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Abstract: The deuterium excess in precipitation is an effective indicator to assess the existence of
sub-cloud evaporation of raindrops. Based on the synchronous measurements of stable isotopes of
hydrogen and oxygen (δ2H and δ18O) in precipitation for several sites in Lanzhou, western China,
spanning for approximately four years, the variations of deuterium excess between the ground and
the cloud base are evaluated by using a one-box Stewart model. The deuterium excess difference
below the cloud base during summer (−17.82‰ in Anning, −11.76‰ in Yuzhong, −21.18‰ in
Gaolan and −12.41‰ in Yongdeng) is greater than that in other seasons, and difference in winter
is weak due to the low temperature. The variations of deuterium excess in precipitation due to
below-cloud evaporation are examined for each sampling site and year. The results are useful to
understand the modification of raindrop isotope composition below the cloud base at a city scale,
and the quantitative methods provide a case study for a semi-arid region at the monsoon margin.

Keywords: raindrop evaporation; deuterium excess; precipitation; Lanzhou

1. Introduction

The sub-cloud evaporation refers to the evaporation of the raindrops during their trip
through the unsaturated atmosphere from the cloud base to the land. The influence of
below-cloud evaporation on the isotopic signatures of rain depends on the meteorological
environment (such as air temperature and relative humidity) in the atmosphere, on the
original drop radius in the cloud as well as on the stable isotopes of the surrounding
moisture where the drop travels [1,2]. For the isotopic ratios when the raindrop forms
at the early stage, the raindrops usually tend to attain an equilibrium condition with the
ambient moisture [3]. Light isotopes are depleted in advance while heavy isotopes in
raindrops are enriched [4–6], showing that there has been a decrease in the deuterium
excess or d which equals δ2H − 8 × δ18O [7]. The evaporation and condensation are
impacted by the different climate parameters [8,9], and the deuterium excess in meteoric
water is also sensitive to these climate conditions [10–12], causing that the deuterium
excess can be a useful indicator to trace the source of water vapor and assess the potential
existence of the sub-cloud evaporation [13–16].

Regarding the assessment of below-cloud evaporation associate to deuterium excess,
the Stewart model has been widely used. Applying the droplet evaporation model under
laboratory conditions, Stewart [1] investigated the relationship between isotope fractiona-
tion and proportions of evaporation at varied backgrounds. Froehlich et al. [17] modified
the Stewart model and then presented a simple frame to assess the change in deuterium
excess due to evaporation. However, a few parameters used in the model [17] are not
well-defined, and clearer parameterization is still needed [18]. For example, Wang et al. [19]
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used a sphere-based method to estimate the raindrop remaining fraction, which shows
a wide range of raindrop remaining fraction in the arid climate setting and may be more
suitable for arid and semi-arid regions. These modified Stewart models are applied to other
different regions [20–22].

At a small spatial scale, the influence of deuterium excess on precipitation greatly
depends on the topography as well as the meteorological conditions with the region, so a
detailed understanding of the below-cloud evaporation needs synchronous observations
for surrounding sites. Here we focused on a city-scale measurement in Lanzhou at the
margin of the Asian monsoon. This region has been examined for the precipitation isotopes
in recent years [23–26]. However, a Stewart model-based quantitative assessment about
the isotopic modification below cloud base is still limited in Lanzhou, and the details about
inter-annual variability and spatial incoherence of raindrop evaporation are not clear for
this region. The objective of this study is (1) to assess the deuterium excess variation in
precipitation from the cloud base to the land surface; (2) to discuss the influence of main
parameters on the deuterium excess difference; and (3) to clarify the linkage between the
remaining fraction of raindrop and variation of deuterium excess.

2. Data and Method
2.1. Sample Collecting

The Lanzhou City, capital of the Gansu Province of China, is located at the western
part of the Chinese Loess Plateau (Figure 1). To understand the isotope hydrology at the
monsoon marginal region, the Northwest Normal University (NWNU) set up in 2011 an
observation network of isotopes in precipitation [24]. Within this framework, four sampling
stations cover the central urban area (Anning) and also three surrounding counties (i.e.,
Yuzhong, Gaolan and Yongdeng). The liquid samples were collected in time after the
end of each rain or snow event; some large amount events were collected repeatedly
considering fixed time intervals. The samples were placed in HDPE bottles with seals
and stored in a refrigerator. Solid samples (such as snow or hail) were not filled until
they were melted at the room temperature inside the LDPE bags. The water samples were
isotopically analyzed using a liquid water isotope analyzer (DLT-100, Los Gatos Research,
Inc., Mountain View, CA, USA) in the College of Geography and Environmental Science,
NWNU, with a precision of ±0.2‰ and ±0.6‰, for δ18O and δ2H (delta notation relative
to VSMOW), respectively [24]. In this study, the period from April 2011 to October 2014
previously analyzed [24] was reexamined; see Chen et al. [24] for the basic characteristics
of precipitation isotopes in Lanzhou during this period.
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2.2. Methods

