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Abstract: Precipitation is the sole input of regional water resources in mountainous or hilly areas that
are not traversed by large rivers. A prerequisite for using isotopic techniques to study the regional water
cycle of a mountainous area is to examine the stable isotopic composition of its precipitation. The
findings are of great significance for in-depth understanding of the water-cycle processes. In this study,
each event of precipitation was sampled and used to investigate the characteristics of stable hydrogen
and oxygen isotopes (8”H and 8'%0, respectively) in precipitation on the Jiaolai Plain and its surrounding
areas. NCEP/NCAR data was used for the wind speed and direction, relative humidity, and precipitable
amount in the study area during the sampling period. The water vapor sources of precipitation over the
plain were revealed through a comparative analysis of seasonal variations in precipitation isotopes,
between the Global Network of Isotopes in Precipitation (GNIP) stations located along different vapor
transport paths. The results showed that the local meteoric water line (LMWL) was 8°H = 6.38 8'%0 +
0.72, with a gradient less than 8. This indicated that the precipitation process was affected by
non-equilibrium evaporation occurred when the drops fell below the cloud base. Significant temperature
and amount effects existed in the 8'80 of precipitation, although the altitude effect was not significant.
The water vapor source of the precipitation was controlled predominantly by the East Asian Monsoon
from June to September, with the main source being evaporation from the adjacent Pacific Ocean. The
plain was controlled by Westerlies from October through May, with the predominant vapor source being
local evaporation. Water vapor from the polar region had minimal impact. During the sampling period,
water vapor brought by Typhoon Lekima produced heavy precipitation on the plain from August 11-13,
2019. There was a significant depletion of 8'0 in the precipitation at that time, indicating the existence
of the “cloud-rain zonal effect.” These findings can serve as the basis for studying surface water—
groundwater—seawater transformations, and the water-cycle in the Jiaolai Plain, and provide support for

the rational use of water resources there.
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1. Introduction

Precipitation is a critical component of the water-cycle processes, and the main source of terrestrial
water resources [1]. In hilly areas not traversed by big rivers, precipitation is the only input of regional
water resources. Studying the water vapor sources is a prerequisite for understanding the regional
water-cycle and ensuring the rational use of water resources [2]. The composition of stable hydrogen and
oxygen isotopes (6°H and 8'%0, respectively) in precipitation is related to its water vapor sources and
meteorological conditions, and responds sensitively to environmental changes. These characteristics
make the 8’H and 3'80 of precipitation an effective tool for studying climate change and hydrological
processes, as well as a tracer for the sources and development of various waterbodies [3-6]. For these
reasons, 8°H and 8'%0 in water are often referred to as its “fingerprint” or “DNA,” and have become
natural tracers for the water-cycle and climatic conditions [7-11].

For example, Pang et al.[12] analyzed the isotopic composition of precipitation at two high-altitude
stations on the Tianshan Mountains in northwestern China, and confirmed the impacts of below-cloud
evaporation and water recycling on the formation and isotopic composition of precipitation under arid
climatic conditions. Using the 1968-2010 isotopic data for precipitation in the Hubbard Brook
Experimental Forest, Puntsag et al. [2] found that the region’s precipitation was affected by the North
Atlantic Oscillation, Arctic sea ice decline, and intrusion of polar air. After analyzing the isotopic
characteristics of precipitation in Thailand, and combining that with the results of atmospheric
circumfluence and back-trajectory simulations, Wei et al. [13] concluded that the isotopic ratio of
precipitation there was controlled by local evaporation, and that precipitation was significantly affected

by large-scale convection. Kong et al. [4] analyzed the precipitation isotopic data of 68 stations in China,
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and divided the country into five zones — Westerlies, Arctic, Northeast, Pacific, and Tibetan Plateau —
based on their main water vapor sources. They also determined the spatiotemporal variations in the
stable precipitation isotopes and deuterium excess (d-excess) of each zone. All the aforementioned
studies reflect the value of using the 6*H and §'30 of precipitation to study water vapor sources and track
the atmospheric water vapor cycle at various scales.

