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Abstract

Separating watershed evapotranspiration into its evaporation and transpiration components is important for calculating
the carbon that is assimilated by terrestrial vegetation in carbon cycle studies. The key step in this separation is to quantify the
evaporation component. The deuterium excess (d-excess) in meteoric water has been shown to be an important indicator of
both the original source of the water vapor and the humidity at the vapor source area. It has also shown promise for use in
investigating the evaporation losses. While many studies have used the dD/d18O method to study watershed evaporation, few
have discussed the differences between the dD/d18O (single isotope system) and d-excess (dual isotope system) methods in
quantifying watershed evaporation. Given the complexity of natural watersheds, the Shawan Test Site was established at Pud-
ing, China, to study the water cycle in five concrete tanks (simulated watersheds) with different land uses over one hydrologic
year. There were no plants in two of the tanks (bare rock and bare soil), which allowed verification of evaporation calculations
derived from the d-excess and dD/d18O methods. dD or d18O values of precipitation in the rainy season, when most of the
groundwater recharge occurs, showed great variability. In contrast, the d-excess of the meteoric waters collected during
the same rainy season was much more stable than the dD or d18O values. We quantified the annual evaporative loss of
the five watersheds using both methods. Comparison of the results indicated that the d-excess method is more acceptable than
the dD/d18O method due to the stability of d-excess. Calculated ratios of transpiration to evapotranspiration in three tanks
planted with vegetation were 56.8% in cultivated land, 70.9% in shrub land, and 85.9% in grassland, demonstrating that in
well vegetated watersheds, this component of the cycle is controlled chiefly by plant transpiration. Land use has an important
impact on the hydrologic cycle in a watershed, and the d-excess calculations conducted in this study provide new insights for
quantifying components of the cycle, especially in the East Asian monsoon region which has rainfall with a large range in dD
or d18O values.
� 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

On land, water returns to the atmosphere through tran-
spiration by plants, a process which does not involve iso-
topic fractionation during uptake (Wershaw et al., 1966;
Ehleringer and Dawson, 1992), or through evaporation
from water and soil that does involve fractionation. Knowl-
edge of the transpiration and runoff in watersheds provides
a first-order evaluation of the biological uptake of CO2

(Beer et al., 2007; Liu et al., 2010). Several studies have
noted the significance of water and carbon fluxes in the
Earth’s terrestrial system (Ferguson and Veizer, 2007;
Wang and Dickinson, 2012), so it is of considerable impor-
tance to partition the water cycle within watersheds. How-
ever, it is difficult to quantify the aqueous fluxes in a cycle,
and especially difficult to separate evapotranspiration into
its evaporation and transpiration components. Recent stud-
ies have provided evidence that transpiration far exceeds
physical evaporation on the continents (with the exception
of Antarctica presumably) as a whole, but the precise pro-
portions attributable to the two processes continues to be
refined (Jasechko et al., 2013; Sutanto et al., 2014;
Maxwell and Condon, 2016). Studies of global evapotran-
spiration have mainly been conducted in arid and semi-
arid areas. In China, many studies have been conducted
in arid areas such as the North and Northwest, but few
have focused on the southern and southwestern regions that
are humid and have dense vegetation (Schlesinger and
Jasechko, 2014). In addition, most previous studies were
conducted only at the pilot scale and very few have
attempted to separate the evaporation and transpiration
components at the watershed scale (Sulman et al., 2016).

Recent studies have shown that the partition of evapotran-
spiration can be estimated in three ways: by field measure-
ment, applying land surface models, or aqueous isotope
studies (Sutanto et al., 2014). Field measurements will be
accurate at a given test site but it is difficult to extrapolate
their data to calculate the evaporation from large bodies of
soil and water or the transpiration from vegetation at the
watershed scale. When using a land surface model it is more
difficult to partition watershed evapotranspiration because
this will require extensive monitoring networks to provide
the substantial data base needed to calibrate and validate
the areal model. Alternatively, we can separate watershed
evapotranspiration into the evaporation and transpiration
components using hydrogen and oxygen, the stable isotopes
of water. In previous studies, evaporation in a watershed
has been calculated by comparing the difference between the
initial isotopic composition of the groundwater with the final
composition at a watershed outlet (Gonfiantini, 1986; Gibson
et al., 1993; Telmer and Veizer, 2000; Lee and Veizer, 2003;
Ferguson and Veizer, 2007). This method usually obtained
evaporation estimates on the timescale of hydrological year,
given the groundwater residence times in the majority of
watersheds (Lee and Veizer, 2003). Discrepancies between
the three methods remain, but it has been shown that field
measurement and isotope-based methods are consistent with
each other within their error margins, whereas models tend
to produce higher estimates of evaporation (Sutanto et al.,
2014; Schlesinger and Jasechko, 2014). Therefore, stable iso-
topes play an important role in quantifying the partition of
evapotranspiration. Furthermore, the d-excess (d-
excess = dD-8d18O, as defined by Dansgaard (1964)), has
shown promise for investigating evaporation, although it
can be an indicator of both the original source of the water
vapor and of relative humidity conditions in that source area
(Araguas-Araguas et al., 1998; Masson-Delmotte et al., 2005).
Several studies have estimated the evaporation in watersheds
using d-excess (Machavaram and Krishnamurthy, 1995;
Huang and Pang, 2012), but few have systematically explained
the mechanisms underlying the factors that influence d-excess,
or compared the differences between d-excess and dD/d18O in
estimating watershed evaporation. In this study, we have esti-
mated the evaporation in five simulated watersheds using both
methods, demonstrating that the dD and/or d18O of precipita-
tion may display great variability (thus impacting the reliabil-
ity of calculations of evaporation) but the d-excess of meteoric
water is much more stable. Therefore, application of the d-
excess method revealed in this article provides new insight
for quantifying a watershed hydrologic cycle.

