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ABSTRACT: In arid regions, the stable hydrogen and oxygen isotopic composition in raindrops is of‐
ten modified by sub-cloud secondary evaporation when they descend from cloud base to ground 
through the unsaturated air. As a result of kinetic fractionation, the slope and intercept of the δ2H-δ18O 
correlation equation decrease. The variation of deuterium excess from cloud base to the ground is often 
used to quantitatively evaluate the influence of secondary evaporation effect on isotopes in precipita‐
tion. Based on the event-based precipitation samples collected at Urumqi Glacier No. 1, eastern Tian‐
shan during four-year observation, the existence and impact of secondary evaporation effects were ana‐
lyzed by the methods of isotope-evaporation model. Under high air temperature, small raindrop diame‐
ter and precipitation amount, and low relative humidity conditions, the remaining rate of raindrops is 
small and the change of deuterium excess is large relatively, and the slope and intercept of δ2H-δ18O cor‐
relation equation are much lower than those of Global Meteoric Water Line, which mean that the influ‐
ence secondary evaporation on precipitation enhanced. While on the conditions of low air temperature, 
high relative humidity, heavy rainfall, and large raindrop diameter, the change of deuterium excess is 
small relatively and the remaining rate of raindrops is large, and the slope and intercept of δ2H-δ18O 
correlation equation increase, the secondary evaporation is weakened. The isotope-evaporation model 
described a good linear correlation between changes of deuterium excess and evaporation proportion 
with the slope of 0.90‰/%, which indicated that an increase of 1% in evaporation may result in a de‐
crease of deuterium excess about 0.90‰.
KEY WORDS: stable isotopes, meteoric water line, deuterium excess, sub-cloud secondary evapora‐
tion effect, precipitation, glaciers.

0 INTRODUCTION 
The alpine mountains around the world are the birthplaces 

of many rivers, while the ecological environment and hydrome‐
teorological factors in the region are very fragile. The runoff 
process and the change of components in the basin are very 
sensitive to climate change, which affects the runoff and water 
resources quality of the whole flow region from upstream to 
downstream. In the high-latitude and polar alpine mountain re‐
gion, the main supply source of river is meltwater from gla‐
ciers and snow cover. Different from the high-latitude basin. 
The contribution of precipitation recharge to the rivers in the 
middle and low latitude Alpine Basin cannot be ignored. Based 

on the above research background, further research on precipi‐
tation will help us better understand the water cycle of inland 
river basins in alpine and cold regions (Yu et al., 2010). The 
stable hydrogen and oxygen isotopic composition in precipita‐
tion is primarily affected by evaporation and condensation and 
is an ideal tracer for studying water cycle and climate system 
changes through the isotope Rayleigh fractionation model (Cao 
et al., 2021; Wang and Liu, 2020; Li et al., 2019; Wang X Y et 
al., 2015; Peng et al., 2007; Pande et al., 2000). For raindrops 
falling from the cloud base to the ground, due to the influence 
of evaporation, the isotopic values will vary (Christner et al., 
2018; Li et al., 2018; Kong et al., 2016; Wang et al., 2016). 
The evaporation effect experienced by raindrops from the 
cloud base to the ground is called sub-cloud secondary evapo‐
ration. During the evaporation of raindrops in the unsaturated 
air, affected by non-equilibrium fractionation and kinetic frac‐
tionation, the heavy isotopes are enriched and the deuterium ex‐
cess decreased in the raindrops (Liu et al., 2008; Jouzel and 
Merlivat, 1984; Yapp, 1982; Stewart, 1975; Dansgaard, 1964).
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During using isotope methods to analyze the water cycle 
process, qualitative descriptions can no content the demand of 
parameterization stimulation method. It is necessary to quanti‐
fy the influence of sub-cloud secondary evaporation on iso‐
topes in precipitation. The deuterium excess (abbreviated as d-
excess hereafter, defined as d = δ2H – 8δ18O), as the second-
order isotopic parameter of stable oxygen and hydrogen iso‐
topes, is mainly affected by the relative humidity, sea tempera‐
ture, and other meteorological conditions in the water vapor 
source area, which can be used as an essential parameter to 
trace the water vapor source (Jouzel and Merlivat, 1984; Merli‐
vat and Jouzel, 1979). Besides, the slopes of δ2H-δ18O correla‐
tion in precipitation will also decrease, which possibly by the 
kinetic isotope effect in the sub-cloud secondary evaporation 
(Stewart, 1975; Dansgaard, 1964). Previous researches have 
used the variation of δ18O, δ2H, slope of δ2H-δ18O correlation, 
and d-excess values in precipitation to assess the sub-cloud sec‐
ondary evaporation effect and influencing factors, and also 
made the quantitative assessment. Based on the experimental 
observations, Stewart (1975) researched the stable isotope 
change in raindrops during the evaporation in different gas en‐
vironments, who also established a model of the falling water 
drops. The model and its improvement scheme had a signifi‐
cant influence on subsequent studies of sub-cloud secondary 
evaporation and isotope fractionation. In recent years, based on 
various improved Stewart models, a large number of quantita‐
tive studies have been made on the sub-cloud secondary evapo‐
ration in different regions, which has enriched the understand‐
ing of the seasonal patterns and regional differences of the sub-
cloud secondary evaporation in typical areas (Li et al., 2016b; 
Ma et al., 2014). However, subsequent studies found that this 
back-calculation algorithm may contain a large amount of un‐
certainty.