The Jiaolai Plain is located on the eastern margin of the mid-latitude Eurasian continent, and the
central—eastern portion of the Shandong Peninsula in China (Fig.1). It is one of the core areas driving the
economic development of Shandong Province [14-15]. Located in the eastern hilly areas of the
Shandong Peninsula, it is not traversed by any large river, and precipitation is the region’s only source of
fresh water [16]. The implication of this is that the spatiotemporal distribution of precipitation directly
affects the industrial and agricultural productivity of the plain. There has been an increase in the
frequency and duration of drought events on the plain since the 1980s, resulting in a shortage of surface
water resources. In addition to over-exploitation of the groundwater there by agricultural production, a
large-scale negative funnel zone has also appeared in the groundwater level [17]. This has led to a series
of serious geological and environmental problems in some areas, including land subsidence, seawater
intrusions, ecological degradation, reduction in agricultural production, and exacerbation of endemic
diseases [18-20]. The severe impact of these issues on the sustainable socioeconomic development of the
area has attracted the attention of scholars and government, resulting in many studies being conducted.
These researches have mainly focused on the formation of the groundwater funnel, the cause and
exchange rate of seawater intrusions, pollution of the groundwater bodies, and evaluation of the water
resources [20-23].

However, research on precipitation, the only input, is relatively lacking. In fact, there has been no

research on the isotopic characteristics of the precipitation on the Jiaolai Plain and its surrounding areas,
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nor its water vapor sources. This has imposed certain limitations on research into the transformation of
the regional waterbodies and water-cycle, as well as preventing in-depth development of related research
on regional ecological degradation, groundwater pollution, and investigations into the causes of endemic
diseases.

Therefore, based on the above considerations, the Jiaolai Plain was taken as the study area, with event
precipitation samples collected from 6 meteorological stations there. The main aims of this study were:
(1) to explore the spatiotemporal variations in the precipitation isotopes of the study area; (2) to ascertain
the environmental effects of these precipitation isotopes; and (3) to examine the water vapor sources of
the precipitation in the study area, and its response to typhoon events. The findings can serve as basic
data for research on surface water—groundwater—seawater transformations and the water-cycle of the

plain, and inform strategies for the rational utilization of water resources there.

2. Background of the Jiaolai Plain

The Jiaolai Plain (or Jiaolai Valley) is located between the Luzhong Mountains and Jiaodong Hills
(118°34'55"-120°40"15" E, 35°38'38"-37°23'43" N). Stretching 30-80 km from east to west, and
reaching the Laizhou and Jiaozhou Bays to the north and south, respectively, the altitude of most of the
plain is less than 50 m (Fig. 1). It was formed by the impacts of the Wei, Dagu, and Jiaolai Rivers, which
had developed in the hilly areas on both sides (Fig. 1). Since the intention of this study was to analyze
the isotopic characteristics of precipitation on the plain at the basin scale, the scope was expanded to
include the watersheds of the Wei, Dagu, and Jiaolai Rivers (Fig. 1). The final study area covered a basin
area of 17,762.22 km?.

The study area has an oceanic, warm, and temperate monsoon climate with an annual average

temperature of 11.8—-12.9°C. The total annual precipitation, at approximately 670 mm, has an uneven
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spatiotemporal distribution. It is mostly concentrated from June to August (approximately 60—65% of the
annual precipitation) and decreases progressively from southeast to northwest [24]. The annual average
evaporation is 1,665.1-2,158.1 mm, and the relative humidity is 68—72%. The annual frost-free period
lasts 190-210 days, and the maximum frost depth is 40—-50 cm. The Wei, Dagu, and Jiaolai Rivers are
the largest rivers in the study area, with annual average runoffs of 14.45 x 108, 6.61 x 10%, and 1.98 x

10® m?, respectively. All the rivers are rain-sourced, and the flooding season is from June to September.

3. Methods
3.1 Collection and testing of precipitation samples

After taking into account the distributions of the topographical and altitudinal characteristics of the
study area, 6 precipitation collection points were set up at the following meteorological bureaus:
Changyi, Gaomi, Laixi, Laizhou, Pingdu, and Wulian (Fig. 1). A total of 254 precipitation samples were
collected between October 2018 and September 2019, including 232 rainfall samples and 22 snowfall
samples. During the sampling period, the amount of precipitation and the temperature during
precipitation were observed simultaneously. 8°H and 8'30 in the precipitation samples were measured
using a Los Gatos Research liquid water liquid water isotope analyzer (IWA-45-EP) at the Northwest
Agriculture and Forestry University, with VSMOW as the standard sample. The measurement accuracies
for 8°H and §'80 were +£0.5%o0 and £0.2%o, respectively.
3.2 Research methods

