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ABSTRACT 

Recycled moisture contributed by continental evaporation and transpiration plays an important 

role in regulating the hydrological processes and atmospheric humidity budget in arid inland river 

basins. However, knowledge of moisture recycling within many large inland basins and the factors 

that control moisture recycling is generally lacking. Based on a three-component isotopic mixing 

model, we assessed the characteristics of moisture recycling in China’s semi-arid Heihe River Basin. 

During the active growing season, almost half of the precipitation in the upper reaches was provided 

by local moisture recycling, and the main contribution came from transpiration. In the middle 

reaches, almost half of the precipitation in the artificial oasis and the desert-oasis ecotone was also 

provided by local moisture recycling, and the transpiration fraction (fTr) and evaporation fraction (fEv) 

of the artificial oasis differed from those of the desert-oasis ecotone. In the lower reaches, less than 

25% of the precipitation was provided by local moisture recycling. Mean fTr values were relatively 

low in the Gobi (15.0%) in the middle reaches and in the riparian forest at Ejina (25.6%) in the lower 

reaches. The positive correlations between fTr and both precipitation and relative humidity suggest 

that higher precipitation and relative humidity promote transpiration fraction, whereas higher vapor 

pressure deficit reduces transpiration fraction. The positive correlation between fEv and temperature 

and vapor pressure deficit, and the negative correlation between fEv and relative humidity indicate 

that higher temperature and vapor pressure deficit promotes evaporation fraction, whereas higher 

relative humidity reduces the evaporation fraction. Our results show that contributions of recycled 

moisture (especially transpiration) to local precipitation play an important role in regional water 

resource redistribution in the arid and semi-arid region of northwestern China. 

Key words: ecohydrology; Heihe River Basin; hydrogen and oxygen isotopes; isotopic mixing 
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model; recycled moisture; water resource redistribution 

1. Introduction 

Precipitation is a primary input for global and regional water cycles. In general, it comes from 

three moisture sources: antecedent atmospheric water vapor, lateral advection, and local 

evapotranspiration (Trenberth, 1999). Among these three moisture sources, terrestrial moisture 

produced by evapotranspiration (surface evaporation and plant transpiration), also known as recycled 

moisture, has been recognized as an important component of the atmospheric moisture balance 

(Savenije, 1995; Trenberth, 1999; Trenberth et al., 2003; Bisselink and Dolman, 2009; Seneviratne et 

al., 2010), and it plays an important role in the hydrological cycle (Trenberth, 1999; van der Ent et al., 

2010, 2014; Zemp et al., 2014). In particular, moisture recycling plays an important role in 

hydrological processes across arid and semi-arid Asia (Hua et al., 2016; Wang et al., 2016a), where it 

provides local precipitation and supplements the scarce water resources (Davie, 2008; Jasechko et al., 

2013; Kong et al., 2013; Hua et al., 2016). 

The reported contributions of evapotranspiration to local precipitation in China varied widely 

across regions. Using a two-dimensional Eulerian method, van der Ent et al. (2010) revealed that 

evapotranspiration from eastern Eurasia contributed about 80% of the precipitation over China. The 

recycling ratio was 23% in the inland Shiyang River basin (where annual Tmean was 9°C) from May 

to October (Li et al., 2016). Recently, Wang et al. (2016a) calculated a recycling ratio of 

approximately 16.2% at large oases in the Urumqi region and less than 5% at small oases. Kong et al. 

(2013) reported that the recycling ratio was less than 2% in the Tianshan mountains (where annual 

Tmean was -3°C) and 15% in the Urumqi region over a year (where annual Tmean was 8°C). 

Surprisingly, the monthly maximum precipitation recycling ratio reached 62% on the southeastern 
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Qinghai-Tibet Plateau in July (Guo and Wang, 2014). Such a wide range of recycling ratios over 

different regions highlights the diverse factors that control precipitation recycling due to natural 

variations in hydro-meteorological conditions and in other factors such as topography (Trenberth, 

1999; Peng et al., 2011; Kong et al., 2013) and the size of the spatial domain under consideration 

(Trenberth, 1999; Dominguez et al., 2006, 2008; Dominguez and Kumar, 2008). In addition, other 

factors, such as soil water content and land use and land cover change (Deng et al., 2015; Miralles et 

al., 2011), temperature and relative humidity (Peng et al., 2011), and the groundwater table and 

vegetation net primary productivity (Yao et al., 2018) might also affect the ratio of recycling 

precipitation by affecting soil evaporation and plant transpiration. The magnitudes of these effects 

and their interactions require further investigation. Researcher has investigated the origins of summer 

moisture in northwestern China from 1982 to 2010 (Hua et al., 2017). Previous studies have also 

investigated the sources of water vapor (e.g., Li et al., 2008; Huang et al., 2011; Zhao et al., 2011; 

Huang et al., 2015; Wang et al., 2015; Hua et al., 2017) and moisture transport processes (Simmonds 

et al., 1999; Li et al., 2008; Zhou & Huang, 2010; Huang et al., 2011; Chen & Huang, 2012) in arid 

and semi-arid regions of northwestern China. They found that the region’s water vapor supply 

originated predominantly in Eurasia and was transported by the mid-latitude westerlies. 

If precipitating vapor (the atmospheric vapor responsible for precipitation formation) can be 

assumed to represent an intensive mixture of advected and recycled vapor, the relative contributions 

of each flux (advection, surface evaporation, and transpiration) to the precipitation will be the same 

as those in the precipitating vapor, and the proportion of recycled moisture in precipitation can then 

be determined using multiple methods. These include analytical models (e.g., Dominguez et al., 2008; 

Pathak et al., 2014; Wei et al., 2016), numerical models (e.g., Bosilovich and Chern, 2006; Goessling 
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and Reick, 2011) and isotope-based models (e.g., Froehlich et al., 2008; Peng et al., 2011; 

Aemisegger et al., 2014; Li et al., 2016; Wang et al., 2016a).  

In particular, the hydrogen (δ2H) and oxygen (δ18O) stable isotope ratios can be used to analyze 

the water budget and calculate the contribution of recycled water to precipitation. If the isotopic 

compositions of moisture differ among fluxes of advection, soil evaporation, and plant transpiration, 

the relative contributions from these sources to precipitation can be determined using isotopic mixing 

models (Clark and Fritz, 1997; Genereux, 1998; Peng et al., 2011). Given that there are three 

dominant sources that contribute to precipitation, the three-component model (e.g., Phillips and 

Gregg, 2001; Peng et al., 2011) is suitable for distinguishing the relative contributions of advection, 

surface evaporation, and transpiration. Analysis in stable isotope compositions of local precipitation 

and advection source precipitation, plant xylem water (as a proxy of the transpiration moisture under 

the assumption of an isotopic steady-state on a scale of days, weeks, or longer time) and shallow soil 

water can be combined with models of the δ18O and δ2H values in evaporated water and advected 

moisture to estimate the proportion of recycled moisture in precipitation. Based on isotopic 

approaches, many studies have focused on contribution of evapotranspiration to local precipitation in 

China (Peng et al., 2011; Xu et al., 2011; Kong et al., 2013; Guo and Wang, 2014; Li et al., 2016; 

Wang et al., 2016a). Although these studies provided knowledge about the contribution of moisture 

recycling to local precipitation in northwestern China, they were conducted at relatively small spatial 

scales. In our literature review, we found few investigations that explored the contribution of 

recycled moisture to local precipitation over a large inland watershed. In the present study, one of our 

goals was to provide this information for a large and complex inland watershed, which included 

terrain ranging from upstream mountains with rich water resources to the extremely arid lower 
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reaches. In addition, more quantitative efforts are still necessary to examine the controlling factors of 

moisture recycling, especially in the inland river basin at the basin scale. 

It is well established that evaporation changes the oxygen-18 (18O) and deuterium (2H) contents 

of the evaporated water (Craig and Gordon, 1965), thus, the deuterium excess (d-excess = δ2H – 8 × 

δ18O; Dansgaard, 1964) of the evaporated vapor becomes higher than that of evaporating water 

(Salati et al., 1979; Gat and Matsui, 1991). The precipitation d-excess, with a worldwide average of 

10‰, is an effective tracer for moisture sources (Clark and Fritz, 1997; Dansgaard, 1964; Gat and 

Carmi, 1970). It provides a measure of non-equilibrium isotopic effects and is primarily determined 

by kinetic fractionation during evaporation in the source region as a function of relative humidity, 

temperature, wind speed and other boundary layer properties (Clark and Fritz, 1997; Rozanski et al., 

1993). The d-excess value can be modified by the mixing of inland water vapor derived from 

evapotranspiration (Gat et al., 1994; Liu et al., 2008) and by secondary evaporation (Fritz et al., 

1987). Precipitation derived from marine moisture sources that evaporated under humid conditions 

has a relatively low d-excess, whereas that derived from recycled moisture evaporated under low 

humidity has a relatively high d-excess (Craig, 1961; Dansgaard, 1964; Merlivat and Jouzel, 1979; 

Machavaram and Krishnamurthy, 1995; Kurita and Yamada, 2008; Pang et al., 2011; Kaseke et al., 

2018). 

The Heihe River Basin is China’s second-largest inland river basin. As a representative dryland 

inland river basin, the basin consists of three major topographic units. These units are the Qilian 

Mountains in the upper reaches, at the southern boundary of the basin; a corridor plain in the middle 

reaches, at the foot of the Qilian Mountains; and a broad northern plain in the lower reaches, 

bordering on low mountains and the Alashan Plateau in the Badain Jaran Desert and Mongolia. 
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Ecological degradation due to a combination of unsustainable human activities with climate change 

and a shortage of water have seriously threatened the sustainability of the basin’s ecosystems (Wu et 

al., 2015; Yan et al., 2015). The basin’s landscape includes the alpine steppe, alpine meadow, and 

forest ecosystems in the upper reaches; the artificial oasis, the desert-oasis ecotone and the Gobi (i.e., 

deserts with a gravel surface; We used the Gobi in our study) in the middle reaches; and the riparian 

forest, Gobi and desert in the lower reaches. The Heihe River Basin is a classic example of 

hydrological response to a combination of climate change and human activities. These different 

regions may play important but different roles in moisture recycling, and the contribution of moisture 

recycling cannot be ignored. However, we found no report on moisture recycling within the Heihe 

River Basin at a basin scale. Therefore, an integrated assessment of recycled moisture that includes 

both surface evaporation and transpiration is needed for this important basin. In the current study, we 

analyzed δ18O and δ2H of precipitation, soil water, and plant xylem water. Some of the data was 

supplemented by data from previous research: Zhao et al. (2018) for precipitation, Zhao et al. (2014) 

for soil and plant xylem water, and Yang et al. (2015) and Wen et al. (2016) for soil water and plant 

xylem water. We used these data to model the δ18O and δ2H of evaporation (δ18OEv and δ2HEv), 

precipitating vapor (δ2HPV and δ18OPV) and advected moisture (δ18OAdv and δ2HAdv) using equilibrium 

fractionation theory, the modified Craig–Gordon equation and, an isotopic mixing model. Our goal 

was to better understand the dynamics of moisture recycling and the controlling factors within the 

second-largest inland river basin in northwestern China. We had four objectives: (1) to reveal 

seasonal and annual variations of δ2H and δ18O in the different water pools of the basin; (2) to 

employ the stable-isotope approach to quantitatively assess the extent of moisture recycling in the 

basin; (3) to estimate the relative contributions of moistures from advection and evapotranspiration to 
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precipitation in the basin’s three topographic units; and (4) to examine the controlling factors of 

moisture recycling in the basin. 

2. Materials and Methods 

2.1. Study area 

The Heihe River Basin has a drainage area of 130,000 km2, and includes the upper reaches in 

the Qilian Mountains; the middle reaches, which include the Zhangye, Linze and Gaotai basins; and 

the lower reaches, which include the Jinta and Ejina basins (Figure 1a). The elevations of the upper, 

middle, and lower reaches ranged from 2000 to 5000 m, 1300 to 1700 m and 910 to 1450 m above 

sea level, respectively. The basin’s climate is mainly controlled by the Westerlies throughout the year 

(Zhao et al., 2011; Yao et al., 2009).  

Figure 1 Here 

The mean annual temperature in the upper reaches of the Heihe River Basin ranges from -3.0 to 

4.0°C, and the mean annual precipitation ranges from 200 mm to 600 mm. In the middle reaches, the 

mean annual temperature ranges from 3.0 to 7.0°C, and the mean annual precipitation ranges from 50 

to 150 mm. In the lower reaches, the mean annual temperature is about 8°C, and the mean annual 

precipitation is only 42.0 mm. Figure 1b-f shows that precipitation mainly occurs in the summer 

months, from April to October, with very low winter precipitation. Table S1 summarizes the 

abbreviations and variable names used in our analysis. 

2.2. Selection of the advection source for the precipitating vapor 

Precipitation δ18O: The seasonal variations in precipitation δ18O between the headwaters of the 

Heihe River Basin and the region affected by the Westerlies was similar (Yao et al., 2009; Zhao et al., 

2011; Wang et al., 2016b), indicating that the moisture entering the headwaters of the basin was 
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derived predominantly from the Westerlies during summer and was derived predominantly from both 

the Westerlies and polar air masses during the winter (Figure 2; Yao et al., 2009; Zhao et al., 2011; 

Wang et al., 2016b). The long-term variability of monthly δ18O values of precipitation at Urumqi 

(which is located in the northwest of the study area, at 87.62°E, 43.78°N, 918 m) from 1986 to 1992, 

1995 to 1998, 2001 to 2003 (http://nds121.iaea.org/wiser), and 2012 to 2013 (Wang et al., 2016b) 

showed the same pattern and the mean values were similar during these periods (Yao et al., 2009; 

Wang et al., 2016b). In addition, similar δ18O seasonal patterns and similar values were found at 

Urumqi and other cities on the northern slopes of the Tianshan Mountains, which are northwest of 

the study area (Yao et al., 2009; Wang et al., 2016b). Based on these data and the dominance of the 

Westerlies as a source of advected water vapor for the Heihe River Basin, we used the isotopic 

composition at Urumqi to represent the isotopic composition of the advection source in our 

calculations.  