Northwestern China located in the hinterland of Eurasia is 
far from the sea. The water vapor from the ocean can rarely 
reach the region, mainly from Europe and central Asia, which 
makes drought a major climatic characteristic of the area (Song 
et al., 2019; Wang et al., 2017). In arid environment, raindrops 
are more susceptible to evaporation when they pass through 
the unsaturated atmosphere (Salamalikis et al., 2016; Wang et 
al., 2016; Peng et al., 2007). Northwest China has the condi‐
tions for the occurrence of secondary evaporation under the 
clouds. Therefore, many researchers not only used stable iso‐
tope tracer to analyze the difference in the spatial and temporal 
distribution of different water bodies (such as precipitation and 
meltwater) but also investigated the effect of sub-cloud evapo‐
ration in precipitation in Northwest China (Chen H Y et al., 
2020; Ma et al., 2020; Li et al., 2016a; Zhu et al., 2016; Chen F 
L et al., 2015). In the Urumqi River Basin, some scholars ana‐
lyzed the d-excess value in precipitation to determine the 
change in isotopic composition of precipitation affected by sec‐
ondary evaporation sub-cloud (Kong and Pang, 2016; Kong et 
al., 2013; Pang et al., 2011). Feng et al. (2013) compared the 
differences of isotopes in precipitation and evaporation in the 
headwaters of low altitude mountains and high altitude rivers 
in Urumqi River Basin. By simulating the temperature effect of 
stable isotope, Zhang et al. (2003) found that precipitation at‐
tenuated isotopic composition to a great extent after long-dis‐

tance transportation. Liu J R et al. (2014) used the Chinese Net‐
work of Isotopes in Precipitation (CHNIP) data to investigate 
the precipitation isotopes, and found the highly consistent be‐
tween Fukang and Urumqi. According to the parameter optimi‐
zation of Stewart model, the secondary evaporation intensity of 
more than 20 stations around the Tianshan was studied, and the 
results showed that the isotopic composition changed in differ‐
ent degrees during the raindrop from the cloud to the ground at 
different locations (Wang et al., 2016). At Urumqi Glacier No. 
1, the relationship between meteorological parameters and iso‐
topic composition of precipitation, meltwater, and river water 
was researched, and that the moisture at Urumqi Glacier No. 1 
mostly come from the local source (Song et al., 2019). Accord‐
ing to the water samples collected in Qilian Mountain and Hexi 
Corridor in China, the researchers made a comprehensive in‐
vestigation of the water cycle in the basin (Ma et al., 2020; Li 
et al., 2019). In recent years, the researches of evaporation 
mechanism in precipitation in Northwest China have also 
emerged gradually. The researchers mainly concentrated on the 
stable isotopic composition changes in precipitation. However, 
the systematic investigation on the variation of isotopc compo‐
sition in raindrops falling from cloud base to ground, and the 
internal mechanism of the sub-cloud secondary evaporation 
and isotopic composition in precipitation at the glacierized area 
is still unclear, which need further discussion. In the case of 
generally rising temperature (Zheng et al., 2019) and the chang‐
ing trend of accelerated glacier melting(Wang P Y et al., 2015, 
2014; Li et al., 2011), it is necessary to assess the effect of sub-
cloud evaporation on raindrops in Urumqi Glacier No. 1. 
Therefore, based on the four-year monitoring of event-based 
precipitation samples at Urumqi Glacier No. 1, the purpose of 
this study was to the influence of sub-cloud secondary evapora‐
tion on precipitation at the glacierized area by using the meth‐
ods of isotope evaporation model and the ordinary least 
squares (OLSR) regression.

1 MATERIALS AND METHODS 
1.1 Data and Site Description　

Northwest China lies in the hinterland of Eurasia in the 
mid-latitude zone, is the innermost center of the Eurasia conti‐
nent. The long-distance from the ocean will lead to a dry cli‐
mate in the area, which is sensitive to global climate change 
(Shi et al., 2007). Tianshan is the most extensive zonal moun‐
tain system in Central Asia, and the precipitation is relatively 
abundant due to the blocking effect of high mountains on water 
vapor. Tianshan has a large number of glaciers in Northwest 
China. The Urumqi River Basin is located in the middle part of 
the north slope of East Tianshan Mountain (43°00′N–44°07′N, 
86°45′E–87°56′E), with an average altitude of 3 083 m (Fig. 
1). The headwaters of Urumqi River Basin are mainly com‐
posed of exposed rocks and rubble mounds, and the rest are 
covered by glaciers and snow. There are 7 modern glaciers 
with a total area of 5.7 km2 over 3 600 m above sea level in the 
basin. The altitude of snow line is between 3 800 and 4 200 m. 
The modern process of glacier erosion and accumulation and 
periglacial process is very significant. Urumqi Glacier No. 1 
(43° 08′N, 86° 82′E) located the headwaters of Urumqi River 
Basin is the best-monitored glacier with the most extended da‐
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ta series (Fig. 1). Urumqi Glacier No. 1 is a northwest-facing 
valley glacier, with an altitude of 3 743 to 4 484 m a.s.l. It melt‐
ed rapidly and separated into two branches in 1993, consisting 
of the east branch (1.086 km2) and west branch (0.591 km2) 
(Xu et al., 2019). The Urumqi Glacier No. 1 has a trend of ac‐
celerated shrinking, with the decrease in area and thickness, 
and the retreat at the terminus of the glacier (Ding et al., 2019).

According to the observation data of Daxigou meteorolog‐
ical station which is located 3 km downstream of Urumqi Gla‐
cier No. 1 (Feng et al., 2013). During the four-year observation 
period from January 2008 to December 2011, the annual aver‐
age temperature in the headwaters of Urumqi River Basin is 
about -4.1 ℃ , ranging from -16.1 ℃ in January to 5.6 ℃ in 
August, and the temperature is above 0 ℃ in May to Septem‐
ber, and the annual mean precipitation amount is about 700 
mm (Song et al., 2019). The precipitation mainly occurs in 
summer, but less in winter, and even no precipitation in some 
months.

