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Abstract: Isotope data at mid-latitude locations are commonly available on annual, monthly, and
daily timescales; however, they are rarely available for the variations occurring on the sub-hourly
scale within individual precipitation events. To fill this gap, sub-hourly (every 10 min) sequential
samples were collected for nine precipitation events, and the 680 values of the individual events
were analyzed from June to October 2019 in Lanzhou, Northwest China. The Sequential Meteoric
Water Line (SMWL) correlation between 6*H and 680 is 6°H = 7.33 6180 + 9.78 (R? = 0.97, N = 170).
All events had a similar decreasing variability pattern in the initial period (before the vertical gray
dotted line), while during the later period (after the vertical gray dotted line), negative 5'80 values
dominated, exhibiting a different pattern. Variations in the 5'80 values were about 1-5%o during
most intra-events. We found that 'O values mainly exhibit three patterns in the intra-event,
namely a “V”-shaped pattern, an “L”-shaped pattern, and a decreasing pattern. Positive 5'80 values
are controlled by re-evaporation in the beginning period. Relative humidity has no effect on the
6180 values of precipitation events, mainly because dry and warm conditions are conducive to
the evaporation of rainwater in the study region. The changes in the isotopic characteristics of
precipitation are closely linked to the regional climate. The continuous analysis of precipitation
samples revealed that the rapid change of 6'80 values is related to different moisture sources and
transport paths. A new air mass with enriched heavy isotope intrusion can change the isotopic
composition in the intra-event.

Keywords: stable isotopes; sub-hourly; sequential sampler; moisture sources; monsoon marginal zone

1. Introduction

Stable hydrogen and oxygen isotopes (5*H and §'80, respectively) are crucial components in
natural water and are widely applied in ecological and hydrology research as natural tracers [1-4].
As an indispensable part of the water cycle, stable isotopes in precipitation provide abundant climate
and environmental information [5,6]. Since the establishment of the global precipitation isotope
network (GNIP) in 1961, its monthly and annual precipitation hydrogen and oxygen stable isotope
data have attracted much attention in many relevant research fields. The data from the GNIP program
have provided a further understanding of the isotopic composition in precipitation and its response to
environmental change [7,8]. However, as the time resolution of the data is discontinuous, the mechanism
of stable water isotopes during precipitation events cannot be studied in detail [9-11]. A study found
that there is a significant correlation between the stable isotope composition in precipitation and the
temperature, precipitation amount, elevation, and other factors—known as the environmental isotope
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effects [12]. Meanwhile, the temperature effect and the precipitation amount effect are particularly
important [12,13]. Studies have shown that a change in moisture sources can affect the composition of
stable isotopes in precipitation [14,15], and most of these studies have been based on monthly and
daily timescale data for different regions [16,17].

The stable isotopes of precipitation exist in each link of the water cycle and are very sensitive to
environmental changes in different timescales, especially in some extreme weather events [18]. However,
in different precipitation events, due to the influence of local meteorological factors, the isotope changes
are intricate, and the information they provide is worth studying. Additionally, the changes in the
isotopic composition of continuous precipitation are also caused by changes in moisture sources [11,19].
Most previous studies have been based on annual, monthly, and daily isotope data. However, we
cannot understand the isotopic changes in detail through analyses of the data in these timescales,
because the change in the physical conditions of condensation may also affect the stable isotope
composition changes in the intra-event [20-22]. Some studies have been reported based on intra-event
analysis. Miyake (1964) found that 6'80 in continuous precipitation events was different in Tokyo,
Japan [23]. Celle-Jeanton et al. (2004), based on 5-30 min sampling intervals, showed that the isotopic
trend of intense rainfall has an “L” shape and a “W” shape [20]. Munksgaard et al. (2012), through
analyzing continuous precipitation in Australia, revealed the extreme variations of 680 and 62H [24].
Xu Tao et al. (2019), who sampled eight typhoons hourly in Fuzhou, found that the rain shadow
effect, convection, and water vapor recycling have an influence on isotopic composition [18]. Some
studies have also tried to explain the weather system, moisture transport, cloud processes, and surface
meteorological conditions and found that the stable isotope changes in precipitation events were
closely related to local and microphysical processes [20,22,24]. However, the sample collection for the
precipitation studies mentioned above was random, i.e., collecting several samples in the precipitation
process, and standardized sequential sample collection is needed for the application of automatic
sampling instruments in the monsoon marginal zone of Northwest China.

