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Abstract The oxygen isotopes of water (H2
18O and H2

16O) are tracers widely used for the investigation of
Earth science problems. The tracer applications are based on the premise that the 18O/16O ratio of
open-water evaporation (δ18OE) can be calculated from environmental conditions. A long-standing issue
concerns the role of kinetic fractionation, or diffusion transport, in the evaporation process. Here we
deployed an optical instrument at a large lake (area 2,400 km2) to make in situ measurement of δ18O and δD
of atmospheric vapor, then determined δ18O and δD of open-water evaporation using the gradient-diffusion
method. Our results show a much weaker kinetic effect than suggested by the kinetic factor εk adopted in
some previous studies of lake hydrology (14.2‰). By incorporating into the H2

18O isotopic mass balance of
the lake a lower εk value (about 6.2‰) used for ocean evaporation in global climate models, we obtain an
annual lake evaporation rate that agrees with an independent eddy-covariance observation, but the rate is
72% higher than if the commonly used lake εk value of 14.2‰ is applied. The applicability of this results to
small lakes is uncertain and in need of field-based assessment.

1. Introduction

Lakes are precious water resources for the society. They play an important part in regulating regional weather
and climate. The evaporative water loss to the atmosphere is one of the primary factors controlling lake water
level, and although a small contributor to the overall terrestrial flux to the atmosphere (Gibson & Reid, 2014),
represents a water source that can enhance local precipitation by up to 100% near large lakes (Scott & Huff,
1996). Direct measurement of lake evaporation is challenging because of logistical difficulty, especially for
deep lakes (Blanken et al., 2011). Numerical predictions of lake evaporation remain uncertain due to the dif-
ficulties in predicting lake freeze and thaw dates and thermal diffusion in the water column (Subin et al.,
2012). An alternative approach based on the isotopic balance can overcome these difficulties.

In the surface evaporation process, the heavier H2
18O molecules escape at a lower relative rate than the

lighter H2
16O molecules, resulting in depletion of H2

18O in atmospheric vapor and enrichment in lake and
oceanic waters (e.g., Jouzel et al., 2013). The degree of preferential depletion and enrichment is dictated
by environmental conditions under which the evaporation takes place (Craig & Gordon, 1965). These condi-
tions are imprinted on the atmospheric water cycle at the time of evaporation, providing powerful
constraints on lake evaporation rates (Gibson et al., 2016, 2017; Jasechko et al., 2014) and local water recy-
cling (Bowen et al., 2012; Gat et al., 1994; Machavaram & Krishnamurthy, 1995), enabling reconstruction of
past climate conditions from ice cores (Jouzel et al., 2007; Steffensen et al., 2008), and providing independent
evaluation of parameterizations in models of large-scale atmospheric dynamics and convective cloud forma-
tion (Lee et al., 2009; Noone & Sturm, 2010; Sherwood & Risi, 2012).

The kinetic effect, an important part of the overall evaporative fractionation against H2
18O, has been a subject

of debate for more than half a century. The kinetic effect arises because the H2
18O molecules diffuse more

slowly in the atmosphere than the H2
16O molecules. The strength of the kinetic effect is measured by the

kinetic fractionation factor εk, defined as the deviation from unity of the H2
16O to H2

18O diffusivity ratio
and expressed in parts per thousand or‰. The molecular diffusivities of vapor isotopes cannot be quantified
precisely with the classic kinetic theory (Luz et al., 2009). Laboratory determination of their diffusivities is
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hampered by sensitivity to humidity perturbation (Barkan & Luz, 2005) and evaporative cooling (Cappa et al.,
2003) and isotopic enrichment (Kim & Lee, 2011) of the water surface. In the outdoor environment, the diffu-
sion pathway consists of a water-air interfacial layer and a turbulent atmospheric surface layer (the air layer
extending from the surface to a height of about 10 m; Craig & Gordon, 1965). Because turbulent diffusion
does not discriminate against H2

18O or H2
16O, the overall εk of open-water evaporation is lower than that

associated with molecular diffusion alone.

Here opinions diverge on how to best incorporate the role of atmospheric turbulence. By adopting a parame-
terization for turbulence in the interfacial layer, some terrestrial hydrologists decrease the molecular εk by
half, to 14.2‰ for H2

18O, to describe lake evaporation (Gonfiantini, 1986), meaning that the heavier H2
18O

molecules diffuse 14.2‰ more slowly in ambient air than the lighter H2
16O molecules. This lake εk value

(14.2‰), which is used in the analysis presented below, represents the lower bound of the lake parameter-
izations found in most of the terrestrial hydrology literatures (e.g., Gibson et al., 1996, 2016; Horita et al.,
2008; Isokangas et al., 2015; Jasechko et al., 2014; Krabbenhoft et al., 1990). It is the default used in a popular
lake isotope calculator for lakes of all sizes (Skrzypek et al., 2015). In the study of global land surface evapora-
tion by Jasechko et al. (2013), the same value is used for both large lakes and small lakes. Furthermore, it is
used in a recent study of isotopic mass balance of the Great Lakes (Jasechko et al., 2014).