Figure 2 Here 

NCEP/NCAR Reanalysis: To represent the regional wind fields, we used the 

reanalysis-derived wind field data for the Westerlies that were the dominant circulation that affected 

the seasonality of precipitation isotopes in the study region. We used the NCEP/NCAR reanalysis 

datasets (https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html) to calculate the wind 

fields and the geopotential height contours at 500 hPa in July 2009, 2011, 2012, and 2014 (Figure 

S1), which represent the summer moisture source areas for the Heihe River Basin. The geopotential 

height contours in the study region generally paralleled the latitude lines during the summer, and the 

wind speeds and directions were similar in July 2009, 2011, 2012, and 2014 in the basin (Figure S1). 

The winds originated primarily from the west. These results supported our choice of the Westerly air 
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masses as the water source for the Heihe River Basin and adjacent regions.  

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model: To 

identify the movement of bodies of air, we applied version 4 of the Hybrid Single-Particle 

Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Hess, 1998; Draxler and Rolph, 

2016). This approach has been widely applied to diagnose mass transport of air and to identify 

moisture sources (Soderberg et al., 2013; Bailey et al., 2015; Salamalikis et al., 2015; Zwart et al., 

2016). Using this approach, we characterized mass transport of air and moisture sources for the 

Heihe River Basin (Figure S2). We found that the westerly fetch was dominant throughout the basin 

at all three heights that we modeled (500, 1000, and 1500 m above the ground surface). 

Based on these meteorological analyses, the Urumqi site was a suitable source of data for the 

advection source that supplied precipitating vapor to the Heihe River Basin. At the Urumqi site, 

based on data from 1951 to 2009 (Figure 1), the annual precipitation totaled 267.0 mm, with monthly 

mean precipitation of 86.1 mm during the summer (June to August) and 33.1 mm during the winter 

(December to February). The mean annual temperature was 6.8°C, with monthly mean temperatures 

of 23.0°C during the summer and -11.7°C during the winter. 

2.3. Stable isotope model for partitioning moisture sources of precipitation 

According to the conceptual models of atmospheric moisture fluxes over land proposed by 

Brubaker et al. (1993) and van der Ent et al. (2010), a region’s precipitation is sourced from both 

local evapotranspiration and moisture advected from elsewhere. The former includes moisture from 

surface evaporation and plant transpiration. In light of the isotopically distinct sources of moisture 

(Table S2), the stable isotopic compositions of the precipitation can be used to partition the moisture 

sources by using a dual-isotope (18O and 2H), three-end-member linear mixing model to determine 
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the contributions of each end-member (i.e., each moisture source). We assumed that the isotope 

composition of atmospheric water vapor, after accounting for precipitation in the region, is mixture 

of the isotopes in the moisture advected into the region by the prevailing air mass (here, the 

Westerlies) and the two types of moisture (evaporation and transpiration) that form 

evapotranspiration. The mass balance isotope-mixing model for δ18O and δ2H values can be 

expressed as follows (Genereux, 1998; Phillips and Gregg, 2001): 

δ18OPV = fTr δ18OTr + fEv δ18OEv + fAdv δ18OAdv    (1a) 

δ2HPV = fTr δ2HTr + fEv δ2HEv + fAdv δ2HAdv       (1b) 

fTr + fEv + fAdv = 1     (1c) 

In equation (1), the fraction of each end-member is denoted as f, with subscripts PV for 

precipitating vapor, Tr for plant transpiration, Ev for surface evaporation, and Adv for advection. The 

corresponding δ18O and δ2H values represent the oxygen and hydrogen isotopic compositions. Our 

derivation of δ values for each component in equation (1) is described in the rest of this section. 

In arid and semi-arid regions, the isotopic ratio of precipitation can be strongly affected by 

evaporation as the rain falls through the atmosphere. Thus, the precipitation is no longer in isotopic 

equilibrium with the vapor that it formed from. The process of sub-cloud evaporation will cause the 

observed precipitation to become progressively enriched in both 18O and 2H. To account for this 

effect, we corrected the isotopic ratio of precipitation (δP) in the Heihe River Basin and its advected 

vapor source (based on the values at Urumqi) using the method of Kong and Pang (2016): 

𝛿𝛿𝑃𝑃𝑃𝑃  ≅  𝛿𝛿𝑃𝑃 − (𝛼𝛼𝑤𝑤−𝑣𝑣 + 𝜀𝜀𝑘𝑘𝑘𝑘−𝑣𝑣)ln (1 − 𝑓𝑓𝑒𝑒)     (2) 

where δPc represents the corrected value in precipitation after a fraction (fe) evaporated from the 

sub-cloud precipitation. The αw–v is the enrichment factor from liquid water (precipitation) to vapor, 
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and εkl–v represents the kinetic enrichment factor from liquid water (precipitation) to vapor, 

respectively (Kong et al., 2013). The fe is calculated as follows: 

𝑓𝑓𝑒𝑒 = 𝑃𝑃
𝑃𝑃+𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒

    (3) 

where P is the precipitation amount. fe is the fraction of the water-drop mass remaining after 

evaporation, which depends on the evaporation rate (Vevap), initial radius of the drop (see eq. 4), and 

the fall time of the drop (tend). The evaporation rate of the falling drop was determined using the 

method of Kinzer and Gunn, (1951): 

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 4𝜋𝜋𝜋𝜋(1 + 𝐸𝐸𝐸𝐸
𝑠𝑠′

)𝐷𝐷(𝜌𝜌𝑎𝑎 − 𝜌𝜌𝑏𝑏)     (4) 

tend = H / V           (5) 

where H is the rainfall height, V is the falling velocity, r is the radius of falling drops, Ea is a 

dimensionless quantity that measures the actual heat of vapor exchange, sˊ represents the effective 

thickness of a shell around the drop, and ρa and ρb are the density at the surface of the falling drop 

and in the ambient air, respectively. The first term in eq. 4 (4𝜋𝜋𝜋𝜋 �1 + 𝐸𝐸𝐸𝐸
𝑠𝑠′
�) is mainly determined by 

the drop size and the ambient temperature, and the second factor (𝐷𝐷(𝜌𝜌𝑎𝑎 − 𝜌𝜌𝑏𝑏)) is determined by the 

humidity and temperature. Thus, the calculation of both factors requires information on the drop size, 

humidity and temperature (Kinzer and Gunn, 1951).  

The falling time of the water drop can be calculated by the falling velocity and the distance 

between the cloud base and the ground, which determines the time available for acceleration. For the 

falling velocity, we used the relationship given by Best (1950): 

V = 9.58{1 – exp[–(r / 0.885)1.147]}     (6) 

where r is the water drop radius, and we used a value of 0.402 mm in our study based on the value 

estimated during the summer by Zhang et al., (2009). The H value in upper reaches of the Heihe 
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River Basin was the difference between 4600 m (Wang et al., 2009) and altitude, and the H values at 

the other sites were calculated using H = 5 − 0.075 × (φ− 23), the relationship specified in ITU 

(International Telecommunications Union) (1992), where φ is the latitude (in decimal degrees). 

From V and H, we can estimate the fall time of the water-drop. Based on the meteorological data for 

the study sites (see section 2.4), the effect of sub-cloud evaporation can then be determined. In 

addition, during the process of sub-cloud evaporation, each droplet could have a different 

evaporation rate. But here, our ‘droplet’ is not the same as the actual droplet. It is more an equivalent 

droplet that could represent the average evaporation rate of the bulk rainfall. Previous research had 

assumed that the falling raindrops have a uniform spherical shape (Froehlich et al., 2008). 

Because moisture transfer from land surface to the atmosphere by transpiration does not cause 

fractionation (Flanagan et al., 1991), δTr is the same as the isotopic ratio in the local water used by 

plants, namely plant xylem water (δTr equals the isotopic ratio of plant xylem water under the 

isotopic steady-state on a scale of days, weeks, or longer time). In this study, δTr values of plant 

xylem water were sampled from the Heihe River Basin (Figure 1, Table 1). 

The δ18OPV and δ2HPV values for precipitating vapor can be derived from the corrected isotopic 

values (δPc) for the precipitation at the sampling location (Clark and Fritz, 1997; Kendall and 

Caldwell, 1998): 

𝛿𝛿𝑃𝑃𝑃𝑃  ≅  𝛿𝛿𝑃𝑃𝑃𝑃 − 1000 ×  (𝛼𝛼𝑤𝑤−𝑣𝑣 − 1)     (7) 

where αw–v represents the equilibrium fractionation factors between water and vapor for oxygen and 

hydrogen isotopes. In equation (2), (7) and (8), αw–v is a function of air temperature (T, in K) (the 

same as following equations from (10) to (12)), and δPV was corrected from δPc by considering the 

fraction (fe) of sub-cloud precipitation that evaporated. αw–v was calculated as follows (Friedman and 

O’Neil, 1977; Criss, 1999): 
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103 ln α w−v = 1.137(106/𝑇𝑇2) − 0.4156(103/𝑇𝑇) − 2.0667     (8a: For 18O) 

103 ln α w−v = 24.844(106/𝑇𝑇2) − 76.248(103/𝑇𝑇) + 52.612     (8b: For 2H) 

In contrast, moisture that transfers from the land surface to the atmosphere by evaporation 

experiences strong fractionation, and the product vapor is depleted in heavy isotopes (Gat et al., 1994; 

Yepez et al., 2003).  Craig  and  Gordon  (1965) developed the following model to calculate the 

isotopic ratios of water vapor (δEv) that evaporates from the soil surface: 

δEv =  δe/αw−v−δPVh−εeq−(1−h)εk
(1−h)+(1−h)εk/1000

     (9) 

where δe represents the δ18O or δ2H value in liquid water at the evaporating front, we estimated δEv 

by measuring the isotope composition of shallow soil water (δe). δPV is the δ18O or δ2H value for the 

background atmospheric water vapor. The αw–v for hydrogen or oxygen isotopes can be derived from 

equation (8), and is a function of shallow soil temperature (T, in K); εeq = 1000(1 – [1 / αw–v]); The εk 

is the kinetic fractionation associated with diffusion of water through the soil, and εk = 1000(αk - 1), 

αk (εk) with values of 1.0189 (~19‰) for oxygen and 1.017 (~17.0‰) for hydrogen in a turbulent 

boundary layer (Flanagan et al., 1991); and h is the relative humidity normalized based on the soil 

temperature at the evaporating front (Xu et al., 2008). We recorded soil temperature (°C) at depths of 

5 and 10 cm in the upper reaches; 10 cm at the artificial oasis (Yang et al., 2015); 20 cm at the 

desert-oasis ecotone and Gobi in the middle reaches; and 10 cm in the lower reaches to correspond 

with the isotope data for the soil water. 

    In the Heihe River Basin, the precipitating vapor that accounts for the basin’s precipitation was 

represented by the precipitation collected at each sampling station (PV-HRB, Figure 1). The isotope 

compositions of the precipitating vapor (δPV-HRB) at each station can be derived from that of the 

precipitation at the sampling location (δP-HRB) based on equations (7) and (8): 
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𝛿𝛿𝑃𝑃𝑃𝑃−𝐻𝐻𝐻𝐻𝐻𝐻  ≅  𝛿𝛿𝑃𝑃𝑃𝑃−𝐻𝐻𝐻𝐻𝐻𝐻 − 1000(𝛼𝛼𝑤𝑤−𝑣𝑣 − 1)      (10) 

The advected vapor (Adv) that contributes to the PV-HRB is the vapor sourced from the 

Westerly air masses at Urumqi (WU). We selected the Urumqi site as the source of the advected 

vapor (section 2.2). The isotope composition of precipitating vapor (δPV-WU) that accounted for 

precipitation at the Urumqi site was calculated as follows: 

𝛿𝛿𝑃𝑃𝑃𝑃−𝑊𝑊𝑊𝑊  ≅  𝛿𝛿𝑃𝑃𝑃𝑃−𝑊𝑊𝑊𝑊 − 1000(𝛼𝛼𝑤𝑤−𝑣𝑣 − 1)      (11) 

In equation (11), the monthly precipitation weighted average δ18OP-WU and δ2HP-WU values from 

1986 to 1992, from 1995 to 1998 and from 2001 to 2003 (http://nds121.iaea.org/wiser) were used to 

calculate the δ18OPV-WU and δ2HPV-WU, and the precipitating temperature was represented by the 

surface air temperature at the Urumqi meteorological station. Thus, the δPV-WU values of the PV-WU 

vapor were calculated according to δ2HPc-WU and δ18OPc-WU at Urumqi, respectively. As the PV-WU 

vapor flows into the Heihe River Basin from the west and becomes Adv vapor, the isotope 

composition of the moving PV-WU vapor experiences Rayleigh distillation-type isotope 

fractionation during condensation. Therefore, the isotope composition of the advected vapor that 

contributes to PV-WU can be estimated from the δPV-WM value by applying the Rayleigh distillation 

equation (Peng et al., 2011): 

δAdv =  δPV−WU − 1000(αw−v − 1) ln𝐹𝐹     (12) 

where δAdv represents the isotope composition of the product vapor; δPV-WU represents the isotope 

composition of the reactant vapor. The αw–v for hydrogen and oxygen isotopes is derived from 

equation (8). To determine δAdv at the rainfall height, we corrected T using the dry adiabatic lapse 

rate of 0.6°C per 100 m. F denotes the moisture ratio of product vapor to reactant vapor. In this study, 

F is defined by the ratio of the mean humidity mixing ratio in the HRB to that Urumqi according to 

their mean humidity mixing ratio under saturated condition at mean monthly temperature. For 
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example, in this study, the F value was estimated based on the temperature of the advected vapor 

source sites such as Urumqi and its corresponding mean humidity mixing ratio under saturated 

condition and the local temperature and its corresponding mean humidity mixing ratio under 

saturated condition of each sampling sites of the HRB. Based on the values of the relevant 

parameters, we calculated fTr, fEv, and fAdv in terms of δ values in equation (1) using version 1.04 of 

the ISOERROR dual-isotope three-source mixing model (IsoSource software: 

http://www.epa.gov/wed/pages/models.htm) (Genereux, 1998; Phillips and Gregg, 2001; Peng et al., 

2011). Based on the δ values of the precipitating vapor, transpired vapor, evaporated vapor, and 

advected vapor, we also calculated the standard deviations of these parameters, as well as the 

correlations (Pearson’s r) between δ18O and δ2H, the source proportions and their variances, the 

standard error (SEs), and the 95% confidence intervals of the source proportions. 

