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Abstract: Water cycle process will deeply affect water vapour isotope composition, in addition to the evaporation and
condensation processes, the exchange process is also a crucial process that influences isotopic variations. To explore the
mechanism of isotope exchange under isothermal saturation conditions, we developed an isotope exchange calculation
equation for water vapour (IECEWYV) based on the conservation of exchange quantity and conducted indoor trials with 100
20 control groups to validate the IECEWV. The experimental findings demonstrated that the isotopic values of water vapour
exhibited enrichment, depletion, and stabilisation during the exchange process when the droplet size first increased and then
stabilised, because of the interaction between the exchange state, isotopic gradients, and specific surface area of the droplets
according to IECEWV. The variation trend of IECEWV calculated isotopes in water vapour was consistent with experimental
value, with average maximum relative errors of 1.66 % for 6°H and 3.19 % for 6'%0, and IECEWYV analysis further indicates
25 isotopes exchange can lead to the hydrogen and oxygen isotope line of water vapour deviate from the origin. Furthermore, the
linear relationship between hydrogen and oxygen isotopes in water vapour after exchanged can be characterised by linear
clusters with the same slope, the d-excess of water vapour remains essentially constant. Future studies may combine the
IECEWYV with the Rayleigh fractionation model to explore the coordinated changes in precipitation and atmospheric water

vapour isotopes.

30 1 Introduction

Water vapour is the most active hydrological component in the global water cycle (Dar et al., 2020; Galewsky et al., 2016),
1
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constituting the direct source of precipitation (He et al., 2019; Qiang et al., 2019; Wang et al., 2016a), revealing that the isotopic
characteristics and mechanistic variations of water vapour and precipitation during the precipitation process are important for
comprehending the mechanisms of precipitation formation. The water vapour source is an important factor affecting isotopes,
for instance, water vapour over the Qinghai-Tibet Plateau primarily originates from the Bay of Bengal and westerlies (Wang
et al., 2021; Yao et al., 2013; Yu et al., 2016), manifesting characteristics of isotopic depletion and enrichment (Guo et al.,
2017; Zhang et al., 2019), respectively. Through advection and entrainment, water vapour feeding the cloud can significantly
affect the cloud droplet isotope composition (Spiegel et al., 2012a), in precipitation events governed by multiple water vapour
sources (Xu et al., 2022), rapid shifts in the source of water vapour distinctly impact precipitation isotopic values (Xu et al.,
2022) and vapour isotopic values owing to isotope fractionation. In addition, environmental factor variation will influence the
isotopic process (Moreno et al., 2021; Santos et al., 2022) leading to isotope composition changing of water vapour, and
researchers have further discerned "precipitation amount effects" and "temperature effects" (Dansgaard, 1964) in water vapour
isotopes (Xue et al., 2023).

Water cycle process significantly affect water vapour isotopic values, in addition to condensation and evaporation, the
exchange process also influences the isotopes of water vapour and the resulting precipitation. When precipitation occurs and
the cloud layer temperature continues to decrease (Yang et al., 2011), condensation becomes the primary driver of isotopic
changes (Gu et al., 2011). However, when the relative humidity reaches 100 %, if the isotopic gradient between the liquid
water and vapour is not balanced, in addition to the condensation process, isotopic exchange (Bai et al., 2021b; Galewsky et
al., 2016; Stewart, 1975) will occur between raindrops and the surrounding water vapour in the precipitation cloud layer.
Studies have confirmed that exchange leads to further isotopic depletion of water vapour (Bai et al., 2022b; Bai et al., 2021a)
and that the exchange process is related to the isotopic gradient, particle size, and exchange time (Friedman et al., 1962; Stewart,
1975), and when the isotopic balance is achieved, the isotopic value of the droplet is independent of its size (Spiegel et
al., 2012b). With reference to the calculation equation, the changing process of heavy molecules can be determined, which
subsequently yields the isotopic values of raindrops after exchange.

The linear relationship between hydrogen and oxygen isotopes has been widely studied in isotope hydrology, and exchange
process may change the linear relationship between hydrogen and oxygen isotopes in precipitation and water vapour.
Researchers have found that the slope of this linear relationship is predominantly controlled by equilibrium fractionation
processes, whereas the intercept is mainly influenced by non-equilibrium fractionation processes (Gu et al., 2011). Considering
the actual precipitation conditions, researchers have incorporated both equilibrium and non-equilibrium fractionation processes
and derived theoretical relationships for the precipitation of hydrogen and oxygen isotopes (Wang et al., 2009; Wang et al.,

2016b), the resulting slope and intercept aligned well with the global precipitation isotopic line (Craig, 1961). However, a



https://doi.org/10.5194/acp-2024-4 Atmospheric
Preprint. Discussion started: 30 May 2024 Chemistry
(© Author(s) 2024. CC BY 4.0 License. and Physics

Discussions
By

linear relationship between the hydrogen and oxygen isotopes of water vapour in an isotope exchange scenario has not yet
been reported. Given the exchange between a large number of droplets and water vapour, it is urgent to use a new calculation
equation to calculate and analyse the hydrogen and oxygen isotope values of water vapour and their linear relationships.

65 The difference in molecular activity due to the isotopic atomic mass is the main reason for the variation in isotopes between
water vapour and precipitation. Owing to their disparate molecular activities, heavier molecules tend to exhibit relatively
enriched concentrations in the liquid phase and depleted concentrations in the gaseous phase (Gu et al., 2011). This
phenomenon is commonly referred to as isotopic fractionation. Under equilibrium fractionation conditions, the interphase
isotopic differences can be described by the principle of mass conservation, where the fractionation factor remains constant

70 over time. However, non-equilibrium fractionation occurs predominantly in actual processes and primarily involves kinetic
and diffusion fractionation (Gu et al., 2011). In many cases, the Rayleigh fractionation model is utilised to describe such
nonequilibrium processes (Liu et al., 2015), providing a functional relationship between the isotopic ratios of condensed water
vapour and residual water vapour. However, because of its inability to account for isotope exchange processes, it is necessary
to derive an exchange calculation equation for water vapour isotopes based on mass-conservation principles to elucidate the

75 mechanisms underlying isotopic evolution during the exchange process.