2. THE STUDY SITE

The simulated test site (26�140–26�150N, 105�420–105�430
E, 1200 m) is located in the Puding Comprehensive Karst
Research and Experimental Station, Guizhou Province,
China (Fig. 1a). The climate is humid, subtropical mon-
soonal, with an annual average air temperature of �15.1 �C,
average annual precipitation of 1315 mm, about 80% of
which occurs during the rainy season from May to October
(Yang et al., 2012), and average annual relative humidity of
78% (China Meteorological Data Network, China Meteo-
rological Administration). The test site consists of five
adjoining concrete tanks made up to simulate five different
types of land use: bare rock, bare soil, cultivated soil, grass-
land, and shrub land (Fig. 1b): details can be found in Zeng
and Liu (2013), Chen et al. (2017) and Zeng et al. (2017).
Each tank is 20 m long, 5 m wide and 3 m deep. The tanks
are coated with epoxy resin, which acts as an aquiclude to pre-
vent groundwater leakage. Each tank is filled with 2.5 m of
dolomitic limestone rubble topped with 0.5 m of calcareous
soil, with the exception of the bare rocky model which is filled
only with the rubble and has no plants. The 2.5 m dolomitic
limestone rubble and 0.5 m soil are identical in all tanks.
The bare soil land has no plants but has soil and carbonate
rubble. The cultivated tank was planted with corn, whose
growing season is from May to August. Alfalfa and Rox-
burgh roses were sown into the soils of the grassland and
shrub land respectively in January 2014. There is a drainage
outlet hole in each tank to simulate a karst spring, plus a mea-
suring device to monitor water level change (Fig. 1c). Since
each tank functions as a small but a complete watershed,
we term them ‘‘simulated watersheds” in the following text.

3. METHODS

3.1. Sampling and analysis

From November 2015 to November 2016 at the study
site, rainfall samples were collected by standard gauges



Fig. 1. (a) The location of the study site in Puding County, Guizhou Province. (b) The Shawan Test Site consists of five concrete tanks that
simulate watersheds with different land uses: bare rock (coarse gravel) land, bare soil land, cultivated land (corn), grassland (alfalfa), and
shrub land (Roxburgh roses). (c) The photo shows the device used to measure water level and groundwater discharge.
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and passed through 0.45 lm Millipore filters into 20 ml
high-density polyethylene bottles immediately after each
rainfall event. The total number of samples (events) was
105. Groundwater samples were also passed through
0.45 lm Millipore filters into 20 ml high-density polyethy-
lene bottles. To obtain high resolution isotopic composi-
tions, each groundwater outlet was sampled at a 10-day
interval, with the discharge and water level data being mea-
sured during sampling. All of the samples were sealed with
Parafilm and stored in a refrigerator at �4 �C. dD and d18O
of the precipitation and groundwater samples were deter-
mined using a Los Gatos Research DLT-100 liquid isotope
water analyzer at the State Key Laboratory of Environmen-
tal Geochemistry, Institute of Geochemistry, Chinese Acad-
emy of Sciences, using the methods described in Lis et al.
(2008). The standards, purchased from Los Gatos Research
Inc. as well, have four different isotopic compositions (dD,
d18O): (�123.6‰, �16.1‰) for LGR2A, (�96.4‰,
�13.1‰) for LGR3A, (�51.0‰, �7.7‰) for LGR4A,
and (�9.5‰, �2.8‰) for LGR5A. We selected the three
appropriate standards from them to encompass the isotopic
compositions measured in the samples. The standard devi-
ation (1r) of measurement performed was ±0.5‰ for dD
and ±0.1‰ for d18O. All standards and measured values
are reported relative to Vienna-Standard Mean Ocean
Water (VSMOW).

3.2. Theoretical background

Precipitation undergoes a series of processes, e.g., evap-
oration and transpiration, from the time it lands as stem
flow on any plants and/or infiltrates the surface to recharge
the groundwater. Thus, the processes that precipitation
underwent in the watershed are recorded in the groundwa-
ter, and it is reasonable to study these processes by investi-
gating the groundwater isotopic characteristics. In this
study, evaporation from the soil surface is estimated from
the d-excess and d18O or dD resulting from the associated
fractionation. In addition, by combining the evaporation
estimated by the d-excess and d18O/dD methods with the
actual evapotranspiration calculated from the water bal-
ance, the transpiration losses can be estimated, including
interception by plants.

3.2.1. Evapotranspiration calculation using the water balance

method

Although it is difficult to obtain evapotranspiration (ET)
data for a watershed, accurate ET values can be estimated
with water balance methods applied over sufficiently long
time scales such as a full hydrological year. The water bal-
ance method proposed by Wisler and Brater (1959), which
is shown in Eq. (1), was used to calculate the amount of ET
of the simulated watershed in this study.