The temperature, precipitation amount, and altitude effects were selected for analyzing the
environmental effects of precipitation isotopes on the Jiaolai Plain [8,25-26]. The reanalysis data of the
United States’ National Centers for Environmental Prediction / National Center for Atmospheric

Research (NCEP/NCAR) were used for the wind speed and direction, relative humidity, and precipitable
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amount over the study area and its surrounding areas, at the geopotential height of 850 hPa, during the

sampling period (October 2018 to September 2019). The spatial resolution of the data was 2.5° x 2.5°

(data source: http://www.cdc.noaa.gov/cdc/reanalysis/). The purpose was to determine the precipitation

source of the plain, and the characteristics of the water vapor migration path.

At the same time, the results for the water vapor sources were verified through a comparative analysis

with the characteristics of seasonal variations in precipitation isotopes along different precipitation paths

on the Global Network of Isotopes in Precipitation (GNIP) website. The stations included Urumqi,

Baotou, Shijiazhuang, and Tokyo (Japan), from west to east, and Hong Kong, Nanjing, and Qiqihar,

from south to north. Among these, Hong Kong is located in southeastern China and is affected by the

East Asian Monsoon; Urumgqi is located in northwest China and is affected by the Westerlies; for Baotou

and Shijiazhuang (northwest of the study area), Tokyo (east of the study area), Nanjing (south of the

study area), and Qiqihar (north of the study area), the wet and dry seasons are affected by the East Asian

Monsoon and the Westerlies, respectively (Fig. 1)[27-28]. Data on the stations’ precipitation isotopes

were downloaded from the GNIP website (http://www.iaea.org/water) [29].

4. Results and discussion
4.1 Characteristics of precipitation isotopes

The &°H of precipitation on the Jiaolai Plain ranged from -89.76%o to -0.54%o (average: -34.43%o), and
the 6'%0 was between -13.85%0 and -0.05%o (average: -5.51%o) (Fig. 2). These values are within the
fluctuation range of 8’H and 8'%0 for China’s precipitation, which is -280.0%0—+24.0%o and -35.5%0—
+2.5%o, respectively [30]. The temporal distributions of ?°H and 8'0 exhibited a similar pattern, with
both presenting a bimodal shape (“M” type). There was a gradual enrichment from January to May,

followed by a gradual depletion from May to August, another gradual enrichment from August to
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September, and another gradual depletion from September to December (Fig. 2). The overall
characteristics followed the seasonal variations, being low in distribution in summer and winter seasons,
and high in spring and autumn seasons. This was mainly related to the water vapor sources in the
different seasons, and the meteorological conditions during precipitation. When 8’H and 3'%0 began
depleting in May, it was likely due to the East Asian Monsoon, which begins that month, affecting
precipitation on the plain, resulting in a relative depletion of the isotopes [31-32].

The relationship between the §*H and 8'%0 of the precipitation constitutes the local meteoric water

line (LMWL) of the plain (Fig. 3):
8’H = 6.38 580 + 0.72, VSMOW (n = 254, R = 0.89)

This precipitation line deviates slightly from the global meteoric water line (GMWL: §*H = 8 §'%0 +
10). This is because that the local circumfluent system has different water vapor sources and evaporation
patterns from the global system [3,7]. The slop of LMWL is similar to the slopes of meteoric water lines
for Shijiazhuang (8°H = 6.39 §'%0 - 3.75, R? = 0.88) [33] and Zhengzhou (6°H = 6.48 5'%0 - 2.71, R? =
0.88) [34], as well as the meteoric water lines of the adjacent GNIP stations in Yantai and Tianjin, which
belong to the International Atomic Energy Agency (6°H = 6.29 3'%0 - 3.63, R> = 0.81; 8°H = 6.57 §'%0 +
0.31, R? = 0.94). These all indicates that the precipitation sources of the plain were similar to that of
these adjacent areas. Concurrently, the gradients of the meteoric water lines were lower than the
GMWL'’s average value of 8, indicating that the precipitation process might be affected by secondary
under-cloud evaporation. This caused partial fractionation of the 8’°H and §'%0, resulting in a reduction in

the gradient of the precipitation line [3,8].