In the actual scenario where evaporation and exchange occur simultaneously, the isotope exchange process leads to
weaker equilibration on the water vapor and precipitation isotope values (Graf et al., 2019), but this is insufficient for
quantitatively the impact of exchange on the water vapor isotope alone, due to the gap in the field particle size and
relative humidity and the complexity of the process (Sarkar et al., 2023). Therefore, it is necessary to use theoretical and

80  experimental research methods to deeply understand the isotope exchange process. In this study, we established an isotopic
exchange calculation equation for water vapour IECEWYV) under isothermal saturation conditions based on the principle of
conservation of exchange quantity. To validate the IECEWYV, we designed an experimental platform. Our experiment
incorporated noncontact technology to manipulate droplet sizes (Bai et al., 2022a; Bai et al., 2020) while monitoring the
isotopic characteristics of the original vapour and liquid water through sample collection. Subsequently, the observed isotopic

85 values were compared and analysed using theoretical calculations. The study will deeply our understanding of isotopic changes
in the water cycle, especially for coordinated changes in precipitation and water vapour isotopes, and further expand the
applicable accuracy and scope of the Rayleigh fractionation model.

The remainder of the paper is organised as follows: Section 2 derives the IECEWYV under isothermal saturation conditions
based on the principle of conservation of exchange quantity; analyses the theoretical equation, including the influence of each

90 factor on the theoretical calculation value and their linear relationship; and presents the experimental platform, covering the

experimental apparatus design, experimental process, data acquisition, and data processing. Section 3 analyses the
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experimental results and factors influencing the isotopic changes in water vapour, providing insights into droplet microphysics
and the temporal variation of water vapour isotopes. Section 4 discusses the results and explores the calculations and
comparative analyses of the temporal variations in the water vapour isotopic values during the experimental process,
95 establishes a linear relationship between 52H and 6'30 of water vapour based on the IECEWV; and summarises the limitations

of the experimental conditions and IECEWYV. Finally, Section 5 concludes the study.

2 Methods and materials

To explore the isotope variation of water vapour during the exchange process between droplets and water vapour, we derived
the IECEWYV based on the conversion of droplets and water vapour, which means that the exchange molecule quantity is equal,
100  but the exchanged molecule type is different, leading to a change in the isotope value of water vapour. The experiment was
used to validate the IECEWYV and the calculated isotopes were compared with the experimental monitoring values. The

correlation between the theory and experiment is illustrated in Figure 1.
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Figure 1: Correlations between theory and experiment of the article (SM: sampling monitoring; ISM: in-situ
105 monitoring)
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2.1 IECEWV

2.1.1 Assumptions

Several assumptions were made for this study.

(1) The exchange was a single-molecule exchange process and there were only three types of molecules in the droplets and
110 vapour: H,O (abundant isotopic molecules); HDO (rare isotopic molecules); and H'3O (rare isotopic molecules).

(2) During the isotopic exchange process between droplets and water vapour, only the exchange between H,O and HDO/H,'*0

was considered and the increase in the rare isotopic molecular number in droplets was equal to the decrease in the rare isotopic

molecular number in water vapour, ensuring the conservation of exchange quantity.

(3) The temperature of the exchange environment was constant and humidity was maintained at 100%.
115 2.1.2 Derivation process

A single droplet with radius » and total number of molecules Np, where the initial and exchanged isotopic ratios of the droplet
are Rpo and Rpo+dRp, respectively, and the total number of gaseous water molecules in the water vapour is Ny, where the initial

and exchanged isotopic ratios of the water vapour are Ryo and Rvo-dRy, respectively. Thus

RD0+dRI) _ RI)O )ND:( Rvo'de _ Rvo )Nv (1)
1+Ry, +dR, 1+R,, 1+Ry,-dR, 1+Ry,

120 In natural water bodies, the ratios of rare isotopes are typically very small (much less than 1. Therefore, we can simplify the

denominator in Equation (1). This leads to the following:

dR N,
v __ Mo @
drR, N,
By rearranging Equation (2), we can obtain
dr, N, dR
v __Np Ay 3)
dr N, dt
125 Based on the relationship between isotopic ratios and isotopic values, then
R, =(1+6,)R, “
Substituting Equation (4) into Equation (3) and applying the derivative rules, we obtain
dé, N, dé,
v __Np 49 )
dt N, dt

Equation (5) indicates that the variation in the water vapour isotopes during the exchange process is constrained by the isotopic
130  variation of the droplet. Referring to reference (Bai et al., 2021b) for the relationships satisfied during the exchange process

between the droplets and water vapour, we have

do’H, 18 1
=g (8TH, — 8 H ) A(B,) “
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where p; is the density of saturated water vapour, 6'*0p and §'®Oy are the isotopic values of droplets and water vapour for '*O,
&’Hp and §*Hy are the isotopic values of droplets and water vapour for H, Bu and o are the diffusion coefficients for HDO

and H,'%0 molecules, respectively, y is related to droplet size, and m is the mass of the droplet and its relationship with Np is

given by
m
Ny = Mi N, (8

w

where My is the molar mass of the droplet (water) and N is Avogadro's constant.

By substituting Equations (6) and (7) into Equation (5), we obtain

d6’H, 72N, 1

dt 19]\7\,;“}",05 (52HD _EZHV)ﬂ(ﬂH )y o
ds®o 72 Ny 1
e L%Niz;ﬂrps (6"0,-5"0,)A(8,) o

Equations (9) and (10) represent the relationship between the isotopic values of water vapour and droplets under isothermal
saturated water vapour conditions. By integrating over time and applying the boundary conditions, the isotopic values of water

vapour can be calculated as follows:

72N, 1

5°H, =5°H,, —EN—z;n  (8°Hy —8°H, JA(B,) [rde (1)
72N, 1

50, =5"0,, —%N—z;nps(cs”o[) ~5"0, ) A(B,) [rdt (12)

Assuming that the droplet has a regular spherical shape during the falling process, according to the definition of the specific

surface area, we obtain

Spr = (13)

3

”

where Sar is the specific surface area.
In the previous derivation, only the exchange process between a single droplet and water vapour was considered. In reality, an
exchange process occurs between the droplets and the water vapour. Therefore, we extended the above formulas to the
exchange process between the entire droplet and water vapour and use the specific surface area of the droplet instead of the
characteristic droplet diameter as follows:

el
5°H, = 5°H,, ———Enps(é'zHD—Jsz)ﬂ(ﬂH ) | S (14)

v AT



https://doi.org/10.5194/acp-2024-4 Atmospheric

Preprint. Discussion started: 30 May 2024 Chemistry
(© Author(s) 2024. CC BY 4.0 License. and Physics
Discussions
216 N, 1 0 1
50, =60, _EF:ZEPS((gIXOD ~5%0, ) A(f,) jS—Asz 15)