In the monsoon marginal zone, the spatial and temporal distributions of precipitation are extremely
uneven and have a large variability, e.g., drought and floods are frequent in summer; it is therefore
an important area to reflect on for the evolution of the monsoon and its regional influence. Lanzhou
City is located in the marginal zone of the East Asian monsoon, which has a relatively complex
moisture source. To our knowledge, sub-hourly sequential sampling in the stable isotope composition
of precipitation is rare in this region. To fill such a knowledge gap, in this study, nine events were
sequentially sampled during precipitation using an Eigenbrodt sequential automated precipitation
collector in Lanzhou, Northwest China, from June to October 2019. The objectives of the study were
to (1) study the sub-hourly stable isotope variations in the intra-event; (2) reveal the influence of
meteorological variables controlling the 6'80 during the different periods in the intra-event; and (3)
investigate the influence of moisture sources on the 6'80 values in precipitation. The sub-hourly
timescale data collected in this study can provide detailed information for the further analysis of the
response of the 680 values to the water cycle and climate change in the marginal zone of the East
Asian monsoon.

2. Materials and Methods

2.1. Site Description

The sampling site used for this study is located in Lanzhou City (35°34’-37°07" N, 102°35’-104°34’
E), the capital of Gansu Province in China, which is located in the monsoon marginal area in the west
of the Loess Plateau (Figure 1). In addition, it is located in the transition zone of the three climatic
regions in the eastern monsoon region, the northwest arid region, and the Qinghai-Tibet Plateau
region [25]. In summer, this area and the surrounding area are sensitive to moisture transport and
are affected by both the monsoon and the moisture transport from the westerly zone upstream [26].
Lanzhou is a typical river valley city, with an altitude high in the west and low in the east; the Yellow
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River flows from the southwest to the northeast, passing through the whole city. The climate is of
continental semi-arid type. The annual average temperature and annual average precipitation are
7.4 °C and 310 mm, respectively. The uneven precipitation in this area is mainly concentrated from

June to September, accounting for more than 60% of the annual precipitation [27].
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Figure 1. Map showing the location of the sampling site in Lanzhou City.
2.2. Precipitation Sampling and Data Collection

Each precipitation event was sampled for isotope analysis using an Eigenbrodt sequential
automated precipitation collector (model NSA 181/S) produced in Germany (Figure 2), situated on
the New Campus, Northwest Normal University in Lanzhou, Gansu (36°06’ N, 103°44’ E) (Figure 1).
The surface area of the sampler was 500 cm?. We took 170 sequential precipitation samples at intervals
of 10 min with the automated precipitation collector during nine events from June to October 2019.

The sequential samples of individual precipitation were collected according to pre-programmed
regular 10 min intervals within an event. Each event was recorded with a unique event number (E1 to
E9). Sampling was triggered by a precipitation sensor, which opened the collector only when the
precipitation occurred. The collector housed sixteen 1 L bottles (high-density polyethylene), which
formed one independent cycle. Each cycle lasted 2 h and 40 min with the following settings: the first
bottle collected precipitation for 10 min from the start of the precipitation event, with the subsequent
samples collected at the same intervals. Once triggered, the rainwater flowed into a 1 L plastic bottle
through a funnel. The sample bottle openings fitted tightly against the top plate, which prevented
evaporation during the sample collection. The used bottles were soaked in deionized water for at least
an hour and then air-dried prior to the sampling. To avoid isotopic fractionation, the samples were
transferred immediately to 50 mL high-density polyethylene (HDPE) narrow-mouth bottles. They
were sealed with Parafilm membrane. After each precipitation event was finished, all the collected
samples will be brought back to the laboratory, refrigerated at 4 °C until the stable isotopic analysis.
Meteorological variables, such as temperature, precipitation amount, and relative humidity during
precipitation, were simultaneously observed every 10 min using an automatic weather station at the
sample site. If the time between the precipitation events was less than 6 h, it was regarded as one
precipitation event; if it was longer than 6 h, it was regarded as two precipitation events [28].
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Figure 2. Photograph of the sequential automated precipitation collector.