There were 206 event-based precipitation samples collect‐
ed from May to October 2008 to 2011 at Urumqi Glacier No. 1 
(Fig. 1), and each of which was obtained strictly according to 
the requirements of the meteorological observation standard 
(Liu B et al., 2014). At the beginning of each precipitation 
event, we opened two collection containers installed at a height 
of 1 m above the ground. After the rainfall event, we cleaned 
the high-density polyethylene bottles with rainwater from one 
container and then collected the rainwater from another one im‐
mediately to minimize evaporation or diffusion. The solid sam‐
ples include snow and hail were sealed in zip-lock LDPE bags 
and melted at room temperature before being filled into the 
high-density polyethylene bottles. We also recorded the concur‐
rent meteorological parameters at the beginning and end of 
each event, such as temperature, precipitation amount, and rela‐
tive humidity. All the samples were transported and stored fro‐
zen at -15 °C until being analyzed at the State Key Laboratory 
of Cryospheric Sciences, Northwest Institute of Eco-Environ‐
ment and Resources, Chinese Academy of Sciences (CAS), 
Lanzhou, China. We used the LWIA DLT-100 (Los Gatos Re‐

search) liquid water isotope analyzer to examine the precipita‐
tion stable hydrogen and oxygen isotopes, and the sample was 
gasified at 100 ℃ for determination. Five samples and two iso‐
topic standards were tested as a group, and each sample or iso‐
topic standard was injected six times. The first three injections 
were discarded due to the memory effect from the residue of 
the previous sample, and the results of the last three injections 
were used (Lis et al., 2008). The δ2H and δ18O values were ex‐
pressed in ‰ units relative to the V-SMOW (Vienna Standard 
Mean Ocean Water) are expressed as δ values.

δ18O =
( )18O/16O

sample
- ( )18O/16O

SMOW

( )18O/16O
SMOW

× 103‰

δ18O =
( )2H/ 1H

sample
- ( )2H/ 1H

SMOW

( )2H/ 1H
SMOW

× 103‰

The measurement accuracy is ±0.2‰ for δ18O and ±0.6‰ 
for δ2H, respectively. The monthly data of samples about δ2H, 
δ18O, and d-excess are shown in Table 1. The meteorological 
data of each precipitation are supplied by Daxigou Meteorolog‐
ical Station. Song et al. (2019) described more details of sam‐
pling and laboratory analysis.

1.2 Method　
Generally, precipitation will show enrichment of stable ox‐

ygen and hydrogen isotopes and decrease of d-excess influ‐
enced by the sub-cloud secondary evaporation, and the slope 
and intercept of δ2H-δ18O correlation equation will also change 
accordingly (Wu et al., 2015). However, this qualitative de‐
scription cannot meet the current needs of various numerical 
simulation parameterization. When analyzing the water cycle 
by isotope method, it is also necessary to make clear what 
changes occur in the water isotope during the sub-cloud sec‐
ondary evaporation. In this work, we use two methods to ana‐
lyze the phenomenon that isotopic modification in the falling 
raindrops affected by sub-cloud secondary evaporation: 
Isotope-evaporation model and OLSR regression.

Figure 1. Map showing the location and sampling sites. The polygons filled with red represent glaciers.
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1.2.1 OLSR regression　
The variation of isotopes in precipitation is a physical pro‐

cess of evaporation and condensation, which is related to the 
meteorological parameters such as air temperature, precipita‐
tion amount, atmospheric vapor pressure, and relative humidity 
(Zhu et al., 2016; Li et al., 2016a; Chen et al., 2015; Peng et 
al., 2007). The effect of sub-cloud secondary evaporation on 
isotopes in precipitation makes the values of δ18O increase and 
d-excess decrease and affects the slope and intercept of the δ2H-
δ18O correlation equation, δ2H = aδ18O + b. By comparing the 
slope and intercept in the different ranges of meteorological 
conditions, the secondary evaporation effect can adequately 
discuss. Therefore, according to the slope and intercept of the 
δ2H-δ18O correlation equation and its deviation from the Global 
Meteoric Water Line (GMWL), we can understand that the pre‐
cipitation events are affected by different meteorological pa‐
rameters and the sub-cloud secondary evaporation (Salamalikis 
et al., 2016). The slope (a) and intercept (b) and their standard 
deviation (σa and σb) were calculated by ordinary least squares 
regression (Crawford et al., 2014).

1.2.2 Isotope-evaporation model　
Influenced by the sub-cloud secondary evaporation, the 

stable isotopes of raindrops in the cloud base are different from 

those in raindrops falling to the ground. According to Froehlich 
et al. (2008) and Stewart (1975), assuming that cloud base pre‐
cipitation and the surrounding water vapor reach an isotopic 
equilibrium state, the change of d-excess between the surface 
precipitation and the cloud base precipitation can be expressed 
as follow.

Δd = d - dcb = 2 F - 8 18 F

where d and dcb are the d-excess value of precipitation at the 
sampling point and the cloud base, respectively. 2F and 18F are 
the parameters of 2H and 18O, and the calculation formulas are 
as follows.

2 F = (1 - 2γ
2α ) ( f

2 β - 1)
18 F = (1 - 18γ

18α ) ( f
18 β - 1)

where f is the residual fraction of the mass of raindrop after 
evaporation, 2α and 18α are the equilibrium fractionation coeffi‐
cients of 2H and 18O, respectively (Criss, 1999).

2α = exp ( 24.844 × 103

T 2
- 76.248

T
+ 52.612 × 10-3 )

18α = exp ( 1.137 × 103

T 2
- 0.415 6

T
- 2.066 7 × 10-3 )

where T is the air temperature at lifting condensation level in 
K, the parameters γ and β were calculated as follows.

2γ =
2αRH

1 - 2α ( )2 D/ 2 D′
n( )1 - RH

18γ =
18αRH

1 - 18α ( )18 D/ 18 D′
n( )1 - RH

2 β =
1 - 2α ( )2 D/ 2 D′

n( )1 - RH
2α ( )2 D/ 2 D′

n( )1 - RH

18 β =
1 - 18α ( )18 D/ 18 D′

n( )1 - RH
18α ( )18 D/ 18 D′

n( )1 - RH

where RH is relative humidity in decimal; n is 0.58; D and D' 
are diffusion coefficients of water and heavy water in the atmo‐
sphere. The values of 2D/2D' and 18D/18D' are 1.024 and 1.028 9, 
respectively (Stewart, 1975).