The kinetic fractionation factor for soil evaporation is soil moisture dependent (Mathieu & Bariac, 1996) and
that for plant transpiration is weighted by the stomatal and the boundary layer resistances (Farquhar & Lloyd,
1993), and both are generally larger than the default lake value used here.

In global climate models (GCMs), εk is weakly dependent on wind and is reduced further from the molecular
value to about 6.2‰ for H2

18O for oceanic evaporation under smooth conditions (Sturm et al., 2010). This
formulation accounts for an additional turbulent diffusion resistance in the atmospheric surface layer, which
represents about two thirds of the overall diffusion resistance (Merlivat & Jouzel, 1979).

Both the lake (LK) and the ocean surface (OS) approaches are approximations, and so far have not been vali-
dated directly against in situ field measurement of the isotopic evaporation flux from lake waters even
though some recent studies over the oceans support the OS approach (Benetti et al., 2014; Steen-Larsen
et al., 2014). The choice of whether to use the LK or the OS εk has important consequences. For instance,
as we will demonstrate later, they result in a totally opposite conclusion about whether lake evaporation acts
to enhance or to reduce the H2

18O abundance of atmospheric water.

In this paper, we report the results of an experimental determination of δ18OE of open-water evaporation. The
experimental site was Lake Taihu, a large lake in eastern China (area 2,400 km2). Measurements of 18O/16O
ratios of atmospheric water vapor (δV) were made with an in situ optical instrument, and the isotopic ratio
of lake evaporation flux (δ18OE) was determined with the gradient-diffusion method. We aim to determine
which of the two kinetic factors (LK versus OS) is more appropriate for describing the lake isotopic process.
Evaluation of the two different kinetic parameter values was achieved by comparing the observations with
the Craig-Gordon model prediction of δ18OE (Craig & Gordon, 1965). We also discuss the implication of the
kinetic effect for the determination of lake evaporation using the isotope mass balance principle.

2. Materials and Methods
2.1. In Situ Measurement of Isotopic Evaporation
2.1.1. Experimental Site and Instrument
The experimental site was part of the Taihu Eddy Flux Network (Lee et al., 2014). Lake Taihu is a large (area
2,400 km2) and shallow (mean depth 1.9 m) freshwater lake located in the Yangtze River Delta, China
(Figure 1). The H2O, H2

18O, and HDO concentration differences over the lake were measured with an isotope
water vapor analyzer (Model 911-0004; Los Gatos Research, Mountain View, CA, USA). A schematic design dia-
gram of the gradient measurement system is shown in Figure 2. The air intakes were located at approximately
1.1 and 3.5 m above the water surface and at a distance of 250 m from the shore. The analyzer and the vapor
calibration source were housed in a small temperature-controlled instrument shed at the end of an elevated
boardwalk. All sampling parts were made of Teflonmaterial. The analyzer was a custom-designedmodel with
an improved instrument response time and a fast sample flow rate (0.4 L min�1 at STP and about 8 L min�1 at
the cell operation pressure of about 50 hPa). The instrument response was further improved by using a very
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small (ID 0.32 cm) and short tube (length 0.65 m) between the common port of the manifold and the
analyzer. All the sampling parts upstream of the analyzer were heated at 5 to 10 K above the
environmental temperature to minimize tube wall effects and to avoid condensation.

The H2O, H2
18O, and HDO mixing ratios at the two heights were measured by switching between the two

intake tubes at 30 s intervals. Figure 3 presents a data sequence showing step changes of the measurement
in response to valve switching. Themeasurement approached steady state in less than 10 s after each switching.
To avoid the memory effect after valve switching, the first 20 data points (20 s) after each valve switching were
excluded in the determination of the vertical mixing ratio differences between the two measurement heights.

The calibration vapor was generated by a vapor source supplied with a working liquid water standard (Model
908-0003-9002; Los Gatos Research, Mountain View, CA, USA) traceable to the VSMOW scale. Every 3 h, the

Figure 1. Map and photograph showing the measurement site at Lake Taihu.
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analyzer sampled the calibration vapor at five different humidity levels
(Figure 4), two of which that bracketed the ambient air humidity were
selected for calibration. The first 180 data points (3 min) after each valve
switching were excluded from the instrument calibration.

