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Abstract Evaporation and recharge are important hydro-
logical processes in the water cycle. However, accurately
quantifying these two processes of river remains to be
difficult due to their spatial heterogeneity and the limita-
tions of traditional methods. In this study, a more reliable
method of stable isotopes of 6'%0 and 6°H based on the
Rayleigh distillation equation and mass conservation was
used to estimate the evaporation and recharge of the rivers
in the lower reaches of the Yellow River, North China
Plain. Comprehensive sampling campaigns including 30
surface water samples from 10 rivers, 33 groundwater
samples from domestic and observation wells, and two
Yellow River water samples were conducted. The results
showed that the evaporation proportion of the rivers based
on 6'®0 and 6°H both averaged 14.4%. The evaporation
proportions in each river did not completely follow a linear
increasing trend along the flow path. This phenomenon
could be mainly explained by the different proportions of
recharge from groundwater and Yellow River water. With
closer to the Yellow river, evaporation of the rivers
decreased while the recharge by the Yellow River
increased. Regression equations based on 6'%0, §°H, and
their average revealed that the evaporation proportion
respectively increased by 1.02, 0.79, and 0.90% with the
increase in the distance to the Yellow River per 10 km. On
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the contrary, the recharge proportion decreased by 7.68,
5.51, and 6.59%, respectively. In addition, using 5'%0
rather than 6°H was more reliable in studying the spatial
influence of the Yellow River on evaporation and recharge.
Sensitivity analysis showed that the evaporation model was
most sensitive to isotopic composition, rather than to air
temperature or relative humidity. The results of this study
provide insights into the determination of river hydrologi-
cal processes and the management of water resources.
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Introduction

Understanding the variations in isotopic compositions of
water contributes to trace the process of hydrological cycle,
especially for evaporation and recharge (Yakir and Stern-
berg 2000). Former studies related to the evaporation
(Brooks et al. 2014; Gibson and Edwards 2002; Gibson
et al. 1993; Qian et al. 2014; Wang et al. 2014) and
recharge (Krabbenhoft et al. 1990; Steinbruch and Weise
2014; Wood and Sanford 1995) have focused on lakes, and
little attention has been paid to rivers (Daniel 2015; Maheu
et al. 2014). It is relatively easy to determine a lake’s
evaporation for a known inflow and outflow, slow circu-
lation, and high stability (Skrzypek et al. 2015). However,
an evaporation estimation of rivers at the catchment scale
is difficult due to the complex interaction of surface water
and groundwater along the flow path caused by surface
water diversion, river flows alteration, and reservoir or dam
construction (Xu and Singh 1998). Changes in the isotopic
composition of water may be altered by environmental
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factors derived by physically and biologically mitigated
processes (Paces and Wurster 2014). The unique clima-
tology and hydrology characteristics of each individual
river make different rivers follow different evaporation
patterns (Jasechko et al. 2013). In addition, different sites
along the flow path at each river exhibit their own unique
temperature, relative humidity, wind speed, and fetch,
which results in different evaporation proportions (Gibson
et al. 1993). Meanwhile, isotopic compositions differ
greatly at different sites due to the complex geological
condition. Thus, identifying the source and relative con-
tributions of multiple recharge at the catchment scale is not
easy as well (Palmer et al. 2007). Overall, an accurate
estimation of evaporation and recharge is crucial for better
understanding the hydrological processes of rivers.

Traditional methods used to measure water evaporation
are based on humidity change in the air stream, weight
change of the water pan, water level change, and heat and
mass balances (Ershadi et al. 2014; Hostetler and Bartlein
1990; Singh and Xu 1997; Xu et al. 2006). The stable iso-
topes of 6'%0 and 6°H is a valid new technique of eco-
logical research and has been widely employed for tracing
the origin, pathway, and behavior of water (Paces and
Wourster 2014). The movement of water is the main driving
force for biogeochemical cycles and water cycles (Richey
et al. 1990), which consequently alters the isotopic com-
position of river water. Residual water is significantly
depleted in 6'%0 and 6°H in comparison with the original
water because the lighter isotopes are kinetically favored in
the evaporation (Elmi et al. 2013). The loss of water might
be recharged by groundwater or other rivers. Traditional
estimations of recharge are based on measurements using
piezometers, gravimeters, and seepage meters (Krabben-
hoft et al. 1990; McCallum et al. 2014). These methods
usually have difficulties in dealing with the spatial and
temporal variability of meteorological and hydrological
parameters throughout the year at the catchment scale
(Gibson et al. 1993). Instead, using the method of
stable isotopes to calculate river evaporation and recharge
has apparent advantage of easily direct gauged that tradi-
tional method cannot match. Therefore, measurement of
stable isotopes in rivers could provide direct recognizable
evidence for the magnitude of integrated evaporation and
recharge.

