrometeorological study of velocity profiles
and surface drag in the region modified by a change in
surface roughness Q. J. R. Meteorol. Soc. 94 361-79

Brutsaert W and Parlange M B 1998 Hydrologic cycle explains the
evaporation paradox Nature 396 30

Delclaux F, Coudrain A and Condom T 2007 Evaporation
estimation on Lake Titicaca: a synthesis review and
modelling Hydrol. Process. 21 1664—77

Downing J A et al 2006 The global abundance and size
distribution of lakes, ponds, and impoundments Limnol.
Oceanogr. 51 2388-97

Ficke J F, 1972 Comparison of Evaporation Computation Methods,
Pretty Lake, Lagrange County, Northeastern Indiana 686-A
U.S. Government Printing Office 10.3133/pp686A

Ficklin D L and Novick K A 2017 Historic and projected changes
in vapor pressure deficit suggest a continental-scale drying
of the United States atmosphere J. Geophys. Res. Atmos.

122 2061-79

Granger R J and Hedstrom N 2011 Modelling hourly rates of
evaporation from small lakes Hydrol. Earth Syst. Sci.
15 267-77

Henderson-Sellers B 1986 Calculating the surface energy balance
for lake and reservoir modeling: a review Rev. Geophys.
24 625-49

Hostetler S W and Bartlein P J 1990 Simulation of lake
evaporation with application to modeling lake level
variations of Harney-Malheur Lake, Oregon Water Resour.
Res. 26 2603-12

Hu C, Wang Y, Wang W, Liu S, Piao M, Xiao W and Lee X 2017
Trends in evaporation of a large subtropical lake Theor. Appl.
Climatol. 129 159-70

Kimm H, Guan K, Gentine P, Wu J, Bernacchi C J, Sulman B N,
Griffis T J and Lin C 2020 Redefining droughts for the U.S.
Corn Belt: the dominant role of atmospheric vapor pressure
deficit over soil moisture in regulating stomatal behavior of
Maize and Soybean Agric. For. Meteorol. 287 107930

Kohler M A, Nordenson T ] and Fox W E 1955 Evaporation from
Pans and Lakes US Weather Bureau Research Paper 38 (US
Weather Bureau, Washington, DC)

Lenters ] D, Kratz T K and Bowser C J 2005 Effects of climate
variability on lake evaporation: results from a long-term


https://orcid.org/0000-0001-6164-1889
https://orcid.org/0000-0001-6164-1889
https://orcid.org/0000-0001-6164-1889
https://orcid.org/0000-0002-2184-6924
https://orcid.org/0000-0002-2184-6924
https://orcid.org/0000-0002-2184-6924
https://orcid.org/0000-0002-2548-6372
https://orcid.org/0000-0002-2548-6372
https://orcid.org/0000-0002-2548-6372
https://orcid.org/0000-0003-3762-3829
https://orcid.org/0000-0003-3762-3829
https://doi.org/10.1175/JCLI-D-13-00110.1
https://doi.org/10.1175/JCLI-D-13-00110.1
https://doi.org/10.1029/1999WR900338
https://doi.org/10.1029/1999WR900338
https://doi.org/10.1175/1525-7541(2003)004<0680:EOEFAL>2.0.CO;2
https://doi.org/10.1175/1525-7541(2003)004<0680:EOEFAL>2.0.CO;2
https://doi.org/10.1016/j.jglr.2011.08.009
https://doi.org/10.1016/j.jglr.2011.08.009
https://doi.org/10.1175/1520-0442(1995)008<2691:SOAGST>2.0.CO;2
https://doi.org/10.1175/1520-0442(1995)008<2691:SOAGST>2.0.CO;2
https://doi.org/10.1002/qj.49709440111
https://doi.org/10.1002/qj.49709440111
https://doi.org/10.1038/23845
https://doi.org/10.1038/23845
https://doi.org/10.1002/hyp.6360
https://doi.org/10.1002/hyp.6360
https://doi.org/10.4319/lo.2006.51.5.2388
https://doi.org/10.4319/lo.2006.51.5.2388
https://doi.org/10.1002/2016JD025855
https://doi.org/10.1002/2016JD025855
https://doi.org/10.5194/hess-15-267-2011
https://doi.org/10.5194/hess-15-267-2011
https://doi.org/10.1029/RG024i003p00625
https://doi.org/10.1029/RG024i003p00625
https://doi.org/10.1029/WR026i010p02603
https://doi.org/10.1029/WR026i010p02603
https://doi.org/10.1007/s00704-016-1768-z
https://doi.org/10.1007/s00704-016-1768-z
https://doi.org/10.1016/j.agrformet.2020.107930
https://doi.org/10.1016/j.agrformet.2020.107930