2.3. Stable Isotope Analysis of Precipitation

The analysis of the precipitation samples was carried out using a liquid water isotope analyzer
T-LWIA-45-EP (ABB-Los Gatos Research, CA) of the Stable Isotope Laboratory, College of Geography
and Environmental Science, Northwest Normal University. According to the isotope ratio range of
continuous precipitation samples, three standards were used, and the precision of >H and 6'80 were
3e: —=79.6 = 0.5%0 and —11.04 + 0.15%o; 4e: —49.2 + 0.5%0 and —7.81 + 0.15%o; and 5e: —9.9 + 0.5%o0
and —2.99 + 0.15%o, respectively [29]. Each isotopic standard and sample needed to be injected six
times using a microliter syringe. To avoid the memory effect of isotope analysis, the first two injections
were deleted and the average value of the next four was used for the result. The analysis results are
expressed relative to Vienna Standard Mean Ocean Water (V-SMOW):

Rsample

Ssample = ( - 1) x 1000%o 1)

Rstandard

where Rgample is the ratio of 2H/'H or '80/'%0 in the samples and Rgtandard is the ratio of H/'H or
180/10 in the V-SMOW. The precision is =1%o for $?H and +0.3%. for 6'80.

The deuterium excess (d-excess), defined as the d-excess = 6*H — 8 x 680, is considered
to be another useful tracer parameter in regional precipitation studies [7,30]. The d-excess is
generally controlled by evaporative conditions combining sea surface temperature, humidity, and
wind speed [12,31].

2.4. Backward Trajectory Model

To identify the moisture trajectories of the study area, the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model developed by the Air Resources Laboratory, National Oceanic
and Atmospheric Administration was applied. In this study, we used the meteorological dataset of the
Global Data Assimilation System (GDAS) with a spatial resolution of 1° X 1° to calculate the trajectory
returned from the sampling site for one precipitation event. In the stratosphere, the average residence
time of moisture is about 10 days [32,33], so the backward duration was set to 10 days. In the HYSPLIT
model, the start date/time of each precipitation event needs to be set with different heights (500, 1000,
1500, 2000, and 2500 m above the ground) to map the moisture trajectories.
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3. Results

3.1. Stable Isotopes of Precipitation in Intra-Events

Based on all the sequential samples, the time series of the 5'80 values are presented in Figure 3,
and some values are reported in Table 1. Significant variation of the 5'80 value in the precipitation of
the intra-event was observed. Within a single event, it can be seen that the initial precipitation had a
heavy isotope in composition, and as the precipitation event progressed, the 580 values gradually
depleted with time (before the vertical gray dotted line). Additionally, the precipitation intensity
(per 10 min) experienced an initial increasing pattern and then a decreasing one for most of the event
(Figure 3). After that, the precipitation intensity was lower than before, except for E2. During the initial
decreasing period (before the vertical gray dotted line) of precipitation, the relative humidity values
were low and the temperature was high, appearing as a gradual steady pattern during the later period
(after the vertical gray dotted line). This may have been caused by the evaporation of low altitude
clouds during the descent process [7], reflecting the progressive adiabatic condensation of vapor
obeying the Rayleigh process [34]. The 'O value also varied considerably during the precipitation
intra-event, ranging from 1%o to 9% (Figure 3 and Table 1). Among the nine events, the largest
difference in the range was in the E9 6'80 values, which ranged from —8.6%o to —17.4%o, exceeding
8.0%o. The E2 event showed the smallest range, which ranged from —6.0%o to —4.9%.. For all events,
the difference between the highest and the lowest 6'80 values represents the absolute change in §'80
during a single event at the sampling site (Table 1). In many events, however, the heavy isotope content
of the precipitation increased slightly towards the end of the intra-event, reaching maximum depletion
at the highest precipitation intensity (Figure 3). Therefore, the sub-cloud evaporation and the isotopic
equilibrium of precipitation with ambient vapor were likely to change the 5'80 value. The d-excess
values of the precipitation events varied significantly during the entire period (Figure 3). During the
E5 and E9 precipitation, the d-excess fluctuated greatly, with a range of 10.6%0-25.5%o, respectively,
and the trend of the d-excess was the opposite to that of the 680 values in precipitation (Figure 3e,i).
The d-excess variation was less than 8.0%o for the other events.
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Table 1. Sampling information of the precipitation, and the variation of 5'80 from the intra-events in Lanzhou.