ET ¼ P� r� DS ð1Þ
where P is precipitation, r is runoff, and DS is the change in
groundwater storage. Due to the lack of any surface runoff
occurring in these simple watersheds, r + DS is the amount
of groundwater recharge from precipitation. In this study,
P is the total rain acquired from daily meteorological data
at the Puding Karst Ecosystem Research Station; r is the
runoff depth, i.e. the ratio of the spring discharge to the
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simulated watershed area (20 m 5 m = 100 m2), and DS is
the water level change in the watersheds during the study
period. Thus, according to Eq. (1), the ratio of ET to P
can be determined from Eq. (2).

ET% ¼ ðP� r� DSÞ=P ð2Þ
3.2.2. Evaporation estimation using the dD/d18O (single

isotope system) method

Stable hydrogen or oxygen isotopes have been widely
used to separate evapotranspiration into the transpiration
and evaporation components, as noted, because evapora-
tion involves isotopic fractionation, but transpiration does
not (Gibson et al., 1993; Yakir and Wang, 1996; Wang
et al., 2013). Isotopic composition is expressed in terms of
2H/1H or 18O/16O ratios, represented by d, such that d =
[(Rsample/Rstandard) � 1] * 1000, where R = 2H/1H or
18O/16O ratio in sample and standard (the standard is
VSMOW). According to the isotope mass balance equa-
tions proposed by Gibson et al. (1993), the ratio of evapo-
ration to precipitation (E) can be calculated using Eq. (3).
Note that different E can be determined by either hydrogen
or oxygen isotopic system, i.e. by dD or by d18O; for conve-
nience we term this the dD/d18O method.

E ¼ d� d0ð Þ 1� hð Þð Þ= d� � dð Þhð Þ ð3Þ
where d is the mean isotopic composition of the groundwa-
ter, which could be dD or d18O. d0 is the annual amount-
weighted mean of the precipitation, and h is the mean rela-
tive humidity. d* is defined as

d� ¼ hdA þ eð Þ= h� eð Þ ð4Þ
where e is the enrichment factor (e = e* + ek), which
includes the equilibrium enrichment factor (e* = 1000
(a* � 1)), dependent only on the temperature (T) (Eqs. (5)
and (6)), and the kinetic enrichment factor (ek) associated
with humidity and derived from Eqs. (7) and (8) (Craig
and Gordon, 1965; Majoube, 1971; Gonfiantini, 1986;
Clark and Fritz, 1997). dA is the mean isotopic composition
of the water vapor, which is in equilibrium with the precip-
itation and is defined as dA = d0 � e*.

1000lna �D ¼ 24:844 106=T2
� �� 76:248 103=T

� �þ 52:612

ð5Þ
1000lna � 18O ¼ 1:137 106=T2

� �� 0:4156 103=T
� �� 2:0667

ð6Þ
ekD ¼ 12:5 1� hð Þ ð7Þ
ek18O ¼ 14:2 1� hð Þ ð8Þ
3.2.3. Evaporation estimation using the d-excess (dual

isotope system) method

Compared to the dD/d18O method, which deals with the
individual isotope systems, the d-excess method encom-
passes the dual isotope (D-18O) system. Because the evapo-
ration component evolves as described by the Rayleigh
process (Clark and Fritz, 1997), it is assumed that ground-
water evaporation in any watershed experiences Rayleigh
fractionation, as shown in Eq. (9) where R represents the
18O/16O or 2H/1H ratio. For convenience, we use d instead
of R, so expressing the Rayleigh fractionation by d (Eq.
(10)). Thus, the relationship between d-excess and the resid-
ual fraction of groundwater (f) is derived as in Eq. (11).
Here, 1 � f means the ratio of evaporation to precipitation.

R ¼ R0f
ða�1Þ ð9Þ

d ¼ d0 þ 1000ð Þf a�1ð Þ � 1000 ð10Þ
d ¼ dD� 8d18O

¼ dD0 þ 1000ð Þf aD�1ð Þ � 1000� 8½ d18O0 þ 1000
� �

f a18O�1ð Þ
� 1000�

¼ dD0 þ 1000ð Þf aD�1ð Þ � 8 d18O0 þ 1000
� �

f a18O�1ð Þ þ 7000

ð11Þ
where a is the fractionation factor between the product and
the reactant (note that it includes both the equilibrium and
the kinetic fractionation factors) as shown in Eq. (12); a* is
the equilibrium fractionation factor derived from Eqs. (5)
and (6); and the kinetic enrichment factor is obtained from
Eqs. (7) and (8). In addition, d18O0 and dD0 are the isotopic
compositions of initial groundwater, which is the same as d0
in Eq. (3).

a ¼ aproduct�reactant ¼ av�l ¼ 1=ða� þ ek=1000Þ ð12Þ
Therefore, the ratio of evaporation to precipitation

(E = 1 � f) in the watershed can be calculated from Eq.
(11).

3.2.4. Transpiration estimation

Based on E calculated using the d-excess or d18O/dD
methods and on ET by the water balance method, the ratio
of transpiration to precipitation (T) can be estimated
(Eq. (13)), which is taken as the water loss to the atmo-
sphere through plants, including interception.

