
Received: 22 September 2017 Accepted: 6 December 2017

DOI: 10.1002/hyp.11420
R E S E A R CH AR T I C L E
When to conduct an isotopic survey for lake water balance
evaluation in highly seasonal climates

Jiangpeng Cui1,4 | Lide Tian2,1,3 | John J. Gibson5,6
1Key Laboratory of Tibetan Plateau

Environment Change and Land Surface

Processes, Institute of Tibetan Plateau

Research, Chinese Academy of Sciences,

Beijing 100101, China

2 Institute of International Rivers and Eco‐
Security, Yunnan University, Kunming 650091,

China

3CAS Centre for Excellence in Tibetan Plateau

Earth Sciences, Beijing 100101, China

4University of Chinese Academy of Sciences,

Beijing 100049, China

5 InnoTech Alberta, 3‐4476 Markham Street,

Victoria, Canada

6Department of Geography, University of

Victoria, P.O. Box 3060 STN CSC, Victoria,

British Columbia, Canada

Correspondence

Lide Tian, Key Laboratory of Tibetan Plateau

Environment Change and Land Surface

Processes, Institute of Tibetan Plateau

Research, Chinese Academy of Sciences,

Beijing 100101, China.

Email: ldt@itpcas.ac.cn

Funding information

National Natural Science Foundation of China,

Grant/Award Numbers: 41771043, 41530748

and 41701080; China Postdoctoral Science

Foundation, Grant/Award Number:

2017M610118
Hydrological Processes. 2018;32:379–387.
Abstract
One‐time or short‐term lake water isotopic surveys are often employed to evaluate regional lake

water balance. However, it can be difficult to determine the optimal time‐window for sampling to

obtain a representative long‐term perspective of lake water balance in settings influenced by sea-

sonal variations in precipitation, evaporative loss, glacial/snow meltwater, and larger seasonal

shifts in isotopic composition of precipitation. This is especially true for areas of the Tibetan

Plateau that are influenced by the summer Indian monsoon. Although high‐frequency sampling

is always preferred as the most rigorous approach to characterize the water budget of lakes or

watersheds, this may be impractical in remote regions and over large spatial scales. To assess

the potential sensitivity of isotope balance characterization to seasonal variability, we used a

weekly lake water isotope data set acquired over a period of 3 years on the Tibetan Plateau to

evaluate the potential inaccuracies that might have arisen from using isotopic data collected dur-

ing narrower time‐windows. For this assessment, we use weekly isotopic data collected during

the study and assume that these sampling events were stand‐alone one‐time surveys. We then

demonstrate the sensitivity of the isotope balance method in this setting, particularly for the rainy

season that significantly underestimated the evaporation/inflow. In contrast, isotopic composi-

tion of the lake water was found to be more representative of long‐term conditions when sam-

pled in October on the Tibetan Plateau. To broaden our evaluation of seasonality effects over a

range of climatic zones, published high‐frequency isotopic data were also compiled, and a similar

assessment was carried out for selected regions of the world. The synthesized data and model

outputs, which confirm pronounced variations in lake water isotopic composition and evapora-

tion/inflow across a range of seasonal climates, were used to determine optimal sampling win-

dows for these specific regions.

KEYWORDS

isotopic survey, lake water balance, optimal sampling date, seasonal climate
1 | INTRODUCTION

During the process of evaporation from surface water bodies, the

lighter isotopic molecules of water preferentially evaporate to the

atmosphere, whereas heavier isotopic molecules tend to be retained

in the liquid phase (Clark & Fritz, 1997; Craig & Gordon, 1965). As

a result, surface water bodies such as lakes and wetlands often

become enriched in the heavier isotopic species and, hence, are

distinctly labelled relative to lake input sources such as snow, rain,

streamflow, and groundwater. Quantitative tracing of water balance

using δ18O and δ2H enrichment in lake water has been shown to

be a useful tool for regional studies including, for example,
wileyonlinelibrary.com/jo
assessment of evaporation/inflow (E/I) ratio (Gat, 1978), water yield

(Gibson, Birks, Jeffries, & Yi, 2017), residence time (Brooks et al.,

2014), and lake–groundwater interactions (Sacks, Lee, & Swancar,

2014). Among all isotope‐based water balance indicators, E/I ratio

is among the most commonly applied as it requires only basic

knowledge of the isotopic separation between lake water and

inflow and supplementary climate data, yet it informs on the

essential liquid–vapour partitioning of lake outflows and has been

shown to be highly variable across different climate zones and

hydrologic regions (Brooks et al., 2014; Gat, 1978; Gibson,

Edwards, Bursey, & Prowse, 1993; Gibson, Birks & Yi, 2016;

Skrzypek et al., 2015; Zuber, 1983).
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Water stable isotopes have also been widely used to evaluate

regional lake water balance and water quality (Brooks et al., 2014;

Gibson, Birks, Yi, Moncur &McEachern, 2016; Wolfe et al., 2007; Yuan

et al., 2011). However, it is logistically challenging and costly to con-

duct long‐term, high‐frequency isotope monitoring over large spatial

regions. This is especially true in remote regions, such as the Tibetan

Plateau and Pan‐Arctic. In practice, one‐time or short‐term isotopic

surveys are employed in the summer season when it is logistically

convenient to visit and sample the sites (Brooks et al., 2014; Yuan

et al., 2011). Ideally, the collected samples should be a representative

of an individual lake's average isotopic composition. Previous studies

have shown that quantification of lake water balance parameters

such as water yield can be significantly influenced by the timing of

lake water isotope sampling and may also be complicated by factors

such as seasonality and stratification (Cui, Tian, Biggs, & Wen,

2017; Gibson et al., 2017; Gibson et al., 1993). Consequently, the

representativeness of one‐time isotopic surveys during a specific sea-

son may vary significantly from region to region and certainly will

depend on sampling strategy.