The North China Plain (NCP), the largest alluvial plain
in China, is currently subject to increasingly severe water
resources scarcity (Shen et al. 2013; Li et al. 2011; Liu
et al. 2016). With the development of industrialization and
urbanization, anthropogenic activities become increasingly
prominent and lead to a series of hazardous influences
related to this issue: such as decline of the groundwater
levels, drying up of the rivers, and reducing the runoff
(Wang et al. 2014). Irrigation as a common agricultural
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practice accounts for the largest amount of water use in the
NCP (Zhang et al. 2011). It is estimated that irrigation
consumes up to 70 to 80% of the total water resource
allocation (Chen et al. 2003). To alleviate this industrial,
municipal, and agricultural water shortage, diverting water
from a large river is an effective solution. As the second
longest river in China, the Yellow River feeds about 107
million people in NCP (Wang et al. 2012). Hence, projects
that divert water from the Yellow River have been imple-
mented for more than 50 years (Qian et al. 2007). How-
ever, large-scale water diversion practices may disturb
local hydrologic cycles and consequently alter the isotopic
composition of the water. Thereafter the river’s isotopic
feature is unknown. Also, in the context of this large-scale
water diversion project, the magnitude of the spatial
influence of the Yellow River on evaporation and recharge
is not clear.

To date, comprehensive data sets on evaporation and
recharge deduced from stable isotopes are scarce in this
area. Accordingly, in this study, a data set of samples from
surface water and groundwater collected at several sites in
the lower reaches of the Yellow River was analyzed using
stable isotopes to determine the evaporation and recharge
proportion of the rivers. The specific objectives of this
study are: (1) to investigate the stable isotopic character-
istics of the water (i.e., the surface water, groundwater, and
Yellow River water); (2) to calculate the river evaporation
and investigate the water loss along the flow path of river;
(3) to identify the possible sources of evaporated water and
determine the relative contribution of multiple recharge
sources; and (4) to quantify the influence of the distance to
the Yellow River on evaporation and recharge.

Materials and methods
Study area

The study area is located in Dezhou (36°25'-37°58'N,
113°22'-117°83'E), north of the lower reaches of the
Yellow River, which belongs to the North China Plain
(Fig. 1). Dezhou is bounded by Zhangweixin River in the
north and Weiyun River in the west, which respectively
close Cangzhou City and Hengshui City. It is also adjacent
to Liaocheng City in the southwest and Jinan City in the
southeast. This area is strongly affected by a warm tem-
perate semihumid and semiarid climate. The mean air
temperature and annual precipitation are 12.9 °C and
547.5 mm (1981-2010) according to the China Meteoro-
logical Data Sharing Service System. It is noted that the
amount of precipitation from June to September accounts
for 75% of the precipitation for the whole year. The mean
annual potential evaporation is 1635.7 mm (1981-2010),
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Fig. 1 Location of sampling sites in the lower reaches of the Yellow River. Red arrows denote the flow direction of the rivers
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which is lowest (44.8 mm) in December and highest
(242.5 mm) in June. The mean river runoff is 6.4 x 10 m®
(2010) according to the Annual Hydrological Report of
China.

As a traditional intensive agricultural area, Dezhou has a
farmland of about 4.4 x 10° hm? (Wu et al. 2011). The
major crops are winter wheat and summer corn. The main
rivers include Zhangweixin River, Majia River, Dehuixin
River, Tuhai River, Yellow River, and their tributaries,
distributing from north to south, flowing through the study
area from southwest to northeast. Zhangweixin River and
Dehuixin River is originated from Dezhou, Shandong
Province, while Majia River and Tuhai River headwaters
respectively lie in Puyang, Henan Province and Liaocheng,
and Shandong Province. Yellow River is derived from
Bayan Har Mountains, Qinghai Province, and finally flows
into the Bohai Sea in Shandong Province. The total
available water resources including surface water (187
million m*) and exploitable shallow groundwater resource
(434 million m?) is 621 million m?, which is far less than
the total water requirement of 2.18 billion m> (Sun and
Wang 2009). An irrigation project that diverted water from
the Yellow River was conducted to largely alleviate this
water shortage. Annually, 1.05 billion m® of water was
diverted from the Yellow River, which accounts for 48.2%
of the total amount of the local water resource (Sun and
Wang 2009).

Sampling and measurements

The sampling campaigns were carried out in April 2010.
Thirty surface water from of ten rivers (the Zhangweixin,
Majia, Dehuixin, Tuhai, Xinzhaoniu, Tuma, Weiyun,
Zhaowang, Liuwu, and Wuming Rivers) along its flow path
following technical regulation of sampling programs
(Ministry of Environmental Protection of the People’s
Republic of China 2009), 33 groundwater from domestic
and observation wells (3—70 m) (Yang et al. 2009; Zhang
et al. 2014) nearby each surface water sampling site, and
two Yellow River water samples were collected. Surface
water sampling sites, groundwater sampling sites, and
Yellow River water sampling sites were respectively des-
ignated as S, G, and Y, which were showed in Fig. 1.
Temperature, pH, and electric conductivity (EC) were
measured in situ with a portable meter (WM-22EP, DKK-
TOA Corporation, Kyoto, Japan). The sampling water was
immediately filled into 100-ml high-density polyethylene
bottles which were closed tightly to prevent evaporation
and contamination and was stored in the refrigerator at
4 °C. Before analysis, all water samples were filtered
through 0.45-um cellulose acetate filter membranes
(16,533-Q, Sartorius Stedim Biotech GmbH, Goéttingen,
Germany).
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The 6'®0 and 6°H were analyzed with a liquid water
isotope analyzer (Model DLT-100, Los Gatos Research,
Mountain View, CA, USA). Each sample was analyzed six
times, and the first three results were discarded to minimize
the memory effect. The isotopic compositions were
reported in standard J-notation representing %o deviations
from the Vienna standard mean ocean water standard (V-
SMOW). The analytical uncertainty for 6'*0 and 6°H is
0.15 and 0.5%o, respectively.