10P Publishing

Environ. Res. Lett. 17 (2022) 054006

energy budget study of Sparkling Lake, northern Wisconsin
(USA) J. Hydrol. 308 168-95

Li X-Y et al 2016 Evaporation and surface energy budget over the
largest high-altitude saline lake on the Qinghai-Tibet
Plateau J. Geophys. Res. Atmos. 121 10470-85

Liu H, Zhang Q and Dowler G 2012 Environmental controls on
the surface energy budget over a large southern inland water
in the United States: an analysis of one-year eddy covariance
flux data J. Hydrometeorol. 13 1893-910

Liu H, Zhang Y, Liu S, Jiang H, Sheng L and Williams Q L 2009
Eddy covariance measurements of surface energy budget
and evaporation in a cool season over southern open water
in Mississippi J. Geophys. Res. Atmos. 114 D04110

McJannet D L, Webster I T and Cook F ] 2012 An area-dependent
wind function for estimating open water evaporation using
land-based meteorological data Environ. Modelling Softw.
3176-83

Nordbo A, Launiainen S, Mammarella I, Leppdranta M, Huotari J,
Ojala A and Vesala T 2011 Long-term energy flux
measurements and energy balance over a small boreal lake
using eddy covariance technique J. Geophys. Res. Atmos.
116 D02119

O’Reilly C M et al 2015 Rapid and highly variable warming of lake
surface waters around the globe Geophys. Res. Lett.
42 10,773-10,781

Oleson KW et al 2013 Technical description of version 4.5 of the
Community Land Model (CLM) NCAR/TN-503+STR
NACAR 10.5065/D6RR1IW7M

Oswald C J and Rouse W R 2004 Thermal characteristics and
energy balance of various-size Canadian Shield lakes in the
Mackenzie River Basin J. Hydrometeorol. 5 129-44

Penman H L 1948 Natural evaporation from open water, bare soil
and grass Proc. R. Soc. A 193 12045

Priestley C H B and Taylor R J 1972 On the assessment of surface
heat flux and evaporation using large-scale parameters Mon.
Weather Rev. 100 81-92

Qian T, Dai A, Trenberth K E and Oleson K W 2006 Simulation
of global land surface conditions from 1948 to 2004.
Part I: forcing data and evaluations J. Hydrometeorol.
7 953-75

Rosenberry D O, Winter T C, Buso D C and Likens G E 2007
Comparison of 15 evaporation methods applied to a small
mountain lake in the northeastern USA J. Hydrol.
340 149-66

Rouse W R, Oswald C J, Binyamin J, Spence C, Schertzer W M,
Blanken P D, Bussiéres N and Duguay C R 2005 The role of
northern lakes in a regional energy balance J. Hydrometeorol.
6291-305

Rouse W R, Oswald C M , Binyamin J, Blanken P D,
Schertzer W M and Spence C M 2003 Interannual and
seasonal variability of the surface energy balance and
temperature of central Great Slave Lake J. Hydrometeorol.
4720-30

Saha S et al 2010 The NCEP climate forecast system reanalysis
Bull. Am. Meteorol. Soc. 91 1015-58