Lakes in high elevation, high latitude, and monsoon regions are

influenced by seasonal precipitation or glacial and/or snow meltwater

input or evaporative loss (Gibson & Reid, 2010; Tian et al., 2008; Tyler,

Leng, & Arrowsmith, 2007; Wolfe et al., 2007). For example, more than

90% of precipitation falls between May and September over most of

the Tibetan Plateau. Isotopes in precipitation, glacier ice, and snow

often have very depleted heavy isotope signatures compared to that

of lake water that is often subject to continuous or seasonal evapora-

tion (see Gat, 1996). Thus, lake water samples collected during the

rainy season may be a poor representation of long‐term lake water bal-

ance. Lakes in northern Canada are subjected to a spring pulse of melt

inflow and then arid summers with high rates of evaporation, resulting

in a pronounced seasonal variation in lake water isotopes (Brock, Yi,

Clogg‐Wright, Edwards, & Wolfe, 2009; Gibson & Reid, 2014).
Therefore, selection of sampling date in these seasonal climatic regions

should be with caution when to conduct short‐term and large‐scale

lake isotopic surveys.

To date, no systematic evaluation of the influence of seasonal var-

iations on lake isotope balance has been conducted to determine opti-

mal sampling dates for specific regions including the Tibetan Plateau.

To evaluate this effect, we first performed a test by using a 3‐year data

set of weekly isotope samples from Cona Lake on theTibetan Plateau.

We then evaluated the representativeness of individual weekly isoto-

pic data collected throughout the year by examining the influence of

sampling date on the calculated E/I ratios. Then, calculated E/I for spe-

cific weeks was compared with calculated annual averages to deter-

mine optimal sampling dates. Finally, we synthesized published

isotope data sets with high‐frequency and long‐term sampling to offer

new insight into the optimum season for conducting representative,

large‐scale lake water isotope surveys in different climatic regions

around the world. The objectives of this study are as follows: (a) to

characterize the seasonal variations of lake water isotopes in Cona

Lake on the Tibetan Plateau, (b) to test the influence of seasonal

variations of lake water isotopes on derived E/I ratios, and (c) to review

and assess pre‐existing data sets to determine the optimal sampling

date for various regions of the world.
1.1 | Study area and climate

We first performed the test for Cona Lake, with a surface area ~190 km2

and a watershed area of 4,140 km2, located on the central Tibetan

Plateau (31°55′–32°07′ N, 91°25′–91°32′ E, 4,590 m a.s.l, Figure 1).

As a throughflow lake, there are five tributaries, which generally enter

the lake from the north, and water finally outflows via a single southern

outlet. The area is characterized by a semi‐arid monsoonal climate, with

vegetation in the watershed consisting mainly of alpine meadow domi-

nated by small hills. The mean annual air temperature and precipitation
FIGURE 1 Location of Cona Lake Basin and
sampling sites
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are −2.3 °C and 466 mm, respectively, recorded at nearby Amdo mete-

orological station (1980–2015). About 94% of precipitation falls during

the lake ice‐free period (May–October; Figure 2). The glacier coverage

of Cona Lake Basin is ~0.2% during the ice‐free period.
1.2 | Samples collection and analysis

Precipitation samples were collected on the west bank of Cona Lake

(32°04′ N, 91°24′ E, 4,623 m a.s.l, Figure 1) using an evaporation‐

preventing collector. The collector has a “V‐shape” tube in inlet to pre-

vent water re‐evaporation and a 1 m long internal tube for pressure

equilibration, modified slightly from the design of Groning et al.

(2012). Samples were collected at 20:00 hr (Beijing time) in each rainy

day, sealed in 15 ml polyethylene terephthalate bottles, and wrapped

with parafilm to avoid evaporation. Snow samples were collected and

melted thoroughly at room temperature in plastic bags, then trans-

ferred to polyethylene terephthalate bottles. One hundred sixty‐two

daily precipitation samples were collected between 2011 and 2013.

Weekly water samples at surface and 20 cm depth were taken 1 m

from the shoreline using a clean plastic bottle. A sampling location on

the steep west bank was selected for ease of access and to avoid

potential for incomplete mixing related to surface stream inlets. The

isotopic composition of surface lake water in this study was found to

be consistent with that of outlet water and central lake water,

indicating that the west bank location was fairly representative of

lake‐average isotopic composition under well‐mixed conditions (Cui

et al., 2017). In total, there were 110 surface lake samples collected

on the west bank from June 2011 to December 2013.

All liquid samples were stored frozen before analysis and

transported frozen to the Key Laboratory of Tibetan Environment

Changes and Land Surface Processes, Institute of Tibetan Plateau

Research, Chinese Academy of Sciences. Samples were then

completely melted prior to analysis for both δ18O and δ2H using a

Picarro L2130‐i analyser (Picarro Inc., Sunnyvale, CA, USA) with a pre-

cision of 0.05‰ (δ18O) and 0.4‰ (δ2H). Isotopic ratios are expressed

in per mil (‰) relative to Vienna Standard Mean Ocean Water.

Atmospheric water vapour isotopes were measured at Amdo

station (Figure 1) and Nagqu station (70 km in southeast) using a
FIGURE 2 Monthly precipitation (P) and air temperature (T) from
1980 to 2015 at the Amdo station
high‐frequency (1 Hz) Picarro L2130‐i analyser, together with a stan-

dard delivery module and a vaporizer module for both δ18O and δ2H.

Measured isotopic values were corrected for humidity dependence

and instrument drift before calibrating to Vienna Standard Mean

Ocean Water, following Steen‐Larsen et al. (2013) and Cui et al.

(2017). The precision of vapour measurements was estimated to be

0.2‰ for δ18O and 0.5‰ for δ2H in vapour isotope measurement.

Relative humidity and evaporation flux were recorded by an auto-

matic weather station and evaporation pan at Amdo station. A HOBO

RG3‐M data logger on the west bank was used to monitor air

temperature and precipitation. Lake water temperature was recorded

at 30‐min intervals using Onset HOBO water‐level data loggers

installed separately along the west bank and at the outlet.

We also collected published data on lake water isotopes. The fol-

lowing criteria were used for data selection in our synthesis: (a) at least

one tracer out of δ18O and δ2H was measured; (b) at least one whole

year of sampling was carried out; (c) monthly or higher sampling

frequency was employed; and (d) pronounced seasonal variations

(or amplitude) of lake water isotope were detected. Although many

lake water isotope studies have been conducted worldwide, high‐

frequency and long‐term sampling programmes have been few. Twelve

data sets met these criteria and so were employed in this synthesis.