Model and data calculation
Evaporation calculation model

Rayleigh distillation is the process of phase equilibrium
based on an open system. It is assumed that the water—
vapor interface is always kept at equilibrium between two
phases when evaporation takes place. In addition, the water
is fully mixed and ready for evaporation (Wang et al.
2014). Using Rayleigh distillation equation for calculating
river evaporation represents the average hydrological
characteristics even though a river is a dynamic system
(Brooks et al. 2014; Gat 2010). It is noted that infiltration
or transpiration might not strongly affect the water’s iso-
topic composition (Dogramaci et al. 2015). Therefore,
according to the Rayleigh distillation equation, the evap-
oration related to isotopic composition can be calculated as
follows (Clack and Fritz 1997):

R = Rofy, (1)

where R is the residual isotopic ratio, Ry is the initial iso-
topic ratio, f;. is the fraction of remaining water, and ¢ is
the fractionation factor, which is calculated as:

&= 0_y— 1 (2)

where o, _,, is the equilibrium isotope fractionation factor
at the temperature of the vapor—water interface.

The isotopic ratio R in Eq. (1) can also be expressed by
isotopic composition ¢ through the following equation:

5(0/00) _ Rsample - Rstandard % 1000
Rstandard

_ <Rsample _
Rstandard
where Rgympie 1s the sample isotopic ratio (e.g., 30/,
2H/'H), Ryandara is the standard isotopic ratio of the
V-SMOW reference (3.11 x 10%). All mean J values are
mass-weighted.
Substitute Eq. (3) into Eq. (1), and then it can be
arranged as:

6 = (89 + 1000) x exp(e x Inf;.) — 1000 4)
f;tv =1 _fre (5)

1) x 1000 (3)
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where J is the initial isotopic composition and f,, is the
fraction of evaporation water. dg can be obtained by the
intersection of the global meteoric water line and local
meteoric water line (Wang et al. 2014).

Because fractionation in evaporation involves equilibrium
fractionation between the water—vapor and the kinetic frac-
tionation between the vapor—-boundary layers in the evapora-
tion interface, the fractionation factor can be stated as:

€= &w—v T &—bl (6)
The equilibrium fractionation factor is determined by air
temperature (7) and is given by (Majoube 1971):

ey ~ 10’ Ino('80)
1.137 x 10°  0.4156 x 10

= 2.
o b 4 2,066 (7)
ew_y ~ 10° Ino(’H)
24.844 x 10°  76.248 x 10°
_ sz n TX —52612  (8)

where T is in unites of Kelvin degree. The average air
temperature in April 2010 was about 15.2 °C, which is near
the average annual air temperature of 15.3 °C during the
non-frozen period (1981-2010) in this study area. Thus,
15.2 °C was substituted into Eqgs. (7) and (8) and then ¢,,_,
was obtained as —10.17%o and —86.98%0 for 6'*0 and
0%H, respectively.

Among the factors of surface temperature, wind speed,
salinity, and relative humidity that affect kinetic fraction-
ation, relative humidity exerts the most important effect
(Clack and Fritz 1997). Gonfiantini (1986) described the
kinetic fractionation with relative humidity () using the
following equations:
ey p1("*0) = (h — 1) x 14.2%y 9)
ey p(PH) = (h — 1) x 12.5%0 (10)

The relative humidity of 54% in this study area was
substituted into Egs. (9) and (10).
Recharge calculation model

To determine the source and proportion of river recharge,
mass conservation was applied as follows:

Sy = Zn:P,-é,» (11)
i=1

i=1

where 0, represents the isotopic composition of each
sampling site in each river, J; represents the isotopic

(12)

composition of the recharge source, and P;
(i=1,2,.,m) represents the proportion of different
recharge sources.

Sensitivity analysis of the evaporation calculation model

To assess the contribution of the input variables (air tem-
perature, relative humidity, and isotopic composition) to
the estimated fraction of evaporation and thereby under-
stand the uncertainty of the evaporation model, the sensi-
tivity (S;) of the estimated fraction of evaporation to each
input variable (i) was calculated using the following
method (Long and Singh 2012):

S = (fi_f0> % 100%

ev0

(13)

where f.,. represents the estimated evaporation fraction
when an input variable is increased (+) or decreased (—)
with respect to the reference values (original inputs), and
fevo 1s the estimated fraction of evaporation based on the
reference values.

Results and discussion

Isotopic composition of the surface water,
groundwater, and Yellow River water

A description of the isotopic composition of water in the
hydrological cycle can be traced to Dansgaard (1954) and
Craig (1961) and has been interpreted by many researchers
(Telmer and Veizer 2000). It can enhance our under-
standing of the distribution range and frequency of isotopic
composition in different water samples, and in estimating
the water budget (Tweed et al. 2011). Also, isotopic
composition indicates the mixing processes of different
water sources and helps to estimate how much water is lost
through evaporation (Daessle et al. 2016). Therefore, the
stable oxygen and hydrogen isotopic compositions of water
samples had first been reported to proceed with the evap-
oration and recharge calculation. In this study, among the
total of 65 samples, 30 were from surface water in rivers,
33 were from groundwater in deep wells, and the two
Yellow River water samples were collected in the lower
reaches of the Yellow River. The basic characteristics of
the different water samples are summarized in Table 1.
The isotopic composition in 5'%0 and §°H of surface water
showed a broad range —9.60 to —5.25%. and —68.5 to
—43.3%0, with an average value of —7.66 and —58.5%o,
respectively. The maximum value of 6'%0 was —5.25%o,
derived from site S30 in the Zhangweixin River. Site S2 in
the Tuma River produced the minimum value of —9.60%eo.
Similar to 6'%0, the maximum and minimum value of §°H
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Table 1 Summary of the temperature, pH, EC, 5'%0, and 6°H of
surface water, groundwater, and Yellow River water samples col-
lected in Dezhou, the lower reaches of the Yellow River