In the model of Froehlich et al. (2008), it was not clear 
how to calculate the residual fraction of raindrop evaporation. 
In this study, we used a method by Wang et al. (2016) to con‐
sider the remaining rate of raindrops as the mass change of wa‐
ter droplets from the cloud base to the ground surface.

f =
mend

mend + mev

where mend is the mass of raindrops reaching the ground, and 
mev is the mass lost by evaporation which can define as

mev = Eevt

where Eev and t represent the evaporation intensity and fall time 
of raindrop, respectively. The falling time is

Table 1 The monthly-event weighted values of δ2H, δ18O and d-excess at 

ground and cloud base for each year at Urumqi Glacier No. 1 

from May to October

Sampling date

2008

2009

2010

2011

May

June

July

August

September

October

May

June

July

August

September

October

May

June

July

August

September

October

May

June

July

August

September

October

δ2H 

(‰)

-40.1

-41.7

-33.8

-50.1

-48.6

-111.9

-64.8

-59.3

-39.7

-29.8

-91.0

-78.1

-69.8

-64.2

-21.5

—

-61.9

-114.7

-61.0

-61.3

-33.7

-28.6

-0.25

—

δ18O 

(‰)

-7.0

-6.1

-6.0

-8.9

-9.4

-16.5

-11.4

-9.4

-7.0

-4.9

-13.7

-12.7

-8.3

-8.6

-3.8

—

-9.4

-15.4

-8.9

-9.3

-6.7

-5.3

-2.3

—

d-excess (‰)

Ground

15.6

7.4

13.9

21.1

26.8

20.5

26.1

15.9

16.4

9.4

18.3

23.1

-3.4

4.7

8.7

—

13.3

8.5

10.5

13.5

19.8

14.0

18.5

—

Cloud 

base

38.7

31.2

24

37.3

38.6

20.5

26.1

22.8

24.7

21.4

27.7

23.1

0

12

21.7

—

14.9

8.5

15.7

17.5

31

26.8

33.5

—

Δd

-23.1

-23.8

-10.1

-16.2

-11.8

0.0

0.0

-6.9

-8.3

-12.0

-9.4

0.0

-3.4

-7.3

-13.0

—

-1.6

0

-5.2

-4.0

-11.2

-12.8

-15.0

—

n

10

18

17

11

10

3

9

13

14

9

8

4

10

12

11

0

3

1

4

13

10

14

2

0
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t =
Hcb

vend

where Hcb is the height of the cloud base in m and vend is the fi‐
nal velocity of a raindrop in m/s. The shape change of rain‐
drops is ignored and regarded as spherical, and its mass can ex‐
press as

mend =
4
3

πr 3
end ρ

where rend is the radius of the raindrops, and ρ is the density of 
water.

Raindrop evaporation rate can be calculated following 
(Kinzer and Gunn, 1951).

Eev = Q1Q2

Q1 is a function of ambient temperature and diameter of a 
raindrop in cm; Q2 is a function of ambient temperature and rel‐
ative humidity in g/(cm·s). In this study, we use the experimen‐
tal data of Kinzer and Gunn (1951) and use bilinear interpola‐
tion to obtain Q1 and Q2 under different meteorological condi‐
tions (Wang et al., 2016).

The following formula calculates the end velocity of a 
raindrop.

vend =

ì

í

î

ï

ï
ïïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

9.58e0.035 4Hcb

é

ë

ê
êê
ê ù

û

ú
úú
ú1 - e

-( )D
1.77

1.147

, 0.3 ≤ D < 6.0

1.88e0.025 6Hcb

é

ë

ê
êê
ê ù

û

ú
úú
ú1 - e

-( )D
1.304

1.817

, 0.05 ≤ D < 0.3

28.40D2e0.017 2Hcb, D < 0.05

Here, D is diameter of raindrops in mm. Hcb calculates by 
lifting condensation level (Fletcher and Bretherton, 2010).

Hcb = 18 400 (1 +
tmean

273 ) lg
P0

PLCL

tmean is the average temperature (℃ ) between lifting condensa‐
tion level and surfaces, which calculates by the arithmetic 
mean value of the air temperature between the surface and 
LCL; P0 and PLCL are air pressure (hPa) at surface and LCL.

PLCL = P0( TLCL

T0 ) 3.5

TLCL and T0 are air temperature (K) at LCL and surface. TLCL cal‐
culates by the empirical formula (Barnes, 1968).

TLCL = Td - (0.001 296Td + 0.196 3) (T0 - Td )
where Td and T0 are the dew point temperature and surface air 
temperature (℃) at the sampling site. According to an assess‐
ment of multiple empirical formulas by Górnicki et al. (2017), 
the optimal equation in determining the dew point is

Td =
237 ( )lg RH +

7.5T
237 + T

7.5 - lg RH - 7.5T
237 + T

where Td and T are dew point and air temperature in ° C, and 
RH is relative humidity in decimal.

The raindrops diameter can be calculated by an empirical‐

ly derived formula as follow (Wang et al., 2021).

D = 0.474 8 + 1.459 6 (1 - e-0.124 3P )
where P is daily precipitation amount in mm.

2 RESULTS AND DISCUEEION 
2.1 Variations of d-Excess in Precipitation and Water 
Lines for Different Meteorological Conditions　
2.1.1 Influence of precipitation amount　

According to 206 event-based precipitation samples col‐
lected at Urumqi Glacier No. 1 from May 2008 to October 
2011, the δ2H- δ18O correlation equation of the initial value of 
isotopes in precipitation obtained, and the correlation equation 
of δ2H-δ18O can be calculated as follow.