The isotopic mixing model is based on the idea that the product results from well-mixed 

reactants (Hunt et al., 1998; Peng et al., 2011); that is, equation (1) is applicable if the precipitating 

vapor is a well-mixed moisture source consisting of transpiration, evaporation, and advection. 

Therefore, the subsequent rainfall that condenses from the precipitating vapor would inherit fTr, fEv, 

and fAdv values obtained from precipitating vapor using ISOERROR (Genereux, 1998; Phillips and 

Gregg, 2001; Peng et al., 2011). 

2.4. Sample collections and isotopic analysis 

We complied a database of stable isotopic compositions of different water pools (precipitation, 

soil water, and plant water) throughout the Heihe River Basin based on our own observations (Zhao 

et al., 2014; Zhao et al., 2018), data from the Global Network of Isotopes in Precipitation (GNIP) of 

the International Atomic Energy Agency (http://nds121.iaea.org/wiser), and from the literature 

http://www.epa.gov/wed/pages/models.htm
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(Huang and Wen, 2014; Wen et al., 2016). Table 2 provides details of the sampling sites shown in 

Figure 1. 

2.4.1. Precipitation samples 

Precipitation samples were collected at Yeniugou (P1), Hulugou (P2), and Pailugou (P3) in the 

upper reaches, at Zhangye (P4) in the middle reaches, and in the riparian forest at Ejina (P5) in the 

lower reaches (Figure 1, Table 1). The precipitation stable isotope compositions at Zhangye (P4) 

from 1986 to 2003 were obtained from the GNIP database (http://nds121.iaea.org/wiser). Data from 

May 2012 to September 2012 at Zhangye (P4) were obtained from Huang and Wen (2014). To 

prevent evaporation of the sampled water, rain samples for each precipitation event were collected 

and immediately transferred to fill air-tight 8 mL or 20-mL plastic bottles (Brand CNW, Germany). 

The solid samples (snow and hail) were collected and then melted in low-density polyethylene 

zip-lock bags at room temperature before being sealed into plastic bottles. We used new low-density 

polyethylene bags for each sample. All samples were stored at 6 to 8°C prior to analysis. The 

corresponding meteorological data were obtained from local weather stations (Figure 1), and 

included air and shallow soil temperature, relative humidity and, precipitation amount. In addition, 

we calculated the vapor-pressure deficit (VPD) using the mean air temperature (Ta, in degree Celsius) 

and mean relative humidity (RH): 

𝑉𝑉𝑉𝑉𝑉𝑉 = �1 − 𝑅𝑅𝑅𝑅
100
� × 𝑆𝑆𝑆𝑆𝑆𝑆       (13) 

where the saturated vapor pressure (SVP, kPa) is calculated as follows: 

𝑆𝑆𝑆𝑆𝑆𝑆 = 0.6108 × exp (17.27×𝑇𝑇a
𝑇𝑇a+273.3

)         (14) 

2.4.2. Soil samples 

We used 8.0 mL glass bottles to collect soil samples at 39 sites throughout the Heihe River 
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Basin (Figure 1, Table 2). In the upper reaches, we obtained 366 soil samples at depths of 0 to 5 cm 

and 5 to 10 cm soil at 22 sites (S1-S13 and W1-W9) from August 2007 to September 2011 (Figure 1 

and Table 2). In the middle reaches, we sampled to depths of 10 or 20 cm, depending on the site. At 

the artificial oasis site (S14), data to a depth of 10 cm was cited and calculated using a regression 

equation for soil water δ18O (δ2H = 3.5×δ18O - 26.6) from Yang et al. (2015). For the desert-oasis 

ecotone sites (15-S19) and the Gobi sites (S20-S22), soil samples were taken to a depth of 10 cm 

(S15) or 20 cm (all other sites). In the lower reaches, soil samples were taken to a depth of 10 cm 

from riparian forest in the Ejina basin (S23-S30), and at the S24 site, 0-10cm soil samples were 

obtained at 2 h intervals from 06:00 on 6 August to 14:00 on August 9, 2009. 

2.4.3. Plant samples 

We obtained samples of plant xylem water from grasses, shrubs and, trees. Plant samples were 

taken from roots for grasses and from stems for shrubs and trees (Table 2). In the upper reaches, we 

obtained root samples of herbaceous plants such as Stipa capillata and Polygonum viviparum from 

mountain grassland, mountain meadow, grassland meadow and mountain grassland (S1–S4). The 

stem samples of Qinghai spruce (Picea crassifolia) and root samples of Stipa capillata and 

Polygonum viviparum were taken from forest sites (S5-S13). Sampling times for Qinghai spruce 

stems and Stipa capillata roots at S10, for Qinghai spruce and Potentilla fruticosa stems and 

Polygonum viviparum roots at S11 and S12, and for Qinghai spruce stems at P13 were the same as 

the soil sample collections at these sites (S10–S13). In the middle reaches,, root samples of maize 

(Yang et al., 2015) were taken from the artificial oasis (S14). Stem samples of Tamarix ramosissima, 

Haloxylon ammodendron, Caragana Korshinskii, Populus gansuensis, Artemisia sphaerocephala 

and Calligonum mongolicum were taken from the desert-oasis ecotone sites (S15-S19) and, stem of 
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Reaumuria songarica, Nitraria schoberi and Calligonum mongolicum were taken from the Gobi sites 

(S20-S22). At sites S16 and S20, stem samples of Tamarix ramosissima and Haloxylon 

ammodendron, and stem samples of Reaumuria songarica and Nitraria schoberi were taken from 

06:00 on 15 June to 06:00 on 16 June 2010 and from 06:00 on 18 June to 06:00 on 19 June 2010, 

respectively. In the lower reaches,, stem samples of Populus euphratica and Tamarix ramosissima 

and root samples of Sophora alopecuroides were taken from sites S23 to S30 in riparian forest in the 

Ejina basin. At site S24, Populus euphratica stem samples and Sophora alopecuroides root samples 

were taken from 06:00 on 6 August to 12:00 on 9 August 2009. At sites S25 and S27, stems of 

Populus euphratica, roots of Sophora alopecuroides, and stems of Tamarix ramosissima were taken 

from 06:00 on 21 June to 06:00 on 22 June 2010. At S30, stems of Populus euphratica and Tamarix 

ramosissima and roots of Sophora alopecuroides were taken from 05:00 on 20 August to 21:00 on 

21 August 2008. All plant tissues were collected at 2-hour intervals.  

2.4.4. Water extraction and isotopic analysis 

For the soil, root and, stem samples, we used samples from two 8 mL glass bottles (one for 

water extraction, and the other for a backup) to extract water. All samples were frozen at the field 

stations right after sampling and then transferred to the laboratory for water extraction. The samples 

were processed at the Key Laboratory of Ecohydrology of the Inland River Basin, Northwest 

Institute of Eco-Environment and Resources, Chinese Academy of Sciences. Water was extracted 

from roots, stem and, soils by means of cryogenic vacuum distillation (Ehleringer et al., 2000; West 

et al., 2006; Zhao et al., 2016), and extraction was performed under a 0.03-hPa vacuum for at least 2 

h to ensure an unfractionated water sample (West et al. 2006). The resulting extracted water samples 

were sealed with Parafilm, placed in a bath and allowed to thaw. The liquid water was then 
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transferred into a 2 mL glass vial for δ18O and δ2H analysis. If the extracted water was less than 1 ml, 

we used glass-lined tubing embedded in the 2 ml glass vials. 

The δ18O and δ2H values of the soil water and xylem water samples were measured using a Euro 

EA3000 element analyzer (HEKAtech, Wegberg, Germany) coupled to an Isoprime isotope ratio 

mass spectrometer (Isoprime Ltd., Cheadle Hulme, UK) at the Heihe Key Laboratory of 

Ecohydrology and River Basin Science, Northwest Institute of Eco-Environment and Resources, 

Chinese Academy Sciences. To avoid the memory effect associated with continuous-flow methods 

and assess the precision of the measurements, each sample was measured five times, and the first two 

values were discarded. The precision was better than ±1.0‰ for δ2H and ±0.2‰ for δ18O. The δ18O 

and δ2H values of the precipitation samples were measured using an L2130-I analyzer (Picarro, Santa 

Clara, CA, USA), and the precision was better than ±0.5‰ for δ2H and ±0.1‰ for δ18O. The δ18O 

and δ2H were calibrated using one international standard material and two lab working standards 

[BJD (lake water from the Badain Jaran Desert: δ2H and δ18O were -3.70‰ and 5.71‰, respectively), 

LZPW (ultrapure tap water from Lanzhou city, Gansu province, China: δ2H and δ18O were -67.7‰ 

and -8.2‰, respectively) and LZI (ultrapure groundwater from Lanzhou city: δ2H and δ18O were 

-82.1‰ and -11.2‰, respectively)] (Zhao et al. 2016). We first used three international standard 

materials: the Vienna Standard Mean Ocean Water (V-SMOW), Greenland Ice Sheet Precipitation 

(GISP) and, Standard Light Antarctic Precipitation (SLAP) as standards. We then selected three 

samples each to check their delta ranges of the soil water, precipitation, and xylem water samples, 

respectively. We selected one international standard and two of the three lab working standards for 

calibration purposes according to the sample delta ranges. For example, we used V-SMOW, BJD and, 

LZPW to calibrate the soil water data, used V-SMOW, LZPW and, LZI to calibrate the plant water 
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data, and used SLAP, BJD and, LZI to calibrate the precipitation, respectively. The δ18O and δ2H 

values are expressed in ‰ on the V-SMOW scale. 

3. Results and Discussion 

3.1. Variations of δ18O and δ2H in different water pools 

3.1.1. Variations of δ18O and δ2H in precipitation 

We observed significant seasonality of precipitation isotopes in our study area (Figure 2). 

Generally, the δ18O and δ2H values were higher in summer and lower in winter, which is in 

accordance with previous results for the region dominated by the Westerlies and our previous study 

using precipitation δ18O, the NECP/NCAR re-analysis data (National Centers for Environmental 

Prediction/National Center for Atmospheric Research) and, the HYSPLIT model (Tian et al., 2007; 

Kong and Pang, 2016; Zhao et al., 2011; Yao et al., 2009; Wang et al., 2016b). The similarity of the 

seasonality suggests that the mean precipitation δ18O and δ2H values reveal the similar origins of the 

moisture entering the Heihe River Basin (Figure S1). To more precisely determine the origin of the 

moisture entering the basin, we compared the seasonal variations in precipitation δ18O, δ2H and 

d-excess for the basin with the values at Urumqi (which is also affected by the westerly air masses), 

and found similar seasonal variations, except d-excess in the Ejina Basin (Figure 2b) due to its 

extremely arid conditions and low precipitation (Figure 1f). This suggests the moisture sources are 

the same in our study area and at Urumqi and are mainly sourced from the Westerly circulation (Yao 

et al., 2009; Zhao et al., 2011). Therefore, it is acceptable to use Urumqi precipitation δ18O and δ2H 

data to model the isotopic compositions of the source moisture that is advected into our study area. 

Except from May to July, precipitation δ18O and δ2H for the Heihe River Basin was generally 

more negative than that at Urumqi (Figure 2a, 2b), suggesting that 18O and 2H depletion of the 
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rainfall water occurred during long-distance transport (Siegenthaler and Oeschger, 1980). The 

d-excess of the in the upper reaches (17.8‰) was greater than the global average value of 10‰, 

which suggests that this water is not only related to the westerly moisture transport and cold 

temperatures during precipitation, but also to strong recycling of moisture (Craig, 1961; Dansgaard, 

1964; Merlivat and Jouzel, 1979; Machavaram and Krishnamurthy, 1995; Kurita and Yamada, 2008; 

Pang et al., 2011). The lowest d-excess was found in the Ejina Basin (-3.2‰), where the precipitation 

is low and temperature is high (Figure 1f), suggesting that sub-cloud secondary evaporation is strong 

in the lower reaches.  