Site Temperature (°C) pH EC (uS/cm) 0'80 (%0) 6°H (%o)
S1 9.4 82 1220 —8.21 —60.2
S2 7.8 77 1616 —9.60 —68.5
S5 9.4 83 965 —8.01 —59.9
S8 8.5 83 1135 —8.26 —60.3
Sl 76 8.4 1023 —9.21 —61.3
S13 89 8.4 1027 —8.42 —61.9
S15 9.0 82 1641 —8.34 —59.1
S16 87 82 1772 —7.68 —57.5
S19 73 8.5 1089 —7.99 —61.5
S20 75 8.5 2690 —6.98 —543
S22 8.0 8.6 3510 —6.49 —53.7
$23 7.0 8.7 1982 —5.65 —53.1
S27 84 8.5 2340 —6.99 —61.1
S29 8.8 8.9 3240 —7.70 —59.5
S30 87 8.6 1453 —5.25 —433
S31 74 8.7 2130 —7.68 —58.5
S33 63 9.2 2090 —6.47 —60.2
$36 112 8.6 1191 —7.69 —58.4
S38 8.6 8.5 1530 —7.03 —54.4
S39 93 79 1255 —8.04 —62.6
S41 89 8.3 1427 —6.43 —46.8
S47 128 83 987 —8.75 —62.8
S50 12.9 8.6 998 —7.68 —57.1
S51  11.0 84 977 —7.74 —64.9
S53 119 8.3 1384 -7.79 —59.7
S56 186 9.1 3040 —7.45 —57.1
S58  17.0 8.8 4880 —7.94 —60.1
S60  14.4 9.3 1041 —7.14 —53.1
S63 127 79 1138 —8.50 —61.8
S69  13.6 8.5 1239 —8.77 —62.4
G3 130 73 1599 —7.29 —553
G4 135 74 1274 —8.58 —64.1
G6 130 73 2690 —9.15 —67.8
G7 119 73 4950 —7.99 —56.0
G9 142 7.6 2860 —7.72 —58.9
GI0 7.6 8.0 3300 —6.87 —52.0
GI2 146 75 1532 —8.35 —59.1
G17 179 74 1984 —5.99 —49.6
GI18 133 73 5130 —8.36 —60.6
G21 129 74 3780 —7.46 —55.9
G24 128 7.8 1288 —8.24 —62.7
G25 13.6 73 2520 -7.31 —57.5
G26 142 7.1 2800 —8.62 —66.3
G28 129 77 1562 —7.31 —59.2
G32 - 7.2 1990 —~7.05 —589
G34 149 73 1323 —9.30 —67.4
G35 139 75 3250 —8.97 —66.7
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Table 1 continued

Site Temperature (°C) pH EC (uS/cm) 0'80 (%0) 6°H (%o)
G37 133 7.5 2380 —8.33 —62.0
G40 125 73 3690 —8.14 —60.1
G43 145 77 630 —9.53 —65.3
G44 155 72 1151 —8.89 —65.0
G46 152 73 1382 —8.33 —63.0
G49 134 74 1548 —9.44 —66.5
G52 147 7.1 2950 —8.50 —63.7
G54 162 7.1 4090 —-8.15 —60.4
G55 154 7.7 3680 —7.87 —57.8
G57 150 74 1751 —8.07 —64.8
G59 152 74 1476 —8.69 —63.1
G61 143 7.6 843 —8.42 —60.8
G64 133 74 1776 0.18 —74
G65 15.0 7.6 1171 0.26 —8.7
G67 125 77 1454 —8.14 —59.7
G68 147 74 2380 —8.11 —58.6
Y42 11.8 83 976 —9.27 —64.8
Y45 119 83 979 —8.88 —64.2

S represents surface water, G represents groundwater, and Y repre-
sents the Yellow River water

EC Electrical conductivity

”—* denotes missing value

were —43.3 and —68.5%o0, which occurred at site S30 in the
Zhangweixin River and site S2 in the Tuma River,
respectively. The '%0 and 6°H values of groundwater
ranged from —9.53 to 0.26%0 and —67.8 to —7.4%o, with an
average value of —7.66 and —57.7%o, respectively. The
average 0'°0 and 0°H values of the Yellow River water
were —9.08 and —64.5%o, respectively.