Based on the seasonal variations of lake water isotopes, we deter-

mined the optimal sampling month by matching the weekly or monthly

isotope values to the annual mean value. Where available, E/I was

included to evaluate the bias potentially introduced due to

noncharacterization of isotopic seasonality. Ancillary information

including location, area, and sampling information was also recorded.

We extracted δ18O, δ2H, and E/I values directly from tables or text

in original papers or indirectly from figures.

Precipitation seasonality and air temperature seasonality from

WorldClim Version 2 (http://worldclim.org/bioclim) were used to map

the global distribution of climatic seasonality. The data set is gridded cli-

mate datawith a spatial resolution of 10min (~18 km). Precipitation sea-

sonality was calculated from coefficient of variation of monthly

precipitation amounts (1970–2000). The grids with high values indi-

cated strong precipitation seasonality, whereas low values suggested

weak seasonality. Air temperature seasonalitywas calculated from stan-

dard deviation of monthly air temperature (1970–2000). Isotherms

were extracted from the original gridded map to divide globe into zones

with different intensities of air temperature seasonality.
2 | METHODS

δ18O and δ2H were separately used to constrain the lake water bal-

ance of Cona Lake. Based on the isotope and water mass balance,

the E/I ratio can be determined as (Gibson & Edwards, 2002; Skrzypek

et al., 2015)

E
I
¼ δI−δL

δE−δL
; (1)

where I is inflow to the lake including precipitation, surface run‐

off, and subsurface inflow; E is lake surface evaporation; δL, δI, and δE
are the stable isotope compositions (δ18O or δ2H) of lake water, inflow,

and the evaporation flux from the lake surface, respectively. δE was

http://worldclim.org/bioclim


FIGURE 3 Daily precipitation amount (blue columns), precipitation
δ18O and δ2H (blue lines), and weekly Cona Lake water δ18O and
δ2H (solid dots) from 2011 to 2013
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calculated by the Craig–Gordon model (Craig & Gordon, 1965; Gibson,

Birks & Yi, 2016):

δE ¼ δL−εþð Þ=αþ−hδA−εK
1−hþ 10−3εK

; (2)

where α+ (>1) is the equilibrium liquid–vapour isotope fraction-

ation factor and is a function of temperature (Horita & Wesolowski,

1994); ε+ = (α+ − 1) × 103 is the equilibrium enrichment factor; εK is

the kinetic enrichment factor; h is the relative humidity of ambient

air normalized to the saturation vapour pressure at the temperature

of the water surface; and δA is the isotopic composition of ambient

atmospheric moisture. εK is calculated by the following:

εK ¼ CK 1−hð Þ: (3)

CK was 14.2‰ for oxygen (Gonfiantini, 1986). For hydrogen, we

used the εK–h relationship presented in Zuber (1983) to calculate εK,

which produced a better match between E/I from δ18O and δD than

the εK–h relationship in Gonfiantini (1986) in regions with low humid-

ity. The εK–h relationship of Zuber (1983) has been successfully used in

previous studies (Biggs et al., 2015; Cui et al., 2017). Temperature, h,

and δA were weighted by monthly evaporation flux according to

Gibson, Birks, and Edwards (2008). The isotopic compositions of lake

inflow were represented by precipitation isotopes as the consistent

isotopic values of precipitation, surface water inlets, and groundwater

in this area (Cui et al., 2017).

To evaluate the influence of sampling season and to determine the

optimum month to sample across the Tibetan Plateau, weekly lake

water isotopes were assumed as model input of δL. E/I ratios for each

week were calculated and compared with the mean E/I value of each

year. Based on synthesized isotopic data and E/I, optimal sampling

dates were determined in different regions over the world.
3 | RESULTS

3.1 | Seasonality of water isotopes in Cona Lake

TheTibetan Plateau ismainly influenced by two large‐scale atmospheric

circulation systems: Indian monsoon in summer (June–September)

and westerlies in winter (October–May; Tian et al., 2007; Yao et al.,

2013). Precipitation isotopes in summer were conspicuously lower

than in other seasons (Figure 3). Due to the influence of intense pre-

cipitation and isotopically depleted inflow in the summer monsoon

season (Tian et al., 2002), lake water isotopes decreased in summer.

According to the measurement, the average isotopic composition of

Cona Lake water was −9.7‰ for δ18O and −85.1‰ for δ2H during

the 3 years. Minimum values for lake water δ18O and δ2H were

−10.7‰ and −91.8‰, respectively. Lake water isotopes were signifi-

cantly enriched relative to the amount‐weighted isotopic composition

of concurrent precipitation in the area of −15.2‰ for δ18O and

−110.8‰ for δ2H, indicating the influence of lake‐surface evapora-

tion. Evaporation can also be inferred from the deviation of lake water

isotopes from local meteoric water line (please see Figure S1). Season-

ally, lake water isotopes were stable in winter, but slightly larger fluc-

tuations were measured in summer. In 2013, the fluctuations of lake
water isotopes clearly follow the variations of precipitation isotopes,

but this effect is reduced for 2011 and much weaker in 2012. This

may be due to distinct precipitation amounts and intensities of the

3 years. Precipitation was greatest in 2013 (542 mm) with the stron-

gest intensity, whereas amount and intensity were lower for 2011

(529 mm) and 2012 (403 mm; Figure 3). Consequently, the transient

variability of lake water isotopic compositions in summer likely biases

estimates of E/I ratio if isotopic results in this period are used in the

lake water balance estimation.
3.2 | Influence of seasonality of water isotopes on
lake water balance evaluation

The distinct isotopic signals of δL, δI, and δE make it feasible to use

Equation 1 to calculate the E/I ratios for each specific week during

the 3 years based on the observed lake water isotopes. Figure 4 pre-

sents the calculated E/I as a comparison with the estimated annual

mean E/I values (dashed lines). Annual mean E/I calculated from both

δ18O and δ2H in the 3 years were 0.23, 0.25, and 0.27, close to the

results from deuterium excess‐based estimation (Cui et al., 2017).