160

165

170

175

180

Equations (14) and (15) show the IECEWV during the exchange process between the droplet and water vapour under
isothermally saturated conditions. Equations (14) and (15) assume that the isotopic values of droplets of different sizes are the

same at the initial moment.
2.1.3 Theoretical analysis of IECEWV

The IECEWYV revealed that multiple factors collectively influenced the exchange of water vapour isotopes. These factors
include the initial isotope values, molecular number ratio of exchange droplets to water vapour, isotopic gradient, and specific
surface area. Holding other variables constant, a higher molecular number ratio of droplets to water vapour implies a more
intense exchange, which leads to a faster depletion of water vapour isotopes. Similarly, a greater isotope gradient indicates a
stronger force for exchange, resulting in a more significant reduction in water vapour isotope values. Moreover, a faster
reduction in the specific surface area of the droplets indicated a higher rate of droplet coalescence, which resulted in a
significant decrease in water vapour isotopes. It is important to note that the derived computational equation is applicable only
when equilibrium exchange has not been reached and should not be misconstrued as a definition of isotope exchange. The
exchange between droplets and water vapour isotopes also depends on whether the exchange state is in equilibrium, which
will be discussed in sections 3.2.

Next, we analysed the impact of isotope exchange on the linear relationship between hydrogen and oxygen isotopes. We assume
that during the exchange process, the initial hydrogen and oxygen isotope values of both the water vapour and its droplets
adhere to the global precipitation line equation as follows:

§*Hp, =850, +10 (16)
5’Hy, =850, +10 amn

By substituting Equations (16) and (17) into Equation (14) and combining them with Equation (15), we obtain

2800216 N, 1 so 1
5°H, =85"0,,, - —————2— 50, -6"0, )1 " [ —dr+10 =850, +10 18
v Vo 323 20 N\,mnps( D v) (ﬁo) ISAT v ( )

Equation (18) indicates that under the conditions of isotope exchange, in terms of hydrogen and oxygen isotopes, the linear
relationship for both water vapour and droplets remains unchanged. When only the slopes of the linear relationships were
identical, the linear relationship of water vapour after exchange was determined by both the initial isotope values and the
difference in slopes. Conversely, if the intercepts of the linear relationships are the same, the linear relationship of the post-
exchange water vapour does not exhibit a specific pattern. When both the droplet and water vapour hydrogen and oxygen

isotope lines passed through the origin but had different slopes, the post-exchange water vapour hydrogen and oxygen isotope
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lines did not pass through the origin. This conclusion also holds for the post-exchange droplet isotopes. This suggests that the
deviation of precipitation isotope lines from the origin is not solely due to dynamic fractionation processes but also involves
isotope exchange processes.

Based on Equations (14) and (15), in conjunction with the definition of the isotopic excess (d-excess), we obtain

1

N, 1 1
d =6"H, -850, = (6°H,, —85"°0,,,) +216—L—m, —d{
v v =( Vo Vo) N, m ps_[ 20

5 (60, =50, )A(4,) —%(JZHD —52H\,)1(/3H)V} (19)
Assuming that the adjustment of isotopic gradients between water vapour and liquid droplets during isotope exchange takes a
long time, it remains essentially constant in the short term. Equation (19) indicates that the post-exchange d-excess of water
vapour is primarily influenced by the initial isotopic value of water vapour (the first term on the right side of Equation (19))
as well as the product of the isotopic gradient and the integration term of the reciprocal of the specific surface area (the second
term on the right side of Equation (19)). In this study, the second term is relatively small compared with the first term and can
be largely disregarded. Therefore, using this equation for the calculation results in a nearly horizontal line for the d-excess of
water vapour, indicating that the d-excess remained relatively constant during the isotope exchange process.

When the molecular weight of liquid droplets (Np) is very small, the isotopic equation is simplified to

Jgirlaoész =56"H,, (20)

The isotopic value of water vapour was equal to the initial isotopic value of water vapour and aligned with the isotopic

characteristics of water vapour under isothermal saturation conditions.

2.2 Experimental platform

2.2.1 Experimental setup

A schematic and physical representation of the experimental setup is shown in Figure 2. The experimental setup consisted of
a droplet generation system (I), exchange chamber (II), online particle size monitoring, temperature, and humidity
measurement (I11), and isotopic monitoring device (sampling and test) (IV).

The droplet generation system consisted of a pressurised water pump, an outlet, and a pipeline. It operates based on the
principle of physical collisions to generate droplets with different size distributions. The resulting droplets exhibit a bimodal
distribution with a particle size range of 4-500 um, allowing it to characterise cloud water particle size and its main features
(Song et al., 2018).

The exchange chamber consisted of an organic glass tube and a conical bottom plate. The organic glass tube was 2000 mm
high, with a diameter of 600 mm, and nested in the circular groove of the conical bottom plate, which had a slope of 1:2. To
minimise the adhesion of the liquid droplets to the interior walls of the exchange chamber, the entire inner surface was coated

with a superhydrophobic coating. The top of the exchange chamber is covered with a plastic film isolated from the external
8
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environment. After exchanging the droplets with water vapour in the chamber, the droplets were collected through a conical
215  bottom plate and flowed into a beaker.
An online particle size monitoring system includes a laser particle size analyser and temperature and humidity sensors. A laser
particle size analyser was used to monitor the droplet size distribution at the bottom of the exchange chamber. The observation
window was located 700 mm above the bottom of the organic glass tube and had a circular hole with a diameter of 100 mm
along the radial direction of the exchange chamber, allowing the observation of the laser beam. The laser particle size analyser,
220 Winner 319 (Jinan Veina), is a separate laser particle size analyser with a measurement range of 1-500 um, time resolution of
1 s, and observation error < 3 %. Temperature and humidity sensors were placed in the middle of the exchange chamber to
provide real-time monitoring of the temperature and humidity. The temperature and humidity measurement accuracy is + 1 °C
and £ 1 %, respectively.
The isotopic monitoring device consisted of a water vapour isotope monitor (ABB, GLA431-TIWA), a droplet sampling bottle,
225 a collection beaker, and a weighing device. The water vapour isotope monitoring port was positioned 150 mm from the top of
the exchange chamber. The collected water vapour was transported via a pipeline to an isotope analyser for real-time
measurements. The time resolution of the measurement was 1 s and the analysis precision for 6'*0 and 6°H were 0.05 %o and
0.2 %o, respectively. A beaker and droplet sampling bottle were used to collect the settled and post-settled liquid water in the
exchange chamber, respectively. After collection, the beaker and sampling bottle were weighed and the samples were retained
230  for testing.
To simulate the environment of isotopic exchange between the droplets and water vapour during droplet size enlargement, a
noncontact acoustic intervention device was added. Low-frequency sound waves can promote droplet enlargement (Bai et al.,
2021a; Bai et al., 2020), simulating the early stages of warm cloud transformation into rainfall, specifically the processes of
droplet collision and coalescence to form raindrops. This study investigated the isotopic changes in water vapour during droplet
235 growth. The impact of noncontact intervention on the diffusion coefficients of water molecules in droplets and water vapour