According to previous studies [1,17], the difference of deuterium excess during the
falling duration, i.e., ∆d, is caused by evaporation according to the formula:

∆d =

(
1−

2γ
2α

)(
f

2β − 1
)
− 8

(
1−

18γ
18α

)(
f

18β − 1
)

(1)

with 2α and 18α the kinetic fraction factors [27,28] expressed as:

2α = exp
(

24.844× 103

T2 − 76.248
T

+ 52.612× 10−3
)

(2)

18α = exp
(

1.137× 103

T2 − 0.4156
T
− 2.0667× 10−3

)
(3)

where T is the condensation temperature (K), and f is the remaining fraction of mass. The
values of 2γ, 18γ, 2β and 18β [1] are defined as:

2γ =
2αRH

1− 2α(2D/2D′ )n
(1− RH)

(4)

18γ =
18αRH

1− 18α(18D/18D′ )n
(1− RH)

(5)

2β =
1− 2α

(2D/2D′
)n
(1− RH)

2α(2D/2D′ )n
(1− RH)

(6)

18β =
1− 18α

(18D/18D′
)n
(1− RH)

18α(18D/18D′ )n
(1− RH)

(7)

with RH the relative humidity. 2D/2D′ and 18D/18D′ equal to 1.024 and 1.0289, respec-
tively [1,29], and n is 0.58.

The raindrop is treated as a spheroid, and the remaining fraction can be expressed as
in Wang et al. [19]:

f =
mend

mend + mev
(8)

with mend and mev the mass touching the land surface and evaporated raindrop mass,
respectively; mev is expressed as product of the evaporation intensity and the time required
to drop to cover the distance from the cloud base. The fall time is estimated using the cloud
base height and the falling velocity when a constant motion is assumed. The terminal
velocity of a raindrop with drop diameter and cloud base height can be calculated based
on Best [30]. The altitude of cloud base is calculated using lifting condensation level
(LCL) [19,31,32].

Evaporation intensity of a raindrop can be expressed to be a product using Q1 (in cm)
and Q2 (in g cm−1 s−1); here Q1 is a function of the temperature and raindrop size, and Q2
is of the temperature and relative humidity [33]. Based on the experimental data by Kinzer
and Gunn [33], the values of Q1 and Q2 at actual conditions are acquired using a bilinear
interpolation as suggested by Wang et al. [19]. The median diameter of the raindrop is
estimated using precipitation intensity [34]. Here we calculated that the median diameters
of raindrops at Anning range from 0.4 to 1.7 mm, at Yuzhong from 0.4 to 1.9 mm, at Gaolan
from 0.4 to 1.6 mm and at Yongdeng from 0.4 to 2.0 mm, respectively.

A raindrop is usually assumed to be a sphere, so mend can be expressed as:

mend =
4
3
πr3

endρ (9)
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with rend the radius of the raindrop touching the land surface and ρ and the density
of water.

3. Results and Discussion
3.1. Raindrop Diameter, Velocity and Evaporation Intensity
3.1.1. Raindrop Diameter

Figure 2 shows the frequency of precipitation events for different raindrop diameters
in Lanzhou from April 2011 to October 2014, when the temperature above zero. Raindrops
are mainly distributed in the range from 0.4 to 1.2 mm. The arithmetic mean and the
median equal both 1.0 mm; events with a raindrop diameter less than 1 mm account for
the 51.6% of the total number of precipitation events. At the four sites, raindrop diameters
range between 0.4 and 1.7 mm at Anning, between 0.4 and 1.9 mm at Yuzhong, between
0.4 and 1.6 mm at Gaolan and between 0.4 to 2.0 mm at Yongdeng, respectively.
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3.1.2. Raindrop Velocity

The size distribution of the above-mentioned raindrop diameters defines the value of
the terminal velocity. Figure 3 shows the frequency of rain events for different terminal
velocity values in Lanzhou from April 2011 to October 2014. The terminal velocity of all
rainfall events varies from 2.1 to 6.9 m/s; the most frequent rainfall events have terminal
velocities between 3 and 5 m/s. The number of rainfall events with terminal velocity values
between 2.5 and 4.5m/s is 123 at Anning (69.9% of the total), 123 (65.4% of the total) at
Yuzhong, 174 (73.4% of the total) at Gaolan and 189 (70.8% of the total) at Yongdeng.Water 2021, 13, x FOR PEER REVIEW 5 of 13 
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3.1.3. Raindrop Evaporation Intensity