T ¼ ET� E ð13Þ
3.2.5. Groundwater residence time estimation

Groundwater residence times (MRT) in watersheds may
be estimated by the seasonal variation relationships of d18O
between precipitation and groundwater, assuming that the
hydrologic system is well mixed and at a steady state in
which the water residence time is presumed to approximate
an exponential distribution (Stewart and McDonnell, 1991;
Reddy et al., 2006). The seasonal variations of d18O tend to
follow a sine functional relationship:

d18O ¼ IþAsin 2pt=bð Þ þ c½ � ð14Þ
where I is the annual mean d18O in ‰, A is the seasonal
amplitude of d18O, b is the period of the seasonal cycle, t
is time in days, and c is the phase lag in radians. These
parameters can be calculated by regression analysis, and
groundwater MRT is obtained by Eq. (15) below:

MRT ¼ ð2p=b0 Þ½ A=Ap

� ��2 � 1�0:5 ð15Þ
where Ap is the seasonal amplitude of d18O of precipitation
and b0 is the period of 365 days (Maloszewski et al., 1983).
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4. RESULTS

4.1. Stable isotope composition of the precipitation and

groundwater

The rainfall samples were used to determine the Local
Meteoric Water Line (LMWL) for the study area
(Fig. 2a). The best fit is dD = 8.56d18O + 17.14
(R2 = 0.98), which differs slightly from the Global Meteoric
Water Line (GMWL) of Craig (1961). The isotopic compo-
sition of the ground waters are plotted in Fig. 2b, which
Fig. 2. (a) The stable isotope composition of the precipitation samples an
groundwater samples and the LMWL (Local Meteoric Water Line).
groundwater: black for bare rock land (dD = 8.25d18O + 12.69, R2 = 0.9
yellow for cultivated land (dD = 6.80d18O � 3.20, R2 = 0.94); blue for gra
(dD = 6.82d18O � 2.73, R2 = 0.89). (For interpretation of the references
version of this article.)

Fig. 3. Seasonal variations in the d18O of the precipitation and groundwa
the annual amount-weighted average of d18O in the precipitation (�8.3‰
shows that almost all of them plot to the right of the
LMWL in the five simulated watersheds, indicating that
the groundwater experienced evaporation.

The seasonal variations in the d18O of the precipitation
and groundwater of the five simulated watersheds from
November 2015 to November 2016 are shown in Fig. 3.
d18O of the precipitation was heavier in the dry season than
in the rainy season. In contrast, d18O values of ground
waters were heavier in the rainy season than in the dry sea-
son. The gray dashed line in Fig. 3 represents the annual
amount-weighted average d18O in the precipitation, which
d (b) the relationships between the stable isotope composition of the
The dashed colored lines represent the evaporation lines of the
7); gray for bare soil land (dD = 6.59d18O � 5.87, R2 = 0.84); dark
ssland (dD = 7.42d18O + 4.66, R2 = 0.89); and pink for shrub land
to colour in this figure legend, the reader is referred to the web

ter in the five simulated watersheds. The dashed gray lines represent
).
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was �8.3‰. The d18O of the bare rock land had the largest
fluctuation in response to d18O of the precipitation, while
the d18O of the bare soil land was relatively smooth.

4.2. The d-excess of precipitation and groundwater

The seasonal variations in the d-excess in precipitation
in the study area, November 2015 to November 2016, are
shown in Fig. 4. Like d18O, the value of d-excess varied reg-
ularly with time. It was high in the dry season and low in
the rainy season, but appeared more stable than d18O dur-
ing the rainy season. The probability distributions of d18O
and d-excess during the rainy season are shown in Fig. 5.
d18O values are quite widely dispersed, with the central
range of �10‰ to �5‰ accounting for only 49% of the
total rainfall during the rainy season. D-excess had a smal-
ler range, 8–13‰ accounting for 71% of total rainy season
precipitation.

The d-excess values of the groundwater in each of the
five simulated watersheds are presented in Fig. 6. They do
not display statistically significant seasonal variations and
are relatively stable over the recorded hydrological year.
Groundwater d-excess values follow the order: bare
Fig. 4. Seasonal variations in the d-excess and d1

Fig. 5. The probability distribution of the d18O and d-exc
rock > grassland > shrub land > cultivated land > bare soil,
distinguishing the groundwater under the different land
uses. Furthermore, the d-excesses of groundwater were
lower than the annual amount-weighted average and rainy
season amount-weighted average in the precipitation.

4.3. Characteristics of groundwater recharge

4.3.1. Groundwater recharge rates

From the measured discharge and water level data, the
recharge by precipitation was estimated based on water bal-
ances (Table 1), first for the hydrologic year and then for
two different seasons. During the rainy season, recharge
rates were 84.0% in bare rock land, 80.4% in bare soil land,
79.3% in cultivated land, 70.9% in grassland and 86.5% in
shrub land, respectively, indicating that all five simulated
watersheds were being recharged chiefly under the rainy
season conditions, as expected.

4.3.2. Groundwater mean residence times

The groundwater MRT of the five simulated watersheds
were calculated with Eq. (15) and are cited in Table 2. The
MRT of groundwater was the shortest in the bare rock
8O in precipitation at the Shawan Test Site.

ess in the precipitation samples in the rainy season.