was not addressed in this study.
2.2.2 Experimental process and conditions

Before the experiment, the laser particle size analyser was calibrated. Once the measurement error and repeatability error were
both below 3%, indicating that the precision of the measurements met the requirements and the observed data were stable, the
240 laser particle size analyser was adjusted to the observation state. The exchange chamber continuously introduced droplets,
whereas the isotope analyser and temperature-humidity sensor began continuous observations. When the relative humidity of
water vapour in the exchange chamber reached saturation (100 %), the droplet size was recorded, and the collection of droplet

samples began. The collection was performed for 300 s. Subsequently, the acoustic intervention device was activated, and the
9
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droplet sampling bottle and beaker were replaced within 2 s. The time was recorded and sample collection continued for
another 300 s. The noncontact intervention device was then turned off, and the entire experimental process was repeated. The
exchange chamber temperature is maintained at the ambient temperature of 20 °C.

The observation section implements preset corrections for concentration and time dependence (Galewsky et al., 2016) to reduce
the impact of concentration and time on the accuracy of isotopic observations. Concentration dependence was corrected by
setting different concentrations of standard water vapour sources, and the actual observed values were corrected for
concentrations based on the test results. Time dependence was corrected using recognised standard water vapour sources.
Standard water vapour samples were examined for concentration and time drift correction every ten hours during the
experimental procedure. Time correction was started initially and a concentration-dependent correction was performed after

ten hours of observation.

10
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Figure 2: Experimental Setup and Actual Configuration (1- Water pump, 2- Droplet sampling bottle, 3- Droplet outlet, 4- Exchange
chamber and bracket, 5- Water vapour isotope sampling port, 6- Water vapour isotope standard sample generator, 7- Isotope analyzer, 8-
Isotope display, 9- Temperature and humidity probe, 10- Temperature and humidity display panel, 11- Laser emission end, 12- Laser
reception end, 13- Droplet size analyzer computer, 14- Weighing device, 15- Beaker; I includes 1 and 3, IT is exchange chamber 4, 11T includes
9-13, IV includes 2, 5-8 and 14-15.)

Sample preparation was finished within a day after each sample collection was finished, and the sample storage bottle was
purged of extra air and kept in a refrigerator at 4 °C. Over 60,000 data points for isotopes and droplet particle sizes were

produced during the procedure, including 400 liquid water samples.

2.2.3 Data processing for the experiment

(1) Droplet size data processing: Droplet size spectrum data collected from 100 control groups (acoustic intervention and
natural conditions) were individually time-averaged to characterise the initial particle size and droplet size spectrum after
enlargement. Additionally, to elucidate the process of particle size variation, the characteristic particle size was averaged over
experimental runs, resulting in temporal data for the variation in Dyo (This means that the volume frequency of droplets smaller
than this particle size accounts for 90% of the total volume) over time. Similarly, the specific surface area was obtained over
time.

(2) Isotope data: To eliminate observational errors, the water vapour isotope data underwent concentration and time drift
corrections. The water vapour isotope data were averaged using the same approach as that used for the aforementioned

characteristic particle size. Unlike the particle size data observed by the laser particle size analyser, the observed water vapour
11
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285 passed through a certain length of tubing, causing a delay in the actual time of isotope observation. However, the delay time
was constant (60 s; the speed of water vapour in the tubing remained constant). By observing the delayed time of isotope
changes between the observed tubing water vapour values and standard water vapour values, the time of observation for water
vapour isotopes was corrected and the actual time-dependent water vapour isotope was obtained. To verify the isotope
exchange process, liquid water was used to analyse the isotopic changes before and after exchange, and the liquid water weight

290  was used to verify the conservation of the droplet mass after exchange (Bai et al., 2021a).

3 Experiment results and analysis

3.1 Variations of droplets microphysical parameters and temporal evolution characteristics of water vapour isotopes

Figure 3(a) shows the cumulative volume frequency change in the observed droplet sizes. This shows that all distinctive droplet
sizes increased after noncontact acoustic intervention, whereas the droplet peak form remained intact. The main peak value of
295 the droplet size shifts to the right, and the size distribution widens. In Figure 3(a), under natural conditions, the size distribution
had a width of 145 pm, with the main peak at 15 pm. After non-contact ultrasonic intervention, the size distribution widened
by 28 pm, and the main peak shifted to 38 um.
Figure 3(b) illustrates the time evolution of the characteristic droplet size (Do) and specific surface area (Sar) with increasing
intervention time. Equilibrium was reached at 109 s, with an initial increase/decrease followed by stabilisation. The droplets
300  primarily settled after entering the exchange chamber. From the observed changes in droplet size over time, it can be deduced
that the droplets entered the exchange chamber and fell to the conical bottom plate within 109 s on average, indicating an
isotopic exchange time for droplets to water vapour. When other factors remained constant, the specific surface area effectively
measured the potential of the droplets to exchange energy and substances with the surrounding medium. A larger specific
surface area indicates a greater potential for the exchange contact area, when the saturated exchange state was not reached, the

305 potential for isotopic exchange between the droplets and water vapour was higher.
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Figure 3: Cumulative volume frequency of droplets (a) and temporal variations of characteristic droplet size D9 and specific
surface area Sar (b)

Figure 4 illustrates the observed alterations in the water vapour isotopes within the exchange chamber. Specifically, 6*H and
6'%0 of water vapour show an initial increase, a subsequent decrease, and a final stabilisation. Water vapour isotope variations
within the exchange chamber can be divided into three stages based on changes in the microphysical properties of the droplets
and their settling periods (one settling cycle takes 109 s). From 0 to 109 s, both ¢°H and §'80 show an enrichment trend, with
values increasing from -83.88 %o and -13.33 %o to -83.75 %o and -13.32 %o, respectively. From 109 to 218 s, water vapour *H
and 6'%0 drop to -84.01%o and -13.36%o, and then keep comparatively steady from 218 to 300 s. The changes in §*H and 6'*0
values exhibit good consistency, with the hydrogen isotope changes showing a greater magnitude than the oxygen isotope
changes influenced by molecular activity. The observed characteristics of the water vapour isotopes further confirmed the
accuracy of the estimated average settling time of the droplets based on microphysical features.