δ 2H = 7.08δ 18O + 6.18, R2 = 0.93

We weighted the monthly precipitation of hydrogen and 
oxygen isotopes in the collected precipitation samples, and ob‐
tained the linear correlation equation of δ2H and δ18O based on 
the amount-weighted monthly average of precipitation.

δ 2H = 7.46δ 18O + 11.33, R2 = 0.93

The slope of the δ2H- δ18O correlation equation at Urumqi 
Glacier No. 1 is lower than that of GMWL, both on event-based 
and monthly-weighted. However, the slope in initial precipitation 
is different from that in the monthly precipitation. As a result, the 
difference in the slope of meteoric water lines between event-
based precipitation samples and monthly-weighted precipitation 
samples may be related to the isotopic composition of minor 
rainfall events (Peng et al., 2010). To further explain the reason 
for the difference and analyze the influence of sub-cloud sec‐
ondary evaporation, all the 206 precipitation samples were clas‐
sified into rainfall and snowfall. Rainfall events were further di‐
vided into five groups with different gradient ranges according 
to the precipitation amount (Table 2). In this study, the slope of 
the δ2H-δ18O correlation equation in 18 snow samples is 8.68, 
which is above the slope (8) of GMWL and indicates that the 
influence of the secondary evaporation on snowfall is weak. 
Moreover, the slope (7.08) and the intercept (6.18) of all the 
initial precipitation samples are higher than that in all the rain‐
fall samples, mainly due to the impact of snowfall events. The 
rain is more susceptible to secondary evaporation than snow‐
fall during precipitation.

As shown in Table 2, with the decreasing of rainfall 
amount, the values of d-excess, slope and intercept of the δ2H-
δ18O correlation equation have also decreased. The d-excess in 
raindrops decreased from 18.58‰ (P > 15 mm) to 8.39‰ (0 
mm < P ≤ 1 mm). The slope decreased from 7.04 (P > 15 mm) 
to 6.51 (0 mm < P ≤ 1 mm), while the intercept decreased from 
10.36‰ (P > 15 mm) to 0.31‰ (0 mm<P ≤ 1 mm). The reason 
for these differences of slope should be that in small rainfall 
events, the water vapor pressure is an unsaturated state in 
which the raindrops evaporate with isotope fractionation (Dans‐
gaard, 1964). While in the larger rainfall events, the atmospher‐
ic moisture content is close to saturated, and the secondary 
evaporation is weak (Wang et al., 2016; Zhu et al., 2016). The 
slope and intercept of δ2H-δ18O correlation equation in precipi‐
tation are reduced due to the isotope fractionation by the influ‐
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ence of secondary evaporation and isotopic exchange in rain‐
drops during landing (Stewart, 1975). The stronger the kinetic 
fractionation, especially the raindrops in small precipitation 
events, the lower the slope, and intercept of the δ2H-δ18O corre‐
lation equation, the secondary evaporation is more intense 
(Zhu et al., 2016; Chen et al., 2015).

2.1.2 Influence of air temperature　
The 188 rainfall samples are divided into three groups ac‐

cording to different air temperature ranges, and the fitting pa‐
rameters of δ2H-δ18O correlation equation are analyzed within 
each interval. The values of δ18O and d-excess, slope, and inter‐
cept of δ2H- δ18O correlation equation in individual precipita‐
tion events collected at different temperature intervals are 
shown in Table 3. Among all the rain samples, when tempera‐
ture increased from the range of T ≤ 0 ℃ to the range of T ≥ 
5 ℃ in the three intervals, the values of d-excess and the slope 
decreased from 15.5‰ to 8.0‰, and from 7.34 to 6.26, respec‐
tively, which indicated that the sub-cloud secondary evapora‐
tion effect was more intense with the increasing of tempera‐
ture. While the values of δ18O increased from -12.4‰ to -3.1‰ 
with the increasing of temperature, which showed a visible 
temperature effect of precipitation isotope at Urumqi Glacier 
No. 1 (Song et al., 2019; Dansgaard, 1964). The variation of 
isotopes in precipitation was related to the temperature around 
the water vapor when it condensed. When the hot air rises to 
the low-pressure region, adiabatic expansion and thermal radia‐
tion lead to the cooling of air mass (Fontes, 1980). Compared 
with the low temperature, the sub-cloud secondary evaporation 
is more intense at the high temperature, and the effect of sec‐
ondary evaporation is more evident than that at the low temper‐
ature. When air temperature reaches dew point temperature, at‐
mospheric water vapor condenses in thermodynamic equilibri‐
um to form precipitation. As the air mass carrying water vapor 
moves from its water vapor source to the continent, it may con‐
tinually experience condensation and precipitation processes, 
leaving the air mass with less water vapor. Along with the path 

of air mass, the δ2H and δ18O are continuously distilled from 
the water vapor during precipitation. With the transformation 
of water from solid to liquid and gaseous states, heavy isotopes 
are distilled with the vapor during evaporation fractionation. 
Based on the Rayleigh distillation, the isotopes δ2H and δ18O in 
the water vapor gradually decrease. The correlation equation of 
δ2H-δ18O is influenced by temperature and isotopic values.

2.1.3 Influence of relative humidity　
The rainfall and snowfall are affected by secondary evapo‐

ration differently from cloud base to ground, especially for 
small rainfall (Wang et al., 2016; Zhu et al., 2016; Chen et al., 
2015). Therefore, the rainfall samples are further divided into 
light rainfall (0 mm < P ≤ 5 mm, n = 96) and snow samples 
(n = 18). The light rainfall and snow samples were grouped ac‐
cording to different ranges of relative humidity to investigate 
the effect of relative humidity on the slope of δ2H-δ18O correla‐
tion equation (Fig. 2).