Figures 4 and 5 illustrate the regional and monthly variation of raindrop evaporation
intensity in the study region. The range of evaporation intensity in precipitation is large;
the minimum is 0.026 ng/s and the maximum 4.9 ng/s. The evaporation rate changes
obviously with season, but its spatial difference is smaller, and the median is less than
1.0 ng/s among the four sites. On a monthly basis, as air temperature increases in summer,
evaporation rate presents a rising trend; it is relatively high from May to September and
starts to decrease after October. As shown in Figure 5, the change of evaporation rate
during the different years is generally similar.
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3.2. Deuterium Excess Difference for Each Site and Year

As shown in Figures 6 and 7, ∆d varies depending on the spatial and seasonal patterns,
similarly to the variation of f. The deuterium excess difference differs depending on the
site and on the season. According to the values of the median, the variation of ∆d in
precipitation is relatively smaller (more than 20‰) for the study region. During the winter
months, there is no variation of deuterium excess for some months. During the summer
months, variation of deuterium excess is much greater in the recent four years. Figure 7
shows that the variations of ∆d during the four years at the four sites are consistent with
the total changes shown in Figure 6. The variations of ∆d in precipitation for each site and
year reflect the climate background at different spatial and temporal scales.Water 2021, 13, x FOR PEER REVIEW 7 of 13 
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Table 1 exhibits the values for each sampling site in this study. The annual weighted
mean ∆d value varies from −17.84‰ (Gaolan) to −10.55‰ (Yuzhong); the four-year
arithmetic mean is −13.81‰; however, the lowest ∆d values were observed at Anning in
2013 (−24.39‰), and the highest ∆d value observed at Anning is −8.53‰ in 2014. On a
seasonal basis (Table 2), the annual weighted mean ∆d ranges from −17.50‰ to −10.30‰
during spring, between −21.18‰ and −11.76‰ during summer and between −12.48‰
and -8.50‰ during autumn, respectively. Overall, the deuterium excess difference below
the cloud base during summer (−17.82‰ in Anning, −11.76‰ in Yuzhong, −21.18‰ in
Gaolan and −12.41‰ in Yongdeng) is greater than that in spring and autumn; in addition,
the amplitude of variation of ∆d between the land surface and the cloud base during
summer is greater than in spring and autumn. The results in Table 2 are consistent with
seasonal variations shown in Figures 6 and 7.

3.3. Climate Parameters and Deuterium Excess Difference

In Figure 8a, when the air temperature is very low, there is no liquid raindrop and
the sub-cloud evaporation can be neglected for the cold environment. In Figure 8b, small
precipitation can be widely seen, although larger precipitation corresponds the low evapora-
tion. For the relative humidity in Figure 8c, high humidity usually means low below-cloud
evaporation. In Figure 8d, very large raindrop may result in low evaporation. Although
the amplitude of the variation of deuterium excess is close to −200‰ during individual
precipitation events, these correspond to the minimal rainfall intensity and amount. If
precipitation is weighted, this phenomenon may not appear. The results about the climate
parameters are of help to understand the raindrop evaporation and deuterium excess
difference especially in the semi-arid regions.Water 2021, 13, x FOR PEER REVIEW 9 of 13 
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Table 1. Comparison of deuterium excess (d) in precipitation at land surface and cloud base for each year.

Site

d (‰)

2011–2014 2011 2012 2013 2014

Ground Cloud Base ∆d Ground Cloud Base ∆d Ground Cloud Base ∆d Ground Cloud Base ∆d Ground Cloud Base ∆d

Anning 9.38 24.32 −14.94 11.17 29.57 −18.40 8.23 22.93 −14.70 5.63 30.02 −24.39 10.22 18.74 −8.53
Yuzhong 11.96 22.51 −10.55 15.70 24.43 −8.73 10.60 19.22 −8.62 11.76 24.24 −12.47 10.45 24.12 −13.68
Gaolan 10.39 28.23 −17.84 22.26 38.30 −16.04 7.24 25.74 −18.49 9.60 24.88 −15.28 9.06 30.70 −21.64

Yongdeng 11.19 23.09 −11.90 12.28 25.46 −13.19 9.81 20.04 −10.22 11.47 25.34 −13.87 11.43 22.43 −11.00
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Table 2. Comparison of deuterium excess (d) in precipitation at land surface and cloud base for each season.