The d-excess of most terrestrial precipitation is close to 10%o [35], which is mainly affected by the
relative humidity of the surrounding air of the water vapor source. Analyzing the d-excess value can

reveal the water vapor sources and the precipitation process, including the condensation, evaporation,
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and sublimation of water vapor, and the recirculation of terrestrial water vapor [4,36]. The d-excess of
the precipitation of the Jiaolai Plain varied from -23.32%o to 36%o (average: 7.56%o) (Fig. 4). Most of the
d-excess values in the precipitation from October through April were higher than 10%. (Fig. 4),
indicating the relative humidity of the surrounding air of the water vapor source was low. Meanwhile,
the 6°H and 8'%0 values of the precipitation during this period (spring, autumn, and winter) were mostly
located to the upper left of the LMWL (Fig. 3). These all indicated that the moisture sources of
precipitation on the plain from October through April were the water vapor controlled by the Westerlies
and local evaporation. There was also obvious recirculation of water vapor evaporated from the
terrestrial land [12,27,37-39]. Furthermore, most of the d-excess values of the precipitation from May to
September were less than 10%o0 (Fig. 4), indicating that the humidity of the water vapor sources was
relatively high [40], and that possible sources of the precipitation were the adjacent coastal areas or the
low-latitude Pacific Ocean (with water vapor carried by the East Asian Monsoon) [41]. Meanwhile, the
&°H and 8'%0 values of the precipitation during this period were mostly located to the lower right of the
LMWL (Fig. 3), indicating that summer precipitation on the plain was subjected to secondary
under-cloud evaporation [7,36]. Overall, the variations of d-excess of the precipitation on the plain were
obvious seasonal, the reason was mainly due to the different patterns of atmospheric circumfluence,
causing precipitation over the plain to have different water vapor sources during different periods [27].
4.2 Environmental effects of the stable isotopes in precipitation
4.2.1 The temperature effect

During the evaporation or condensation process, the fractionation intensities of &°H and 8'%0 in
natural waterbodies are inversely proportional to the temperature, resulting in a linear relationship
between the values of 8°H and 8'80 in the precipitation and air temperature. This is known as the

temperature effect [8]. The 5°H and 8'30 in precipitation on the plain showed a strong seasonal variation

9
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(Fig. 2). There was a gradual enrichment from January to May, followed by a gradual depletion from
September to December. This means that, except for summer (June-August), the trends of the *H and
8'80 of the precipitation were consistent with the temperature, indicating that the §*’H and §'30 of the
precipitation on the plain evidenced a strong temperature effect. The temperature effect of the §'%0 of
precipitation was significant (p < 0.001) during the sampling period (Fig. 5a), with the fitting equation

being:
880 =10.093T - 7.114 (n =254, p < 0.001, R = 0.346)

The equation indicated that the 8'%0 of the precipitation gradually enriched at the rate of 0.093%o/°C
with rising temperatures, which was similar to the temperature effect at the adjacent Shijiazhuang [33].
In seasonal precipitation, the temperature effect of the 8'%0 of precipitation exists in all seasons. The
best-fit equations were significant (p < 0.05) in autumn and winter. Related studies have shown that the
8°H and 8'%0 in precipitation have a strong temperature effect in areas and during time periods that are
controlled by the Westerlies, such as Delingha, Urumgqi, and Zhangye in western China, and other arid
regions in central Asia [4,27,42]. However, a strong precipitable amount effect counteracts the
temperature effect in areas and during time periods that are controlled by the East Asian Monsoon,
resulting in a weaker temperature effect [43-44]. This usually occurred near the equator and in
southeastern China [4,27]. This further indicates that summer precipitation on the Jiaolai Plain might be
controlled by the East Asian Monsoon and the ocean-evaporated water vapor that it carries, while
precipitation in the other seasons is mainly controlled by the circumfluence of the Westerlies and the
land-evaporated water vapor that they carry.