Figure 3 Here 

It has been well established that δ18O and δ2H in precipitation are linearly related (Craig, 1961; 

Dansgaard, 1964), and this relationship is known as the Global Meteoric Water Line (GMWL) or the 

Local Meteoric Water Lines (LMWL), depending on the scope of the study. These lines are useful in 

hydrometeorology for detecting the source/origin of the moisture. Using all the event-based data 

from the upper and lower reaches, and the monthly-weighted values in the middle reaches at 

Zhangye (http://nds121.iaea.org/wiser), we established the LMWLs for the Heihe River Basin 

(Figure 3). Except at Ejina basin with extremely arid conditions (Figure 1f), the slopes of the 

LMWLs from the upper reaches to the middle reaches decreased significantly (Figure 3), indicating 

that stronger secondary evaporation occurred due to decreasing precipitation and relative humidity 

and increasing temperature from the upper reaches to the middle reaches (Figure 1c-1e). In addition, 

previous studies revealed that the δ18O values of precipitation exhibit a “temperature effect” in the 

northern Tibetan Plateau (Tian et al., 2003; Yu et al., 2008; Yao et al., 2013) and in parts of China 

dominated by the westerlies (Zhao et al., 2012; Wang et al., 2015). However, we found no significant 
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relationship between temperature and δ18O during the raining season based on both 

event-precipitation data (Figure 4a-d) and weighted average monthly precipitation (Figure 4e-i). 

These results suggest that these abnormal relationships between temperature and δ18O during the 

raining season are common within the Heihe River Basin. This result suggests that high amounts of 

recycled moisture affected the traditional positive relationships between δ18O and temperature during 

the raining season. 

Figure 4 Here 

3.1.2 Variations of δ18O, δ2H and δ18O-δ2H in different water pools 

Figure 5 shows the measured isotopic compositions of all the water samples in δ2H-δ18O plots. 

In the upper reaches, δ2H and δ18O values in the xylem water averaged -48.3‰ and -5.9‰ in the 

alpine zone (Yeniugou and Hulugou), and -52.1‰ and -7.6‰ in the mid-mountain zone (Pailugou). 

In the middle reaches, δ2H and δ18O values in the xylem water averaged -45.2‰ and -6.0‰ in the 

artificial oasis, -50.9‰ and -4.5‰ in the desert-oasis ecotone, and -32.2‰ and 1.1‰ in the Gobi. In 

the lower reaches, δ2H and δ18O values in the xylem water averaged -52.5‰ and -5.8‰ in the 

riparian forest of the Ejina Basin. In the upper reaches, the mean δ2H and δ18O of shallow soil water 

were -31.5‰ and -5.4‰, respectively, in the alpine zone, and -44.3‰ and -6.3‰ in the 

mid-mountain zone. In the middle reaches, they were -48.4‰ and -6.2‰, respectively, in the 

artificial oasis,, -20.8‰ and 3.4‰, respectively, in the desert-oasis ecotone, and -15.4‰ and 5.2‰, 

respectively, in the Gobi. In the lower reaches, they were -32.0‰ and 0.3‰, respectively, in riparian 

forest in the Ejina Basin. These results indicate that evaporation of soil water increased from the 

upper reaches to the lower reaches due to increasing temperature and decreasing precipitation (Figure 

1c-1f). 
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   The δ2H and δ18O of the plant xylem water and shallow soil water were negative in the upper 

reaches, and their δ2H -δ18O plots were on or close to the LMWL (Figure 5), suggesting that soil 

water and the water source of the corresponding dominant plants were recharged by local 

precipitation, and that weak evaporation occurred due to the low temperature and high relative 

humidity (Figure 1c, d). In the middle reaches, the δ2H and δ18O of plant xylem water and surface 

soil water from the artificial oasis were negative, and their δ2H-δ18O plots were on or close to the 

LMWL due to agricultural irrigation (552.9 mm during the 2012 growing season; Wen et al., 2016). 

In the Gobi, the δ2H and δ18O values for the plant xylem and shallow soil water were positive. 

Compared to the plant xylem water, the soil water δ2H and δ18O values were farther from the LMWL, 

indicating a strong evaporation effect, and this suggested that the dominant plants took up the deep 

soil water or groundwater (Zhou et al., 2017). In the lower reaches, the δ2H and δ18O of plant xylem 

water were more negative than those of the soil water, indicating that strong evaporation occurred 

and that the water source for the dominant plants was deep water and groundwater provided by river 

recharge and irrigation (Zhao et al., 2008; Ruan et al., 2014). These differences in plant xylem water 

and shallow soil water in the Heihe River Basin revealed differences in soil evaporation effects and 

plant water uptake due to the different climatic conditions, and these variations altered the δ2H and 

δ18O values of moisture produced by the soil evaporation and by plant transpiration. This, in turn, 

would have substantial effects on the local moisture recycling characteristics. In addition, we found 

negative δ2H and δ18O values of plant xylem water in the artificial oasis and desert-oasis ecotone in 

the middle reaches, and in the riparian forest in the river’s lower reaches. These results suggest that 

human activities such as irrigation with groundwater or surface water with negative δ2H and δ18O 

values occurred in the middle reaches and that river water recharge supplied water to the riparian 
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forest in the lower reaches, thereby affecting the plant isotope compositions.  

Figure 5 Here 

3.2. Fraction of recycled moisture in the Heihe River Basin 

3.2.1. Spatial variations 

 In the upper reaches, the highest contribution of recycled moisture to local precipitation 

occurred from June to August at Yeniugou, from May to August at Hulugou, and from June to 

September at Pailugou (Table 3). The recycled moisture in local precipitation (fTr + fEv) for these 

months combined averaged 55.3% at Yeniugou, 58.3% at Hulugou and 44.5% at Pailugou, which are 

similar to the value of 50% (ranging 43% to 54%) reported by Cheng et al. (2002) based on a water 

budget approach. The transpiration fractions (fTr) averaged 51.7% at Yeniugou, 52.4% at Hulugou 

and 43.6% at Pailugou, and the evaporation fractions (fEv) averaged 3.6% at Yeniugou, 5.9% at 

Hulugou and 0.9% at Pailugou (Table 3, Table S2, Figure 6). These results suggest that advected 

vapor and transpiration moisture contribute approximately the same amount of water to local 

precipitation during these corresponding periods in the upper reaches. This agrees with a previous 

study at a high elevation, which showed that transpiration accounted for most of the recycled 

moisture and that evaporation represented only a minor contribution (Peng et al., 2011).  

Figure 6 Here 

In the middle reaches, the average contribution of recycled moisture to local precipitation was 

45.7% in the artificial oasis, 56.4% in the desert-oasis ecotone, and 21.4% in the Gobi, versus fTr 

values of 36.1, 12.2, and 15.1%, respectively, and fEv values of 9.5, 44.3, and 6.3%, respectively 

(Table 3, Table S2, Figure 6). The artificial oasis, desert-oasis ecotone, and Gobi are close to each 

other (Figure 1), but their transpiration fractions differed greatly. This suggests that human activities 
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such as reclamation of the artificial oasis (Lu et al., 2015), changing the land cover or land use (Deng 

et al., 2015), increasing the relative humidity and water supply through irrigation (Shi et al., 2011; 

Yao et al., 2018), and changing plant traits such as leaf area index by changing the vegetation type 

(Huang and Wen, 2014; Zhou et al., 2018) can all affect the recycling characteristics through their 

effects on soil evaporation and plant transpiration. It is interesting that there were similar proportions 

of recycled moisture to local precipitation in the artificial oasis and desert-oasis ecotone, but these 

values resulted from different mechanisms. At the artificial oasis, fTr played the dominant role in 

local precipitation due to strong transpiration under high vegetation coverage during growing season 

(Maize, Huang and Wen (2014)). However, fEv at the desert-oasis ecotone was nearly equal to fAdv, 

probably due to irrigation combined with low vegetation cover in this region. To validate our 

estimates, we compared our results with the results of Kong et al. (2013) in the arid Urumqi 

catchment in Xinjiang province since the physical environment in the desert-oasis ecotone is mostly 

similar to that at Urumqi. Our estimated fEv is almost four times of fTr at the desert-oasis ecotone, 

which also agrees with a comparable study in the arid Urumqi catchment in Xinjiang (Kong et al., 

2013), where vast coverage of desert region exists, and the evapotranspiration should be mainly 

composed of evaporation.  

In the lower reaches, fTr was 25.6% in the riparian forest of the Ejina Basin, whereas fEv was 

negative according to our model. This may be related to the extremely low soil moisture that 

developed under extremely arid conditions (Figure 1f). The advection fraction was 83.7% at the 

riparian forest (Table 3, Table S2, Figure 6). Our results suggest that the three-end-member linear 

mixing model must be improved to better account for the conditions in extremely arid regions.  

During September and October at Yeniugou and Hulugou, and during May and September at 
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Pailugou, the contributions of recycled moisture to precipitation were 16.3, 32.7, and 19.4%, whereas 

the contributions of advected vapor were 83.7, 67.3 and 80.6%, respectively, indicating that advected 

vapor was the major source of precipitation during May, September and October. In addition, 

compared to Gobi in the middle reaches, we found higher transpiration in the artificial oasis of the 

middle reaches and in the riparian forest of the lower reaches, and higher evaporation fractions in the 

desert-oasis ecotone of the middle reaches. These results indicate that human activity changed local 

moisture recycling by changing land cover or land use (Deng et al., 2015), vegetation coverage and 

plant species (Huang and Wen, 2014), the amount of soil moisture through irrigation (Shi et al., 2011) 

and water delivery (Cheng et al., 2014; Hu et al., 2015; Zhang et al., 2018).  

3.2.2. Seasonal variations 

We found different seasonal patterns for the fractions of precipitation contributed by 

transpiration (fTr) and evaporation (fEv) fractions to local precipitation in the Heihe River Basin 

(Table 3, Figure 7a, b). In the alpine zone of the upper reaches (at Hulugou and Yeniugou), the 

seasonal patterns of fTr were similar, and high fTr occurred from May to July. However, the forest 

zone at Pailugou showed a different pattern, with low values in May, increasing to high values from 

June to September, following the temperature trends, suggesting that temperature was the main factor 

that controlled transpiration in the upper reaches. For fEv, there was no obvious seasonality in the 

upper reaches, with values < 10% throughout the study period. 

In the middle reaches, fTr showed similar seasonality in the artificial oasis, desert-oasis ecotone, 

and Gobi, with the highest fTr in July and the highest value in the artificial oasis, suggesting that the 

variations in land cover and land use (Deng et al., 2015), and in vegetation coverage and plant 

species (Huang and Wen, 2014), controlled transpiration in the artificial oasis. fEv was highest in the 
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desert-oasis ecotone throughout the study period (Table 3, Figure 7b). This is likely related to the 

fact that there is more irrigated water to evaporate and lower plant cover in this ecosystem. In the 

artificial oasis and Gobi, fEv values were similar and showed a similar pattern, with values decreasing 

gradually from May to September, but for different reasons. In the artificial oasis, the, high 

vegetation density would reduce soil evaporation during the growing season (e.g., Wang et al. 2013), 

whereas in the Gobi, the extremely arid conditions produce a water supply that is insufficient to 

support continuous evaporation. However, fEv for the Gobi reached its lowest values in August and 

September, possibly because of increasing depletion of soil water during the growing season. In the 

riparian forest of the lower reaches, fTr was much higher in May and September than from June to 

August (Table 3, Figure 7a). This may be because water diversion from the middle reaches to the 

lower reaches occurs in May and September to sustain the Populus euphratica forest and maintain 

the water level in Juyan lake, in the Ejina Basin.  

Overall, the seasonal variations of fTr and fEv in the Heihe River Basin were complex and were 

affected by multiple anthropogenic factors that interacted with variations of physical factors such as 

temperature, precipitation, and relative humidity (Figure 1c-f).  

Figure 7 Here 

3.3. Factors that control the recycling fraction 

Many factors control evapotranspiration, including the soil water content, topography, land use 

or land cover, irrigation, light supply, temperature, relative humidity, wind velocity, plant species, 

vegetation coverage and leaf area index. Soil evaporation and plant transpiration have been 

extensively estimated as a function of soil moisture and land cover (Mu et al., 2007; Pelgrum et al., 

2010; Brolsma et al., 2010). Many such studies have used satellite observation-based soil moisture 
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datasets to estimate soil evaporation and transpiration (Mu et al., 2009; Miralles et al., 2011; 

Bastiaanssen et al., 2012). Zhou et al. (2018) confirmed that transpiration to evapotranspiration ratio 

(T/ET) varied consistently with leaf area index for individual ecosystems in the Heihe River Basin, 

which is consistent with the global pattern (Wang et al., 2014). Due to data constraints, we only 

analyzed how four meteorological factors (temperature, precipitation, relative humidity, and vapor 

pressure deficit) control the contributions of transpiration and evaporation to precipitation (Figure 8). 

We found no significant relationship between temperature and fTr at the basin scale (Figure 8a; p = 

0.121, n = 60). However, we found a significant positive relationship using all data from the upper 

reaches, with a slope of 2.15%⋅°C-1, suggesting that temperature promotes the transpiration fraction 

under the natural, well-watered, and cold conditions in the upper reaches. However, we found no 

significant relationship in the middle and lower reaches, likely do to simultaneous interactions 

among multiple factors. For example, in the artificial oasis in the middle reaches, high fTr (especially 

from June to September) was related to the growth of crops and the use of irrigated agriculture (Deng 

et al., 2015; Zhang et al., 2018), whereas the low fTr of the desert-oasis ecotone was related to the 

low vegetation coverage, and the low fTr of the Gobi was related to the extremely low vegetation 

coverage and dry soil. Moreover, we found significant relationships between relative humidity and 

fTr at the basin scale when we only included values of relative humidity >40% (i.e., excluding May 

2012 in the artificial oasis and desert-oasis ecotone in the middle reaches and in the riparian forest in 

the lower reaches) (Figure 8b; R2 = 0.417, p < 0.001) and between precipitation and fTr (Figure 8c) 

(R2 = 0.205, p < 0.001). These results suggest that higher precipitation and relative humidity promote 

plant transpiration in arid and semi-arid regions (Peng et al., 2011) by improving water conditions. 