The changes in the water vapour isotopes are attributed to the isotopic exchange between the droplets and water vapour (Bai
et al., 2022b; Bai et al., 2021b). The water pump slightly increased the temperature of the droplets entering the exchange
chamber during the experiment. Nonetheless, the rate of temperature rise was low at 1.6x10* °C s!, meaning that an average
temperature increase of 0.017 °C occurred during a single settling cycle. Consequently, the effect of temperature variation on
the molecular quantity of water vapour in the exchange chamber can be disregarded. The exchange chamber’s relative humidity
remained constant at 100 % (+ 0.1 %) during the experiment, indicating that the water vapour in the exchange chamber was
saturated. Therefore, it is reasonable to ignore how temperature and humidity variations in the chamber and surrounding air
affect the isotopic values of water vapour (even if there is an impact, it would cause a monotonic change in isotopic values).
Thus, the changes in the water vapour isotopes were primarily influenced by the isotopic exchange between the droplets and
water vapour. Furthermore, based on the mass conservation of droplets during the settling process, combined with the isotopic
increment before and after settling, and assuming a constant input of droplets into the exchange chamber within a single settling

cycle, the exchange rate of droplets with water vapour molecules was estimated at 2.10 x 10% /s,
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Figure 4: Temporal variation of hydrogen and oxygen isotopes in water vapour within the exchange chamber: 6*H (a) and 6'%0 (b)

3.2 Analysis of factors influencing isotopic variations in water vapour

The variation in the isotopic values of water vapour is influenced by a combination of factors, such as exchange state, droplet-
specific surface area and isotopic gradients, which results in an initial enrichment, followed by depletion, eventually reaching
335 a stable state of isotopic values. This phenomenon is attributed to the dynamic equilibrium between aggregation and
fragmentation in the exchange chamber (Bai et al., 2022a; Shi et al., 2020). Before the droplet size increases (prior to acoustic
intervention), the exchange of isotopes between the droplets and water vapour reaches equilibrium (Bai et al., 2021b), this
implies that the gradient of rare isotope molecules on the surface of the liquid droplets and in the water vapour reached an
exchange equilibrium. Despite the existence of isotopic gradient differences, the isotopic gradients between the liquid phase
340 and the gas phase reached a balanced state because of the phase differences, although exchange still occurs, there is no longer
a change in isotopic values between liquid droplets and water vapour.
As the droplet size increases, the degree of rare isotope distribution on the surface of the liquid droplets increases, disrupting
the previously established equilibrium exchange state. This disruption initially results in a reversal of the exchange direction,
leading to an increase in water vapour isotopic values. During the period from 0 to 109 s, the increase in droplet size caused
345 by droplet aggregation enlarged the droplet size and reduced the particle number, which enhanced the degree of rare isotope
distribution on the surface of the liquid droplets, causing isotopic exchange to progress in the direction of depleting isotopic
values in liquid droplets and enriching isotopic values in water vapour. Because of the larger molecular mass and faster
diffusion speed of water molecules in the exchange chamber, the isotopic exchange induced by changes in the degree of rare
isotope distribution reached equilibrium within a settling period (109 s), as observed in Figure 4 (a), and there was a brief stage
350 of stable water vapour isotopic values within the time range of 107 to 113 s. Subsequently, isotopic exchange was influenced
by the specific surface area.

Influenced by the specific surface area of the droplets, the isotopic values of water vapour exhibited an initial depletion trend,
14
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followed by stabilisation from 109 to 300 s. As the droplets entered the exchange chamber and settled (109-218 s), the specific
surface area of the droplets decreased, as shown in Figure 3 (b). During this phase, isotopic exchange between the droplets and
355 water vapour led to the continuous enrichment of isotopes in the droplets (Bai et al., 2021b), resulting in the depletion of
isotopes in the water vapour. The rate of isotopic depletion decreased over time owing to a reduction in the rate of change of
the specific surface area (as the specific surface area decreases with time, attributed to the increase in droplet size, decrease in
particle number, and consequent increase in the average free path of gaseous molecules in water vapour colliding with the
surface of liquid droplets. This decrease in the probability of liquid droplets capturing water vapour led to a reduction in the
360 exchange amount, causing a decrease in the exchange rate coefficient). From 219 to 300 s, the isotopic exchange reached a

new equilibrium state, with the water vapour isotopic values in dynamic equilibrium.

4 Discussion

4.1 Experimental and theoretical comparison analysis of stable isotopic values of water vapour and their statistical
error characteristics

365 The calculated values effectively captured the variations in the water vapour isotopes. Utilizing the derived IECEWYV as
described in the article, calculations were performed on the water vapour isotopes. The calculated values were averaged based
on the number of experimental sets, and the calculated and observed water vapour isotopes during the 109-218 s period were
compared (Figure 5). The calculated values of water vapour 0°H and §'%0 decreased over time, exhibiting a trend consistent
with the observed values. The calculated values at 109s matched the observed values, this was attributed to the use of actual

370 observations for the initial values. Additionally, at 218 s, the calculated values for water vapour 6°H and 5'30 were -84.01 %o
and -13.36 %o, respectively, while the observed values were -84.00 %o and -13.35 %o. The agreement between the calculated

and observed values indicates that IECEWYV effectively described the exchange process between the droplets and water vapour.
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Figure 5: Calculated and observed water vapour isotopes during the droplets-water vapour exchange process: 6’°H (a) and ¢'*0 (b)
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The mean relative errors of water vapour §?H and 6'0 showed a slightly increasing trend over time but there was no significant
cumulative error. Averaging the relative errors for 95 sets of calculations, the mean relative errors and cumulative errors
(obtained by accumulating the relative errors) for °H and 6'%0 from 109 to 218 s are shown in Figure 6. The mean relative
errors for *°H and 6'30 showed a certain growth trend with increasing calculation time but the increment was not substantial.
The relative error for °H increased from 0.74% to 1.66% and for 6'30 from 2.77% to 3.19%. The mean relative errors for &°H
and ¢'%0 increased by 0.92% and 0.42%, respectively, with relative error time increments of 8.5%x107 % s! and 3.9x107 % s°
I, If the calculation method provided in this study accumulated errors over time, the relative errors for 6°H and §'*0 would
reach 124 % and 321 %, respectively, by the end of the calculation period. However, the relative errors at the end of the
calculation period were only 1.3 % and 1.0 % of the cumulative errors, respectively. Therefore, the derived equation for water