4.2.2 The amount effect

The amount of precipitation affects its isotopic composition. In many tropical as well as monsoon

regions, an inverse relationship between precipitation amount and 3'%0 of precipitation, called the
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“amount effect,” [8]. The amount effect of the 5'%0 of precipitation was significant (»p < 0.05) on the

plain during the sampling period (Fig. 6a), with the fitting equation being:
380 =-0.020 P-5.316 (n=254, p < 0.05, R =-0.144)

This is an indication that the 3'%0 of the precipitation gradually depleted with an increasing amount of
precipitation, which might be due to the impact of the East Asian Monsoon [45]. Hong Kong and
Nanjing, which are affected by the monsoon, had obvious amount effects. Conversely, the amount effect
was relatively weak in Tianjin, and not significant in Qiqihar and the other inland areas [4,27].
According to the relationship between the '80 of the precipitation and the amount of precipitation in the
different seasons (Fig. 6), the amount effect did not exist in the 8'®0O of the spring and winter
precipitation, but was significant (p < 0.01) in that of the summer and autumn precipitation.

Combining the above with the temperature effect on precipitation isotopes in different seasons on the
Jiaolai Plain (Fig. 5), the seasons with a significant amount effect (summer and autumn) were found to
not have any obvious temperature effect. However, the seasons with a non-significant amount effect
(spring and winter) had an obvious temperature effect. This indicates that the amount effect had
concealed or suppressed the temperature effect, although this phenomenon did not exist during snowfall
[26,40,46].

4.2.3 The altitude effect

The altitude (elevation) effect refers to the phenomenon of topographic precipitation occurring when a
mass of water vapor is forced to rise from the ground surface in areas with relatively large topographic
undulations. The water vapor undergoes adiabatic condensation (through diffusion), causing the values
of 80 and &°H in the precipitation to decrease with increasing elevation [25]. According to the
relationship between the 3'%0 of the precipitation and the altitude on the Jiaolai Plain (Fig. 7), the 6'3%0

of the precipitation had an inverse relationship with altitude during the sapling period, meaning that it
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gradually depleted with altitude. This constitutes the altitude effect, although it was not significant (Fig.
7a). The altitude effect did not exist in the spring and autumn precipitation (Fig. 7b, 7d), while the
altitude effect was present with respect to the summer and winter precipitation, but it was not significant
(Fig. 7c, 7e). This might be related to the plain’s relatively small altitudinal gradient, with an elevation
difference of only 124.7 m between the highest and lowest points. For many studies, the altitudinal
difference involved was greater than 3,000 m [7,12,31].
4.3 Precipitation sources of the Jiaolai Plain

The reanalysis data from NCEP/NCAR were used to obtain the wind speed and direction, relative
humidity, and precipitable amount of the study area and its surrounding areas at the geopotential height
of 850 hPa during the sampling period (October 2018 to September 2019) (Fig. 8, Fig. 9). The results
show that air flows over the plain and surrounding areas were northwesterly from October to May of the
following year, and were mainly controlled by the circumfluence of the Westerlies. From June to
September, the air flows became southeasterly, and were mostly controlled by the East Asian Monsoon
(Fig. 8). The main reason is that the East Asian Monsoon occurs after mid-May, and is jointly formed by
a low-pressure center gradually appearing at 70°-80° E over the Qinghai-Tibet Plateau and a
high-pressure center appearing over the North Pacific Ocean. The warm and wet water vapor formed
over the Pacific Ocean is then transported across the East Asian continent [47]. After mid-September, a
cold high-pressure center gradually appears over Mongolia, Siberia, and at 80°-90° E over the Qinghai—
Tibet Plateau. The pressure gradient between Mongolia (high) and the Pacific Ocean (low) leads to the
formation of the Winter Monsoon, which flows from west to east [27] and persists until May of the
following year [48].

With the transitioning of the monsoons, the humidity and precipitable amount over the plain exhibited

regular changes (Fig. 8, Fig. 9). Both humidity and precipitable amount presented an increasing trend
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from January to August, going from below 30% to above 60% and from 7.5 to 40 kg/m?, respectively.
Next, these two variables showed a decreasing trend from August to December. During the period
affected by the circumfluence of the Westerlies (October to May of the following year), the humidity and
precipitable amount was less than 40% and 15 kg/m?, respectively. These rose during the period
controlled by the East Asian Monsoon (June to September), reaching 50% and 20 kg/m?, respectively.