The experiment period was 4 August 2012 to 15 November 2014. The
high-frequency (1 Hz) data were averaged to hourly intervals. Our analysis
of the kinetic fractionation effect relied mainly on observations made
under open fetch conditions (8 to 50 km, the distance between the mea-
surement location and the nearest shoreline upwind), in which wind blew
from the lake with wind directions 140°–315° and at a mean speed of
3.4 m s�1 (Figure 1). The fetch was large enough to avoid the effect of
advection. All isotopic compositions are expressed in the delta notation
in reference to the Vienna SMOW scale.
2.1.2. Calibration of the Vapor Isotope Measurement
Here we describe briefly the method used to calibrate the vapor isotopic

measurement. Full details of the method can be found in the study of Wen et al. (2008) and in the supporting
information. First, the measured molar mixing ratio of the major and the minor isotopologue was corrected
for gain errors using the measurement of the calibration vapor. The gain correction was done twice by using
two calibration vapor streams, one of which (s1) had slightly lower humidity and the other (s2) slightly higher
humidity than the ambient sample being measured. These gain-corrected delta values are denoted as δ1
and δ2.

Next, a two-point interpolation was used to remove the concentration dependence as

δV ¼ δ1 þ δ2 � δ1
xs;2 � xs;1

xa � xs;1
� �

(1)

where δV is the true 18O/16O ratio in delta notation of the ambient vapor and xa, xs,1, and xs,2 are the molar
mixing ratio of the ambient sample, calibration stream s1, and calibration stream s2, respectively. An example
of the concentration dependence is given in Figure S1 in the supporting information.

Figure 2. Schematic design diagram of the gradient measurement system.

Figure 3. Step changes in the H2O, H2
18O, and HDO mixing ratios in response to valve switching.
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The importance of in situ calibration is evident in Figure S2 in the support-
ing information. Without the calibration, the instrument bias errors can be
as large as 80‰ for D/H and 20‰ for 18O/16O. After calibration, the bias
errors are reduced to within ±2‰ for D/H and within ±0.2‰ for
18O/16O. With comparison to our water standard, the bias of the isotopic
water vapor measurement is 0.1 ± 0.6‰, 0.2 ± 0.3‰, and 0.1 ± 0.2‰ for
δ18O and 0.8 ± 1.7‰, �0.1 ± 1.0‰, and �0.1 ± 1.0‰ for δD at low
(1.2 ± 0.2%Volume), medium (1.6 ± 0.3%Volume), and high water vapor
mixing ratios (2.0 ± 0.4%Volume), respectively.

Our calibration strategy is different from that used for isotope-ratio mass
spectrometer analysis. In the latter case, two or more isotope standards
are used to bracket the delta value of the sample. Here the calibration
procedure was made with a single isotope ratio but with two or more
concentration values to bracket the concentrations of both the major
and minor species in the ambient sample. In real-time atmospheric
measurements, changes in the vapor concentrations are very large,
and we found that it is necessary to use a time-varying calibration in
order to remove concentration dependence. We have done extensive
tests of this procedure for a number of commercial analyzers, including
the type used in the present study, by checking against independent
working vapor standards whose isotopic compositions are very different

from those used for the calibration water feed. The results show that after calibration these instruments
achieve precision and accuracy comparable to those of isotope ratio mass spectrometry (Lee et al., 2005;
Wen, Lee, Sun, Wang, Hu, et al., 2012).
2.1.3. Determination of the Isotopic Ratio of Evaporation
The evaporation isotopic compositions were determined with the gradient-diffusion method. This technique
was first described by Lee et al. (2007) and has since been used in several other studies on isotopic composi-
tions of land evaporation (Santos et al., 2014; Welp et al., 2008; Wen, Lee, Sun, Wang, Tang, et al., 2012) and
later improved with the use of the latest generation of laser-based optical spectroscopy technology (Wen
et al., 2016).

Let x̂a;1 and x̂
0
a;1 be the true molar mixing ratios of the major and the minor vapor isotopologue measured at

height 1 above the water surface and x̂a;2 and x̂
0
a;2 be the true molar mixing ratios at height 2. According to

the gradient-diffusion theory, the molar D/H or 18O/16O ratio of evaporation is given

RE ¼
x̂
0
a;1 � x̂

0
a;2

x̂a;1 � x̂a;2
(2)

Because the measurement was made close to the surface and at sufficient distances from the lakeshore, the
observed vertical difference in the vapor molar mixing ratio were driven only by lake evaporation (Garratt,
1992). Equation (2) makes four assumptions: (1) that air in the surface layer above the lake is fully turbulent
so that diffusion is equally efficient among the isotope species, (2) the fluxes are constant with height, (3)
the horizontal gradients of the mixing ratios are negligible, and (4) the atmosphere is in steady state so that
changes in storage of water vapor below the measurement heights can be omitted.