δ18O‐ and δ2H‐based E/I were very similar with a mean difference of

0.01. E/I calculated from summer sampling events was clearly lower

than annual mean E/I. The maximum bias was more than 0.07, larger

than the interannual variability of E/I from 2011 to 2013. Given that

an earlier study showed that E/I signal across the Tibetan Plateau

ranged between 0.38 and 0.65 (±1 standard deviation; Yuan et al.,

2011), the E/I noise induced by seasonality as calculated here

(−0.07–0.04) may potentially mask about half of the E/I signal in this

region. No clear bias was found for the summer of 2012, probably

due to reduced precipitation in this dry year. As illustrated in a histo-

gram (Figure 5), we find that E/I values fell close to annual mean values

in the majority of cases, whereas large E/I anomalies were accompa-

nied by a high percentage of summer precipitation (6–9 months),

implying the use of isotope data collected in the summer rainy season

most likely introduce a poorer representation of mean lake conditions.

In contrast, E/I evaluated for winter periods was typically more stable

with smaller anomalies. The slightly higher E/I values in winter may be

related to prewinter evaporation and reduction in isotopically depleted



FIGURE 4 Evaporation/inflow (E/I) ratios
calculated using weekly lake water isotopes as
input. The dot lines represent annual mean E/I
values calculated from both δ18O and δ2H.
Shaded area represents E/I uncertainties
induced by uncertainties of input parameters

FIGURE 5 Histogram of weekly evaporation/inflow (E/I) anomalies
with respect to annual mean E/I value from 2011 to 2013 (columns)
and E/I percentage between 6 and 9 months (dots). Both δ18O‐ and
δ2H‐based E/I are included
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inflow. Nevertheless, in winter, lakes are usually covered by thick ice

and are significantly more difficult to sample within the context of a

regional survey. Sampling in late autumn, such as in October, is there-

fore likely the most representative of average lake conditions and can

be a more appropriate time to conduct regional surveys.

Outside of the Tibetan Plateau, lake water isotope data reported

from other regions also showed variability due to the seasonal pattern

of precipitation, glacial and/or snow meltwater, and/or seasonal evap-

orative enrichment. The synthesized data are summarized in Table 1.

Both lake water isotopes and E/I showed significant variations in sea-

sonal climates. Lake water isotopes departed from mean values from

−7.2 to 3.6 for δ18O (Δδ18O_Max) and −37.6 to 19.0 for δ2H

(Δδ2H_Max), whereas E/I departed from mean values from −0.07 to

0.64 (ΔE/I_Max). This level of noise potentially masks a great part of

the spatial signal of lake water isotopes and E/I from the regional to

global scales (Brock et al., 2009; Brooks et al., 2014; Gibson, Birks,

Yi, Moncur & McEachern, 2016; Wolfe et al., 2007; Yuan et al.,

2011). To reduce introduction of noise, we propose optimal sampling

periods for each region based on the seasonality of the water isotopes.
3.3 | Optimal sampling date across the world

Figure 6 summarizes various climatic information and calculated opti-

mal sampling date in different regions across the world. Climatic
seasonality was indicated by air temperature seasonality (lines) and

precipitation seasonality (shadows). It was found that all lakes with

high seasonality of water isotopes are located in climates with high

precipitation or air temperature seasonality. Obviously, the optimal

sampling date is different across the globe, indicating the influence of

distinct climatic or hydrological regimes. However, optimal sampling

date is consistent within specific regions. For example, we suggest that

October is optimal on the Tibetan Plateau and closer to July/August

within the selected regions of North America. Hence, the

determination of optimal sampling date of a representative lake is

expected to be a useful guide for planning large‐scale isotopic surveys

in specific regions.
4 | DISCUSSION

4.1 | Factors driving seasonality of lake water
isotopes

Seasonality in climatic parameters such as precipitation and air temper-

ature is a common character of continental climates and cold regions

(Figure 6). The seasonal signals transmit to lake inflow and also the iso-

topic composition of inflow, driving the variations of lake water iso-

topes. Volume of the reservoir is also a primary factor controlling the

magnitude of seasonal fluctuations. Seasonality of water isotopes in

Cona Lake as described in this study was mainly controlled by precip-

itation amount and isotopic composition of precipitation in summer

(Figure 3), which was similar in this respect to Lochnagar Lake in

Scotland (Tyler et al., 2007). Although seasonal snowmelt and glacial

meltwater can be major drivers of seasonal variations in lake isotopic

composition, this was not significant for Cona Lake due to minimal gla-

cier coverage in this area (~0.2%). Glacier meltwater is likely important

in other regions (Brock et al., 2009; Shi et al., 2014).

Some lakes located in seasonal climates showed a weak seasonal-

ity (or amplitude) of lake water isotopes, such as Potrok Aike and

Laguna Azul Lake in Argentina (Mayr et al., 2007), Bangong Co Lake

in the westernTibetan Plateau (Wen, Tian, Liu, & Qu, 2016), and Garda

Lake in Italy (Longinelli et al., 2008), implying a significant influence of

other factors such as residence time of water in the lakes and degree

of reliance on groundwater sources. It is well known that groundwater

and lake water can actively interact in a range of settings, including

subtropical (Sacks et al., 2014) and subpolar lakes (Isokangas, Rozanski,

Rossi, Ronkanen, & Kløve, 2015). The isotopic composition of river
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FIGURE 6 Positions for lakes with
pronounced seasonal variations in water
isotopes and the corresponding determined
optimal sampling date. Isotherms represent air
temperature seasonality. Blue shadows
represent precipitation seasonality. Isotherms
with higher value indicate stronger air
temperature seasonality, whereas darker
colours indicate stronger precipitation
seasonality
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water (Shi et al., 2014) and permafrost (Yang, Wu, Yun, Jin, & Zhang,

2016) may also exert an influence on isotopic variations in lake water.