We also found a significant negative relationship between vapor pressure deficit and fTr at the basin 
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scale (Figure 8d; R2 = 0.140, p = 0.004), indicating that a high vapor pressure deficit limits 

transpiration in arid and semi-arid regions. Among the climate factors, temperature had the strongest 

effect on fTr, with a slope of 2.150%⋅°C-1 in the upper reaches (Figure 8a), followed by relative 

humidity (0.992%⋅°C-1) for relative humidity >40% (Figure 8b). 

Figure 8 Here 

Figure 9 Here 

When we excluded data from the desert-oasis ecotone, we found several statistically significant 

relationships. We found a positive relationship between fEv and temperature (R2 = 0.327, p < 0.001, n 

= 41, with a slope of 0.377%⋅°C-1; Figure 9a). We found a statistically significant negative 

correlation between fEv and relative humidity (R2 = 0.146, p = 0.014, n = 41, with a slope of 

0.117%⋅%-1; Figure 9b). We also found a significant positive relationship between fEv and vapor 

pressure deficit (R2 = 0.440, p < 0.001, n = 41, with a slope of 6.640%⋅kPa-1; Figure 9c). These 

results revealed that higher temperature and vapor pressure deficit increases fEv by increasing soil 

evaporation, whereas higher humidity reduces fEv. Unfortunately, we lack leaf area index and soil 

moisture data for our study sites, so we can’t analyze their effects on fTr and fEv. In future research, it 

will be important to obtain such data to provide a more direct explanation for our results. 

3.4. Evaluation of the isotope-based recycling fractions  

The mass balance isotope-mixing model can directly estimate the moisture-recycling fraction in 

local precipitation, thereby avoiding the need to estimate the highly uncertain amount of 

evapotranspiration that is needed in a typical water budget analysis. The isotope approach can also 

divide the recycling fraction into its respective transpiration and evaporation components. However, 

any method has its own uncertainty. In this study, we evaluated the uncertainty of the isotope-based 
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method from three perspectives: the uncertainties in measurements and modeled results, the 

sensitivities analysis for the parameters (here, using the Monte Carlo method), and the 95% 

confidence intervals of our estimates (using the method of Phillips and Gregg, 2001). Table 3 and 4 

summarizes the results.  

First, we evaluated the effects of instrument precision. The precision was better than ± 1.0‰ for 

δ2H and ± 0.2‰ for δ18O in our analysis of the soil and xylem water, and better than ± 0.5‰ for δ2H 

and ± 0.1‰ for δ18O in the precipitation samples. Based on our results, transpiration accounted for 

more of the recycled moisture than evaporation at all sample sites except the desert-oasis ecotone. 

With values <10% at most sites, evaporation plays a minor role, and transpiration plays an important 

role in local precipitation. We used the δ18OTr and δ2HTr values at Pailugou, in the upper reaches, to 

evaluate the effects of instrument precision because of the availability of long-term precipitation data 

and intensive soil and plant sampling at this site (Tables 1 and 2). With the other parameters kept 

constant, we calculated fTr, fEv and fAdv based on the mean δ18OTr ± 0.2 and the mean δ2HTr ± 1 (Table 

S3). Compared to the fTr, fEv and fAdv results modeled with the mean δ18OTr and δ2HTr, the differences 

in fTr, fEv and fAdv when modeled with mean δ18OTr - 0.2 and δ2HTr - 1.0 were -0.4, 0.2, and 0.2% 

respectively, versus 0.4, -0.2, and -0.2% when modeled with δ18OTr + 0.2 and δ2HTr + 1.0, 

respectively (Table S3). Thus, the impact of these changes is minimal. Because we used isotopic data 

from soil water and xylem water (for the dominant plants) collected near the precipitation sites, we 

are confident these data can represent changes in the local precipitation, soil water, and plant 

conditions. We also selected the Pailugou results to evaluate our modeled results by altering the 

isotopic ratio of the transpiration flux by ± 1‰ for δ18OTr and by ± 8‰for δ2HTr (assuming a constant 

d-excess). With the other parameters kept constant, we then calculated the fTr, fEv and fAdv values 
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based on mean δ18OTr ± 1 and δ2HTr ± 8 (Table S4). Compared to the fTr, fEv and fAdv results modeled 

with the mean δ18OTr and δ2HTr, the differences in fTr, fEv and fAdv when modeled with δ18OTr - 1 and 

δ2HTr - 8 were -3.0, -0.1, and 2.9%, respectively, and were 2.6, -0.1, and -2.5% when modeled with 

δ18OTr + 1 and δ2HTr + 8, respectively (Table S4). Based on Figure 5, the ranges of δ18OTr and δ2HTr at 

Pailugou were large, so these differences will be proportionally small, and the ranges of δ18OTr and 

δ2HTr at other sites should be affected even less. This means that the stable isotope approach can be 

used to assess the extent of moisture recycling in the Heihe River Basin during the growing season 

with reasonable reliability. 

Other factors could potentially cause uncertainties in the estimates of isotopic compositions of 

different components such as the variations in the condensation temperature and the kinetic effects 

associated with soil evaporation. We did not quantify the sensitivities of our results to these factors 

due to a lack of data, but we used the Monte Carlo method to indirectly evaluate the effects of such 

uncertainties on the recycling estimates. In our study, we used the standard deviations of δ18OTr and 

δ2HTr, δ18OEv and δ2HEv, δ18OPV and δ2HPV, and δ18OAdv and δ2HAdv to evaluate the uncertainty using 

the Monte Carlo method with 10,000 iterations (Table 4). The values of fTr and fEv were close to 

those from our model, especially during the growing season. During the active growing seasons, the 

bias estimated by Monte Carlo method ranged from 4.1% to 5.9% for fTr at Yeniugou, Hulugou, and 

Pailugou, versus 6.1% at the artificial oasis, suggesting that during the active growing season and 

under conditions of high vegetation coverage and abundant water, our performed well for modeling 

fTr. The bias was higher at the other sites and other growing season, possibly due to the different 

sampling periods and the extremely arid conditions. For fEv, the uncertainties of the model are 

relatively large. We also found relatively large uncertainties for the desert-oasis ecotone, Gobi, and 
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the riparian forest, especially in the riparian forest, where fTr was negative. This provides a reminder 

of the need to be cautious when the model is used in extremely arid regions, where more work needs 

to be done to improve the model’s performance.  

Based on these uncertainty evaluations, there is still room to improve the isotopic modeling. For 

examples, some limitations were described by Peng et al. (2011), including a lack of measurements 

of the isotope compositions of water vapors, as well as the isotopic compositions of moisture from 

evaporation and transpiration. Some of these limitations can be solved by improved measuring 

techniques. For example, the δ18OPV/δ2HPV (Risi et al., 2010; Huang and Wen, 2014), δ18OTr/δ2HTr 

(Wang et al., 2012) and δ18OEv/δ2HEv of soil (Soderberg et al., 2012) can be measured either directly 

by isotope ratio infrared spectroscopy, or by coupling isotope ratio infrared spectroscopy with 

various chambers (Wang et al., 2012). However, how to attain more accurate δ18OAdv/δ2HAdv and 

δ18OEv/δ2HEv values for shallow groundwater and surface water in basins with different river systems 

and flow areas will require further research to find improvements. In addition, we only measured or 

modeled the δ18O and δ2H of water vapor in the lowest part of the atmosphere. By assuming that 

these measurements are representative of water vapor throughout the vertical atmosphere, we likely 

risk overestimating the contribution of evapotranspiration. However, we believe this risk is small 

because water vapor content in the upper layers is very low in the semi-arid to arid environments of 

our study area in northwest China. 

4. Conclusions 

Our uncertainty analysis suggests that the three-end-member linear mixing model we employed 

can quantitatively assess the extent of moisture recycling in the Heihe River Basin. Our results 

suggest that transpiration accounts for more of the recycled moisture than evaporation, which has a 
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relatively low contribution to precipitation at all sites except the desert-oasis ecotone. During the 

active growing season, the mean recycled moisture percentage in the Qilian Mountains (52.4%) was 

similar to that in the desert-oasis ecotone (56.5%), and higher than those in the artificial oasis (21.4%) 

and Gobi (21.4%) in the middle reaches of the Heihe River and in the Ejina Basin in the lower 

reaches (25.6%). In addition, the transpiration fraction of recycled moisture was higher in the Qilian 

Mountains (49.0%) than in the artificial oasis (36.1%), the desert-oasis ecotone (12.2%), and the 

Gobi (15.1%) in the middle reaches and higher than in the riparian forest in the lower reaches 

(25.6%). This indicates that meteorological factors, vegetation coverage, plant species, and human 

activities such as changes in land cover and land use, irrigation, and water delivery are major factors 

that affect the contribution of evapotranspiration to local precipitation.  

In some regions, the transpiration fraction of recycled moisture differed significantly. For 

example, human activities alter the contribution of recycled moisture to local precipitation in the 

artificial oasis and desert-oasis ecotone by changing the land cover and land use, and the water and 

heat conditions through irrigation and water delivery. In addition, except in the middle and lower 

reaches of the Heihe River Basin, which are affected by human activities, higher temperature appears 

to promote transpiration in the upper reaches, and increase the evaporation fractions at a basin scale, 

whereas higher precipitation and relative humidity to enhance transpiration and reduce evaporation 

fractions on the basin scale. In addition, higher vapor pressure deficit decreased transpiration 

fractions and increased evaporation fractions (except in the desert-oasis ecotone) at a basin scale. 

The isotope-based approach is an effective method to model the moisture recycling in the upper 

reaches and in the artificial oasis in the middle reaches, but the modeling results were not ideal in the 

desert-oasis ecotone and Gobi in the middle reaches, and in the riparian forest in the lower reaches, 
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where the climate is dry and plant coverage is relatively low. Moreover, the isotope-based approach 

has limitations related to uncertainties in the isotopic compositions of the different water pools. 

However, as the measurement techniques improve, the model’s estimates will improve, thereby 

providing more accurate estimates of the contributions of recycled moisture to precipitation in arid 

and semi-arid inland river basin. 
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Tables 

Table 1  

Location and characteristics of the precipitation sampling sites in the study area. Figure 1 shows their locations.  

Region Sampling sites Site ID Longitude (°E) Latitude (°N) Elevation (m asl) Study dates Data type 

Upper reaches Yeniugou P1 99.63 38.70 3320 June 2008 to Sept. 2009 Event precipitation data 

Hulugou P2 
99.87 

38.25 
3020 

July 2009 to Sept. 2009 

May 2014 to Oct. 2014 
Event precipitation data 

Pailugou P3 100.28 38.57 2720 June 2011 to Oct. 2014 Event precipitation data 

Middle reaches Zhangye and Linze P4 100.43 

100.37 

38.93 

38.85 

1483 

1550 

1986 to 2003 (http://nds121.iaea.org/wiser) 

May 2012 to Sept. 2012 (Huang and Wen, 2014) 

Monthly weighted average rainfall 

Event precipitation data 

Lower reaches Ejina P5 101.10 41.97 920 Jan. 2007 to Dec. 2010 Event precipitation data 
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Table 2  

Locations and details of the sampling sites shown in Figure 1. Plant species in the upper reaches: SC, Stipa capillata; PV, Polygonum viviparum; QS, Qinghai 

spruce (Picea crassifolia); and PF, Potentilla fruticosa. Plant species in the middle reaches: CK, Caragana korshinskii; PG, Populus gansuensis; TR, Tamarix 

ramosissima; HA, Haloxylon ammodendron; AS, Artemisia sphaerocephala; and CM, Calligonum mongolicum at the desert-oasis ecotone; and RS, Reaumuria 

songarica; NS, Nitraria schoberi, and CM, Calligonum mongolicum at the Gobi. Plant species in the lower reaches: PE, Populus euphratica; and SA, Sophora 

alopecuroides. 