The global meteoric water line (GMWL) plotted in
Fig. 2 represents a regression of 6'%0 and 6°H values from
precipitation samples on a global scale (Craig 1961), which
can be summarized as 6°H = 8 x 6'%0 + 10. The slope
of 8 represents a chemical equilibrium in the water—vapor
phase (Jasechko et al. 2013). The isotopic composition of
precipitation varies greatly with temporal and spatial
variations, which leads to the meteoric water line reflecting
the local precipitation characteristic. A slope of less than 8
means a strong Kinetic isotope effect influencing evapora-
tion (Jasechko et al. 2013). In this study area, the local
meteoric water line (LMWL) was obtained from local
precipitation samples and could be expressed as
O’H = 6.3 x 0'%0 — 7.45 with R*> = 0.97 (Zhang et al.
2014). The 5°H/5"%0 slope was 6.30, driving the isotopic
composition of local precipitation below the global mete-
oric water line. This suggests that this study area was
strongly influenced by a semiarid climate. In arid or
semiarid climates, non-equilibrium evaporation changes
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the isotopic composition, resulting in the river being highly
evaporated, which consequently leads to the LMWL
deviating from the GMWL (Gibson et al. 2005). Due to
evaporation, nearly all the surface water samples fell below
the LMWL, except for site S11 in the Dehuixin River
where river water might experience re-evaporation. The
initial point (—10.26 and —72.1%o0) drawn in Fig. 2 was the
intersection of the GMWL and LMWL, indicating the
beginning of the evaporation (Wang et al. 2014). Mean-
while, it was the most important parameter in the equations
used to calculate the evaporation. Surface water was
exposed to evaporation and received input waters of similar
isotopic composition. It typically distributes along lines in
the 0’H-6'%0 space, defined the local evaporation line
(LEL) (Meredith et al. 2009), and could be written as
0’H = 429 x 6"80 — 25.61 with R* = 0.68 in this study.
The LEL intersected with the LMWL, indicating the
average isotopic composition of the local water source
entering the river prior to evaporation (Dogramaci et al.
2012; Gibson et al. 2005; Jonsson et al. 2009). Also, this
intersection provides an input parameter representing the
isotopic composition of waters at the catchment scale
(Gibson et al. 2005). The obtained GMWL, LMWL, LEL,
and two intersections provide detailed hydrological infor-
mation for future study in this area.

Evaporation of the rivers
To obtain the evaporation proportion, equilibrium and

kinetic fractionation factors that relate to the evaporation
process were first calculated. The equilibrium fractionation

line (GMWL), local meteoric water line (LMWL), and local
evaporation line (LEL), respectively. The initial point (—10.26 and
—72.1%o) is the intersection of the GMWL and LMWL. The digits in
right sub-figure indicate evaporation proportions of the surface waters

factor is closely related to air temperature. After substi-
tuting 7 = 15.2 into Egs. (7) and (8), then &,_, was
obtained as —10.17 and —86.98%o for 4'°0 and §°H,
respectively. The calculation of the kinetic fractionation
factor was based on relative humidity of 54% in this study
area according to Egs. (9) and (10). The initial point of
evaporation was also plugged into Eq. (4). Through these
equations, the evaporation proportions in the rivers were
finally obtained as shown in Table 2.

There is a trend of increasing evaporation proportion
with isotopic composition (Fig. 3). In other words, the
heavier the isotopic composition is, the higher the evapo-
ration proportion is. The average evaporation proportions
based on 6'®0 and 0°H of the rivers in this study were both
14.4%. The highest and lowest values for §'*0 and §°H
were 26.1 and 28.1%, and 3.9 and 4.2%, respectively. In
contrast with lakes, rivers receive more recharge sources
and run fast, which contributes to evaporation. So, the
evaporation proportions of the rivers were lower than the
results of lakes in Yinchuan Plain (Qian et al. 2014) and the
wastewater reservoir in Baoding (Wang et al. 2014). Also,
since meteoric water tends to be more depleted in 6'*0 and
0”H at further inward continent (Dansgaard 1964; Gaj et al.
2015), the result of this study was lower than 35% of
dryland river evaporation for Murray River in Australia
(Simpson and Herczeg 1991).

Different rivers exhibit different evaporation propor-
tions due to the unique river characteristics. In this study,
the mean evaporation proportion of ten rivers (the Zhang-
weixin, Majia, Dehuixin, Tuhai, Xinzhaoniu, Tuma,
Weiyun, Zhaowang, Liuwu, and Wuming Rivers) were
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Table 2 Calculated evaporation proportions for rivers in the lower
reaches of the Yellow River

Rivers Calculated evaporation proportion (%)
Site fel8'°0)  ful0’H)  feu(average)
Zhangweixin River  S33 20.5 12.9 16.7
S30 26.1 28.1 27.1
S29 14.3 13.6 14.0
S27 17.9 12.0 15.0
S23 243 19.7 22.0
S22 20.4 19.1 19.8
S20 18.0 18.5 18.3
Average 20.2 17.7 19.0
Majia River S60 17.2 19.7 18.5
S51 14.1 8.1 11.2
S36 14.4 14.7 14.6
S8 11.4 12.8 12.1
S13 10.5 11.1 10.9
S19 12.8 11.6 12.3
Average 13.4 13.0 13.2
Dehuixin River S39 12.6 10.4 11.5
S5 12.7 13.1 12.9
S11 6.2 11.8 9.0
S15 11.0 14.0 12.5
S16 144 15.6 15.1
Average 114 13.0 12.2
Tuhai River S50 14.4 159 15.2
S69 8.6 10.6 9.7
S1 11.7 12.9 12.3
Average 11.6 13.1 12.4
Xinzhaoniu River S47 8.7 10.2 9.5
S41 20.6 252 23.0
Average 14.7 17.7 16.2
Tuma River S2 3.9 42 4.1
Weiyun River S31 14.4 14.5 14.5
S56 15.6 15.9 15.8
S58 13.1 13.0 13.1
Averge 144 14.5 14.5
Zhaowang River S38 17.7 18.5 18.1
Liuwu River S53 13.9 13.3 13.6
Wuming River S63 10.1 11.3 10.7
Average 14.4 14.4 14.4