No. Date Number of Isotopic Start Time Rain Amount Duration 8180 (%o)
Samples Pattern (hh:mm) (mm) (min) Initial Min Max Max-Min Average

El 14 June 2019 13 Decreasing 15:10 17.50 130 -0.7 -4.1 -0.7 3.4 -3.1
E2 15 July 2019 11 Stationary 08:15 2.05 110 -49 -6.0 -4.9 1.2 -5.4
E3 19 July 2019 17 V-shaped 06:40 7.40 170 =52 =71 -5.2 1.9 -6.2
E4 21 July 2019 22 others 06:56 5.75 220 -1.3 -44 -0.8 3.6 -3.1
E5 20 August 2019 31 V-shaped 09:55 11.35 310 -7.8 -10.9 =72 3.7 -9.0
E6 30 August 2019 10 V-shaped 10:04 2.95 100 0.3 -13 0.3 1.6 -0.7
E7 9 September 2019 14 others 07:34 6.00 140 —6.8 -7.3 =51 2.3 -6.3
E8 12 September 2019 11 Decreasing 12:24 8.80 110 -9.6 -14.0 -9.5 4.5 -11.9
E9 15 October 2019 37 L-shaped 07:54 10.90 370 -8.6 -17.4 -8.6 8.9 -14.6

6 of 14
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Figure 3. Characteristics of the 5'80 values (red) of the sequentially sampled precipitation with a time
series of the d-excess (green), air temperature (T, orange), relative humidity (RH, blue), and precipitation
amount (P) for nine events at the sampling site: (a) E1; (b) E2; (c) E3; (d) E4; (e) E5; (f) E6; (g) E7; (h) ES;
and (i) E9. The vertical gray dotted line divides two periods of each continuous precipitation event
based on 6'80.

3.2. Correlation Analysis between Meteorological Variables and Stable Isotopes

The relationship between the meteorological variables (air temperature, precipitation amount, and
relative humidity) and the 6'80 of precipitation in different periods are reported in Table 2. Whether in
the entire sampling period or part of it, there was an apparently positive correlation coefficient between
the 6'80 and temperature (p < 0.001). The 5'80 values of the entire sampling period had a positive
correlation with temperature (r = 0.84, p < 0.01, n = 170). Evaporation in the natural environment
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mainly occurs under non-equilibrium fractionation conditions. Sub-cloud evaporation occurs during
the fall of the precipitation, resulting in an imbalance between the water and water vapor. With the
process of continuous precipitation, stable isotopes are affected by the temperature effect. There was
an apparently positive correlation coefficient between the 6'®0 and temperature. In addition, there
was a negative correlation between the §'80 and the amount of accumulated precipitation during the
entire sampling period and the later period. Consistent relationships between the 680 values and
the precipitation amount commonly exist in the monthly data [5,7]. However, they do not exist in the
sub-hourly scale analysis in the initial decreasing period (Figure 3). This absence may be due to the
complex interaction of air mass origin, trajectory, and previous precipitation history with regional
factors [24], which can change rapidly with sub-hourly data and which are only revealed by this short
timescale. There was almost no apparent correlation between the relative humidity and the 6'80 value;
a statistical correlation between them was shown only in the initial decreasing period. Evaporation in
the natural environment mainly occurs under non-equilibrium fractionation conditions. The higher
temperature and lower relative humidity (RH) in the initial decreasing period of the precipitation
imply a higher re-evaporation. Dry conditions favor rainwater evaporation in general, so the RH has
little influence on the 680 value of intra-events. The average relative humidity was higher during
the later period. When the rain falls in a saturated environment, the water vapor rapidly condenses.
The high condensation efficiency of precipitation could cause extremely negative 6'80 values. The RH
and air temperature data only reflect the local conditions at the sampling site, so the variability in these
data can provide some detailed information of the change in 6'30.

Table 2. Statistics of the correlations between the meteorological variables and 5180 in precipitation
over short-term timescales.

. 6180
Meteorological
Variables Entire Sampling Period Initial Decreasing Period Later Period
Air temperature (T) 0.84 ** (n = 170) 0.74 ** (n = 62) 0.89 ** (n = 108)
Precipitation amount (P) —0.31** (n = 170) -0.14 (n =62) —0.46 ** (n = 108)
Relative humidity (RH) —0.20 (n = 170) -0.30* (n = 62) —0.11 (n = 108)

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed).