We acknowledge that a complete characterization of hydrological con-

trols on lake water balance is essential for full understanding and pre-

diction of isotopic variations (Jones et al., 2016; Steinman, Rosenmeier,

Abbott, & Bain, 2010). However, our analysis is useful for identifying

potential bias due to use of discrete surveys and offers optimal sam-

pling dates in different regions by using limited lake water isotopes.

Lake morphology may also have an effect on the seasonal variations

of lake water isotopes. Large and deep lakes with longer residence

times such as the Laurentian Great Lakes (Jasechko, Gibson, &

Edwards, 2014) may have weak seasonal cycles, in which case sam-

pling date may not be as important. We expect small, shallow lakes

with shorter residence times to be more susceptible to shorter‐term

variability of water balance parameters (Brooks et al., 2014; Jonsson,

Leng, Rosqvist, Seibert, & Arrowsmith, 2009). In regions with a range

of lake sizes, careful attention needs to be given to lake‐to‐lake com-

parisons as the isotopic signals may reflect different time domains.

Comparing long‐term isotope values and E/I in this situation seems

to be the most conservative approach for determining regional vari-

ability in water balance. An essential caveat of our evaluation is that

it does not account for site‐specific influences. Lakes may be out of

hydrological synchronicity with one another in nearby areas due to dif-

ferences in lake area/watershed area ratios, volume, or ice cover dura-

tion, inflow lag due to elevation gradients, differential groundwater

connectivity, localized melting of permafrost, autochthonous water

inputs, or regulatory influences as well as other factors.
4.2 | Optimal sampling date and its implications

The seasonal variations of lake water isotopes were pronounced in

highly seasonal climates, including theTibetan Plateau and many other

regions around the globe (Table 1 and Figure 6). The calculated dates

for optimal sampling of Cona Lake were interannually consistent and

also consistent with results from other lakes such asYamdruk‐tso Lake

and Qinghai Lake located on theTibetan Plateau (Figure 6). Our calcu-

lated time‐window for sampling is also consistent with previous evalu-

ations, such as that of Gibson and Reid (2014), who discussed

uncertainties related to lake sampling date as part of short‐term sam-

pling campaigns.
The results from Cona Lake and our data synthesis both show that

noise induced by seasonality of lake water isotopes can mask a large

part of the spatial E/I signal, biasing the evaluation of lake water bal-

ance (Table 1). For example, if the lake isotopic survey was conducted

in the summer rainy season on theTibetan Plateau, lake water isotopes

would typically be more depleted than mean annual values and thus

would significantly underestimate E/I. The optimal sampling date in

this study has significant implications for lake water balance evaluation

in short‐term lake isotopic surveys (Brock et al., 2009; Brooks et al.,

2014; Gibson et al., 2017; Gibson & Edwards, 2002; Henderson &

Shuman, 2009; Kebede, Travi, & Rozanski, 2009; Wolfe et al., 2007;

Yuan et al., 2011). Similarly, Gibson et al. (2008) found that it was nec-

essary to account for the seasonality of climate to accurately predict δA
and evaporation slopes of lakes and soil water in cold regions. In

addition, the optimal sampling date calculated in this study was also

useful for studies of other water pools, such as river water. Careful

determination of optimal sampling date has also been shown to be

important for large‐scale river water isotopic surveys in seasonal

climates (Li & Garzione, 2017), which was consistent with the date

calculated in this study.

It is important to note that no lakes fitted our preselection criteria

in North Asia and Australia. Although long‐term lake water isotope

measurements have been made in Argentina (Mayr et al., 2007), the

amplitude of lake water isotopes was small and thus appeared to be

potentially less influential on isotope balance determinations. Given

the clear spatial heterogeneity, caution should be taken if results are

extrapolated to other regions. Higher sampling frequency, such as

weekly in this study and daily in Xiao et al. (2016), is expected to signif-

icantly improve the evaluation of optimal sampling dates.
5 | CONCLUSION

A 3‐year lake water isotope data set was used in an effort to evaluate

the influence of one‐time or short‐term sampling on lake water bal-

ance estimations in regions with high climate seasonality. Our finding

is that the isotopic surveys conducted in the rainy season on the

Tibetan Plateau significantly underestimated E/I of a typical lake. In

terms of representativeness and logistical considerations, October is

suggested as the optimal period to sample lake water regionally on

the Tibetan Plateau. Based on similar data compiled for other regions,
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optimal sampling periods were evaluated for selected regions around

the globe. We emphasize that determining the optimal sampling period

prior to conducting large‐scale regional surveys may be a useful guide-

line for field work in remote areas but essentially requires that lakes

across the region are morphologically similar and driven by the same

basic hydrological processes that may vary in relative magnitude due

to climatic gradients.

ACKNOWLEDGMENTS

This research was funded by National Natural Science Foundation of

China (Grants 41771043, 41530748, 41701080) and China Postdoc-

toral Science Foundation (Grant 2017M610118).

ORCID

Jiangpeng Cui http://orcid.org/0000-0003-4587-541X

John J. Gibson http://orcid.org/0000-0001-5952-0228

REFERENCES

Benson, L. V. (1994). Stable isotopes of oxygen and hydrogen in the
Truckee River ‐Pyramid Lake surface‐water column. 1. Data analysis
and extraction of paleoclimatic information. Limnology and Oceanogra-
phy, 39, 344–355. https://doi.org/10.4319/lo.1994.39.2.0344

Biggs, T. W., Lai, C.‐T., Chandan, P., Lee, R. M., Messina, A., Lesher, R. S., &
Khatoon, N. (2015). Evaporative fractions and elevation effects on sta-
ble isotopes of high elevation lakes and streams in arid western
Himalaya. Journal of Hydrology, 522, 239–249. https://doi.org/
10.1016/j.jhydrol.2014.12.023

Bouchez, C., Goncalves, J., Deschamps, P., Vallet‐Coulomb, C., Hamelin, B.,
Doumnang, J‐C., & Sylvestre, F. (2016). Hydrological, chemical, and iso-
topic budgets of Lake Chad: a quantitative assessment of evaporation,
transpiration and infiltration fluxes. Hydrology Earth System Sc., 20,
1599–1619. https://doi.org/10.5194/hess‐20‐1599‐2016

Brock, B. E., Yi, Y., Clogg‐Wright, K. P., Edwards, T. W. D., & Wolfe, B. B.
(2009). Multi‐year landscape‐scale assessment of lakewater balances
in the Slave River Delta, NWT, using water isotope tracers. Journal of
Hydrology, 379, 81–91. https://doi.org/10.1016/j.jhydrol.2009.09.046

Brooks, J. R., Gibson, J. J., Birks, S. J., Weber, M. H., Rodecap, K. D., &
Stoddard, J. L. (2014). Stable isotope estimates of evaporation: Inflow
and water residence time for lakes across the United States as a tool
for national lake water quality assessments. Limnology and Oceanogra-
phy, 59, 2150–2165. https://doi.org/10.4319/lo.2014.59.6.2150

Clark, I. D., & Fritz, P. (1997). Environmental isotopes in hydrogeology. CRC
press.