vapour isotope exchange presented in this study did not result in significant cumulative errors over time.
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Figure 6: Temporal variation of mean relative errors and cumulative mean relative errors for water vapour 6°H (a) and 6'*0 (b)
calculations
The cumulative frequencies of relative errors for 6°H and 6'30 were over 98 % when the relative errors were less than 9.5 %
and the majority of the calculation errors were concentrated within 4.5 %. We analysed the frequency distribution of 10,355
calculated relative errors (Figure 7), and found that the relative errors for both 6°H and ¢'®0 were primarily within 4.5%, with
cumulative frequencies reaching 98.8% and 82.8%, respectively. The frequency decreased with increasing relative errors and
the rate of decrease was more pronounced for 6°H than for §'%0, consistent with Figure 5(b). Although the trend of calculated
6'%0 values matched the observed trend, the calculated values closely aligned with the lower limit of the observed values. The

relative error for °H was lower than that for §'%0 due to the baseline values.
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Figure 7: Frequency distribution and cumulative frequency distribution of relative errors of water vapour 6’H (a) and
0'30 (b) calculations
4.2 Linear relationship between 6°H and 6'®0 during the isotope exchange process, along with its d-excess
characteristics
400  Under saturated water vapour conditions, d-excess remained constant during the isotopic exchange between the droplets and
water vapour. Averaging 95 sets of isotope calculations and observations for the 109-218 s period, a graph depicting the
variation in d-excess over time was obtained (Figure 8(a)). The observed d-excess values exhibited fluctuating changes over
time, with a mean of 22.52 %o. According to the IECEW, the calculated d-excess remained essentially a horizontal line with a
mean of 22.88 %o. The calculated d-excess values were slightly larger than the observed values, attributed to the calculated
405  §'®0 being smaller than the observed values.
The slope of the linear relationship can be characterised by the distribution of clusters with the same slope. A linear relationship
fit to the calculated hydrogen and oxygen isotope values revealed that during the exchange process, the isotope linear
relationship was 6°H=7.196"%0+12.14 (n=95, R>=1.0, significance level 0.05). The slope was slightly smaller than that of the
global precipitation line but the intercept was slightly larger. The experimental observations of water vapour isotopes exhibited
410 fluctuations, resulting in a significant difference between the linear relationship fit to the observed data and that of the
calculated values. Therefore, adopting the cluster fitting approach, a linear cluster with the same slope was formed (Figure
8(b)), and the experimental points were well distributed around the linear cluster (four lines with a slope of 7.19, and intercepts
for the horizontal axis from left to right were -13.392, -13.365, -13.338, and-13.305, with a bandwidth of 0.027). This suggests
that under saturated water vapour conditions, the linear relationship of isotopes can be effectively represented by a linear

415 cluster with the same slope, although further refined experiments are required for validation.
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Figure 8: Characteristics of d-excess variation (a) and its hydrogen and oxygen isotope relationship (b)

4.3 Analysis of uncertainty factors in the experiment and IECEWV

Uncertainty was caused by the values of the hydrogen and oxygen isotope molecular diffusion coefficients. In this study, the
values of the hydrogen and oxygen isotope molecular diffusion coefficients in the water vapour isotope calculation equation
were referenced from the values under typical air conditions, which may introduce certain errors. This was because the
exchange chamber was in a saturated state with the air moisture reaching its maximum. Therefore, the values of hydrogen and
oxygen isotopes in liquid droplets differed from those under general experimental conditions and tended to be somewhat larger,
resulting in a certain degree of underestimation in the calculated values. However, there are currently no measured data
available for reference under saturated water-vapour conditions.

Uncertainty also arose from the use of the specific surface area of the droplets instead of the droplet size. The variation in
water vapour isotopes is influenced by the microphysical characteristics of the exchange object, that is, the droplets. In the
derivation process, the specific surface area of the droplets was used instead of the actual droplet particle size for the
calculations. When using droplet particle size for calculations, it is necessary to consider the number of droplets with the same
particle size and their volume proportions within the droplets. Isotopic values are then given based on the volume mixing ratio,
and it is also necessary to consider the settling time of different sizes in the exchange chamber. Therefore, the use of the specific
surface area of a generalised droplet for calculations leads to a certain degree of underestimation of the calculated values.
The lack of real-time updating of droplet-water vapour isotope gradients also led to uncertainty. During the experimental
process, droplet aggregation can lead to changes in the distribution of rare isotope molecules on the droplet surface. In addition,
the droplets were not perfect spheres during settling and there were no observed data on the shape-change process after
aggregation. Droplet aggregation can lead to changes in isotopic gradients during the exchange process (gradients are the
driving factors for isotopic exchange), causing fluctuations in water vapour isotopes, as confirmed by the observed fluctuations

in hydrogen and oxygen isotopes (Figure 5). In summary, the changes in the isotopic gradients between droplets and water
18
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vapour due to droplet aggregation are complex and neither experimental nor calculation conditions can account for them. This
440 complexity is a significant reason why the calculated values do not closely match the observed values, especially for fluctuation

processes.

In actual precipitation processes, the variation in water vapour isotopes is more complex, but the study provided theoretical

calculation formulas and characteristics of water vapour isotopic changes under constant temperature and saturated conditions.

In the future, water vapour isotopic values under saturated or near-saturated conditions should be calculated without in situ
445 observations by combining this equation with observed raindrop spectral data. By integrating the Rayleigh distillation model,

this approach holds significant application value for exploring the coordinated changes in precipitation and water vapour

isotopes under cooling and saturated conditions.

5 Conclusion

To explore the influence of the exchange process on water vapour isotopes and improve our understanding of the isotope

450 mechanism of the precipitation process, this study derived the IECEWYV under isothermal saturation conditions based on the
conservation of mass during the exchange process between liquid droplets and water vapour isotopes. Additionally, indoor
experiments were designed and conducted for observational purposes and the calculated values were compared and validated
against the observed values. An analysis of the uncertainties in the experimental and calculation equations was performed,
leading to the following conclusions:

455 (1) Based on the principle of equal exchange quantities during the exchange process, we derived the IECEWYV during the
exchange process between droplets and water vapour under isothermal saturation conditions. Theoretical analysis indicated
that the isotopic values of water vapour were influenced by the initial isotope values, molecular number ratio of exchange
droplets to water vapour, isotopic gradient, and specific surface area of the droplets. The isotope exchange process can lead to
the deviation of hydrogen and oxygen isotope lines from the origin (similar to the dynamic fractionation process) and can be

460 applied to both water vapour and droplets. It is important to note that the IECEWYV is applicable only when an equilibrium
exchange has not been reached.