4. Discussion

4.1. Correlation between 6°H and 5'80 in Precipitation

As shown in Figure 4, the Sequential Meteoric Water Line (SMWL) of all the precipitation
intra-events in Lanzhou was calculated to be 5*H = (7.33 + 0.07) 680 + (9.78 + 0.65) (R = 0.97,
p < 0.01, n = 170). For this region, the Local Meteoric Water Line (LMWL) based on monthly 5H
and 6'80 from the Global Network of Isotopes in Precipitation (GNIP) was 5%H = (6.62 + 0.22) 6180
+ (=2.62 £ 2.27) (R? = 0.99, p < 0.01) [35]. Both the slope and intercept of the LMWL based on the
monthly data from the GNIP are smaller than the SMWL. This is mainly due to the precipitation from
the GNIP masking the post-condensation process of water vapor in the cloud at different periods
after the weighted average processing, but the samples in continuous precipitation all respond to
the change of water vapor condensation in the cloud, and records the fractionation rate ratio of the
stable isotopes at that time. Furthermore, the slope of the SMWL is smaller than those of the Global
Meteoric Water Line (GMWL: 6*H = 8 '80 + 10) [36] and the LMWL(5%H = 7.48 580 + 8.13) based on
the daily precipitation date [37], which may be as a result of more intense evaporation in Lanzhou.
Previous research has shown that the degree of precipitation re-evaporation is related to the relative
humidity in different environments [38,39]. Before precipitation, the relative humidity is low and
most values are lower than 90%. Partial evaporation to some extent before precipitation always leads
to heavy isotope enrichment, and isotopic non-equilibrium fractionation can lead to the relatively
enriched 680 values in precipitation. The 5'80 values of the E4 were relatively enriched, with the
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plots distributed in the lower right of the GMWL and LMWL (Figure 4). This is mainly related to the
non-equilibrium conditions that affect falling rain in a semi-arid environment, indicating that rainfall
undergoes partial evaporation under warm and dry conditions, lowering the slope of the SMWL [39].
The E1 and E6 experienced recycled moisture, with the plots distributed in the upper right of the
GMWL and the LMWL. The 6'80 values of the E7, E8, and E9 were negative (<—5%o), with the plots
closely distributed to the GMWL and the LMWL (Figure 4), appearing as weak re-evaporation in the
intra-event. The SMWL had a smaller slope in Lanzhou, compared with the corresponding values of the
GMWL and LMWL, which was caused by the effect of re-evaporation before precipitation. Therefore,
the sub-cloud evaporation and recycled moisture have an influence on the isotopic composition of
continental precipitation in Northwest China; related studies have similar results [40-43]. The SMWL
can more truly reflect the comprehensive environmental characteristics of the region.

20
0.2 18 -
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20 (R* =097, p<0.01, n=170)
£ 40 A
5
-60
-80
—— GMWL —— LMWL —— SMWL
-100 | e EI(6-14) © FE4(7-21) @ L7(9-9)
® [L2(7-15) ® ES(820) ® [E8(9-12)
© E3(7-19) @ LG6(830) @ E9(10-135)
-120 ‘ . ‘ :
20 -15 -10 5 0 5
5180/%

Figure 4. 5'30 and 6°H relationships during the nine precipitation events from June to October 2019.
E1 (14 June 2019); E2 (15 July 2019); E3 (19 July 2019); E4 (21 July 2019); E5 (20 August 2019); E6
(30 August 2019); E7 (9 September 2019); E8 (12 September 2019); E9 (15 October 2019). (SMWL:
Sequential Meteoric Water Line, GMWL: Global Meteoric Water Line, LMWL: Local Meteoric Water
Line 6*H = 7.48 5180 + 8.13 [37]).