Fig. 6. Seasonal variations of the d-excess in groundwater from the five simulated watersheds. The solid lines represent the d-excess of initial
groundwater: green is annual amount-weighted average of precipitation, and red is rainy season amount-weighted average of precipitation.
The dashed colored lines represent the annual mean of d-excess in the ground waters: black for bare rock land (d-excess = 10.5‰); gray for
bare soil land (d-excess = 6.8‰); dark yellow for cultivated land (d-excess = 7.8‰); blue for grassland (d-excess = 10.1‰); pink for shrub
land (d-excess = 8.1‰). The results show that the d-excess decreases when there is more evaporation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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land, and the longest in the bare soil land. The durations
were 191 days (0.52 years) in bare rock land, 509 days
(1.39 years) in bare soil land, 261 days (0.71 years) in culti-
vated land, 381 days (1.04 years) in grassland and 349 days
(0.95 years) in shrub land.

4.4. Calculation of the ET partition

4.4.1. Evaporation estimation using the dD/d18O and d-excess

methods

dD/d18O and d-excess methods were applied to deter-
mine the amount of evaporation, based on the isotopic
composition of the precipitation and groundwater over
the recorded hydrological year. The average annual temper-
ature and humidity, the initial isotopic composition of the
groundwater (annual amount-weighted average of precipi-
tation), and the isotopic composition of the groundwater
are given in Table 3. We first calculated the amount of
evaporation for the five simulated watersheds using the
dD/d18O method (Eq. (3)), finding the results (Table 3) to
be all negative, suggesting that these five simulated water-
sheds did not experience any evaporation at all! Using
Eq. (11), the proportion of evaporation was calculated by
the d-excess method. The relationship between the d-
excess and the residual fraction of the groundwater (f) of
the five watersheds is shown in Fig. 7. It suggests that the
amounts of evaporation in these simulated watersheds were
as follows: bare rock land < grassland < shrub land < culti-
vated land < bare soil land. The evaporation rates (1 � f)
were 7.1% for bare rock land, 9.0% for grassland, 16.6%
for shrub land, 17.7% for cultivated land, and 21.4% for
bare soil land (Table 3).

4.4.2. Transpiration estimation

The ET in the five simulated watersheds was calculated
first, applying Eq. (2). The results (Table 4) were: 5.9% for
the bare rock land, 36.2% for the bare soil land, 40.6% for
the cultivated land, 64.1% for the grassland, and 57.2% for
the shrub land. Based on the evapotranspiration data
derived from the water balances and the evaporation from
the d-excess, transpiration was calculated as reported in
Table 4. There were no plants in the bare rock and bare soil
lands, so their transpiration was 0%. The transpiration
rates were 23.3% for the cultivated land, 55.0% for the
grassland, and 40.4% for the shrub land. Thus, the ratios
of transpiration to evapotranspiration were 56.8% for the
cultivated land, 85.9% for the grassland, and 70.9% for
the shrub land.

5. DISCUSSION

5.1. Groundwater is affected by evaporation in the simulated

watersheds

As a result of isotopic kinetic fractionation, residual
water after evaporation will display trends similar to the
LMWL but with lower slopes in the d18O-dD plots (Clark
and Fritz, 1997; Schulte et al., 2011). The isotopic compo-
sitions of the groundwater in the five simulated watersheds
almost all plot to the right of the LMWL (Fig. 2b), indicat-
ing that the groundwater has been affected by evaporation.
This conclusion is corroborated by the d-excess of ground-
water plotted in Fig. 6 because d-excesses of ground waters
differed under different land uses and was lower than their
initial d-excesses (annual amount-weighted average or rainy
season amount-weighted average of precipitation) because
the d-excess decreased when evaporation increased. As a
result, the degree of evaporation is: bare soil land > culti-
vated land > shrub land > grassland > bare rock land.

5.2. The d18O and d-excess of precipitation and groundwater

5.2.1. Seasonal variations of d18O and d-excess of

precipitation

Due to the linear relationship between dD and d18O
(dD = 8.56d18O + 17.14) in the precipitation, we do not dis-
cuss the variability of dD in this paper. Seasonal variations
in d18O and d-excess in the precipitation were high in the
dry season and low in the rainy season (Fig. 4), which
was mainly due to the differences in the water vapor sources
and is consistent with the findings of other precipitation
studies in Southwestern China, e.g. Zhang et al. (2008).
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Because the study site has a subtropical monsoon climate,
the water vapor comes mainly from the low latitude ocean
in the rainy season, resulting in very high humidity that
readily creates strongly convective weather with much pre-
cipitation along its path, resulting in significant rainout
effect, depleted d18O and lower d-excess. In contrast, the
main source of water vapor in the dry season is the cold,
dry continental air mass of Siberia and inland recycled
water vapor, which results in less precipitation, more
enriched d18O, and higher d-excess.