(2) The exchange process was affected by the degree of rare isotope distribution on the surface of the liquid droplets and the
exchange state. When the characteristic particle size of the droplets first increased and then stabilised, the isotopic values of
water vapour exhibited a trend of initial enrichment, followed by depletion, and then stabilisation. The trend in the calculated

465 isotopic values of water vapour aligned with the trend observed in the experiments. The average maximum relative errors for
&?H and 6"0 calculations were 1.66 % and 3.19 %, respectively. The relative errors were primarily concentrated within 4.5 %,

with a cumulative frequency exceeding 98 % for relative errors less than 9.5 %.
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(3) The linear relationship between hydrogen and oxygen isotopes in water vapour during the exchange process can be
characterised by linear clusters with the same slope under saturated water vapour conditions. The d-excess remained constant
during the isotopic exchange between the droplets and water vapour, serving as a criterion for determining whether an exchange
process has occurred.

(4) We did not observe the molecular distribution process during droplet aggregation. In the future, we plan to construct a more
refined observational platform for further investigation. For real-world scenarios involving cooling saturation leading to
rainfall, the combined application of the IECEWV and Rayleigh fractionation models can be valuable as it has significant

applications in exploring coordinated changes in precipitation and atmospheric water vapour isotopes.

Declaration of Competing Interest

The authors declare that they have no conflict of interest.

Author contributions

Wenwen Bai: Conceptualisation, methodology, and writing-original draft preparation; Jiahua Wei: Supervision, methodology,
writing-review, and editing; Sanchuan Ni: Investigation, formal analysis, writing-review, and editing; Zhanyu Yao: Funding

acquisition; Yifeng Liu, Jingjing Ding, Kaiyu Wang, and Nan Liu: data curation; Miao Wu and Liner Wang: Visualisation.

Acknowledgments
This study was supported by the National Natural Science Foundation of China (Grant Nos. 52209092 and 42375198),
Natural Science Foundation of Technology Department of Qinghai Province (Grant No. 2023-ZJ-971Q).

References

Bai, W., Shi, Y., Zhao, Z., and Wei, J.: Investigation of critical response characteristics of micro-droplets under the action of
low-frequency acoustic waves, Frontiers in Environmental Science, 10, 972648, https://doi,10.3389/fenvs.2022.972648, 2022a.
Bai, W., Wei, J., He, J., Shi, Y., Yang, H., and Li, Q.: Experimental and Theoretical Analysis of Hydrogen and Oxygen Isotope
Effects of Droplet Group under the Action of Low-frequency Acoustic Waves, Journal of Basic Science and Engineering, 30,
1357-1366, 2022b. (in Chinese)

Bai, W., Wei, J., Li, Q., Shi, Y., Ni, S., and Lei, F.: A study on the collision and deposition of droplets and its hydrogen and
oxygen isotopes characteristics under the action of sound waves, Journal of Applied Acoustics, 40, 103-112, 2021a. (in Chinese)
Bai, W., Wei, J., Ni, S., and Shi, Y.: Experimental study on micro-droplet sedimentation under the action of low-frequency

acoustic wave, Journal of Basic Science and Engineering, 28, 247-258, 2020. (in Chinese)
20



https://doi.org/10.5194/acp-2024-4 Atmospheric
Preprint. Discussion started: 30 May 2024 Chemistry
(© Author(s) 2024. CC BY 4.0 License. and Physics

Discussions
By

495 Bai, W., Wei, J., Shi, Y., Zhao, Z., and Li, Q.: Microphysical Characteristics and Environmental Isotope Effects of the Micro-
Droplet Groups under the Action of Acoustic Waves, Atmos., 12, 1488, https://doi,org/10.3390/atmos12111488, 2021b.
Craig, H.: Isotopic Variations with Meteoric Water, Science, 133, 1702-1703, 1961.
Dansgaard W.: Stable isotopes in precipitation, Tellus, 16, 436—468, 1964.
Dar, S. S., Ghosh, P., Swaraj, A., and Kumar, A.: Craig-Gordon model validation using stable isotope ratios in water vapor
500 over the Southern Ocean, Atmos. Chem. Phys., 20, 11435-11449, https://doi,10.5194/acp-20-11435-2020, 2020.
Friedman, I., Machta, L., and Soller, R.: Water-vapor exchange between a water droplet and its environment, J. Geophys. Res.,
67,2761-2766, 1962.Galewsky, J., Steen-Larsen, H. C., Field, R. D., Worden, J., Risi, C., and Schneider, M.: Stable isotopes
in atmospheric water vapor and applications to the hydrologic cycle, Rev. Geophys., 54, 809-865,
https://doi,10.1002/2015rg000512, 2016.
505 Graf, P., Wernli, H., Pfahl, S., and Sodemann, H.: A new interpretative framework for below-cloud effects on stable water
isotopes in vapour and rain, Atmos. Chem. Phys., 19, 747765, https://doi.org/10.5194/acp-19-747-2019, 2019.
Gu, W., Pang, Z., and Wang, J.: Isotope hydrology. Beijing Science Press, China, 57-85pp,105-144pp., ISBN978-7-03-031362-
1, 2011. (in Chinese).
Guo, X., Tian, L., Wen, R., Yu, W., and Qu, D.: Controls of precipitation §'0 on the northwestern Tibetan Plateau: A case
510 study at Ngari station, Atmos. Res., 189, 141-151, https://doi,10.1016/j.atmosres.2017.02.004, 2017.
He, Z., Yao, T., Xu, B., Wu, G., Niu, X., Cai, R., Zhang, T., and Gao, J.: Observation of the atmospheric water vapor stable
isotopes in three dimensions over the Tibetan Plateau, Chinese Science Bulletin, 64, 2822-2829, doi:10.1360/tb-2019-0125,
2019. (in Chinese)
Liu, J., Ding, M., and Xiao, C.: Review on atmospheric water vapor isotopic observation and research: theory, method and
515 modeling, Progress in Geography, 34, 340-353, https://doi,10.11820/d1kxjz.2015.03.009, 2015. (in chinese)
Moreno, A., Iglesias, M., Azorin-Molina, C., Pérez-Mejias, C., Bartolomé, M., Sancho, C., Stoll, H., Cacho, 1., Frigola, J.,
Osacar, C., Muifloz, A., Delgado-Huertas, A., Bladé, 1., and Vimeux, F.: Measurement report: Spatial variability of northern
Iberian rainfall stable isotope values — investigating atmospheric controls on daily and monthly timescales, Atmos. Chem.
Phys., 21, 10159-10177, https://doi,10.5194/acp-21-10159-2021, 2021.
520 Qiang, A., Xie, H., Wei, J., and Quan, Q.: Spatial-temporal characteristics and changes of atmospheric water vapor in the Three
River Headwaters Region, Advances in Water Science, 30, 14-23, 2019. (in Chinese)
Santos, V. d., Marshall Fleming, P., Henrique Mancini, L., Dalva Santos Cota, S., Lima, G. B. d., Rodrigues Gomes, R.,
Kirchheim, R. E., Sanchéz-Murillo, R., and Gastmans, D.: Distinguishing the Regional Atmospheric Controls on Precipitation

Isotopic Variability in the Central-Southeast Portion of Brazil, Adv. Atmos. Sci., 39, 1693-1708, https://doi,10.1007/s00376-

21



https://doi.org/10.5194/acp-2024-4 Atmospheric
Preprint. Discussion started: 30 May 2024 Chemistry
(© Author(s) 2024. CC BY 4.0 License. and Physics

Discussions
By

525  022-1367-0, 2022.