Craig, H., & Gordon, L. I. (1965). Deuterium and oxygen 18 variations in the
ocean and the marine atmosphere. In E. Tongiorgi (Ed.), Lab. Di Geol.
NuclStable isotope in oceanic studies and paleotemperatures (pp. 9–130).

Cui, J., Tian, L., Biggs, T. W., & Wen, R. (2017). Deuterium‐excess determi-
nation of evaporation to inflow ratios of an alpine lake: Implications for
water balance and modeling. Hydrological Processes, 31, 1034–1046.
https://doi.org/10.1002/hyp.11085

Gat, J. R. (1978). Isotope hydrology of inland sabkhas in the Bardawil area,
Sinai. Limnology and Oceanography, 23, 841–850. https://doi.org/
10.4319/lo.1978.23.5.0841

Gat, J. R. (1996). Oxygen and hydrogen isotopes in the hydrologic cycle.
Annual Review of Earth and Planetary Sciences, 24, 225–262. https://
doi.org/10.1146/annurev.earth.24.1.225

Gibson, J. J., Birks, S., & Edwards, T. (2008). Global prediction of δA and
δ2H‐δ18O evaporation slopes for lakes and soil water accounting for
seasonality. Global Biogeochem. Cy., 22, GB2031. https://doi.org/
10.1029/2007GB002997

Gibson, J. J., Birks, S. J., Jeffries, D., & Yi, Y. (2017). Regional trends in evap-
oration loss and water yield based on stable isotope mass balance of
lakes: The Ontario Precambrian Shield surveys. Journal of Hydrology,
544, 500–510. https://doi.org/10.1016/j.jhydrol.2016.11.016

Gibson, J. J., Birks, S. J., & Yi, Y. (2016). Stable isotope mass balance of
lakes: A contemporary perspective. Quaternary Science Reviews, 131,
316–328. https://doi.org/10.1016/j.quascirev.2015.04.013

Gibson, J. J., Birks, S. J., Yi, Y., Moncur, M. C., & McEachern, P. M. (2016).
Stable isotope mass balance of fifty lakes in central Alberta: Assessing
the role of water balance parameters in determining trophic status
and lake level. Journal of Hydrology: Regional Studies, 6, 13–25.
https://doi.org/10.1016/j.ejrh.2016.01.034

Gibson, J. J., Edwards, T., Bursey, G., & Prowse, T. (1993). Estimating evap-
oration using stable isotopes: Quantitative results and sensitivity
analysis for two catchments in Northern Canada. Nordic Hydrology,
24, 79–94. https://doi.org/10.2166/nh.1993.006

Gibson, J. J., & Edwards, T. W. D. (2002). Regional water balance trends and
evaporation‐transpiration partitioning from a stable isotope survey of
lakes in Northern Canada. Global Biogeochem. Cy., 16, 1026. https://
doi.org/10.1029/2001gb001839

Gibson, J. J., & Reid, R. (2010). Stable isotope fingerprint of open‐water
evaporation losses and effective drainage area fluctuations in a subarc-
tic shield watershed. Journal of Hydrology, 381, 142–150. https://doi.
org/10.1016/j.jhydrol.2009.11.036

Gibson, J. J., & Reid, R. (2014). Water balance along a chain of tundra lakes:
A 20‐year isotopic perspective. Journal of Hydrology, 519, 2148–2164.
https://doi.org/10.1016/j.jhydrol.2014.10.011

Gonfiantini, R. (1986). Environmental isotopes in lake studies. In P. Fritz, &
J. C. Fontes (Eds.), Handbook of environmental isotope geochemistry
(Vol. 2) (pp. 113–168). New York: Elsevier.

Groning, M., Lutz, H. O., Roller‐Lutz, Z., Kralik, M., Gourcy, L., & Poltenstein,
L. (2012). A simple rain collector preventing water re‐evaporation ded-
icated for delta O‐18 and delta H‐2 analysis of cumulative precipitation
samples. Journal of Hydrology, 448, 195–200. https://doi.org/10.1016/
j.jhydrol.2012.04.041

Henderson, A. K., & Shuman, B. N. (2009). Hydrogen and oxygen isotopic
compositions of lake water in the western United States. Geological
Society of America Bulletin, 121, 1179–1189. https://doi.org/10.1130/
b26441.1

Horita, J., & Wesolowski, D. J., (1994). Liquid ‐vapor fractionation of oxy-
gen and hydrogen isotopes of water from the freezing to the critical
temperature. Geochimica et Cosmochimica Acta, 58, 3425–3437.
https://doi.org/10.1016/0016‐7037(94)90096‐5

Isokangas, E., Rozanski, K., Rossi, P. M., Ronkanen, A. K., & Kløve, B. (2015).
Quantifying groundwater dependence of a sub‐polar lake cluster in Fin-
land using an isotope mass balance approach. Hydrology Earth System
Sc., 19, 1247–1262. https://doi.org/10.5194/hess‐19‐1247‐2015

Jasechko, S., Gibson, J. J., & Edwards, T. W. D. (2014). Stable isotope mass
balance of the Laurentian Great Lakes. Journal of Great Lakes Research,
40, 336–346. https://doi.org/10.1016/j.jglr.2014.02.020