Equation (2) is equivalent to

RE ¼ Rs� xs;2 � xs;1
x 0
s;2 � x 0

s;1
� x

0
a;2 � x

0
a;1

xa;2 � xa;1
(3)

where Rs is the molar D/H or 18O/16O ratio of the calibration water, xs,1 and x
0
s;1 are uncalibrated molar mixing

ratios of the major and the minor vapor isotopologue of calibration vapor stream s1, and xs,2 and x
0
s;2 are

uncalibrated mixing ratios of the major and the minor vapor isotopologue of calibration vapor stream s2
(Lee et al., 2007). Details of the derivation of equation (3) are given in the supporting information.
Observations whose H2O mixing ratio difference was smaller than 200 ppm were excluded from the calcula-
tion of the evaporation delta values to avoid errors from division of small numbers.

Figure 4. Step changes in the H2O, H2
18O, and HDO mixing ratios during a

calibration cycle.
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The molar ratio is converted to the delta scale to give the isotopic composition of evaporation in delta nota-
tion, as

δE ¼ RE=RVSMOW � 1ð Þ�1000 (4)

where RVSMOW is the molar D/H or 18O/16O ratio of the Vienna standard mean ocean water (VSMOW), with
values of 0.00015576 for D/H and 0.0020052 for 18O/16O.

2.2. The Craig-Gordon Model

The Craig-Gordon model appears in several different forms in the published literature, mostly due to differ-
ent ways of expressing the kinetic effect. The form used in this study (equation (5) below) is a common
usage in oceanic and global climate model studies (Dee et al., 2015; Hoffmann et al., 1998; Merlivat &
Jouzel, 1979; Pfahl et al., 2012; Risi et al., 2010) and by terrestrial ecologists (e.g., the review by Yakir &
Sternberg, 2000). In this form of the model, the humidity influence is expressed explicitly, and the kinetic
factor εk is independent of humidity. In some lake experimental studies, the kinetic factor is defined differ-
ently from equation (5). In Text S2 in the supporting information, we will show that our results apply
equally well to both.

We used the Craig-Gordon model to calculate the isotopic compositions of the lake evaporation (δE)

δE ¼
α�1
eq δL � hδV � εeq � 1� hð Þεk

1� hþ 10�3 1� hð Þεk
(5)

(Yakir & Sternberg, 2000), where αeq (>1) is the equilibrium fractionation factor calculated from the lake water
surface temperature (Majoube, 1971), εeq = (1� 1/αeq) × 103, εk is the kinetic fractionation factor, h is relative
humidity in reference to the lake surface temperature, δV is vapor isotopic composition in the atmospheric
surface layer above the lake, and δL is the lake liquid water isotopic composition. The vapor isotope ratio
(δV) was measured at hourly intervals using the optical instrument; water surface temperature and air humid-
ity were measured at 30min intervals by a suite of micrometeorological instruments (Lee et al., 2014), and the
lake water delta was measured with water sampled daily at a depth of 20 cm.

The isotopic compositions of the lake water column are well mixed because convective overturning is com-
monplace at this shallow lake. Profile measurement made from August 2011 to May 2012 indicates that the
difference between the surface and the 1.5 m depth was less than 0.1‰ for δ18O and less than 0.2‰ for δD.
So the Craig-Gordonmodel deployed here was free of the artifacts associated with isotopic enrichment of the
surficial water as observed in laboratories and with evaporation pans (Kim & Lee, 2011) and with isotopic
stratification in deep lakes and in the ocean (Craig & Gordon, 1965).

The model was used at three different time scales. At the hourly time scale, two sets of calculation were per-
formed. In one set of calculation, we deployed the LK kinetic factor used for lake studies (14.2‰ for H2

18O
and 12.5‰ for HDO; Gonfiantini, 1986; Horita et al., 2008). In the second set of calculations, the OS kinetic
factor was parameterized as a weak function of wind speed and for the measurement height of 3.5 m, with
a mean value of 6.2‰ for H2

18O and 5.5‰ for HDO. (According to the diffusion theory of Merlivat & Jouzel,
1979, εk is not sensitive to height: elevating the reference height to a standard height of 10 m decreases εk
slightly by about 0.5‰.) The atmospheric input variables (δV and h) were measured at the upper level
(3.5 m), the same height for which the OS εk was calculated. The δE calculated with the model (equation (5))
was then compared with the hourly δE determined with the gradient-diffusion method (equation (3)).