The slope and intercept of the rainfall samples (0 mm < 
P < 5 mm) vary greatly, with the average values being 7.25‰ 
and 6.01‰ respectively, and the maximum variations being 
26.25% and 468.33% respectively. The slope and intercept of 
the snow samples vary slightly, with the average values being 
8.53‰ and 22.38‰, respectively, and the maximum changes 
being 5.05% and 7.18%, respectively. The slope of light rain‐
fall samples changes obviously than that of snow samples. 
When the relative humidity and the rainfall were large, the vari‐
ation of slope was slightly. The influence by the relative humid‐
ity on the slope is greatly in light rainfall samples. The d-
excess value in light rainfall samples (0 mm < P < 5 mm) has a 
large change with the average value of 12.6‰, and the maxi‐
mum variation is 131.24%. The variation of d-excess value in 
snow samples is tiny, and the average value is 16.7‰, and the 
maximum variation amplitude is 53.99%.

Due to the isotope fractionation of non-equilibrium sec‐
ondary evaporation, rainwater is enriched in heavy isotopes 
and has higher hydrogen and oxygen heavy isotope values. Un‐

Table 3 Observed data parameter values which isotopic characteristics affected by the temperature at Urumqi Glacier No. 1

Temperature (℃)

≤0

0–5

≥5

Number of samples

35

100

53

d-excess (‰)

15.5

14.2

8.0

Slope

7.34 ± 0.53

7.04 ± 0.22

6.26 ± 0.27

Intercept (‰)

7.24 ± 6.98

7.04 ± 1.92

2.52 ± 1.57

R2

0.85

0.91

0.90

Table 2 Number of samples, total precipitation amounts, and δ2H-δ18O correlation parameters for snow and rain (different amount ranges) collected at 

Urumqi Glacier No. 1 

Samples

Total Samples

Snow Samples

Rain Samples

0–1 mm

1–2 mm

2–5 mm

5–15 mm

> 15 mm

Number of samples

206

18

188

20

19

57

78

14

d-excess (‰)

12.69

16.30

12.04

8.39

8.24

10.80

15.20

18.58

Slope

7.08 ± 0.14

8.68 ± 0.38

6.96 ± 0.14

6.51 ± 0.46

6.29 ± 0.44

7.43 ± 0.24

7.0 ± 0.23

7.04 ± 0.96

Intercept (‰)

6.18 ± 1.27

23.43 ± 4.33

5.31 ± 1.30

0.31 ± 3.56

-0.46 ± 3.23

6.93 ± 2.14

7.15 ± 2.17

10.36 ± 8.81

R2

0.93

0.97

0.93

0.92

0.92

0.95

0.93

0.82
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der conditions of gradually increasing rainfall or continuous 
rainfall, the water vapour content of the atmosphere gradually 
becomes saturated, and the relative humidity gradually increas‐
es. The secondary evaporation is weaker, leading to depletion 
of heavy isotopes in the raindrops. As the relative humidity de‐
creases, the secondary evaporation is significantly enhanced, d-
excess values decrease, and the δ18O increased in precipitation 
influenced by the sub-cloud secondary evaporation. Converse‐
ly, when the relative humidity increases, the secondary evapo‐
ration relatively weaken. Precipitation is mostly concentrated 
in the spring and summer seasons, and the lower d-excess in 
precipitation events is influenced by secondary evaporation of 
stable isotopes during precipitation, especially for some precip‐
itation processes with small amounts and shorter duration 
(Meng and Liu, 2010). Therefore, we consider that the effect 
on precipitation by relative humidity likely reflects the second‐
ary evaporation at Urumqi Glacier No. 1.

2.2 Variations of Raindrop Evaporation and Δd　
The evaporation intensity of raindrops (Eev) at Urumqi 

Glacier No. 1 ranges from 0.05 to 2.37 μg·s-1, with an average 
value of 0.67 μg·s-1 and a median value of 0.60 μg·s-1. Because 
of the high temperature and high evaporation intensity, the 
evaporation rate of raindrops increased from July to Septem‐
ber, and the increase was comparable in the four-year observa‐
tion period (Fig. 3). Previous researches had also shown that 
the evaporation intensity of raindrops presented a seasonal vari‐
ation of high in summer and low in winter, mainly due to the 
vigorous evaporation by high temperatures in summer. In con‐
trast, the evaporation was weaker in winter when the air tem‐
perature was usually below zero (Wang et al., 2016, 2013). In 
this study, the temperature of the snowfall events was all less 
than 0 ℃, the drop evaporation was negligible and the residual 
fractions were close to 100%. Therefore, we only need to calcu‐
late the variation of d-excess in raindrops falling from the base 
of clouds to the ground during rainfall events in this study.

The residual fraction of raindrop mass after evaporation 
(f) is one of the essential parameters of secondary evaporation. 
The value of f in rainfall events at Urumqi Glacier No. 1 is cal‐
culated by formulas 7 to 17. Based on the droplet experiment 

Figure 2. The effect of secondary evaporation influenced by relative humidity for small rain samples ((a), 0 mm < P ≤ 5 mm) and snow samples (b).

Figure 3. Monthly variation of Eev in precipitation at Urumqi Glacier No. 1.
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and the effect of sub-cloud secondary evaporation, these formu‐
las are generally used in liquid precipitation and liquid-solid 
mixed precipitation (Froehlich et al., 2008). Besides, combined 
with the meteorological conditions during the precipitation 
events, we can judge whether there is sub-cloud secondary 
evaporation effect in the mixed precipitation samples. There‐
fore, we only calculated the residual fraction of raindrop mass 
after evaporation at Urumqi Glacier No. 1, but not the snow 
samples or other solid precipitation. The f values in raindrops 
at Urumqi Glacier No. 1 range from 27.07% to 100%. As 
shown in Fig. 4, the f values in June to September were rela‐
tively higher than that in May, which was primarily due to the 
higher relative humidity and temperature than that in May. 
From June to August, the monthly change of f was not obvious 
as the relative humidity variation was not evident, and the f be‐
gan to decline gradually in October. In Tianshan, Wang et al. 
(2016) have also reported that the variation of f values ranged 
from 6.55% to 99.9%, and the remaining fraction in summer 
months (from April to October) than that in winter months 
(from November to March). In our study, the results showed 
that the residual fraction of raindrop mass was also higher in 
summer months in the glacierized region with low tempera‐
ture. Our study is similar to those of the above research, indi‐
cating that the residual fraction of raindrop mass at Urumqi 
Glacier No. 1 represents the essential characteristics of the gla‐
cierized area in the arid and semi-arid climate region of alpine 
basin.