Jones, M. D., Cuthbert, M. O., Leng, M. J., McGowan, S., Mariethoz, G.,
Arrowsmith, C., … Cross, I. (2016). Comparisons of observed and
modelled lake δ18O variability. Quaternary Science Reviews, 131,
329–340. https://doi.org/10.1016/j.quascirev.2015.09.012

Jonsson, C. E., Leng, M. J., Rosqvist, G. C., Seibert, J., & Arrowsmith, C.
(2009). Stable oxygen and hydrogen isotopes in sub‐Arctic lake waters
from northern Sweden. Journal of Hydrology, 376, 143–151. https://doi.
org/10.1016/j.jhydrol.2009.07.021

Kebede, S., Travi, Y., & Rozanski, K. (2009). The δ18O and δ2H enrichment
of Ethiopian lakes. Journal of Hydrology, 365, 173–182. https://doi.org/
10.1016/j.jhydrol.2008.11.027

Li, L., & Garzione, C. N. (2017). Spatial distribution and controlling factors of
stable isotopes in meteoric waters on the Tibetan Plateau: Implications
for paleoelevation reconstruction. Earth and Planetary Science Letters,
460, 302–314. https://doi.org/10.1016/j.epsl.2016.11.046

Longinelli, A., Stenni, B., Genoni, L., Flora, O., Defrancesco, C., & Pellegrini,
G. (2008). A stable isotope study of the Garda lake, northern Italy: Its

http://orcid.org/0000-0003-4587-541X
http://orcid.org/0000-0001-5952-0228
https://doi.org/10.4319/lo.1994.39.2.0344
https://doi.org/10.1016/j.jhydrol.2014.12.023
https://doi.org/10.1016/j.jhydrol.2014.12.023
https://doi.org/10.5194/hess-20-1599-2016
https://doi.org/10.1016/j.jhydrol.2009.09.046
https://doi.org/10.4319/lo.2014.59.6.2150
https://doi.org/10.1002/hyp.11085
https://doi.org/10.4319/lo.1978.23.5.0841
https://doi.org/10.4319/lo.1978.23.5.0841
https://doi.org/10.1146/annurev.earth.24.1.225
https://doi.org/10.1146/annurev.earth.24.1.225
https://doi.org/10.1029/2007GB002997
https://doi.org/10.1029/2007GB002997
https://doi.org/10.1016/j.jhydrol.2016.11.016
https://doi.org/10.1016/j.quascirev.2015.04.013
https://doi.org/10.1016/j.ejrh.2016.01.034
https://doi.org/10.2166/nh.1993.006
https://doi.org/10.1029/2001gb001839
https://doi.org/10.1029/2001gb001839
https://doi.org/10.1016/j.jhydrol.2009.11.036
https://doi.org/10.1016/j.jhydrol.2009.11.036
https://doi.org/10.1016/j.jhydrol.2014.10.011
https://doi.org/10.1016/j.jhydrol.2012.04.041
https://doi.org/10.1016/j.jhydrol.2012.04.041
https://doi.org/10.1130/b26441.1
https://doi.org/10.1130/b26441.1
https://doi.org/10.1016/0016-7037(94)90096-5
https://doi.org/10.5194/hess-19-1247-2015
https://doi.org/10.1016/j.jglr.2014.02.020
https://doi.org/10.1016/j.quascirev.2015.09.012
https://doi.org/10.1016/j.jhydrol.2009.07.021
https://doi.org/10.1016/j.jhydrol.2009.07.021
https://doi.org/10.1016/j.jhydrol.2008.11.027
https://doi.org/10.1016/j.jhydrol.2008.11.027
https://doi.org/10.1016/j.epsl.2016.11.046


CUI ET AL. 387
hydrological balance. Journal of Hydrology, 360, 103–116. https://doi.
org/10.1016/j.jhydrol.2008.07.020

Mayr, C., Lucke, A., Stichler, W., Trimborn, P., Ercolano, B., Oliva, G., …
Zolitschka, B. (2007). Precipitation origin and evaporation of lakes in
semi‐arid Patagonia (Argentina) inferred from stable isotopes (δ18O,
δ2H). Journal of Hydrology, 334, 53–63. https://doi.org/10.1016/j.
jhydrol.2006.09.025

Nielson, K. E., & Bowen, G. J., (2010). Hydrogen and oxygen in brine shrimp
chitin reflect environmental water and dietary isotopic composition.
Geochimica et Cosmochimica Acta, 74, 1812–1822. https://doi.org/
10.1016/j.gca.2009.12.025

Sacks, L. A., Lee, T. M., & Swancar, A. (2014). The suitability of a simplified
isotope‐balance approach to quantify transient groundwater–lake
interactions over a decade with climatic extremes. Journal of Hydrology,
519, 3042–3053. https://doi.org/10.1016/j.jhydrol.2013.12.012

Shi, X., Zhang, F., Tian, L., Joswiak, D. R., Zeng, C., & Qu, D. (2014). Tracing
contributions to hydro‐isotopic differences between two adjacent lakes
in the southernTibetan Plateau. Hydrological Processes, 28, 5503–5512.
https://doi.org/10.1002/hyp.10051

Skrzypek, G., Mydłowski, A., Dogramaci, S., Hedley, P., Gibson, J. J., &
Grierson, P. F. (2015). Estimation of evaporative loss based on the stable
isotope composition of water using Hydrocalculator. Journal of Hydrol-
ogy, 523, 781–789. https://doi.org/10.1016/j.jhydrol.2015.02.010

Steen‐Larsen, H. C., Johnsen, S. J., Masson‐Delmotte, V., Stenni, B., Risi, C.,
Sodemann, H.,…White, J. W. C. (2013). Continuous monitoring of sum-
mer surface water vapor isotopic composition above the Greenland Ice
Sheet. Atmospheric Chemistry and Physics, 13, 4815–4828. https://doi.
org/10.5194/acp‐13‐4815‐2013

Steinman, B. A., Rosenmeier, M. F., Abbott, M. B., & Bain, D. J. (2010). The
isotopic and hydrologic response of small, closed‐basin lakes to climate
forcing from predictive models: Application to paleoclimate studies in
the upper Columbia River basin. Limnology and Oceanography, 55,
2231–2245. https://doi.org/10.4319/lo.2010.55.6.2231