At the 5 day time scale, the delta values calculated at hourly time steps from equation (5) were weighted by
the evaporation flux measured with an eddy covariance system at the site to obtain a single δDE and δ18OE.
These 5 day delta values of evaporation were compared with the local evaporation line (LEL). In this study,
fourteen 5 day periods with continuous δV measurement were selected for this analysis. The LEL was
obtained by linearly regressing the HDO and H2

18O compositions of the lake water measured over the same
time periods.

At the annual time scale, δE was calculated at a time step of 1 month. Monthly δE was calculated using the
Craig-Gordon model with monthly input variables (δV, h, wind speed, and water surface temperature). Data
gaps in δV were filled with a regression that expresses δV as a function of atmospheric water vapor mixing
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ratio. The monthly δEwas weighted by monthly net radiation flux to obtain annual δE, which was used for the
lake isotope mass balance analysis as described below.

An advantage of equation (5) is that it explicitly expresses the humidity influence, so the kinetic factor εk is
independent of humidity. In some lake experimental studies, the kinetic factor is defined differently from
equation (5). In Text S2 in the supporting information, we show that our results apply equally well to both.

2.3. Isotopic Mass Balance of the Lake

To further evaluate the kinetic effect, we compared the lake evaporation rate calculated from the lake isoto-
pic mass balance with that measured directly by eddy covariance. The isotopic mass balance method was
applied to the annual period from October 2013 to September 2014, as

E ¼ V dδL
dt þ δL � δQð Þ dVdt þ I δQ � δIð Þ

δQ � δE
(6)

(Dincer, 1968), where E is lake evaporation, V is lake water volume, I is the total input rate (the sum of inflow
river runoff volumes and precipitation), groundwater contribution as an input is not considered here, t is time,
δQ and δI are the isotopic compositions of outflow river water and incoming water, respectively. Equation (6)
is a solution to the H2

18O mass balance equation and the water budget equation of the lake. The runoff
volumes of inflow rivers and time variation of the lake water volume were obtained from monthly reports
prepared by the Taihu Basin Authority. Precipitation was the mean value of the observations at three meteor-
ological stations near the lake (Wuxi, Huzhou, and Dongshan). The isotopic composition of evaporation was
computed by the Craig-Gordon model as described above. The isotopic compositions of the lake water,
inflow rivers, and outflow rivers were obtained from water samples collected once per season in February,
May, August, and November and were amount-weighted (Xiao et al., 2016). Because we did not sample pre-
cipitation during the experimental period, the isotopic composition of precipitation was calculated according
to an empirical model established at an experimental site nearby (Liu et al., 2014). Lake water samples were
collected at 29 sites evenly distributed across the whole lake. Water samples were collected from 51 rivers at
100 m from the river-lake confluence. The isotopic compositions of lake water and river water samples were
analyzed using a liquid water isotope analyzer (Model DLT-100; Los Gatos Research, Mountain View, CA, USA),
and the measurement precision was ±0.3‰ for δD and ±0.1‰ for δ18O. Uncertainty estimates for the isoto-
pic budgets were made with a Monte Carlo procedure employing a Gaussian distribution for error in the
input variables and an ensemble of 800,000 realizations.

3. Results
3.1. Isotopic Compositions of Lake Evaporation at Hourly Intervals

Figure 5 compares the hourly δ18OE calculated with the Craig-Gordon model with the observed value. Both
the model results and the observations show large hour-to-hour variability in δ18OE (Figures 5a and 5d) and
notable diurnal variations (Figure 5c). During the whole measurement period, the observed δ18OE under
open fetch conditions varied from�29.9‰ to 8.8‰, with a mean value of�14.1‰. A significant contributor
to this variability was temporal changes in relative humidity. The linear correlation between δ18OE and h was
0.35 (number of observations = 539, p < 0.01).

The Craig-Gordon model performed much better if we used the OS εk than the LK value. Using the OS εk,
δ18OE calculated using the Craig-Gordon model agreed well with the observation (Figure 5a), with an index
of agreement (IA) of 0.87, a root-mean-square error (RMSE) of 4.2‰, and a mean error (ME) of 0.9‰. If the LK
εk was used, the δ

18OE was underestimated (Figure 5b), with a lower IA of 0.72, a larger RMSE of 7.4‰, and a
large and negative ME of �6.2‰.