19.0, 13.2, 12.2, 124, 16.2, 4.1, 14.5, 18.1, 13.6, and
10.7%, respectively. Due to its narrow and short (21.4 km)
river channel, the evaporation proportion of the Tuma
River was the lowest among the all rivers. The Zhang-
weixin River had the highest evaporation proportion,
because the Zhangweixin River is relatively long (151 km)
and therefore experiences a much greater evaporative loss.
Among the main rivers in this study area, the Majia River
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and Tuhai River are both broad and straight (Liu 2007),
which results in a relatively small range of fluctuation in
the evaporation proportion. The average evaporation pro-
portion of the westernmost sampling site (S39) for the
Dehuixin River was 11.5%, which was lower than the
westernmost sampling sites in the other three rivers (site
S33 in the Zhangweixin River: 16.7%, site S60 in the Majia
River: 18.5%, and site S50 in the Tuhai River: 15.2% as
shown in Table 2). This can be attributed to the shortest
distance from site S39 to its source of the Dehuixin river,
and at which the evaporation actually is little (Qian et al.
2007; Wang et al. 2014). In addition, the Dehuixin River is
artificially dug and is subject to anthropogenic influences
such as drainage and flood control (Liu 2007), which leads
to variations of water volume and therefore less
evaporation.

Evaporation along the river flow path

Isotopic compositions have a linear increasing trend with
increasing distance along the channel on the condition that
evaporation predominates (Wang et al. 2014). To test the
evaporation proportions whether or not increase with the
flow path along rivers, each main river was considered as
one unit, and then the river was divided into several cells
according to the sampling site. Sampling site was set from
west to east along the flow path in each main river. The
westernmost sampling site was considered to be the start-
ing point when calculating the distance. The distance was
measured from starting point (westernmost sampling site)
to each sampling site. From Fig. 4, it was clear that
evaporation proportions of the sampling sites for the four
main rivers (the Zhangweixin, Majia, Dehuixin, and Tuhai
Rivers) fluctuated along the flow path. Along the Zhang-
weixin River, from site S30 to S29, the evaporation pro-
portion displayed a significant decreasing trend, and then
increased from site S29, but decreased at sites S22 and S20
consecutively. Similar to the Zhangweixin River, the Majia
River also decreased at three sites, S51, S8, and S13,
respectively. Different from the Zhangweixin River, the
evaporation of the Majia River decreased as a whole.
Dehuixin River’s evaporation gradually increased along
the flow path expect at site S11. Site S69’s evaporation in
the Tuhai River was significantly lower than that of sam-
pling sites S1 and S50.

Among the factors leading to the result that the evapo-
ration proportion does not closely follow an increasing
trend along the flow path, recharge might be the most
significant influential factor. As shown in Table 3 (data
source and calculation process were discussed in next
section), site S29 in the Zhangweixin River, sites S51, S8,
and S13 in the Majia River, site S11 in the Dehuixin River,
and site S69 in the Tuhai River all received recharge by
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other water sources. As for sites S22 and S20 in Zhang-
weixin River and site S11 in the Dehuixin River, other
factors such as salinity and flow rate might result in this
decrease in evaporation along the flow path. Researchers
have documented that large increases in salinity would not
accompany heavy isotope enrichment (Paces and Wurster
2014; van den Akker et al. 2011), whereas most of this
heavy isotope enrichment is the result of evaporation. In
the Zhangweixin River, site S22 exhibits the relatively high
EC value of 3510 puS/cm (Table 1), which therefore
adverse to evaporation. Since high flow velocity would
decrease the evaporation (Qian et al. 2007), the evaporation
proportions of site S20 in the Zhangweixin River and site
S11 in the Dehuixin River were lower.

Recharge source and proportion

As described in the preceding section, recharge might be
the most prevalent among the factors in this study area and
may have significantly changed the river isotopic compo-
sition. Consequently, the river evaporation proportions did
not increase along the flow path. Evaporation and recharge
change the river isotopic composition at the opposite trend.
The process of evaporation drives the increase of the iso-
topic composition, while the recharge process makes it
decrease (Qian et al. 2007). It is difficult to quantify dis-
tinct mixing end members because contributions from

different water sources are affected by complex hydrologic
settings (Paces and Wurster 2014). Precipitation, ground-
water, and Yellow River water are commonly considered to
be the important water sources (Li et al. 2008). Henderson
and Shuman (2010) noted that precipitation exerts less
influence on the isotopic composition of rivers than lakes.
Since little precipitation falls around April in this area,
local precipitation recharge was ignored in this study.
Groundwater recharge is a key component in a semiarid
area (Dogramaci et al. 2012). The Yellow River flows from
southwest to northeast through this area, and exerts a strong
influence on the local water cycle. Furthermore, river water
had a close hydraulic relationship with groundwater and
Yellow River water, as shown in Fig. 2. Above all, Yellow
River water and groundwater jointly recharged the rivers in
this area. It is noted that precipitation should serve as a
recharge source for rivers in wet season because it changes
the water isotopic composition. Therefore, further studies
on recharge estimation might be paid more attention to its
differences resulting from sampling in different seasons.
Recharge proportions were estimated based on a mass
conservation model. According to Egs. (11) and (12), 6, is
the isotopic composition at each sampling site in each
river. 9;(i = 1, 2, ---, m) is the isotopic composition of the
recharge source. In this study, m = 2, §; and J, are the
isotopic composition of Yellow River water and ground-
water, respectively. 6'%0 and 6°H in averaged groundwater