Region Site ID Ecosystem type Longitude 

(°E) 

Latitude 

(°N) 

Elevation 

(m asl) 

Soil sample depth Plant samples 

(species and tissue) 

Study dates 

Upper 

reaches 

W1 Mountain grassland 99.9  38.2  3349 0-10 cm / Aug. – Sept. 2009; May – July 2010 

W2 99.9  38.3  3098 0-10 cm / 

W3 99.9  38.3  3023 0-10 cm / 

W4 99.9  38.3  3023 0-10 cm / 

W5 99.9  38.3  3059 0-10 cm / 

W6 99.9  38.3  3005 0-10 cm / 

W7 99.9  38.2  / 0-10 cm / 

W8 99.9  38.2  / 0-10 cm / 

W9 99.9  38.2  / 0-10 cm / 

S1 Mountain grassland 99.9  38.8  2774 0-10 cm SC - root 7 June 2009 

S2 Mountain grassland 99.9  38.8  3040 0-10 cm PV - root 8 June 2009 

S3 Grassland meadow 99.6  38.6  3732 0-10 cm SC - root  8 June 2009 

S4 Mountain grassland 99.9  38.8  3040 0-10 cm PV - root 21 Aug. 2007 

S5 Mid-mountain forest 100.3  38.6  2594 0-10 cm QS - stem 7 June 2009 

S6 99.6  38.8  2654 0-10 cm QS - stem 8 June 2009 

S7 100.3  38.5  2774 0-10 cm QS - stem 3 Aug. 2009 

S8 99.8  38.8  3006 0-10 cm QS - stem 7 June 2009 

S9 100.3  38.6  2780 0-10 cm QS - stem 1 Aug. 2012 



S10 Mean of 0-5 cm and 

5-10 cm 

QS - stem; SC - root 06:00 on 27 June 2011 to 18:00 on 28 June 2011 

S11 100.3  38.5  2900 Mean of 0-5 cm and 

5-10 cm 
QS and PF - stem; PV - root 

06:00 on 23 June 2011 to 18:00 on 25 June 2011 

S12 Mean of 0-5 cm and 

5-10 cm 

08:00 on 6 Sept. 2011 to 17:00 on 8 Sept. 2011 

S13 100.3  38.0  2774 Mean of 0-5 cm and 

5-10 cm 

QS - stem 08:00 on 1 Aug. 2009 to 18:00 on 3 Aug. 2009 

Middle 

reaches 

S14 Artificial oasis 100.4  38.9  1550 Mean of 0-5 cm and 

5-10 cm 

Maize - root Yang et al. (2015); Wen et al. (2016) 

S15 

S16 

S17 

S18 

S19 

Desert-oasis ecotone 100.1  39.3  1380 0-10 cm CK, TR, and PG - stem 31 July 2007 

100.1  39.4  1386 
0-20 cm TR and HA - stem 06:00 on 15 June 2010 to 06:00 on 16 June 2010 

0-20 cm TR and HA - stem 3 Aug. 2012 

100.1  39.4  1406 0-20 cm HA - stem 4 Aug. 2012 

100.1  39.4  1419 0-20 cm HA, AS, and CM - stem  4 Aug. 2007 

S20 Gobi 100.1  39.4  1413 0-20 cm RS and NS - stem 06:00 on 18 June 2010 to 06:00 on 19 June 2010 

S21 0-20 cm RS and NS - stem 5 Aug. 2007 

S22 100.1  39.4  1384 0-20 cm CM and NS - stem 3 Aug. 2007 

Lower 

reaches 

S23 Riparian forest 101.2 42.0  930 0-10 cm  

PE - stem; SA - root 

19 June 2007 

S24 0-10 cm 06:00 on 6 Aug. 2009 to 12:00 on 9 Aug. 2009 

S25 0-10 cm 06:00 on 21 June 2010 to 06:00 on 22 June 2010 

S26 0-10 cm PE - stem 8 Aug. 2012 

S27 0-10 cm 
TR - stem 

06:00 on 21 June 2010 to 06:00 on 22 June 2010 

S28 0-10 cm 8 Aug. 2012 

S29 101.1 42.0  920 0-10 cm 
PE and TR - stem; SA - root 05:00 on 20 Aug. 2008 to 21:00 on 21 Aug. 2008 

S30 0-10 cm 

 

 

 

 

 

 



Table 3  

Seasonal variations of the moisture fractions from transpiration (fTr), evaporation (fEv), and advection (fAdv) and their 95% confidence intervals at Yeniugou, 

Hulugou, and Pailugou in the upper reaches of the Heihe River Basin; in the artificial oasis, desert-oasis ecotone, and Gobi in the middle reaches; and in 

riparian forest in the Ejina Basin in the lower reaches. S.D. indicates the standard deviation.  

Region Site Elevation (m asl) Month   fEv (%) (S.D.) fTr (%) (S.D.) fAdv (%) (S.D.) 

Upper reaches 

 

 

 

 

 

 

 

 

 

 

 

  

Yeniugou 

 

 

 

  

3320 

 

 

 

  

June  Source proportion (%) 3.7 (6.2) 63.1 (3.2) 33.1 (6.9) 

95% Confidence interval(%) 0-16.4 56.6-69.7 18.8-47.5 

July Source proportion (%) 2.3 (4.6) 55.6 (2.9) 42.1 (4.4) 

95% Confidence interval (%) 0-11.6 49.9-61.3 33.1-51.0 

August Source proportion (%) 4.6 (6.4) 37.0 (6.0) 58.3 (4.0) 

95% Confidence interval (%) 0-17.7 24.3-49.7 49.9-66.7 

September Source proportion (%) 5.3 (3.4) 9.4 (6.5) 85.3 (3.5) 

95% Confidence interval (%) 0-12.1 0-22.5 78.1-92.4 

October Source proportion (%) 7.6 (0.8) 10.0 (1.1) 82.4 (0.4) 

95% Confidence interval (%) 5.6-9.6 6.8-13.1 81.3-83.5 

Hulugou 

 

 

 

  

3020 

 

 

 

  

May Source proportion (%) 7.5 (8.7) 56.8 (4.2) 35.7 (8.7) 

95% Confidence interval (%) 0-25.0 45.0-64.0 19.0-60.0 

June  Source proportion (%) 6.5 (6.8) 54.9 (3.6) 38.6 (7.2) 

95% Confidence interval (%) 0-21.0 47.4-62.3 23.2-53.95 

July Source proportion (%) 3.8 (3.0) 58.1 (1.8) 38.1 (3.2) 

95% Confidence interval (%) 0-10.1 54.3-61.8 31.3-45.0 

August Source proportion (%) 5.4 (6.0) 40.3 (3.9) 54.3 (6.3) 

95% Confidence interval (%) 0-17.6 32.3-48.2 41.2-67.3 

September Source proportion (%) 5.1 (6.9) 20.4 (6.1) 74.5 (4.9) 

95% Confidence interval (%) 0-19.0 7.5-33.4 64.3-84.7 

October Source proportion (%) 5.8 (9.3) 34.2 (8.0) 59.9 (6.5) 

95% Confidence interval (%) 0-25.9 15.3-53.2 44.5-75.5 



Pailugou 

 

 

 

 

  

2700 

 

 

 

 

  

May Source proportion (%) 1.1 (16.9) 21.0 (9.5) 78.0 (22.9) 

95% Confidence interval (%) 0-37.3 0-42.9 27.0-100.0 

June  Source proportion (%) 0.9 (5.9) 39.2 (3.9) 59.9 (8.7) 

95% Confidence interval (%) 0-12.7 31.2-47.2 42.3-77.4 

July Source proportion (%) 0.4 (5.1) 49.1 (3.5) 50.4 (7.8) 

95% Confidence interval (%) 0-10.8 41.9-56.4 34.4-66.4 

August Source proportion (%) 1.2 (8.6) 41.3 (5.7) 57.5 (12.7) 

95% Confidence interval (%) 0-18.5 29.5-53.2 31.8-83.3 

September Source proportion (%) 1.0 (5.2) 45.0 (3.2) 54.0 (7.4) 

95% Confidence interval (%) 0-11.5 38.3-51.7 38.8-69.3 

October Source proportion (%) 2.5 (10.7) 14.7 (8.9) 82.9 (18.0) 

95% Confidence interval (%) 0-25.5 0-36.3 42.2-100.0 

Middle reaches 

 

 

 

 

 

 

 

 

 

 

  

Artificial oasis 

 

 

 

  

1550  

 

 

 

  

May Source proportion (%) 13.8 (1.3) 37.9 (0.6) 48.3 (1.3) 

95% Confidence interval (%) 10.3-17.3 36.5-39.3 45.1-51.5 

June  Source proportion (%) 12.1 (1.2) 26.6 (0.7) 61.3 (1.5) 

95% Confidence interval (%) 8.9-15.2 24.8-28.4 57.8-64.9 

July Source proportion (%) 9.6 (1.3) 40.6 (0.9) 49.8 (2.0) 

95% Confidence interval (%) 6.6-12.7 38.0-43.2 45.1-54.4 

August Source proportion (%) 8.5 (1.2) 39.0 (1.2) 52.5 (2.2) 

95% Confidence interval (%) 5.7-11.3 36.0-42.1 47.4-57.6 

September Source proportion (%) 4.1 (1.0) 36.7 (0.6) 59.2 (1.3) 

95% Confidence interval (%) 1.7-6.5 35.1-38.3 56.1-62.3 

Desert-oasis ecotone 

 

 

 

  

1400 

 

 

 

 

  

May Source proportion (%) 44.3 (4.8) 15.6 (2.4) 40.1 (2.8) 

95% Confidence interval (%) 34.7-53.9 10.6-20.6 34.3-45.9 

June  Source proportion (%) 44.3 (6.7) 6.7 (2.8) 48.9 (4.6) 

95% Confidence interval (%) 30.7-58.0 0.8-12.6 39.6-58.3 

July Source proportion (%) 46.7 (9.2) 12.8 (4.4) 40.4 (5.5) 

95% Confidence interval (%) 28.1-65.4 3.6-22.0 29.3-51.6 

August Source proportion (%) 51.2 (12.9) 13.2 (4.9) 35.6 (8.8) 

95% Confidence interval (%) 25.2-77.3 3.2-23.3 17.6-53.6 

September Source proportion (%) 34.9 (9.4) 12.3 (6.4) 52.8 (3.4) 



95% Confidence interval (%) 15.9-53.9 0-25.3 45.8-59.7 

Gobi 

 

 

 

  

1400 

 

 

 

 

  

May Source proportion (%) (-5.7) (2.2) 16.7 (1.5) 89.1 (1.0) 

95% Confidence interval (%) 0-(-0.8) 13.2-20.1 86.7-91.4 

June  Source proportion (%) 15.8 (4.3) 13.5 (2.7) 70.7 (1.8) 

95% Confidence interval (%) 7.0-24.6 7.8-19.1 66.9-74.6 

July Source proportion (%) 12.2 (4.6) 16.8 (2.9) 71.0 (1.9) 

95% Confidence interval (%) 2.8-21.6 10.7-23.0 67.0-74.9 

August Source proportion (%) 4.9 (4.0) 10.0 (2.6) 85.1 (1.6) 

95% Confidence interval (%) 0-13.8 4.0-15.9 81.2-89.0 

September Source proportion (%) 4.4 (3.6) 18.5 (3.1) 77.1 (0.8) 

95% Confidence interval (%) 0-12.5 11.5-25.4 75.1-79.1 

Lower reaches 

 

 

 

  

Riparian forest 

 

 

 

  

930 

 

 

 

  

May Source proportion (%) (-6.1) (16.2) 44.7 (10.9) 61.4 (25.7) 

95% Confidence interval (%) 0-100 0-100 0-100 

June  Source proportion (%) (-23.9) (12.0) 4.6 (11.9) 119.3 (22.2) 

95% Confidence interval (%) 0-100 0-100 23.8-100 

July Source proportion (%) (-5.6) (8.5) 24.7 (12.7) 80.9 (20.2) 

95% Confidence interval (%) 0-12.1 0-53 37.2-100.0 

August Source proportion (%) (-14.8) (9.5) 12.5 (13.1) 102.3 (21.9) 

95% Confidence interval (%) 0-7.1 0-49.0 46.0-100.0 

September Source proportion (%) (-18.1) (13.1) 40.9 (10.5) 77.2 (22.5) 

95% Confidence interval (%) 0-12.9 11.6-70.1 19.5-100.0 

 

 

 

 

 

 

 



Table 4 

Measurement uncertainty for the modeled results based on the three-component isotopic mixing model (TCIMM) and comparison with the Monte Carlo method 

(MCM). Contributors to precipitation: the mean transpiration fraction (fTr), evaporation fraction (fEv) and advection fraction (fAdv), respectively. S.D. indicates 

the standard deviation. 

Study regions Sampling sites Month 
TCIMM results MCM results (mean ± standard deviation 

fTr (%) fEv (%) fAdv (%) fTr (%) ± S.D. fEv (%) ± S.D. fAdv (%) ± S.D. 

Upper Reaches 
Alpine meadow at Yeniugou 

From June to Aug. 51.7 3.6 44.7 52.3 ± 5.4 3.5 ± 4.3 44.2 ± 7.3 

From Sept. to Oct. 9.9 6.4 83.7 9.5 ± 6.1 6.4 ± 4.0 84.1 ± 5.5 

Alpine meadow at Hulugou 
From May to Aug. 52.4 5.9 41.7 52.7 ± 4.1 6.0 ± 4.3 41.4 ± 7.5 

From Sept. to Oct. 27.3 5.4 67.3 27.4 ± 5.5 5.5 ± 3.5 67.1 ± 4.8 

Mid-mountain forest at Pailugou 
From June to Sept. 43.6 0.9 55.5 43.7 ± 5.9 0.2 ± 3.9 56.1 ± 6.7 

From Sept. to Oct. 17.6 1.8 80.6 17.7 ± 6.6 1.3 ± 5.7 81.0 ± 15.1 

Middle reaches Artificial oasis at Zhangye From May to Sept. 36.1 9.5 54.3 35.8 ± 6.1 8.5 ± 3.5 55.8 ± 12.0 

Desert-oasis ecotone at Linze From May to Sept. 12.2 44.3 43.6 11.9 ± 10.9 42.8 ± 23.2 45.3 ± 12.9 

Gobi desert at Linze From May to Sept. 15.1 6.3 78.6 16.9 ± 10.6 2.4 ± 18.3 80.7 ± 17.1 

Lower reaches Riparian forest in the Ejina Basin From May to Sept. 25.6 -13.5 87.9 23.8 ± 9.9 -18.7 ± 9.8 95.0 ± 19.1 
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Figure captions 

Fig. 1. Sampling sites and climatic data. (a) Locations of the sample sites in the Heihe River Basin. 

(b-f) Monthly mean air temperatures (T) and total precipitation (P) at Urumqi, Yeniugou, 

Pailugou, Zhangye, and Ejina. The line represents air temperature (T) and histogram represents 

precipitation amount (P). 

Fig. 2. Seasonal variations in the δ18O, δ2H and deuterium-excess (d-excess) in precipitation in the 

Heihe River Basin. Urumqi is located in the northwest of the study area. Yeniugou, Hulugou and 

Pailugou is located in the upper reaches (UR), and Zhangye and Ejina are located in the middle 

and lower reaches of the basin, respectively. Note: plot S1 was excluded from the local meteoric 

water line for the middle reaches. 