The diurnal composite time series indicate that the Craig-Gordon model captured the diurnal variability of
δ18OE (Figure 5c), but with different bias errors depending on the εk value used. Using the OS εk, the modeled
δ18OE duringmidday agreed well with the observation. Themean values of observed andmodeled δ18OE dur-
ing midday (10:00–14:00 LST) were �14.1‰ and �14.3‰, respectively. If the LK εk was used, the modeled
midday mean value was much lower, at �21.3‰. The OS parameterization showed some biases for night
hours (Figure 5c), either because of difficulties in measuring δ18OE in low flux conditions or because the para-
meterization itself is not precise enough for a statically stable atmosphere.
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Another noteworthy point is the contrast between the observed vapor 18O/16O ratio (δ18OV) and the
observed and modeled δ18OE. The observed δ18OE is higher than δ18OV by an average amount of 3.1‰.
The mean difference was 2.6‰ at midday and 3.8‰ at night (22:00–02:00 LST). The OS parametrization pre-
dicts that δ18OE should be higher than δ18OV, in agreement with the observation (Figure 5c), implying that the
lake evaporation should enrich the atmospheric water with H2

18O. But the LK parameterization led to a totally
opposite conclusion.

In the case of the stable hydrogen isotopes, both parameterizations yielded excellent agreement with the
observed deuterium (HDO) composition of the lake evaporation (δDE; Figure S3 in the supporting informa-
tion). The lack of δDE sensitivity to εk (with the OS value of 5.5‰ and the LK value of 12.5‰) is not surprising,
since evaporative fractionation against HDO is dominated by the equilibrium fractionation mechanism. Both
calculations indicate that the lake evaporation should enrich the atmospheric water with HDO: the calculated
δDE was greater than the HDO composition of atmospheric water vapor (δDV). This is in agreement with the
observations and with the results obtained for H2

18O showing that the observed δDE and δ18OE were greater
than δDV and δ18OV, respectively (Figure S3 in the supporting information and Figure 5).

3.2. The HDO-H2
18O Relationship

Evidence for a weak kinetic effect is also seen in the HDO-H2
18O relationship. In the HDO-H2

18O parameter
space, the isotopic compositions of the lake water should fall below the global meteoric water line
(GMWL) and those of the evaporated vapor above the GMWL, due to the evaporative enrichment and deple-
tion of these isotopes in the liquid and the vapor phase, respectively. Mass balance requires that the evapora-
tion delta values be on the LEL defined by the lake water delta values (Gibson et al., 1993). Using the OS εk, the
calculated 5 day evaporation delta values varied from �149.3‰ to�46.7‰ for δDE and�22.6‰ to �5.7‰
for δ18OE (Figure 6). If the LK εk was used in the model calculation, the range of variation was �154.4‰ to
�52.7‰ for δDE and �29.3‰ to �12.8‰ for δ18OE. Generally, the evaporation delta values calculated with
the OS εk followed closely with the LEL, while those calculated with the LK εk deviated systematically from the
LEL. After being weighted by the evaporation flux, the mean δDE and δ18OE of all the 5 day values (�94.4‰

Figure 5. H2
18O isotopic composition of evaporation at Lake Taihu under open fetch conditions. (a) Comparison of the

Craig-Gordon model calculations with the OS εk against the observations. (b) Comparison of the Craig-Gordon model
calculations with the LK εk against the observations. (c) Diurnal composite of δ18OE calculated with the OS εk (solid line) and
the LK εk (black dashed line), the observed δ18OE (red dots), and the observed H2

18O composition of water vapor (red
dashed line). (d) Time series of δ18OE calculated with the OS εk (solid line) and the LK εk (dashed line), and the observed
δ18OE (red dots). The solid lines in Figures 5a and 5b are 1:1 match.
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versus�15.1‰) fell almost exactly on the LEL (open square, Figure 6). But
the LK εk caused the flux-weighted δ18OE to shift from the LEL by �5.3‰
(open diamond, Figure 6).

We used here the 5 day flux-weighted evaporation delta values for the LEL
analysis so as to minimize the effect of extreme hourly values in low flux
conditions, such as those obtained at nighttime. If hourly values were used
in this analysis, the results obtained with the OS εk showed a small devia-
tion from the LEL, but the deviation was still smaller than those obtained
with the LK εk (Figure S4 in the supporting information).

3.3. Lake Evaporation Calculated From the Isotopic Mass Balance

The isotopic mass balance analysis revealed that the lake evaporation rate
was very sensitive to the kinetic factor chosen for 18O (Figure 7). A higher εk
would lead to a greater amount of H2

18O accumulated in the lake. In order
to maintain the lake H2

18O mass balance, the lake evaporation rate would
have to be lowered. Based on the isotopic water balance (Dincer, 1968)
and the OS εk, we estimated that Lake Taihu evaporated a total amount
of 21.5 ± 3.1 × 108 m3 water yr�1 (mean ± 1 standard deviation) or
896 ± 129 mm yr�1 to the atmosphere from October 2013 to September
2014. This amount is 72% greater than if the LK εk was used
(12.5 ± 1.7 × 108 m3 water yr�1 or 521 ± 71 mm yr�1). For comparison,
the evaporation rate observed with an eddy-covariance system was
863 mm yr�1. The annual mean isotopic composition of lake evaporation
calculated using the LK εk was �20.4 ± 2.0‰, which is 7.0‰ lower than
that calculated using the OS εk (�13.4 ± 1.3‰).