Sen P K 1968 Estimates of the regression coefficient based on
Kendall’s Tau J. Am. Stat. Assoc. 63 1379-89

10

U Farooq et al

Sene K J, Gash ] H C and McNeil D D 1991 Evaporation from a
tropical lake: comparison of theory with direct
measurements J. Hydrol. 127 193-217

Shao C, Chen J, Stepien C A, Chu H, Ouyang Z, Bridgeman T B,
Czajkowski K P, Becker R H and John R 2015 Diurnal to
annual changes in latent, sensible heat, and CO2 fluxes over
a Laurentian Great Lake: a case study in Western Lake Erie J.
Geophys. Res. Biogeosci. 120 1587-604

Sheffield ], Goteti G and Wood E F 2006 Development of a
50-year high-resolution global dataset of meteorological
forcings for land surface modeling J. Clim. 19 3088—111

Sherwood S and Fu Q 2014 A drier future? Science 343 737-9

Spence C, Blanken P D, Hedstrom N, Fortin V and Wilson H 2011
Evaporation from Lake Superior: 2: spatial distribution and
variability J. Gt. Lakes Res. 37 717-24

Stepanenko V M, Martynov A, Johnk K D, Subin Z M, Perroud M,
Fang X, Beyrich E, Mironov D and Goyette S 2013 A
one-dimensional model intercomparison study of thermal
regime of a shallow, turbid midlatitude lake Geosci. Model
Dev. 6 1337-52

Sturrock A M Jr 1978 Evaporation and Radiation Measurements at
Salton Sea, California Geological Survey Water-Supply Paper
2053 10.3133/wsp2053

Subin Z M, Murphy L N, Li F, Bonfils C and Riley W ] 2012a
Boreal lakes moderate seasonal and diurnal temperature
variation and perturb atmospheric circulation: analyses in
the Community Earth System Model 1 (CESM1) Tellus A
64 15639

Subin Z M, Riley W J and Mironov D 2012b An improved lake
model for climate simulations: model structure, evaluation,
and sensitivity analyses in CESM1 J. Adv. Model. Earth Syst.
4 M02001

Thornthwaite C W 1948 An approach toward a rational
classification of climate Geogr. Rev. 38 55-94

Wang A, Zeng X and Guo D 2016 Estimates of global surface
hydrology and heat fluxes from the Community Land Model
(CLM4.5) with four atmospheric forcing datasets J.
Hydrometeorol. 17 2493-510

Wang B, Ma Y, Ma W and Su Z 2017 Physical controls on
half-hourly, daily, and monthly turbulent flux and energy
budget over a high-altitude small lake on the Tibetan
Plateau J. Geophys. Res. Atmos. 122 2289-303

Wang P, Li D, Liao W, Rigden A and Wang W 2019 Contrasting
evaporative responses of ecosystems to heatwaves traced to
the opposing roles of vapor pressure deficit and surface
resistance Water Resour. Res. 55 455063

Wang W, Lee X, Xiao W, Liu S, Schultz N, Wang Y, Zhang M and
Zhao L 2018 Global lake evaporation accelerated by changes
in surface energy allocation in a warmer climate Nat. Geosci.
11 4104

Woolway R I, Kraemer B M, Lenters ] D, Merchant C J,

O’Reilly C M and Sharma S 2020 Global lake responses to
climate change Nat. Rev. Earth Environ. 1 388-403