4.2. Intra-Event Characteristics of Typical Patterns

4.2.1. Event 5 (20 August 2019): V-Shaped Isotopic Pattern

The V-shaped pattern shows the 6!80 value to be generally high at the beginning, decreasing
during the initial period of the event, and increasing toward the later period of the event (Figure 3).
A lower 680 value is generally observed when the precipitation amount is higher, e.g., in E3, E5,
and E6 (Figure 3c,e,f). It is also possible for V-shaped patterns to be observed in the intra-event, e.g.,
during E5. With regard to variations in 5'0 content during precipitation, the fifth event on 20 August
2019 had a significant change in 'O value, and the amplitude was 3.7%o in a single event, showing
a typical V-shaped pattern. In addition, its final 5O value (~7.2%o) was close to the initial value
(=7.8%0). The 6'80 value fluctuated significantly, and multiple increase-decrease cycles occurred
during the intra-event. The lowest 680 value occurred at 11:40, with the maximum depletion being
reached at the highest rain intensity (0.75 mm during 10 min). The temperature and relative humidity
of the rainfall events recorded at the same time changed with time. In the first hour (about 11:50), the
temperature dropped greatly (from 27 °C to nearly 17 °C) with a decrease in the 6'80 value. After that,
during precipitation, the steady variable in temperature did not significantly influence the 5'80 value.
The RH was lower in the beginning and higher after 12:30, ranging from 49% to 80%.



Water 2020, 12, 2145 10 of 14

4.2.2. Event 9 (15 October 2019): L-Shaped Isotopic Pattern

The L-shaped and decreasing pattern indicates that rainwater is gradually depleted in heavy
isotopes during the precipitation intra-event [29,44]. The L-shaped pattern usually reaches a stationary
value in the later period of the event [34]. Additionally, the stationary value appears during the whole
event, known as a ‘stationary pattern’. For example, in the ninth event on 15 October 2019, the change
in the 6'80 value appears as an L-shaped pattern (Figure 3i). The peculiarity of this 10.9 mm rainfall
lies in its duration: 37 sequential samples collected from 07:54 to 14:04 (Table 1). The overall mean
5180 is —14.6%o. The initial §'80 value of the rainwater was around —8.6%o. and dropped to —17.4%o
at 09:14. The temperature dropped from 8 °C to 4.6 °C, with a decrease in the 6'80 value. After that,
small changes in the temperature meant that it remained constant at about 4.9 °C. Furthermore, the rain
intensity decreased, and the 6'80 value remained constant with the variation being below 1%o toward
the end of the precipitation. As with air temperature, the RH also changes during events. In general,
the RH gradually increased from 56.6% to 79.5%, remaining steady after 11:00. This indicates that
either the physical process of controlling the stable isotopes of precipitation is stable or the height at
which the rain was formed was constant [45].

4.2.3. Event 8 (12 September 2019): Descending Isotopic Pattern

During the event shown in Figure 3, a decreasing pattern appeared when the 5'80 value of
precipitation decreased with time, e.g., in E1 and E8 (Figure 3a,h). From the change of the 5180 content
in the process of precipitation, the first event on the 14 June 2019 ranged from —0.7%o to —4.1%o. A total
of 17.50 mm of E1 fell in 130 min, which was collected in 13 sequential samples; the rainfall began
at about 15:10. Starting from an initial 5'80 of —0.7%o, the precipitation gradually depleted in heavy
isotopes, reaching 680 values of —4.1%o at 16:40. The temperature continued to drop from 29.5 °C
to 22.5 °C until 13:14. The RH increased from about 48% to 80%, generally maintaining an average
value of 80.5%. In general, with the precipitation progressing, the temperature and RH recorded
simultaneously in the intra-events exhibited only a slight change through time and did not significantly
affect the 5'80 value. Therefore, the microphysical and local meteorological conditions in different
environments have a significant influence on the isotopic composition and varies the trend of each
event [29,37].

4.3. d-excess Contents in Precipitation Intra-Events Based on Moisture Sources

The fluctuation of the d-excess in precipitation events can be attributed to the moisture source [31].
Studies have shown that the relative humidity of the atmosphere in the moisture source area increases
and that the evaporative fractionation during rainfall reduces the d-excess in precipitation. In the
initial period of E5, the highest d-excess was 18.2%o, which may reflect the rapid evaporation process
of its moisture source area under unbalanced conditions. Later, the d-excess decreased significantly,
reflecting that the relative humidity of the moisture source area increased, and the rainfall was subjected
to sub-cloud secondary evaporation, leading to the d-excess value decreasing. For E9, during the initial
period, the d-excess of precipitation increased rapidly, reaching 31.2%o and then showed a decreasing
pattern of fluctuation. The influence of evaporation on rainfall can reduce the d-excess [46], and the
d-excess increases when the atmosphere mixes with moisture from land evaporation [47]. The inverted
“V”-shaped fluctuations of the d-excess indicate that the moisture during continuous precipitation may
come from different sources.