If HDO was used as a tracer, the lake evaporation rate was
22.4 ± 2.3 × 108 m3 water yr�1 or 933 ± 96 mm yr�1 with the OS εk and

20.3 ± 1.9 × 108 m3 water yr�1 or 846 ± 79 mm yr�1 with the LK εk. The low sensitivity to the kinetic fractiona-
tion against HDO was consistent with the Craig-Gordon model results at hourly time steps (Figure S3 in the
supporting information). In this regard, HDO may be a better tracer than H2

18O isotope for the mass balance
approach to study lake evaporation.

4. Discussion
4.1. Height Dependence and Sensitivity of δV

Strictly, to be consistent with the Craig-Gordon model formulation, the
vapor isotope ratio δV should be measured in the free air layer. In our cal-
culation, we used atmospheric measurements of δV at the 3.5 m height as
input to the Craig-Gordon model. This is justified because the vertical dif-
ferences of these quantities are mostly restricted in the air layer very close
to the surface (in the lower 1 m or less) due to the fact that water surfaces
are aerodynamically very smooth. Field measurements revealed that the
vapor isotope ratio is not sensitive to height. For example, Craig and
Gordon (1965) found that the difference in the vapor 18O/16O ratio near
the ocean surface (1–3 m) and at a mast height (13 m) is less than
0.12‰. Gat et al. (2003) reported an 18O/16O ratio difference of 0.08‰
between two measurement heights (20.35 m versus 27.9 m) over the
Mediterranean Sea. At Lake Taihu, the hourly 18O/16O ratio difference
between the lower (1.1 m) and the upper intake (3.5 m) ranged from
�0.78‰ to 0.81‰, with a mean value of only 0.05‰.

It is worth noting that the mass fluxes of the major and minor isotopes are
driven by their respective mixing ratio gradients, which were generally

Figure 7. The isotopic mass balance of Lake Taihu from October 2013 to
September 2014. The numbers outside the parentheses are water amounts
(× 108 m3). The numbers in the parentheses are the H2

18O composition (‰).
Two evaporation calculations are indicated by a solid arrow (OS εk) and a
dashed arrow (LK εk). The change in lake water volume and its isotopic
composition over this annual period are 9.1 × 108 m3 and �0.9‰.

Figure 6. Comparison of the Craig-Gordon model calculation with the local
evaporation line. Lake water isotopic compositions are denoted as white
dots, and isotopic compositions of lake evaporation calculated by the model
with the OS εk and with the LK εk are denoted as blue dots and green triangles,
respectively. Each solid symbol represents 5 day mean values weighted by
the evaporation flux. The overall flux weighted isotopic compositions are
denoted by the open square (OS εk) and the open diamond (LK εk). The thin
line is the local evaporation line (LEL), and the thick line represents the global
meteoric water line (GMWL). For reference, the local mean precipitation
water line for this region is δD = 8.77δ18O + 13.96 (Liu et al., 2014).
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large (e.g., Figure 3), and not by the gradient of the vapor isotope ratio. We can have a situation where the
vapor isotope delta difference between the two measurement heights is very small, but as long as the differ-
ences in the mixing ratios are large enough, equation (3) can be used to determine the flux isotope ratio.

In this study, the measurement of δV at the upper level (3.5 m) was used as the Craig-Gordon model input.
Using the δV measured at the lower level (1.1 m), the calculated δDE would be higher by 0.61 ± 1.85‰
(mean ± one standard deviation) and the δ18OE would be higher by 0.59 ± 0.48‰. Figure S4 compares
the δDE and δ18OE relationships between the two calculations. We consider the calculation made with the
3.5 m measurement to be more accurate because this height is closer to the free air layer (Text S2 in the
supporting information).

4.2. Large Lakes Versus Small Lakes

Several lines of evidence presented above point to a weak kinetic fractionation of evaporation against 18O at
Lake Taihu. Matching the Craig-Gordonmodel prediction with the δ18OE observed at hourly intervals requires
a small OS kinetic factor of about 6.2‰ (Figure 5). At multiday time scales, the Craig-Gordon model is consis-
tent with the LEL if we use this oceanic kinetic factor instead of the LK value of 14.2‰ (Figure 6). At the annual
time scale, the lake evaporation flux calculated with the isotopic mass balance is too low if the LK value is
used and is in much better agreement with the eddy covariance evaporation flux if the smaller OS kinetic
value is used (Figure 7). Low biases are also seen in the evaporation rate estimated for the Great Lakes using
the LK εk (Jasechko et al., 2014), although they are not as severe as in the present study because HDO was
used as an additional tracer to constrain the mass balance of those lakes.