5.2.2. The stability of the d-excess of precipitation compared

to the d18O in the rainy season

Precipitation, especially frequent heavy rainfall, occurs
mainly in the rainy season from May to October, as noted,
and accounts for more than 80% of mean annual rainfall.
The groundwater of the five simulated watersheds was pri-
marily recharged by rainy season precipitation (Table 1).
As a result, the input characteristics of the groundwater
were dominated by the rainy season precipitation; it is
important to study characteristics of that precipitation.
The variations and probability distributions of d18O and
d-excess during the rainy season (Figs. 4 and 5), indicate
that the d-excess was much more stable than the d18O.
The same conclusion can be reached in Xie et al. (2011)
who studied the dD and d18O of precipitation in Guangz-
hou over three years.

Why is d-excess more stable than d18O in precipitation?
The evolution of d-excess and d18O through a full hydro-
logic cycle, based on isotopic theoretical analysis, begins
with the evaporation of seawater to atmospheric vapor;
then, atmospheric vapor condenses into precipitation, the
groundwater is recharged, followed by evaporation
(Fig. 8). The evaporation model proposed by Craig and
Gordon (1965) demonstrates that water vapor in the imme-
diate vicinity of a water surface is in isotopic equilibrium
with that water. Thus seawater forms an initial equilibrium
vapor with a slope (s = (dD � dD0)/(d

18O � d18O0) = (av-
lD � 1)/(av-l

18O � 1)), Clark and Fritz, 1997) of 8, which
takes the slope of GMWL as reference, resulting in the
value of d-excess remaining unchanged. However, the tem-
perature will affect the d-excess value (Gat, 1996; Luz and
Barkan, 2010), and the d-excess of the equilibrium vapor
is more positive when the surface temperature of the seawa-
ter is higher (Fig. 8). Then the equilibrium vapor diffuses
into the free air above due to the presence of a vapor con-
centration gradient, leading to kinetic fractionation that
results in slopes less than 8. Kinetic diffusion fractionation
increases the d-excess value of the vapor, the amount of
increase depending on the moisture gradient, i.e., the d-
excess of the vapor will increase when the gradient becomes
steeper due to lower humidity in the air (Fig. 8).

The atmospheric vapor formed by these processes con-
denses into precipitation under isotopic equilibrium, as in
the model of Craig and Gordon (1965). Similarly, the con-
densation temperature influences the d-excess of the precip-
itation. As seen in Fig. 8, when the atmospheric vapor
condenses into droplets, dD and d18O change along the
Global (or Local) meteoric water line, accompanied by
the effects of rainout, but the d-excess of the precipitation



Table 2
Summary of results for fitting the sine function to the seasonal variations of d18O in precipitation and groundwater, and the estimated
groundwater MRTs in the five different simulated watersheds.

ID I(‰) A(‰) b c(rad) R2a A/AP MRT [days (years)]

Precipitation �6.2 4.4 464 �6.28 0.52 NAb NAb

Bare rock land �9.3 1.3 534 �6.28 0.78 0.29 190 (0.52)
Bare soil land �8.8 0.5 602 �6.28 0.64 0.11 509 (1.39)
Cultivated land �8.7 1.0 546 �6.28 0.79 0.22 261 (0.71)
Grassland �9.2 0.7 295 �6.28 0.69 0.15 381 (1.04)
Shrub land �8.8 0.7 587 �6.28 0.77 0.16 349 (0.95)

Note: Seasonal variations of d18O follow a sine function equation:
d18O = I + Asin[(2pt/b) + c] (14)
where I is the annual mean d18O in ‰, A is the seasonal amplitude of d18O, b is the period of the seasonal cycle, t is time in days, and c is the
phase lag in radians. These parameters can be calculated by regression analysis, and groundwater MRT is obtained by the Eq. (15) below:
MRT = (2p/b0)[(A/Ap)

�2 � 1]0.5 (15)
where Ap is the seasonal amplitude of d18O in precipitation and b0 is the period of 365 days (Maloszewski et al., 1983).
a Rsqr of the regression line for each watershed.
b Not applicable.

Table 3
dD, d18O and d-excess of groundwater, and the estimated evaporation rate (E).

ID t
(�C)a

h
(%)a

dD0

(‰)b
d18O0

(‰)b
d0-excess
(‰)b

dD
(‰)b

d18O
(‰)b

d-excess
(‰)b

E (%)

dD
methodc

d18O
methodc

d-excess
methodd

Bare rock
land

15.1 78 �54.2 �8.3 12.3

�62.6 �9.1 10.5 �3.8 �2.6 7.1

Bare soil
land

�64.9 �9.0 6.8 �4.7 �2.1 21.4

Cultivated
land

�65.0 �9.1 7.8 �4.7 �2.5 17.7

Grassland �63.1 �9.2 10.1 �4.0 �2.6 9.0
Shrub
land

�64.9 �9.1 8.1 �4.7 �2.5 16.6

a t(�C) and h(%) are annual average temperature and relative humidity, respectively.
b d18O0 (or dD0) and d0-excess are the isotopic compositions of the initial groundwater, which is the annual amount-weighted average of the

precipitation, and the d18O (or dD) and d-excess are the mean isotopic compositions of the groundwater for the full hydrological year.
c The ratio of evapotranspiration to precipitation (E) is calculated using the dD/d18O method (Eq. (3)).
d The ratio of evapotranspiration to precipitation (E) is derived from the d-excess method (Eq. (11)).

Fig. 7. The relationship between d-excess and the residual fraction of groundwater for the five different land use watersheds at the test site.
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Table 4
Calculated transpiration for the five different simulated watersheds.