The initial 6'80 values of every single event can largely reflect the initial air mass or vapor from the
precipitation [39]. The Lagrangian approach has been widely used to identify moisture sources in most
regions [29]. Through the stable isotope and d-excess variations in the preceding events, it was found
that during the same precipitation event there may be supplements and additional moisture from
other sources that are different from the initial precipitation air mass. The moisture transport paths of
E1, E5, and E9 were tracked and retrieved in the initial and the later periods. In Figure 5, it can be
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seen that the moisture at different height layers had different sources, especially at heights of 500, 1000,
and 2500 m. In E1, at 15:00 and 17:00 on 14 June 2019 (Figure 5a,b), the site was under the influence
of two different precipitation sources. At heights of 500 and 2500 m in the early period, there was a
westerly moisture transport, with longer paths and dry air masses, resulting in a larger d-excess (about
5.3%o0), while at other layers there was vicinal continental moisture transport. The 500 m moisture
path was shorter, and the d-excess in the precipitation was small (about 3.8%o). In E5 (Figure 5c,d), the
moisture came from the surrounding area of the study area in the early period at 09:00, and the local
evaporation moisture may account for a large proportion of this. Later, at heights of 500 and 1000 m,
there was westerly moisture, which was consistent with the moisture source indicated by the d-excess
in the precipitation. In E9 (Figure 5e,f), the moisture source was westerly at heights of 1000 and 2500 m,
and the other layers had continental moisture transport. With continued precipitation, the moisture
path became shorter and the amount of precipitation decreased. This shows that the moisture source
transport coincided with the source indicated by the d-excess in the precipitation. Therefore, westerlies
have been shown to be the main moisture transport drivers in arid Central Asia, coincident with the
research of meteorology and isotope hydrology [1,9,48].
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Figure 5. Moisture trajectories of the air mass for three individual precipitation events at different times
during E1, E5, and E9. (a) E1, 15:00; (b) E1, 17:00; (c) E5, 09:00; (d) E5, 14:00; (e) E9, 08:00; (f) E9, 13:00.
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5. Conclusions

Compared with previous studies of stable isotopic composition based on annual, monthly, and daily
timescale data in the monsoon marginal zone, we focused on intra-event precipitation at a mid-latitude
site. Our sub-hourly resolution, single-event stable isotope data provide unique information about
regional precipitation, providing valuable information for scientists for site comparisons and assessing
global hydrological models. We observed the variations of sub-hourly (every 10 min) stable isotope
compositions (6°H and 6'80) that occurred within a number of sequential precipitation samples from
June to October 2019 in Lanzhou, Northwest China:

(1) The amplitude of change in the 5'80 value of precipitation during an intra-event ranged from
1% to 5%o. For all events, the difference between the highest and the lowest 50 value was the
absolute change in 6'80 during a single event at the sampling site. The maximum depletion was
reached at the highest amount of rain per 10 min during the intra-event, and the heavy isotope of
the precipitation increased slightly toward the end of the event;

(2) The isotopic composition of precipitation was significantly influenced by the local meteorological
factors. The 6'80 in precipitation had a significant positive correlation with the temperature and
a negative correlation with the precipitation amount in the sub-hourly scale during the sampling
period. There was no significant correlation between 5'80 and the precipitation amount and the
relative humidity during the later period, indicating that the 'O values were not governed by
local meteorological factors at this time;

(3) The SMWL of precipitation is presented as 6*H = 7.33 60 + 9.78 (R? = 0.97, n = 170) at the
sampling site, and the slope and intercept were slightly smaller compared with the GMWL and
the LMWL. This indicated that the re-evaporation of the precipitation during the initial decreasing
period resulted in heavy isotope enrichment;

(4) The 680 value tended to be higher when the precipitation started and toward the end of the
period, with the lowest values in the middle, appearing as a “V”-shaped pattern, especially in
E5. Other patterns were associated with the 5'0 value variable in the later period of the events,
as seen in E1 and E9;

(5) Different events may have very different isotopic compositions and trends at different times.
Intra-event patterns are related to local, microphysical, and air mass conditions, which
favor isotopic fractionation and therefore have an effect on the final isotopic composition
of precipitation [32]. Therefore, the various isotopic characteristics of precipitation largely rely on
the regional climate, which plays an important role in hydrology.
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