Xiao K, Griffis T J, Baker ] M, Bolstad P V, Erickson M D, Lee X,
Wood J D, Hu C and Nieber J L 2018 Evaporation from a
temperate closed-basin lake and its impact on present, past,
and future water level J. Hydrol. 561 59-75


https://doi.org/10.1016/j.jhydrol.2004.10.028
https://doi.org/10.1016/j.jhydrol.2004.10.028
https://doi.org/10.1002/2016JD025027
https://doi.org/10.1002/2016JD025027
https://doi.org/10.1175/JHM-D-12-020.1
https://doi.org/10.1175/JHM-D-12-020.1
https://doi.org/10.1029/2008JD010891
https://doi.org/10.1029/2008JD010891
https://doi.org/10.1016/j.envsoft.2011.11.017
https://doi.org/10.1016/j.envsoft.2011.11.017
https://doi.org/10.1029/2010JD014542
https://doi.org/10.1029/2010JD014542
https://doi.org/10.1002/2015GL066235
https://doi.org/10.1002/2015GL066235
https://doi.org/10.1175/1525-7541(2004)005<0129:TCAEBO>2.0.CO;2
https://doi.org/10.1175/1525-7541(2004)005<0129:TCAEBO>2.0.CO;2
https://doi.org/10.1098/rspa.1948.0037
https://doi.org/10.1098/rspa.1948.0037
https://doi.org/10.1175/1520-0493(1972)100<0081:OTAOSH>2.3.CO;2
https://doi.org/10.1175/1520-0493(1972)100<0081:OTAOSH>2.3.CO;2
https://doi.org/10.1175/JHM540.1
https://doi.org/10.1175/JHM540.1
https://doi.org/10.1016/j.jhydrol.2007.03.018
https://doi.org/10.1016/j.jhydrol.2007.03.018
https://doi.org/10.1175/JHM421.1
https://doi.org/10.1175/JHM421.1
https://doi.org/10.1175/1525-7541(2003)004<0720:IASVOT>2.0.CO;2
https://doi.org/10.1175/1525-7541(2003)004<0720:IASVOT>2.0.CO;2
https://doi.org/10.1175/2010BAMS3001.1
https://doi.org/10.1175/2010BAMS3001.1
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1016/0022-1694(91)90115-X
https://doi.org/10.1016/0022-1694(91)90115-X
https://doi.org/10.1002/2015JG003025
https://doi.org/10.1002/2015JG003025
https://doi.org/10.1175/JCLI3790.1
https://doi.org/10.1175/JCLI3790.1
https://doi.org/10.1126/science.1247620
https://doi.org/10.1126/science.1247620
https://doi.org/10.1016/j.jglr.2011.08.013
https://doi.org/10.1016/j.jglr.2011.08.013
https://doi.org/10.5194/gmd-6-1337-2013
https://doi.org/10.5194/gmd-6-1337-2013
https://doi.org/10.3402/tellusa.v64i0.15639
https://doi.org/10.3402/tellusa.v64i0.15639
https://doi.org/10.1029/2011MS000072
https://doi.org/10.1029/2011MS000072
https://doi.org/10.2307/210739
https://doi.org/10.2307/210739
https://doi.org/10.1175/JHM-D-16-0041.1
https://doi.org/10.1175/JHM-D-16-0041.1
https://doi.org/10.1002/2016JD026109
https://doi.org/10.1002/2016JD026109
https://doi.org/10.1029/2019WR024771
https://doi.org/10.1029/2019WR024771
https://doi.org/10.1038/s41561-018-0114-8
https://doi.org/10.1038/s41561-018-0114-8
https://doi.org/10.1038/s43017-020-0067-5
https://doi.org/10.1038/s43017-020-0067-5
https://doi.org/10.1016/j.jhydrol.2018.03.059
https://doi.org/10.1016/j.jhydrol.2018.03.059

	Spatial variability of global lake evaporation regulated by vertical vapor pressure difference
	1. Introduction
	2. Materials and methods
	2.1. Model simulation and validation
	2.2. Methods for data analysis

	3. Results
	3.1. Spatial variations of global lake E across seasons
	3.2. Vapor pressure difference (eD) regulating lake E spatial variability across seasons
	3.3. Nighttime E contributes more to spatial variability in global lake E than daytime E

	4. Discussion
	4.1. Role of VPD in modulating lake E
	4.2. Uncertainties in simulated lake E

	5. Conclusions
	Acknowledgments
	References