ID Water balance method d-excess method

Precipitation
(P, m/a)

Porositya DHb (m) Runoff
depth
(r, m/a)

Infiltration
coefficient (%)c

ET(%)c E(%) T(%)d T/ET (%)

Bare rock land �0.421 1.137 94.1 5.9 7.1 0 0
Bare soil land �0.420 0.838 63.8 36.2 21.4 0 0
Cultivated land 0.985 0.5 �0.429 0.800 59.4 40.6 17.7 23.3 56.8
Grassland �0.360 0.534 35.9 64.1 9.0 55.0 85.9
Shrub land �0.420 0.632 42.8 57.2 16.6 40.4 70.9

Note: The duration of the study was from November 2015 to October 2016, covering a full hydrological year.
a The porosity value is from Zhu et al. (2015). It was the same for the five different simulated watersheds (Zhu et al., 2015).
b DH is the water level change.
c ET is the ratio of evapotranspiration to precipitation, which can be calculated by using Eq. (2): ET% = (P-r-DS)/P, where

DS = DH * Porosity. Infiltration coefficient = 1 � ET.
d T is the ratio of transpiration to precipitation, estimated by T = ET–E based on Eq. (13).
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remains at some given value; as a result, the dD and d18O of
precipitation are considerably more variable than the d-
excess. For example, the dD and d18O in precipitation asso-
ciated with typhoons are lower than those of normal sum-
mer precipitation, but their d-excess values are almost
identical (Xie et al., 2011). Because the primary vapor
source during the rainy season is from low latitude ocean
with high humidity, different precipitation events have the
same vapor source, so identical original environmental fac-
tors influence d-excess, dD and d18O in different precipita-
tion events within a given area: the d-excess remains at
approximately the same value in different precipitation
events, and the considerable variations of dD and d18O
are caused by the rainout effects. According to the model
Fig. 8. Schematic showing variations in d-excess, d18O and dD over a full
form (i) sea surface equilibrium vapor, which diffuses upwards to form
precipitation; (iv) groundwater recharge, with (v) the likelihood of evapora
and Fritz (1997), the relationship can be defined as s = (dD � dD0)/(d

18O
of d-excess variation shown in Fig. 8, d-excess in precipita-
tion will increase when the vapor source comes from the
recirculated vapor of a local water body, e.g., a lake
(Machavaram and Krishnamurthy, 1995; Vallet-Coulomb
et al., 2008). In our study, there were a few rainy season
precipitation d-excess values as high as 17.7‰ (Fig. 4),
which were very likely caused by recirculated vapor from
Yelang Lake a few km from the study area (Fig. 1a).

5.2.3. Seasonal variations of d18O and d-excess of

groundwater

The d18O of groundwater in the five simulated water-
sheds showed obvious seasonal variations (Fig. 3), whereas
the d-excess of groundwater in the studied watersheds did
hydrologic cycle, which begins with the evaporation of seawater to
(ii) atmospheric vapor; (iii) the atmospheric vapor condenses into
tion. s represents the slope in the d18O-dD plot. According to Clark
� d18O0) = (av-lD � 1)/(av-l

18O � 1).
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not, their values remaining relatively constant throughout
the hydrological year (Fig. 6). Based on the characteristics
of d18O and d-excess of precipitation, the stability of the
d-excess of the ground waters was probably due to the sta-
bility of d-excess in the rainy season precipitation, while the
groundwater seasonal variations of d18O reflect the sub-
stantial variations in d18O in rainy season precipitation.

For the estimation of evaporation, a stable index for the
input signal that satisfactorily reflects the degree of prior
evaporation will have a large impact on the accurate quan-
tification of the evaporation in watersheds. However, many
studies have been based only upon dD and d18O, parame-
ters that may vary greatly with precipitation.

5.3. Separating evapotranspiration into the evaporation and

transpiration components

5.3.1. Evaporation estimation using the dD/d18O and d-excess

method

Using the dD/d18O method, the evaporation in the five
simulated watersheds was found to be negative (Table 3)
because the dD0 and d18O0 of the initial water (annual
amount-weighted average of precipitation) were higher
than the dD and d18O of the groundwater (d < d0). Thus,
the dD/d18O method failed to calculate acceptable evapora-
tion values for the watersheds in this study.