Figure 5 and Table 1 illustrate the monthly variation of d-
excess values (Δd) in raindrops from the cloud base to surface 
ground during the four-year observation period at Urumqi Gla‐
cier No. 1. The variation of d-excess values in daily precipita‐
tion varied from -71.4‰ to -0.01‰, and the mean value is 
-13.5‰. On the monthly basis, the Δd values vary from 
-23.43‰ to 0, and the mean value is -8.9‰. The Δd values in 
May were lower than those in June to September, which was 
primarily due to the lower relative humidity and temperature 
than that in June to September. From June to August, the 
monthly change of f was not obvious as the relative humidity 
variation was not evident. The variation of Δd in precipitation 
is consistent with the residual fraction of raindrop mass (Fig. 
4), indicating a correlation between Δd and f in precipitation.

2.3 Correlation between f and Δd　
As demonstrated in Froehlich et al. (2008), the residual 

fraction of raindrop mass in European Alps was greater than 
90%, in which had a linear relationship between f and Δd with 
the slope of the correlation equation of Δd-f was close to 
1.1‰/% . There is a significant positive correlation (approxi‐
mately 0.90‰/%) between f and Δd of raindrop (Fig. 6), which 
means that for every 1% increase in f, the values of d-excess 
decreases by 0.90‰ at Urumqi Glacier No. 1. When the f was 
higher than 95%, linear relationship between f and Δd is good 
with a slope of 1.04 (R2 = 1), which is closer to 1.1. According 
to the relationship between f and Δd in precipitation at Urumqi 

Figure 5. Monthly variation of Δd in precipitation at Urumqi Glacier No. 1.

Figure 4. Monthly variation of f in precipitation at Urumqi Glacier No. 1.
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Glacier No. 1, the slope of linear relationship between f and Δd 
is from 0.85 (2010) to 0.93 (2008) (Table 4). Based on previ‐
ous studies, when the f is above 95%, the correlation between f 
and Δd is approximately 1‰/% (1.1‰/% – 1.2‰/% ), which 
means that for every 1% increase in evaporation, reduction in 
d-excess by approximately 1.1‰ to 1.2‰ (Wang et al., 2016; 
Kong et al., 2013; Froehlich et al., 2008). With the decrease of 
evaporation residual ratio, the increase of temperature, and the 
decrease of relative humidity, the above linear relationship of 
1.1‰/% gradually weakens. The linear relationship between 
the residual fraction of raindrop mass after evaporation and the 
variation of d-excess is 0.9‰/% at Urumqi Glacier No. 1, 
which indicated that the constant linear relationship of approxi‐
mately 1.1‰/% was not suitable for Urumqi Glacier No. 1. In 
our study, many of the mass (The f above 95% accounts for 
50%) haven’ t been evaporated when raindrops falling, and the 
linear relationship between f and Δd was apparent. The conclu‐
sions obtained under wet conditions in previous studies can al‐
so confirm at Urumqi Glacier No. 1. Nevertheless, with de‐
creasing the value of f, it is unreasonable to apply the linear re‐
lationship of about 1.1‰/% (Wang et al., 2016).

2.4 Meteorological Controls　
The relationship between f and Δd in precipitation is relat‐

ed to different meteorological conditions (Kern et al., 2020; 
Wang et al., 2016). Figure 7 shows the relationship between f 
and Δd in precipitation on different meteorological conditions 
at Urumqi Glacier No. 1, including temperature, relative hu‐
midity and precipitation amount. At the temperature between 0 
and 4 ℃ , the slope of Δd-f correlation is 0.90, lower than 1 
slightly (Fig. 7a). While when the temperature is between 4 
and 6 ℃ , the slope is 0.92 (Fig. 7b). At the temperature is 
above 6 ℃, the slope is 0.87 (Fig. 7c). At the relative humidity 
is less than 70%, the slope is 0.90 which reflects the low corre‐
lation between f and Δd (Fig. 7d). The correlation between f 
and Δd is lower when the relative humidity is between 70% 
and 90%, with the slope of 0.79 (Fig. 7e). When the relative hu‐

midity is above 90% and close to 100%, the slope is 0.96 high‐
er than 0.90 slightly (Due to the few points in the graph, there 
may be significant errors of the results) (Fig. 7f). The variation 
of the slope of the interrelationship between f and Δd is in‐
creased with the increasing of precipitation (Figs. 7g, 7h, 7i). 
When the amount of precipitation is lower than 5 mm, the 
slope is 0.90. When the amount of precipitation is between 5–
10 mm, the slope is 1.05 slightly higher than 1. While when the 
amount of precipitation is above 10 mm, the slope increases to 
1.07 higher than 1. In a nutshell, when the temperature is low 
and the relative humidity is high, the residual fraction of the 
raindrop is large and the Δd is low even close to 0, and the 
slope of the Δd-f correlation is lower than 1. When the tempera‐
ture is high and the relative humidity is low, the residual frac‐
tion of the raindrop is low and the Δd is high. The researches in 
Arid area in China have also indicated that the correlation be‐
tween f and Δd is obvious under the conditions of low tempera‐
ture, high relative humidity and high precipitation. Conversely, 
the linear relationship is not obvious under the condition of 
high temperature, low relative humidity and low precipitation 
(Kern et al., 2020; Wang et al., 2016). Therefore, the influence 
of different meteorological environments on sub-cloud second‐
ary evaporation of precipitation cannot be ignored.