Table 3 Calculated recharge

proportions based on 8'%0 for Rivers Site gistance t.0 the Calculgted recharge
rivers in the lower reaches of the ellow River (km) proportlog (%)
Yellow River Yellow River Groundwater
Zhangweixin River S29 94.1 3.1 96.9
S22 70.7 - -
S20 78.8 - -
Weiyun River S31 105 1.2 98.8
S58 92.6 19.8 80.2
Majia River S51 64.7 5.6 94.4
S36 101.4 22 97.8
S8 79.1 424 57.6
S13 69.3 53.8 46.2
S19 67.0 232 76.8
Dehuixin River S39 60.9 27.0 73.0
S5 55.3 25.1 74.9
S11 68.6 - -
S15 62.5 479 52.1
Tuhai River S69 40.0 78.1 21.9
S1 274 38.7 61.3
Wuming River S63 25.2 59.3 40.7
Xinzhaoniu River S47 26.1 77.3 22.7

Bold font in rivers denotes the main rivers in this area. Bold font in site means that the sampling site did not
follow the increasing trend of evaporation along the flow path. Sampling sites in each river are arranged

along the flow path in sequence.
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from 33 samples and averaged Yellow River water from
two samples are considered to be the isotopic composition
of the recharge source. The average 6'°0 and 6°H of
Yellow River water are —9.08 and —64.5%o, and those of
groundwater are —7.66 and —57.7%o, respectively. P, and
P, are the recharge proportion of Yellow River water and
groundwater, respectively. The calculated recharge pro-
portions for rivers are displayed in Table 3.

It showed that the recharge source could be divided into
three groups (Table 3). Sampling sites such as S29 in the
Zhangweixin River; S51, S36, and S19 in the Majia River;
S39 and S5 in the Dehuixin River; S31 and S58 in the
Weiyun River; and S1 in the Tuhai River were mainly
recharged by groundwater. Their recharge proportions
were about 96.9, 94.4, 97.8, 76.8, 73.0, 74.9, 98.8, 80.2,
and 61.3%, respectively. The second group was mainly fed
by Yellow River water: 78.1% of site S69 in the Tuhai,
59.3% of site S63 in the Wuming River and 77.3% of site
S47 in the Xinzhaoniu River were mainly recharged by
Yellow River water. Other sampling sites were mixed
recharged by Yellow River water and groundwater. The
recharge proportion of Yellow River water and ground-
water in site S8 of the Majia River were 42.4 and 57.6%,
and those of site S13 of the Majia River were 53.8 and
46.2%, respectively. Site S15 in the Dehuixin River
received 47.9 and 52.1% recharge from Yellow River
water and groundwater, respectively. Furthermore, it was
found that the recharge from Yellow River increased while
that from groundwater decreased with the increase in the
distance to the Yellow River. The variations in the recharge
proportions could be attributed to the river’s spatial dis-
tributions (i.e., the differences in the distance to the Yellow
River). From Fig. 1, the Zhangweixin, Weiyun, Majia,
Dehuixin, Tuhai, Wuming, Xinzhaoniu, and Yellow Rivers
distribute from north to south in sequence.

30

How the distance to the Yellow River affects
evaporation and recharge

The Yellow River plays a critical role in regulating
hydrological processes including evaporation and recharge
in this study area. Figure 5a and b respectively depicted the
relationship between evaporation/recharge proportion and
the distance to the Yellow River. Figure 5a showed that
evaporation increased with an increase in the distance to
the Yellow River, while Fig. 5b suggested that recharge
decreased with an increase in the distance to the Yellow
River. This indicated that the influences of the distance to
the Yellow River on evaporation and recharge are gov-
erned by opposite processes.

The three regression equations presented in Fig. 5a
represented the relationship between evaporation propor-
tion with the distance to the Yellow River based on §'%0,
0°H, and their average, respectively. The slopes of each
regressions (0.102* £ 0.042, 0.079 + 0.040, and
0.090* £ 0.038) (Slope®*'€™fiat + standard error, *Signif-
icant trend at the 95% confidence level, **Significant trend
at the 99% confidence level) indicated the change rate of
the evaporation proportion with the distance to the Yellow
River. The evaporation proportion averaged increased by
1.02, 0.79, 0.90% per increase of 10 km farther away from
the Yellow River based on 6'%0, 6°H, and their average,
respectively. The relationship between the evaporation
proportion with distance to the Yellow River based on 6°H
was insignificant due to its higher p value of regression
(p > 0.05) compared with §'®0 and their average. The
regression based on 6'®0 and their average were significant
(p < 0.05) and therefore more reliable.