The relationship between the d-excesses and the residual
fractions of the groundwater (f) in the simulated watersheds
in this experiment are plotted in Fig. 7. It shows that d-
excess decreases with the decreasing residual fraction of
the initial water when evaporation occurs. The d-excess
and f of the groundwater in the simulated watersheds
evolved along the same theoretical d-excess-f curve because
the meteorological factors were the same for all of them.
From Figs. 6 and 7 and Table 3, we conclude that the
amounts of evaporation in the five tanks were as follows:
bare rock < grassland < shrub land < cultivated land < -
bare soil. Land use patterns play a significant role in con-
trolling evaporation. In the bare rock tank, the surface
was coarsely granular with large pore spaces and no soil
or plants to intercept the rain, which quickly and directly
recharged the groundwater reservoir, resulting in compara-
tively rapid through-flow and the shortest MRT (Table 2);
evaporation losses were very limited. The low evaporation
rate in the grassland was caused by the large leaf area index
of the alfalfa, which resulted in almost no bare soil being
exposed to the air and protected the soil from much evap-
oration. Soil was more exposed in the shrub land and culti-
vated land due to their lesser leaf areas, so evaporation was
stronger than in the grassland. Evaporation was largest on
the bare soil land because of lack of protective plant cover
and the fine-grained, water-retentive nature of the soil. In
addition, there were no plants in the bare rock and bare soil
lands, so the evapotranspiration calculated using the water
balance method was from evaporation alone. The results
agreed well with those obtained using the d-excess method,
showing good consistency for the bare rock land (5.9% vs
7.1%), but were less consistent for the bare soil land
(36.2% vs 21.4%, Table 4). The difference for the bare soil
land was probably due to the strong evaporation, which
resulted in low groundwater recharge rates and longer
groundwater MRT (Table 2). Thus, the d-excess of the
groundwater in the bare soil land was the integrated signa-
ture of a lengthy MRT, which made the evapotranspiration
for bare soil land close to the average for approximately
1.39 years, and a low evaporation loss of only 28% for
the 2014 dry season (as determined by Zhu et al., 2015).
This implies that the relatively low evaporation rates calcu-
lated by the d-excess method, were influenced by low evap-
oration rates in the previous year. In contrast, the residence
time of groundwater in the bare rock land was relatively
short, so it aligned with the result calculated by the water
balance method.

The reason why we failed to use the dD/d18O method
was d < d0. Why were the dD0 and d18O0 values higher than
the dD and d18O of the groundwater? When we compare
seasonal variations in the d18O of the precipitation and
the groundwater in the simulated watersheds (Fig. 3), we
find a significant time lag (more than 0.5 year, Table 2)
between the precipitation and the groundwater. Unlike
the precipitation, groundwater d18O was heavier in the
rainy season than in the dry season, which may indicate
that the groundwater flows in a diffuse mode, with the result
that there is mixing of waters of different ages in the simu-
lated watersheds. The lighter d18O of the groundwater in
the dry season was probably due to heavier rains in the pre-
vious year (1635 mm in 2015, compared to 963 mm in
2016), whereas the groundwater d-excess was relatively
stable (Fig. 6) because it inherited the d-excess stability of
rainy season precipitation. Therefore, given the strong vari-
ability of dD and d18O in the initial input signal of the
groundwater, evaporation calculated by the dD/d18O
method is sensitive to groundwater MRT and may be prob-
lematic when we quantify the evaporation flux at the water-
shed scale. The d-excess method is more suitable for
studying evaporation and quantifying the hydrologic cycle
in a watershed, especially in the East Asian monsoon region
with changeable d18O and dD values but stable d-excess.

5.3.2. Transpiration and the ratio of transpiration to

evapotranspiration

From the evapotranspiration estimates obtained by the
water balance method and the evaporation results from
the d-excess method, net transpiration can be derived
(Table 4), yielding the ratios of transpiration to evapotran-
spiration in the simulated watersheds. The ratios were
56.8% for the cultivated land, 85.9% for the grassland,
and 70.9% for the shrub land, demonstrating that the flux
of water from vegetated watersheds to the atmosphere is
mainly controlled by plant transpiration. Given this pre-
dominance, future water management in watersheds should
pay more attention to the role of plant transpiration. Fur-
thermore, the transpiration is closely linked to carbon
assimilation by vegetation owing to the relationship
between the water and carbon cycles (Nobel, 1999; Beer
et al., 2007). Therefore, separating evapotranspiration into
evaporation and transpiration components in watersheds is
also essential for studying the carbon cycle.
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6. CONCLUSIONS

(1) The isotopic compositions of the ground waters in
the five simulated watersheds almost all plot to the
right of the LMWL, indicating that the groundwater
was affected by evaporation. Evaporation can also be
reflected by d-excess, i.e., the d-excess decreases when
there is more evaporation.

(2) The groundwater recharge was mostly derived from
the rainy season precipitation, which averages for
more than 80% of the total annual rainfall. In the
rainy season, the d18O of precipitation is very vari-
able, but the d-excess has a smaller range, resulting
in significant variability of d18O but stability of d-
excess in the groundwater. Therefore, in the rainy
season, when most of the groundwater recharge
occurs, the d-excess of precipitation is much more
stable than d18O, indicating that d-excess method is
more suitable for estimating evaporation than the
dD/d18O method.

(3) The evaporation rates calculated based on the d-
excess method in the five simulated watersheds were
7.1% for bare rock land, 9.0% for grassland, 16.6%
for shrub land, 17.7% for cultivated land, and
21.4% for bare soil land.

(4) Based on the water balance method, the ratio of
evapotranspiration to precipitation was 5.9% on the
bare rock land, 36.2% on the bare soil land, 40.6%
on the cultivated land, 64.1% on the grassland, and
57.2% on the shrub land. Based on the evapotranspi-
ration and evaporation data, the transpiration rates
were found to be 0% for the bare rock land and bare
soil land, 23.3% for the cultivated land, 55.0% for the
grassland, and 40.4% for the shrub land. Therefore,
the ratios of transpiration to evapotranspiration were
56.8% for the cultivated land, 85.9% for the grass-
land, and 70.9% for the shrub land, indicating that
their watershed water cycle were controlled chiefly
by plant transpiration.
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