Fig. 3. Correlations between δ18O and δ2H in precipitation from the alpine region (Yeniugou, 

Hulugou), the mid-mountain zone (Pailugou) in the upper reaches, Zhangye in the middle 

reaches, and Ejina in the lower reaches of the Heihe River Basin. GMWL, global meteoric 

water line. Note: plot S1 was excluded in the Local Meteoric Water Lines of Zhangye at the 

middle reaches. 

Fig. 4. The effects of temperature (T) on precipitation δ18O at the study sites during the raining and 

non-raining seasons in the Heihe River Basin. Panes (a) to (d) are based on event-precipitation 

data and panes (e) to (i) are based on the weighted-mean monthly precipitation. 

Fig. 5. Correlations between δ18O and δ2H values of the shallow soil water (to a depth of 10 to 20 cm) 

and plant xylem water at the study sites in the Heihe River Basin. UR, upper reaches; MR, 

middle reaches; LR, lower reaches. GMWL, global meteoric water line; LMWL, local meteoric 

water line. 

Fig. 6. The mean transpiration fractions (fTr), evaporation fractions (fEv) and advected fractions (fAdv), 

and the average isotope values (in brackets, δ18O and δ2H, respectively) for precipitation and all 

moisture sources, illustrating the moisture recycling characteristics. The locations are (a) 

Yeniugou (U-YN) from June to August, Hulugou (U-HL) from May to August, and Pailugou 

(U-PL) from June to September in the upper reaches; (b) Yeniugou and Hulugou from 

September to October, and Pailugou in May and October in the upper reaches; (c) artificial oasis 

(M-AO) at Zhangye, the desert-oasis ecotone (M-DO) and the Gobi (M-GB) at Linze of the 
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middle reaches; and (d) riparian forest in Ejina (L-EJN) from May to September in the lower 

reaches. 

Fig. 7. Seasonal variations of the (a) transpiration fraction (fTr) and (b) evaporation fraction (fEv) in 

the Heihe River Basin. Value is mean ± S.D., which S.D. indicates the standard deviation. UR, 

upper reaches; MR, middle reaches; LR, lower reaches.  

Fig. 8. Relationships between transpiration fractions derived precipitation (fTr) and (a) temperature, 

(b) relative humidity, (c) precipitation, and (d) vapor-pressure deficit in the Heihe River Basin 

(UR, upper reaches; MR, middle reaches; LR, lower reaches). Table 2 summarizes the 

measurement periods. In the upper reaches, we sampled alpine meadow at Yeniugou and 

Hulugou, and mid-mountain forest at Pailugou. In the middle reaches, we sampled the artificial 

oasis at Zhangye, and the desert-oasis ecotone and Gobi at Linze. In the lower reaches, we 

sampled the riparian forest at Ejina.  

Fig. 9. Relationships between evaporation fractions derived precipitation (fEv) and (a) temperature, (b) 

relative humidity, and (c) vapor-pressure deficit in the Heihe River Basin (UR, upper reaches; 

MR, middle reaches; LR, lower reaches). Table 2 summarizes the measurement periods. In the 

upper reaches, we sampled alpine meadow at Yeniugou and Hulugou, and mid-mountain forest 

at Pailugou. In the middle reaches, we sampled the artificial oasis at Zhangye, and the 

desert-oasis ecotone and Gobi at Linze. In the lower reaches, we sampled the riparian forest at 

Ejina. 
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Supplementary contents: tables and figures 
Supplementary tables: 

Table S1 List of abbreviations used for the key experimental parameters. 

Table S2 Main data needed for calculation of precipitation sources and the calculated results: the 

moisture fractions from transpiration (fTr), evaporation (fEv), and advection (fAdv) in local 

precipitation at Yeniugou, Hulugou, and Pailugou in the upper reaches; in artificial oases, 

desert-oasis ecotone, and Gobi in the middle reaches; and in riparian forest in the lower reaches 

of the Heihe River Basin. Variables: P, T, and RH represent precipitation, temperature, and 

relative humidity, respectively; δ18OP and δ2HP, δ18OPV and δ2HPV, δ18OTr and δ2HTr, δ18OEv and 

δ2HEv, and δ18OAdv and δ2HAdv represent the δ18O and δ2H values for precipitation, precipitating 

vapor, transpired vapor, evaporated surface moisture, and advected vapor, respectively. fEv, fTr, 

and fAdv represent the fraction of precipitation contributed by surface evaporation, plant 

transpiration, and advection.  

Table S3 Quantification of the uncertainty of the modeled results based on the effects of instrument 

precision. Diff 1 and 2 represent fTr, fEv and fAdv differences between modeled with the mean 

δ18OTr and δ2HTr, and with mean δ18OTr - 0.2 and δ2HTr - 1.0, or δ18OTr + 0.2 and δ2HTr + 1.0, 

respectively. 

Table S4 Quantification of the uncertainty of the modeled results based on altering the isotopic ratio 

of the transpiration flux by ±1‰ for δ18OTr and by ±8‰ for δ2HTr (assuming constant d-excess). 

Diff 1 and 2 represent fTr, fEv and fAdv differences between modeled with the mean δ18OTr and 

δ2HTr, and with mean δ18OTr - 1 and δ2HTr - 8, or δ18OTr + 1 and δ2HTr + 8, respectively. 

 

Supplementary figure captions: 

Figure S1 Geopotential height (in geopotential meters) and wind field (in m s-1) at 500 hPa for July 

2009, 2011, 2012, and 2014 based on the NCEP/NCAR Reanalysis datasets 

(https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html). The red dashed frames 

represent the location of the study region. 

Figure S2 Spatial distribution of wind trajectories at three target heights (500, 1000, and 1500 m 

above ground level) of sampling stations for each heavy precipitation event during the summer 



in the Heihe River Basin from 2008 to 2012. The sampling sites are marked with circles. The 

satellite-derived land cover map was acquired from Natural Earth 

(http://www.naturalearthdata.com). 
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Supplementary tables: 

Table S1 List of abbreviations used for the key experimental parameters. 

Acronym The full name Acronym The full name 
HRB The Heihe River Basin δ18O Oxygen isotope ratio 

UR The upper reaches of the HRB δ2H Hydrogen isotope ratio 

MR The middle reaches of the HRB GMWL The global meteoric water line 

LR The lower reaches of the HRB LMWL The local meteoric water line 

U-YN The Yeniugou of the UR δ18OP/δ2HP δ18O/δ2H of local precipitation 

U-HL The Hulugou of the UR δ18OPV/δ2HPV δ18O/δ2H of the precipitating vapor 

U-PL The Pailugou of the UR δ18OTr /δ2HTr δ18O/δ2H of the transpiration vapor 

Qilian Mt. Qilian Mountain of the UR of the HRB δ18OEv /δ2HEv δ18O/δ2H of the evaporated moisture 

M-AO The artificial oasis of the MR δ18OAdv /δ2HAdv δ18O/δ2H of the advected vapor 

M-DO The desert-oasis ecotone of the MR fTr The contribution of transpiration fraction 

M-GB The Gobi of the MR fEv The contribution of evaporation fraction 

L-EJN The Ejina of the LR fAdv The contribution of advected fraction 

 



Table S2 Main data needed for calculation of precipitation sources and the calculated results: the moisture fractions from transpiration (fTr), 

evaporation (fEv), and advection (fAdv) in local precipitation at Yeniugou, Hulugou, and Pailugou in the upper reaches; in artificial oases, 

desert-oasis ecotone, and Gobi in the middle reaches; and in riparian forest in the lower reaches of the Heihe River Basin. Variables: P, T, 

and RH represent precipitation, temperature, and relative humidity, respectively; δ18OP and δ2HP, δ18OPV and δ2HPV, δ18OTr and δ2HTr, 

δ18OEv and δ2HEv, and δ18OAdv and δ2HAdv represent the δ18O and δ2H values for precipitation, precipitating vapor, transpired vapor, 

evaporated surface moisture, and advected vapor, respectively. fEv, fTr, and fAdv represent the fraction of precipitation contributed by surface 

evaporation, plant transpiration, and advection. S.D. indicates the standard deviation. 

Sites and   Month 
 

P T RH δ18OP δ2HP δ18OPV  δ2H 
PV δ18OTr δ2HTr δ18OEv δ2HEv δ18OAdv δ2HAdv fEv (S.D.) fTr (S.D.) fAdv (S.D.) 

elevation(m asl) 
 

 (mm)  (°C) (%) (‰) (‰) (‰) (‰) (‰) (‰) (‰) (‰) (‰) (‰) (%) (%) (%) 

Yeniugou 

(Upper reaches) 

3320 

  
     

        
   

6 

 74.6 9.4 76.1 -4.2 -18.8 
-13.8 -109.6 -5.9 -48.3 -36.9 -133.6 -26.3 -223.7 3.7 (6.2) 63.1 (3.2) 33.1 (6.9) 

 
95% Confidence interval (%)      

        
0-16.4 56.6-69.7 18.8-47.5 

3320 

7 

 125.7 10.1 78.8 -3.9 -17.7 -15 -119.7 -5.9 -48.3 -37.2 -108.6 -25.8 -214.8 2.3 (4.6) 55.6 (2.9) 42.1 (4.4) 

 
95% Confidence interval (%)      

        
0-11.6 49.9-61.3 33.1-51.0 

3320 

8 

 107.7 7.5 78.1 -7.3 -42.4 -18.4 -144.5 -5.9 -48.3 -22.6 6.8 -26 -217.6 4.6 (6.4) 37.0 (6.0) 58.3 (4.0) 

 
95% Confidence interval (%) 

             
0-17.7 24.3-49.7 49.9-66.7 

  Mean   102.7  9.0  77.7  -5.1  -26.3  -15.7  -124.6  -5.9  -48.3  -32.2  -78.5  -26 -218.7 51.7 3.6 44.7 

3320 

9 

 99.5 6.8 83.1 -11.5 -74.2 -22.8 -177.5 -5.9 -48.3 -3.6 184.5 -25.9 -214.4 5.3 (3.4) 9.4 (6.5) 85.3 (3.5) 

 
95% Confidence interval (%) 

             
0-12.1 0-22.5 78.1-92.4 

3320 

10 

 17.4 -0.1 72 -13.2 -81.5 -25.1 -194.7 -5.9 -48.3 -14.7 54.7 -28.3 -235.4 7.6 (0.8) 10.0 (1.1) 82.4 (0.4) 

 
95% Confidence interval (%) 

             
5.6-9.6 6.8-13.1 81.3-83.5 

  Mean   58.4  3.3  77.5  -12.4  -77.9  -23.9  -186.1  -5.9  -48.3  -9.2  119.6  -27.1  -224.9  9.9 6.4 83.7 

Hulugou 

(Upper reaches) 
  

                            
      

3020 
5 

 34.4 5.6 51.1 -4.6 -16.3 -15.9 -121 -5.9 -48.3 -35.3 -127.2 -27.8 -235.5 7.5 (8.7) 56.8 (4.2) 35.7 (8.7) 

 
95% Confidence interval (%)  

    
      

  
0-25.0 45.0-64.0 19.0-60.0 



3020 
6 

 137.1 9.8 71.1 -4.1 -15.9 -15 -114.8 -5.9 -48.3 -33.7 -116 -24.8 -209.7 6.5 (6.8) 54.9 (3.6) 38.6 (7.2) 

 
95% Confidence interval (%)  

    
      

  
0-21.0 47.4-62.3 23.2-53.95 

3020 
7 

 90.3 12.5 70.8 -3.3 -12.8 -14 -108 -5.9 -48.3 -38.4 -137.7 -24.4 -201.2 3.8 (3.0) 58.1 (1.8) 38.1 (3.2) 

 
95% Confidence interval (%)  

    
      

  
0-10.1 54.3-61.8 31.3-45.0 

3020 
8 

 110.8 10.4 73.1 -6.2 -32.7 -17 -130.7 -5.9 -48.3 -28.4 -56.7 -23.6 -194.6 5.4 (6.0) 40.3 (3.9) 54.3 (6.3) 

 
95% Confidence interval (%)  

    
      

  
0-17.6 32.3-48.2 41.2-67.3 

  Mean   93.1  9.6  66.5  -4.5  -21.2  -15.5  -118.6  -5.9  -48.3  -34.0  -109.4  -25.1  -210.0  5.9  52.4  41.7  

3020 
9 

 91.3 8.6 72.7 -9.8 -61.2 -20.8 -161.7 -5.9 -48.3 -24.6 -11.5 -24.7 -203 5.1 (6.9) 20.4 (6.1) 74.5 (4.9) 

 
95% Confidence interval (%)  

    
    

  
  0-19.0 7.5-33.4 64.3-84.7 

3020 
10 

 26.8 3.2 66.5 -7.2 -33.9 -18.8 -142.2 -5.9 -48.3 -24.6 -11.5 -25.6 -208.5 5.8 (9.3) 34.2 (8.0) 59.9 (6.5) 

 
95% Confidence interval (%)  

    
    

  
  0-25.9 15.3-53.2 44.5-75.5 

  Mean   59.1 5.9 69.6 -8.5 -47.6 -19.8 -152 -5.9 -48.3 -24.6 -11.5 -25.1 -205.8 5.4  27.3  67.3  

Pailugou 

(Upper reaches) 
  

             

   

2700 

6 

 91.6 12.4 62.8 -6.3 -35.2 -16.8 -129.2 -7.6 -52.1 -36.9 -159.8 -22.5 -179.1 1.1 (16.9) 21.0 (9.5) 78.0 (22.9) 

 
95% Confidence interval (%)    

          
0-37.3 0-42.9 27.0-100.0 

2700 

7 

 93.9 14.4 67 -4.6 -19.4 -15.1 -113.6 -7.6 -52.1 -35.9 -154.6 -22.3 -173.2 0.9 (5.9) 39.2 (3.9) 59.9 (8.7) 