On the other hand, other studies have shown that the lake evaporation flux based on the isotopic mass
balance method is in good agreement with that derived from the lake water balance (Gibson et al.,
1996, 1998), the Bowen ratio method (Gibson et al., 1996), the two-point aerodynamic profile method
(Gibson et al., 1996), a mass transfer approach (Isokangas et al., 2015; Yang et al., 2016), an evaporation
pan measurement (Gibson et al., 1998), and the Penman combination method (Gibson et al., 1998;
Gibson & Reid, 2014). Most of these studies deploy the commonly used LK εk values of 14.2‰ for H2

18O,
and the humidity adjustment factor θ is unity. The isotope calculator of Hydrocalculator also uses the stan-
dard LK εk value to describe the kinetic fractionation effect of lake evaporation and a default value of 1 for
θ (Skrzypek et al., 2015). The lakes in the experimental studies cited here are much smaller (area less than
2 km2) than Lake Taihu, raising the possibility that large lakes, such as Lake Taihu, behave like the open
ocean but small lakes do not.

One explanation why the LK εk value yields satisfactory results in previous published studies but not for Lake
Taihu is that air over small lakes may be less turbulent than that over large lakes because wind speed at small
lakes is expected to be weaker due to fetch consideration (Schertzer et al., 2003). However, the kinetic factor
is not very sensitive to wind speed, varying only slightly, from 6.9‰ at 10 m s�1 to 6.0‰ at 3 m s�1, accord-
ing to the theory of Merlivat and Jouzel (1979). The Dalton number of evaporation, a measure of the intensity
of turbulent exchange of water vapor between the water surface and the overlaying air layer, does not seem
to depend on lake size either (Wei et al., 2016; Xiao et al., 2013). Therefore, factors other than levels of turbu-
lence, such as the compensating effect noted below, may be a more plausible explanation for why the LK εk
works in some situations but not in others.

To further address the question as to whether the result presented in section 3 holds for small lakes, we have
also analyzed the data collected under short-fetch conditions, with wind blowing from the north shore of the
lake (wind direction 315–135°; Figure 1). Because of the short-fetch distance (200–450 m), the air arriving at
the measurement platform basically retained the land influences as would be expected of small lakes. The LK
parameterization results (Figure S7 in the supporting information) have essentially the same bias errors as in
Figures 5 and 6. A comparison between Figure 5 (open fetch) and Figure S7 in the supporting information
(short fetch) suggests that the effective εk was not very sensitive to fetch.

In most of the lake isotopic mass balance studies cited above, the vapor 18O/16O was derived from the iso-
topic equilibrium relationship with precipitation. Direct vapor isotope measurements show that this relation-
ship is most accurate during actual precipitation events (Lee et al., 2006) but may cause high biases during
the peak evaporation season (Krabbenhoft et al., 1990). Because the humidity variable h is measured over
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the land adjacent to the lake, some researchers have to deploy an empirical factor in the Craig-Gordonmodel
calculation to correct for the advection effect (Bowen et al., 2012; Gat et al., 1994). In such cases, using the
standard LK εk might compensate for biases in the derived vapor isotope ratio and the applied empirical
advection factor.

5. Conclusions

A long-standing problem in isotope hydrology has been the disagreement between terrestrial hydrologists
and GCM modelers regarding the H2

18O fractionation strength of open-water evaporation. Our results are
in agreement with the parameterization used by GCMs for ocean evaporation indicating a weak kinetic effect.
The success of the OS εk at Lake Taihu implies that atmospheric turbulence plays similar roles in gaseous dif-
fusion over the lake and the marine environment. The isotopic mass balance calculations using the weak εk
point to a much stronger role of lake evaporation in the terrestrial hydrological cycle than indicated by pre-
vious studies. The annual evaporation rate of Lake Taihu is 520 mm if the LK εk is used in the isotopic mass
balance analysis and increases by 72% to 897 mm if the OS εk is used. The latter assessment is in better agree-
ment with an independent eddy covariance observation.

An open question is whether the results reported here for a large lake can be extended to small lakes.
Possibilities exist that small lakes, being influenced more strongly by air advected from land, may be in a dif-
ferent turbulence regime than large lakes and the open ocean. Although the data obtained under short-fetch
conditions suggest that the LK parameterization for εkmay be biased similarly for small lakes, a definite answer
will require validation against direct observation of the evaporation isotopic compositions at small lakes.
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