Sarkar, M., Bailey, A., Blossey, P., de Szoeke, S. P., Noone, D., Quifiones Meléndez, E., Leandro, M. D., and Chuang, P. Y.:

Sub-cloud rain evaporation in the North Atlantic winter trade winds derived by pairing isotopic data with a bin-resolved

microphysical model, Atmos. Chem. Phys., 23, 12671-12690, https://doi.org/10.5194/acp-23-12671-2023, 2023.

Shi, Y., Wei, J., Bai, W., and Wang, G.: Numerical investigations of acoustic agglomeration of liquid droplet using a coupled
530 CFD-DEM model, Adv. Powder Technol., 31, 2394-2411, https://doi,10.1016/j.apt.2020.04.003, 2020.

Song, Y., Zhou, Y., Wang, Y., Li, S., Gao, F., Li, B., and Hua, D.: Analysis of particle size distribution and scattering

charateristics of water cloud in condensation and coalescence growth, Acta Physica Sinica, 67, 249201, 2018. (in Chinese)

Spiegel, J. K., Aemisegger, F., Scholl, M., Wienhold, F. G., Collett Jr., J. L., Lee, T., van Pinxteren, D., Mertes, S., Tilgner, A.,

Herrmann, H., Werner, R. A., Buchmann, N., and Eugster, W.: Temporal evolution of stable water isotopologues in cloud
535 droplets in a hill cap cloud in central Europe (HCCT-2010), Atmos. Chem. Phys., 12, 11679-11694,

https://doi.org/10.5194/acp-12-11679-2012, 2012a.

Spiegel, J. K., Aemisegger, F., Scholl, M., Wienhold, F. G., Collett Jr., J. L., Lee, T., van Pinxteren, D., Mertes, S., Tilgner, A.,

Herrmann, H., Werner, R. A., Buchmann, N., and Eugster, W.: Stable water isotopologue ratios in fog and cloud droplets of

liquid clouds are not size-dependent, Atmos. Chem. Phys., 12, 9855-9863, https://doi.org/10.5194/acp-12-9855-2012, 2012b.
540 Stewart, M. K.: Stable isotope fractionation due to evaporation and isotopic exchange of falling waterdrops: Applications to

atmospheric processes and evaporation of lakes, J. Geophys. Res, 80, 1133-1146, 1975.

Wang, G., Li, T., Li, J., Wei, J., and Zhong, D.: Analysis of Sky Water Resources in the Source Region and the Upper-Middle

Region of the Yellow River Basin, Yellow River, 38, 79-82, 2016a. (in Chinese)

Wang, K., Hattori, S., Lin, M., Ishino, S., Alexander, B., Kamezaki, K., Yoshida, N., and Kang, S.: Isotopic constraints on
545 atmospheric sulfate formation pathways in the Mt. Everest region, southern Tibetan Plateau, Atmos. Chem. Phys., 21, 8357-

8376, https://doi,10.5194/acp-21-8357-2021, 2021.

Wang, Y., Chen, J., Wang, J., Tong, H., and Chen, L.: Theoretical research on the relationship between deuterium and oxygen18

in precipitation, Advances in Water Science, 20, 204-208, 2009. (in Chinese)

Wang, Y., Ma, Z., and Xu, Z.: Slope of evaporation lines in a model based on Rayleigh fractionation formula, Advances in
550 Water Science, 22, 795-800, https://doi,10.14042/j.cnki.32.1309.2011.06.017, 2016b. (in Chinese)

Xu, T., Pang, H., Zhan, Z., Zhang, W., Guo, H., Wu, S., and Hou, S.: Water vapor isotopes indicating rapid shift among multiple

moisture sources for the 2018-2019 winter extreme precipitation events in southeastern China, Hydro. Earth Syst. Sc., 26,

117-127, https://doi,10.5194/hess-26-117-2022, 2022.

Xue, R., Pang, H., Zhan, Z., Wang, J., Xu, T., and Gu, X.: Water vapor isotope characteristics and causes of a typical long-term

22



https://doi.org/10.5194/acp-2024-4 Atmospheric
Preprint. Discussion started: 30 May 2024 Chemistry
(© Author(s) 2024. CC BY 4.0 License. and Physics

Discussions
By

555 precipitation event during Meiyu period, Journal of Earth Environment, 14, 434-443, https://doi,10.7515/JEE222062, 2023.
(in Chinese)
Yang, J., Chen, B., and Yin, Y.: Cloud precipitation physics, China Meteorological Press, China, 48pp., ISBN978-7-5029-
5245-7,2011.(in Chinese)
Yao, T., Masson-Delmotte, V., Gao, J., Yu, W., Yang, X., Risi, C., Sturm, C., Werner, M., Zhao, H., He, Y., Ren, W., Tian, L.,
560 Shi, C., and Hou, S.: A review of climatic controls on §'*0 in precipitation over the Tibetan Plateau: Observations and
simulations, Rev. Geophys., 51, 525-548, https://doi,10.1002/r0g.20023, 2013.
Yu, W., Wei, F., Ma, Y., Liu, W., Zhang, Y., Luo, L., Tian, L., Xu, B., and Qu, D.: Stable isotope variations in precipitation over
Deqin on the southeastern margin of the Tibetan Plateau during different seasons related to various meteorological factors and
moisture sources, Atmos. Res., 170, 123-130, https://doi,10.1016/j.atmosres.2015.11.013, 2016.
565 Zhang, T., Zhang, Y., Guo, Y., Ma, N., Dai, D., Song, H., Qu, D., and Gao, H.: Controls of stable isotopes in precipitation on

the central Tibetan Plateau: A seasonal perspective, Quatern. Int., 513, 66-79, https://doi,10.1016/j.quaint.2019.03.031, 2019.

23