Tian, L., Liu, Z. F., Gong, T. L., Yin, C. L., Yu, W. S., & Yao, T. D. (2008). Iso-
topic variation in the lake water balance at the Yamdruk‐tso basin,
southern Tibetan Plateau. Hydrological Processes, 22, 3386–3392.
https://doi.org/10.1002/hyp.6919

Tian, L., Yao, T., MacClune, K., White, J. W. C., Schilla, A., Vaughn, B., …
Ichiyanagi, K. (2007). Stable isotopic variations in west China: A consid-
eration of moisture sources. Journal of Geophysical Research, 112(DOI),
https://doi.org/10.1029/2006JD007718

Tian, L., Yao, T., Shen, Y., Yang, M., Ye, B., Numaguti, A., & Tsujimura, M.
(2002). Study on stable isotope in river water and precipitation in
Nagqu River basin, Tibetan Plateau (in Chinese). Advances in Water Sci-
ence, 13, 206–210.

Tyler, J. J., Leng, M. J., & Arrowsmith, C. (2007). Seasonality and the isotope
hydrology of Lochnagar, a Scottish mountain lake: Implications for
palaeoclimate research. The Holocene, 17, 717–727. https://doi.org/
10.1177/0959683607080513
Vallet‐Coulomb, C., Gasse, F., Sonzogni, C. (2008). Seasonal evolution of
the isotopic composition of atmospheric water vapour above a tropical
lake: Deuterium excess and implication for water recycling. Geochimica
et Cosmochimica Acta, 72, 4661–4674.

Wen, R., Tian, L., Liu, F., & Qu, D. (2016). Lake water isotope variation
linked with the in‐lake water cycle of the alpine Bangong Co, arid west-
ernTibetan Plateau. Arctic, Antarctic, and Alpine Research, 48, 563–580.
https://doi.org/10.1657/aaar0015‐028

Wolfe, B. B., Karst‐Riddoch, T. L., Hall, R. I., Edwards, T. W., English, M. C.,
Palmini, R., … Vardy, S. R. (2007). Classification of hydrological regimes
of northern floodplain basins (Peace–Athabasca Delta, Canada) from
analysis of stable isotopes (δ18O, δ2H) and water chemistry. Hydrologi-
cal Processes, 21, 151–168. https://doi.org/10.1002/hyp.6229

Wu, H., Li, X., Li, J., Jiang, Z., Li, G., & Liu, L. (2015). Evaporative enrichment
of stable isotopes (d18O and dD) in lake water and the relation to lake‐
level change of Lake Qinghai, Northeast Tibetan Plateau of China.
Journal of Arid Land, 7, 623–635. https://doi.org/10.1007/s40333‐
015‐0048‐6

Xiao, W., Wen, X., Wang, W., Xiao, Q., Xu, J., Cao, C., … Lee, X. (2016). Spa-
tial distribution and temporal variability of stable water isotopes in a
large and shallow lake. Isotopes in Environmental and Health Studies,
52, 443–454. https://doi.org/10.1080/10256016.2016.1147442

Yang, Y., Wu, Q., Yun, H., Jin, H., & Zhang, Z. (2016). Evaluation of the
hydrological contributions of permafrost to the thermokarst lakes on
the Qinghai‐Tibet Plateau using stable isotopes. Global and Planetary
Change, 140, 1–8. https://doi.org/10.1016/j.gloplacha.2016.03.006

Yao, T., Masson‐Delmotte, V., Gao, J., Yu, W., Yang, X., Risi, C., … He, Y.
(2013). A review of climatic controls on δ18O in precipitation over the
Tibetan Plateau: Observations and simulations. Reviews of Geophysics,
51, 525–548. https://doi.org/10.1002/rog.20023

Yuan, F. S., Sheng, Y. W., Yao, T. D., Fan, C. J., Li, J. L., Zhao, H., & Lei, Y. B.
(2011). Evaporative enrichment of oxygen‐18 and deuterium in lake
waters on the Tibetan Plateau. Journal of Paleolimnology, 46, 291–307.
https://doi.org/10.1007/s10933‐011‐9540‐y

Zuber, A. (1983). On the environmental isotope method for determining
the water balance components of some lakes. Journal of Hydrology,
61, 409–427. https://doi.org/10.1016/0022‐1694(83)90004‐5

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Cui J, Tian L, Gibson JJ. When to

conduct an isotopic survey for lake water balance evaluation

in highly seasonal climates. Hydrological Processes.

2018;32:379–387. https://doi.org/10.1002/hyp.11420

https://doi.org/10.1016/j.jhydrol.2008.07.020
https://doi.org/10.1016/j.jhydrol.2008.07.020
https://doi.org/10.1016/j.jhydrol.2006.09.025
https://doi.org/10.1016/j.jhydrol.2006.09.025
https://doi.org/10.1016/j.gca.2009.12.025
https://doi.org/10.1016/j.gca.2009.12.025
https://doi.org/10.1016/j.jhydrol.2013.12.012
https://doi.org/10.1002/hyp.10051
https://doi.org/10.1016/j.jhydrol.2015.02.010
https://doi.org/10.5194/acp-13-4815-2013
https://doi.org/10.5194/acp-13-4815-2013
https://doi.org/10.4319/lo.2010.55.6.2231
https://doi.org/10.1002/hyp.6919
https://doi.org/10.1029/2006JD007718
https://doi.org/10.1177/0959683607080513
https://doi.org/10.1177/0959683607080513
https://doi.org/10.1657/aaar0015-028
https://doi.org/10.1002/hyp.6229
https://doi.org/10.1007/s40333-015-0048-6
https://doi.org/10.1007/s40333-015-0048-6
https://doi.org/10.1080/10256016.2016.1147442
https://doi.org/10.1016/j.gloplacha.2016.03.006
https://doi.org/10.1002/rog.20023
https://doi.org/10.1007/s10933-011-9540-y
https://doi.org/10.1016/0022-1694(83)90004-5
https://doi.org/10.1002/hyp.11420