Figure 8 shows the relationship between Δd and four me‐
teorological parameters in precipitation at Urumqi Glacier No. 
1. When the temperature was below 0 ℃, the Δd value was 0, 
due to the precipitation were mainly snowfall, and the sub-

Table 4 Relationship of evaporation remaining fraction and Δd for each 

year 

Year

2008

2009

2010

2011

Liner regression

Δd = 0.93f - 93.04

Δd = 0.86f - 86.23

Δd = 0.85f - 85.02

Δd = 0.88f - 88.51

Coefficient of determi‐

nation (R2)

0.98

0.98

0.99

0.98

Figure 6. Relationship between f and Δd in precipitation events at Urumqi Glacier No. 1 during the observation period.
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cloud evaporation was usually negligible (Fig. 8a). With the in‐
creasing of temperature from 0 ℃, the Δd value decreased sig‐
nificantly. As the relative humidity increased, the Δd value in‐
clined to 0. While when the relative humidity ranged from 90% 
to 100%, the change of Δd value was little (Fig. 8b). When the 
amount of precipitation was low, the Δd value changed greatly 
from 0 to -80‰ (Fig. 8c). While with the increasing precipita‐
tion amount, the change of Δd value was small and even closed 
to 0. While with the raindrop diameter increased, the Δd value 
also ended to be 0 (Fig. 8d). The effect of the four meteorologi‐
cal parameters on Δd is similar to that in Tianshan Mountains, 
and the effect of relative humidity is more obvious (Wang et 
al., 2016).

The observation of raindrops diameter is minimal at the 
glacial area in Tianshan. There are reports of raindrop diame‐
ters on the north and south slopes, and the mountainous areas 
of the Tianshan. The raindrops diameters at Urumqi Glacier 
No. 1 range from 0.47 to 1.99 mm, with an average value of 
1.13 mm, and the mid-value of 1.14 mm. The change of rain‐
drop diameter also has a certain influence on the strength of 
secondary evaporation (Ma et al., 2020; Wang et al., 2016). 
Therefore, the f and Δd values in raindrops are recalculated 
with the constant diameter from 0.4 to 1.9 mm by a step width 
of 0.1 mm (Fig. 9). The effect of raindrop diameter on f and Δd 
in precipitation is obvious. When the raindrop diameter is 
above 1 mm, the f is larger than 90% and the values of Δd are 
higher than -10‰. When the raindrop diameter is lower than 1 

mm, the Δd is lower than -20‰. Therefore, the influence of 
raindrops diameter on f and Δd cannot be ignored at Urumqi 
Glacier No. 1. When using the Stewart model, it is not advis‐
able to consider the raindrop diameter as a constant in this 
study area.

3 CONCLUSION 
In this study, the influence of meteorological parameters 

on sub-cloud secondary evaporation in terms of its isotopic 
composition is investigated. The variation of d-excess values 
and the parameters of the δ2H-δ18O correlation equation in dif‐
ferent meteorological conditions suggest a secondary evapora‐
tion effect under the clouds in this area. The slope and intercept 
of the δ2H-δ18O correlation equation and the d-excess values in‐
creased with the increasing of precipitation amount. The results 
suggest that secondary evaporation is significant when the rain‐
fall event is small, while it is not significant for the snow sam‐
ples. Except for the precipitation samples below 0 ℃, the val‐
ues of d-excess, slope and intercept decreased with the temper‐
ature increased, and the influence of secondary evaporation in 
precipitation enhanced. In addition, as the samples below 0 ℃ 
are generally snow samples, the secondary evaporation effect 
is not apparent. With the relative humidity increase, d-excess 
value, slope and intercept decrease, which indicated that the 
secondary evaporation enhanced. The values of f and Δd in 
raindrops from cloud base to ground are simulated quantitative‐
ly using the Stewart model at Urumqi Glacier No. 1 from May 

Figure 7. Relationship between f and Δd in daily precipitation at different meteorological conditions at Urumqi Glacier No. 1 from 2008 to 2011. Air tempera‐

ture (T, (a)–(c)), relative humidity (RH, (d)–(f)), precipitation amount (P, (g)–(i)).
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to September. The results show that the values of d-excess de‐
creased from the cloud base to the ground. There is a certain 
correlation between the f and Δd (R2 = 0.98, p < 0.01) in the 
event-based precipitation of Urumqi Glacier No. 1. For every 
1% increase in evaporation, the d-excess in the raindrops de‐
creased by 0.90‰ approximately. When the remaining fraction 
of raindrop mass is above 95%, the regression slope between f 
and Δd is close to 1%/‰ , and the liner correlation is good, 
with the raindrop mass evaporation increases by 1%, d-excess 
in precipitation decreases by approximately 1.04‰. In the high 
temperature, low relative humidity, small raindrop diameter 
and amount of precipitation environment, the values of f are 
small and the values of Δd are large. While in the high relative 
humidity, low temperature, large raindrop diameter and amount 
of precipitation environment, the f values are large and the Δd 
values are small relatively.

In the alpine and cold regions, especially in the glacier‐
ized area, the constant linear relationship of approximately 1‰ 

between evaporation of raindrop and d-excess should not be 
quoted directly. Not only the influence of meteorological fac‐
tors on sub-cloud secondary evaporation on precipitation, but 
also the influence of raindrop diameter should be considered. 
When using the isotope-evaporation model, due to the change 
of the value method, the practicability of the parameters should 
be fully considered and optimized. At Urumqi Glacier No. 1 
with limited observation conditions, it is necessary to use the 
optimized parameter model for quantitative evaluation in pre‐
cipitation.
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