The relationship between the recharge proportion by the
Yellow River and the distance to the Yellow River is dis-
played as three regression equations based on §'°0, §°H,
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and their average, respectively in Fig. 5b. The slopes of the
three regressions were respectively —0.768%* £+ 0.158,
—0.551** + 0.165, and —0.659%* + 137 (Slope™&"if-
"t + standard error, *Significant trend at the 95% confi-
dence level, **Significant trend at the 99% confidence
level), indicating that the recharge proportion averaged
decreased by 7.68, 5.51, and 6.59% per increase of 10 km
farther away from the Yellow River based on 5'%0, o°H,
and their average, respectively. Similar to the evaporation
process, the result based on §'®0 was more pre-
dictable than that based on 6°H as suggested by the higher
R? (0.644 vs. 0.461).

The fitted empirical equations might offer a new way to
quantify the spatial effect of the Yellow River on evapo-
ration and recharge. Compared with evaporation, recharge
was more easily affected by the distance to the Yellow
River due to the greater change rate and the higher sig-
nificance. This result contributes to quantify the effect of
the Yellow River on hydrological processes. In addition,
using 6'%0 was more reliable than 6°H in exploring the
relationship of the evaporation and recharge with the dis-
tance to the Yellow River.

Sensitivity analysis of the evaporation calculation
model

Sensitivity analysis was performed according to Eq. (13).
In this study, input variables (i) including air temperature
(7), relative humidity (h), and isotopic composition (J) in
this equation drive the variations of the evaporation. The
variation steps of 7" and h were 0.5 °C and 0.05, respec-
tively. The variation steps of 6 was based on the analytical
uncertainty of 8"%0 (0.15%0) and 6*H (0.5%o).

Figure 6a showed that T and h were positively corre-
lated with the evaporation proportion. A 0.5 °C (equally, a
3% relative change) increase in T could result in a 0.2%
(denoted as relative change in evaporation proportion)
increase in evaporation proportion. A 0.05 (equally, a 9%
relative change) increase in /& could result in a 4% increase
in the evaporation proportion. Conversely, a 0.15%o
(equally, a —2% relative change) increase in 6'%0 could
result in a 6% decrease in evaporation proportion. This
meant that the estimated evaporation proportion based on
5'%0 is more sensitive to ¢ than T and A.

As for 6°H, Fig. 6b shows that 7 and & were positively
correlated with evaporation proportion, but § was nega-
tively correlated with evaporation proportion. A 0.5 °C
(equally, a 3% relative change) increase in 7 could result in
a 0.6% (denoted as relative change in evaporation pro-
portion) increase in the evaporation proportion. A 0.05
(equally, 9% relative change) increase in & could result in a
0.6% increase in evaporation proportion. A 0.5%o (equally,
a —0.9% relative change) increase in 6'®0 could result in a
4% decrease in the evaporation proportion. Likewise, the
estimated evaporation proportion is more sensitive to
than T and A.

It is noted that a variation in & could have more
prominent effects on the evaporation proportion based on
5'%0 than 52H, whereas 7 might exert a greater influence
on the evaporation based on &°H rather than &'°0.
Temperature and relative humidity accuracy depends on
the meteorological station distribution. The measured
deviation or extreme weather could trigger a larger cal-
culation error (Skrzypek et al. 2015). In fact, the evap-
oration proportion was most sensitive to isotopic
composition when comparing meteorological variables.
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Fig. 6 Sensitivity analysis of evaporation proportion based on §'*0
(a), 5°H (b) to air temperature (7), relative humidity (%), and isotopic
composition (J). Variations of T are specified between 9.7 and
20.7 °C, with a variation step of 0.5 °C. Variations of & are specified
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between 0.34 and 0.74, with a variation step of 5%. The variation step
of & based on §'%0 is 0.15%o. The variation step of § based on 0°H is
0.5%o



Environ Earth Sci (2017) 76:123

Page 13 of 15 123

Therefore, minor variations in isotopic composition
would lead to large uncertainty in evaporation proportion
estimates. In addition, the initial isotopic composition Jg
is also an input variable, which this study did not focus
on because it is derived from the intersection of the
GMWL and LMWL. This sensitivity analysis is critical
for choosing an appropriate isotope type when data are
limited and for controlling analytical uncertainty of the
isotopic composition to ensure an accurate estimation the
evaporation proportion.

Conclusions

This study showed that the 5'®0 and 0*H of the rivers in
the lower reaches of the Yellow River were strongly
influenced by evaporation. According to the Rayleigh
distillation equation, the evaporation proportion of the
rivers were both averaged 14.4% with a range from 3.9
to 26.1%, and 4.2 to 28.1% based on 6'°0 and §°H,
respectively. Mainly due to the effects of recharge, the
evaporation proportion along the flow path did not show
a linear increasing trend. Yellow River water and
groundwater, as the main recharge sources in dry season,
supplied the rivers at different proportions and conse-
quently different groups. Opposite trends were found in
evaporation and recharge proportions with the distance to
the Yellow River. With per 10-km increases far away
from the Yellow River, evaporation proportions increased
by 1.02, 0.79, and 0.90% while recharge proportions
decreased by 7.68, 5.51, and 6.59% based on 6'%0, §°H,
and their average, respectively. Based on the statistical
analyses, using 6'®0 was more reliable than 0°H for
investigating the spatial influence of the Yellow River on
evaporation and recharge.
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