Site

d (‰)

Spring Summer Autumn Winter

Ground Cloud Base ∆d Ground Cloud Base ∆d Ground Cloud Base ∆d Ground Cloud Base ∆d

Anning

2011–2014 10.61 25.82 −15.21 8.10 25.92 −17.82 10.84 19.34 −8.50 13.22 13.22 0.00
2011 12.04 22.02 −9.98 10.00 33.10 −23.10 13.46 24.91 −11.45 8.97 8.97 0.00
2012 10.98 22.15 −11.17 6.10 23.91 −17.81 8.20 12.68 −4.48 11.69 11.69 0.00
2013 5.66 20.03 −14.38 2.14 25.14 −23.00 10.56 19.12 −8.56 14.10 14.10 0.00
2014 12.09 18.51 −6.42 9.80 20.75 −10.95 8.96 15.19 −6.23 n.s.

Yuzhong

2011–2014 14.09 24.39 −10.30 11.79 23.55 −11.76 11.06 19.89 −8.83 9.62 9.62 0.00
2011 19.57 30.65 −11.08 16.67 25.56 −8.89 13.13 21.70 −8.57 10.94 10.94 0.00
2012 12.20 21.53 −9.33 10.79 19.92 −9.13 5.89 11.04 −5.15 6.03 6.03 0.00
2013 15.56 30.11 −14.55 10.97 22.93 −11.95 11.98 24.72 −12.74 −0.92 −0.92 0.00
2014 18.44 41.87 −23.43 10.04 27.62 −17.58 11.09 18.87 −7.78 n.s.

Gaolan

2011–2014 10.14 27.64 −17.50 9.42 30.60 −21.18 14.50 24.00 −9.50 3.19 3.19 0.00
2011 26.91 37.31 −10.40 21.14 38.84 −17.70 25.26 32.29 −7.04 n.s.
2012 9.42 30.34 −20.92 4.08 25.50 −21.42 15.12 21.25 −6.13 n.s.
2013 11.61 37.55 −25.94 6.82 22.75 −15.93 13.54 25.07 −11.53 n.s.
2014 7.33 21.08 −13.74 11.71 45.42 −33.71 n.s. n.s.

Yongdeng

2011–2014 15.49 25.79 −10.30 8.44 20.85 −12.41 14.37 26.85 −12.48 8.35 8.35 0.00
2011 15.03 30.53 −15.50 8.42 24.12 −15.70 16.65 26.04 −9.39 17.06 17.06 0.00
2012 18.22 28.78 −10.56 6.11 16.68 −10.57 13.20 23.32 −10.12 3.14 3.14 0.00
2013 12.85 28.11 −15.26 10.27 20.67 −10.40 13.75 36.71 −22.96 13.05 13.05 0.00
2014 14.62 21.25 −6.63 9.66 22.86 −13.20 11.51 23.19 −11.68 n.s.

n.s., no precipitation sample in this period.
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3.4. Raindrop Evaporation and Deuterium Excess Difference

The remaining fraction varies depending on the specific site and the time period, and
it ranges from 2% to 100% (Figure 9). Considering the very weak below-cloud evaporation
in cold period, the winter evaporation remaining fraction are usually close to 100%. The
medians of f at the four sites all exceed 70%. Figure 10 illustrates the intra-annual variation
of f at the four sites in Lanzhou, indicating that the basic patterns are consistent to Figure 9.
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In many case studies, the ∆d and f have a good correlation [17–19], which is generally
consistent with this study (Figures 11 and 12), i.e., a 1% increase of evaporation may cause
deuterium excess in raindrop to reduce by approximately 1‰ (1.1‰ per 1% in this study).
Under conditions of low remaining fraction, the relationship is usually weak [19]. In An-
ning, Yuzhong, Gaolan and Yongdeng, the regression coefficients are 0.87‰, 1.09‰, 1.18‰
and 1.10‰ per 1%, respectively (Figure 11). In 2011, 2012, 2013 and 2014, the regression
coefficients are 1.03‰, 1.15‰, 1.18‰ and 1.09‰ per 1%, respectively (Figure 12). The results
in the study region are generally consistent with the previous findings, and the inter-annual
variations do exist during the sampling period. In addition, the spatial diversity of this
regression slopes can also be seen in such a small area.Water 2021, 13, x FOR PEER REVIEW 11 of 13 
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4. Conclusions

In this study, the difference of deuterium excess of raindrops from the cloud base to
the land surface is evaluated by using a model in order to discuss the influence of below-
cloud evaporation in Lanzhou, China, at the monsoon margin. The changes in deuterium
excess in summer are greater than in other seasons, and changes in winter are close to
zero due to the low temperature. Here we focus on the below-cloud evaporation effect on
raindrop stable isotopes in a city scale where the sampling sites are located closely, and the
variations of deuterium excess are examined for each sampling site and year. In this study,
different isotopic characteristics due to below-cloud evaporation can be seen due to the
meteorological controls. The results are useful to understand the modification of raindrop
isotope composition below the cloud base at a city scale, and the quantitative methods
used here provide a case study for raindrop evaporation assessment for a semi-arid region
at the monsoon margin.
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