 
95% Confidence interval (%)    

          
0-12.7 31.2-47.2 42.3-77.4 

2700 

8 

 90.5 13.1 71.8 -5.2 -23 -15.9 -118.9 -7.6 -52.1 -36.5 -158 -21.5 -166.1 0.4 (5.1) 49.1 (3.5) 50.4 (7.8) 

 
95% Confidence interval (%) 

             
0-10.8 41.9-56.4 34.4-66.4 

2700 

9 

 41.5 8.5 69.2 -6.1 -28.3 -17.1 -129.4 -7.6 -52.1 -40.2 -174.6 -24.6 -192.8 1.2 (8.6) 41.3 (5.7) 57.5 (12.7) 

 
95% Confidence interval (%) 

             
0-18.5 29.5-53.2 31.8-83.3 

  Mean   79.4  12.1  67.7  -5.6  -26.5  -16.2  -122.8  -7.6  -52.1  -37.4  -161.8  -22.8  -177.8  0.9 43.6 55.5 

2700 

5 

 38.94 8.83 51.34 -10.9 -69 -21.9 -171.6 -7.6 -52.1 -39.8 -173 -25.5 -203.7 1.0 (5.2) 45.0 (3.2) 54.0 (7.4) 

 
95% Confidence interval (%) 

             
0-11.5 38.3-51.7 38.8-69.3 

2700 

10 

 10.4 3.2 55 -11.9 -70.6 -23.4 -178.8 -7.6 -52.1 -47 -200.2 -25.5 -200.5 2.5 (10.7) 14.7 (8.9) 82.9 (18.0) 

 
95% Confidence interval (%) 

             
0-25.5 0-36.3 42.2-100.0 

  Mean   24.7 6 53.2 -11.4 -69.8 -22.6 -175.2 -7.6 -52.1 -43.4 -186.6 -25.5 -202.1 1.8 17.6 80.6 

Artificial oases 

(Middle reaches) 
               

   

1550 5 
 

13.8 18.5 28.6 3.2 25.6 -16.5 -113.2 -6 -45.2 -33.2 -131.1 -20 -161.5 13.8 (1.3) 37.9 (0.6) 48.3 (1.3) 



 
95% Confidence interval (%) 

             
10.3-17.3 36.5-39.3 45.1-51.5 

1550 

6 

 55.7 20 51.8 -7.1 -44.7 -16.2 -114.5 -6 -45.2 -32.1 -124.9 -17.5 -142.5 12.1 (1.2) 26.6 (0.7) 61.3 (1.5) 

 
95% Confidence interval (%) 

             
8.9-15.2 24.8-28.4 57.8-64.9 

1550 

7 

 32.8 20.1 72.6 -5.7 -35.4 -14.4 -101.3 -6 -45.2 -35 -155.6 -17.3 -136.6 9.6 (1.3) 40.6 (0.9) 49.8 (2.0) 

 
95% Confidence interval (%) 

             
6.6-12.7 38.0-43.2 45.1-54.4 

1550 

8 

 10.6 19.3 68.9 -4.5 -31.1 -13.9 -98 -6 -45.2 -36.1 -159.6 -16.2 -127.3 8.5 (1.2) 39.0 (1.2) 52.5 (2.2) 

 
95% Confidence interval (%) 

             
5.7-11.3 36.0-42.1 47.4-57.6 

1550 

9 
 

8 14.2 61.5 1.7 -2.1 -15.2 -114.1 -6 -45.2 -34.3 -135.7 -19.6 -155.3 4.1 (1.0) 36.7 (0.6) 59.2 (1.3) 

 
95% Confidence interval (%) 

             
1.7-6.5 35.1-38.3 56.1-62.3 

  Mean   24.2 18.4 56.7 -2.5 -17.5 -15.2 -108.2 -6 -45.2 -34.1 -141.3 -18.2 -144.6 9.5 36.1 54.3 

Desert-oasis ecotone 

(Middle reaches) 
               

   

1400 

5 
 

13.8 18.5 28.6 3.2 25.6 -16.5 -113.2 -4.5 -50.9 -17.6 -91.5 -20 -161.5 44.3 (4.8) 15.6 (2.4) 40.1 (2.8) 

 
95% Confidence interval (%) 

             
34.7-53.9 10.6-20.6 34.3-45.9 

1400 

6 

 55.7 20 51.8 -7.1 -44.7 -16.2 -114.5 -4.5 -50.9 -16.5 -93.3 -17.5 -142.5 44.3 (6.7) 6.7 (2.8) 48.9 (4.6) 

 
95% Confidence interval (%) 

             
30.7-58.0 0.8-12.6 39.6-58.3 

1400 

7 

 32.8 20.1 72.6 -5.7 -35.4 -14.4 -101.3 -4.5 -50.9 -14.6 -84.6 -17.3 -136.6 46.7 (9.2) 12.8 (4.4) 40.4 (5.5) 

 
95% Confidence interval (%) 

             
28.1-65.4 3.6-22.0 29.3-51.6 

1400 

8 

 10.6 19.3 68.9 -4.5 -31.1 -13.9 -98 -4.5 -50.9 -14.6 -89.9 -16.2 -127.3 51.2 (12.9) 13.2 (4.9) 35.6 (8.8) 

 
95% Confidence interval (%) 

             
25.2-77.3 3.2-23.3 17.6-53.6 

1400 

9 
 

8 14.2 61.5 1.7 -2.1 -15.2 -114.1 -4.5 -50.9 -12.2 -74.1 -19.6 -155.3 34.9 (9.4) 12.3 (6.4) 52.8 (3.4) 

 
95% Confidence interval (%) 

             
15.9-53.9 0-25.3 45.8-59.7 

  Mean   24.2 18.4 56.7 -2.5 -17.5 -15.2 -108.2 -4.5 -50.9 -15.1 -86.7 -18.2 -144.6 44.3 12.2 43.6 

Gobi 

(Middle reaches) 
                

  

1400 

5 

 11.9 16.1 43.4 -6.7 -55.6 -16.9 -145.9 1.1 -32.2 -13.1 -56.8 -20 -161.5 (-5.7) (2.2) 16.7 (1.5) 89.1 (1.0) 

 
95% Confidence interval (%) 

             
0-(-0.8) 13.2-20.1 86.7-91.4 

1400 

6 

 23.3 20.1 51.3 -4.2 -29.9 -14.1 -115.3 1.1 -32.2 -11.8 -64.8 -17.5 -142.5 15.8 (4.3) 13.5 (2.7) 70.7 (1.8) 

 
95% Confidence interval (%) 

             
7.0-24.6 7.8-19.1 66.9-74.6 

1400 

7 

 30.5 22.2 55.2 -3.7 -26.9 -13.4 -109.9 1.1 -32.2 -10.5 -61.6 -17.3 -136.6 12.2 (4.6) 16.8 (2.9) 71.0 (1.9) 

 
95% Confidence interval (%) 

             
2.8-21.6 10.7-23.0 67.0-74.9 



1400 

8 

 24.9 20.6 57.3 -4.3 -29.3 -14.1 -114.3 1.1 -32.2 -8.7 -55.1 -16.2 -127.3 4.9 (4.0) 10.0 (2.6) 85.1 (1.6) 

 
95% Confidence interval (%) 

             
0-13.8 4.0-15.9 81.2-89.0 

1400 

9 
 

14.4 14.7 60.7 -4.8 -35.3 -15.2 -127.4 1.1 -32.2 -6 -39.5 -19.6 -155.3 4.4 (3.6) 18.5 (3.1) 77.1 (0.8) 

 
95% Confidence interval (%) 

             
0-12.5 11.5-25.4 75.1-79.1 

  Mean   21 18.7 53.6 -4.7 -35.4 -14.8 -122.6 1.1 -32.2 -10 -55.6 -18.2 -144.6 6.3 15.1 78.6 

Riparian forest 

(Lower reaches) 
               

   

930 

5 

 0.8 20 19 -1.5 -12.3 -11.3 -97.6 -5.8 -52.5 -27.5 -124.3 -17 -132.9 (-6.1) (16.2) 44.7 (10.9) 61.4 (25.7) 

 
95% Confidence interval (%) 

 
 

 
  

        
0-100 0-100 0-100 

930 

6 

 0.9 26.2 20.3 -0.3 -19.2 -9.6 -97.5 -5.8 -52.5 -27.5 -120.5 -13.3 -103.8 (-23.9) (12.0) 4.6 (11.9) 119.3 (22.2) 

 
95% Confidence interval (%) 

 
 

 
  

        
0-100 0-100 23.8-100 

930 

7 

 3.3 29 25.3 -1.1 -12.4 -10.1 -87.8 -5.8 -52.5 -27.1 -122.3 -12.6 -101 (-5.6) (8.5) 24.7 (12.7) 80.9 (20.2) 

 
95% Confidence interval (%) 

 
 

 
  

        
0-12.1 0-53 37.2-100.0 

930 

8 

 2.4 25.2 25.7 -1 -12.9 -10.4 -92.3 -5.8 -52.5 -27.2 -123.5 -13.4 -101.7 (-14.8) (9.5) 12.5 (13.1) 102.3 (21.9) 

 
95% Confidence interval (%) 

 
 

 
  

        
0-7.1 0-49.0 46.0-100.0 

930 

9 
 

7.3 18.9 33.3 -0.2 -9.3 -10.2 -96 -5.8 -52.5 -27.6 -128.4 -16.6 -126.6 (-18.1) (13.1) 40.9 (10.5) 77.2 (22.5) 

 
95% Confidence interval (%) 

 
 

 
  

        
0-12.9 11.6-70.1 19.5-100.0 

  Mean   2.9 23.9 24.7 -0.8 -13.2 -10.3 -94.2 -5.8 -52.5 -27.4 -123.8 -14.6 -113.2 -13.5 25.6 87.9 



Table S3 Quantification of the uncertainty of the modeled results based on the effects of instrument precision. Diff 1 and 2 represent fTr, fEv and 

fAdv differences between modeled with the mean δ18OTr and δ2HTr, and with mean δ18OTr - 0.2 and δ2HTr - 1.0, or δ18OTr + 0.2 and δ2HTr + 

1.0, respectively. 

Pailugou δ18OTr-Mean (‰) δ2H Tr-Mean (‰)   δ18O Tr-Mean -0.2 

(‰) 

δ2H Tr-Mean - 1 

(‰) 
  δ18O Tr-Mean + 0.2 

(‰) 

δ2H Tr-Mean + 1 

(‰) 
 

 
-7.6 -52.1  

 -7.8 -53.1   -7.4 -51.1  

 fTr fEv fAdv  fTr fEv fAdv  fTr fEv fAdv 

June 39.2 0.9 59.9 June 39.5 0.7 59.8 June 38.8 1.1 60.1 

July 49.1 0.4 50.5 July 49.6 0.0 50.4 July 48.7 0.5 50.8 

August 41.0 1.2 57.8 August 41.7 0.8 57.5 August 41.0 1.2 57.9 

September 45.0 1.0 54.0 September 45.3 0.7 54.0 September 44.6 1.1 54.3 

Mean 43.6 0.9 55.5  44.0 0.5 55.4  43.3 1.0 55.8 
 

   Diff 1 0.4  -0.4  -0.1  Diff 2 -0.3  0.1  0.3  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S4 Quantification of the uncertainty of the modeled results based on altering the isotopic ratio of the transpiration flux by ±1‰ for δ18OTr 

and by ±8‰ for δ2HTr (assuming constant d-excess). Diff 1 and 2 represent fTr, fEv and fAdv differences between modeled with the mean 

δ18OTr and δ2HTr, and with mean δ18OTr - 1 and δ2HTr - 8, or δ18OTr + 1 and δ2HTr + 8, respectively. 
Pailugou δ18OTr-Mean (‰) δ2H Tr-Mean (‰)  

 δ18O Tr-Mean -1 (‰) δ2H Tr-Mean - 8 (‰)   δ18O Tr-Mean + 1 (‰) δ2H Tr-Mean + 8 (‰)  
 -7.6 -52.1  

 -8.6 -60.1   -6.6  -44.1  
 fTr fEv fAdv  fTr fEv fAdv  fTr fEv fAdv 

June 39.2 0.9 59.9 June 41.8 0.8 57.4 June 36.8 1.1 62.1 

July 49.1 0.4 50.5 July 52.7 0.1 47.2 July 46.1 0.3 53.6 

August 41.0 1.2 57.8 August 44.5 0.9 54.6 August 38.6 1.0 60.4 

September 45.0 1.0 54.0 September 47.7 0.8 51.5 September 42.5 1.0 56.5 

Mean 43.6 0.9 55.5  46.7 0.7 52.7  41.0 0.8 58.1 
 

   Diff 1 3.1  -0.2  -2.8  Diff 2 -2.6  -0.1  2.6  

 

 

 

 



Supplementary Figures: 

Figure S1 

Geopotential height (in geopotential meters) and wind field (in m s-1) at 500 hPa for July 2009, 2011, 

2012, and 2014 based on the NCEP/NCAR Reanalysis datasets 

(https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html). The red dashed frames 

represent the location of the study region. 

 

 

 

 

 

 

 

 

 

 

 



Figure S2 

Spatial distribution of wind trajectories at three target heights (500, 1000, and 1500 m above ground 

level) of sampling stations for each heavy precipitation event during the summer in the Heihe River 

Basin from 2008 to 2012. The sampling sites are marked with circles. The satellite-derived land 

cover map was acquired from Natural Earth (http://www.naturalearthdata.com). 

 

 

http://www.naturalearthdata.com/
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