The precipitation isotopes of GNIP stations in different monsoon regions were selected for a
comparative analysis to distinguish the water vapor sources of the precipitation on the plain more
accurately (Fig. 1, Fig. 10, Fig. 11). The 8'30 of precipitation in Urumgi was positively correlated with
temperature changes, and was characterized by a relative enrichment and depletion in summer and
winter, respectively [49-50]. The precipitation in Hong Kong was mainly affected by oceanic water
vapor carried by the East Asian Monsoon. The temperature was high in summer and the amount of
precipitation was large. The main water vapor sources were the distant ocean regions, with the §'80 of
the precipitation being relatively depleted. The main water vapor sources of winter precipitation were the
coastal waters and evaporation from local areas, and the precipitation was relatively enriched in §'3%0
[27,51].

From October to May of the following year, the 3'30 of precipitation on the Jiaolai Plain exhibited a
similar trend to that in Baotou, Shijiazhuang, Tokyo, and Nanjing (Fig. 10). The precipitation at the
stations during this period was controlled by the Westerlies. The 8'0 of precipitation on the plain from
June to September had a similar trend to that in Hong Kong, Tokyo, Nanjing, and Shijiazhuang. The East
Asian Monsoon controlled the precipitation at the stations during this period. In contrast, the §'%0 of
precipitation on the plain had the opposite trend to that in Urumqi during the period from June to
September (Fig. 10a), where the precipitation during this period was controlled by the Westerlies [52].

The 8'%0 of precipitation on the plain also had the opposite trend to that in Hong Kong from October to
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May of the following year (Fig. 10b). During this period, the precipitation in Hong Kong was controlled
by the East Asian Monsoon [27]. The results of comparing the §'%0 of precipitation at the stations were
consistent with the NCEP/NCAR reanalysis data: the water vapor of precipitation on the Jiaolai Plain is
controlled by the East Asian monsoon from June to September, and by the Westerlies from October to
May.

During the period when the Westerlies were in control (October to May), the depletion of §'%0 in the
precipitation at Urumqi and Qiqihar was at its highest (Fig. 10). This is because precipitation at these
two stations was under the joint action of water vapor from both the Atlantic Ocean (carried by the
circumfluence of the Westerlies) and the polar region. Water vapor condensed to form precipitation along
the way, and was not well replenished by evaporation over land, leading to a depletion of §'30 [52-53].
The d-excess in the precipitation isotopes at Urumgqi was greater than 10, while that at Qigihar was less
than 10 (Fig. 11). This indicates that precipitation at Qiqihar contained a higher proportion of cold and
wet water vapor from the Arctic Ocean, whereas that at Urumgqi contained a greater proportion of water
vapor evaporated from land [39,52-53].

The 8'%0 of precipitation on the Jiaolai Plain and at the remaining stations (Baotou, Shijiazhuang,
Tokyo, and Nanjing) was higher than at Urumgqi and Qigqihar, and their d-excess values were greater than
10, indicating that the main water vapor source of precipitation over the plain was local evaporation
during the period controlled by the Westerlies (October to May), and the impact of water vapor from the
polar region was small. At the same time, the d-excess value of the plain was similar to that of Tokyo
and Qigihar during the period controlled by the East Asian Monsoon (June—September) (Fig. 11).
Therefore, these three places share a similar water vapor source for their precipitation, namely water
vapor evaporated from the adjacent Pacific Ocean, which has high levels of humidity [54].

Related studies have shown that the §'0 value of typhoon-caused precipitation is significantly lower
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than that of general precipitation events in summer, usually by 4%o-10%o [56-58]. This may be related to
various factors, including the cloud height and depth, lifetime and volume of the typhoon [58]. During
this study’s sampling period (October 2018 to September 2019), water vapor carried by Typhoon Lekima
produced heavy precipitation over the plain from August 11-13, causing a change in the §'80 of the
precipitation, which ranged from -3.75%o to -11.47%o (average: -7.14%o). For the rest of August, which
was unaffected by the typhoon, the 3'30 of the precipitation varied from -3.29%o to -10.14%o (average:
-4.78%0). This proved that the precipitation isotopes were significantly depleted when affected by the
typhoon weather system [59]. This is because the microphysical processes within the typhoon system
caused the 8'80 of the precipitation to be significantly negative. This is known as the “cloud-rain zonal

effect” [60-61].

5. Conclusion

The monthly 8°H and 8'80 of precipitation on the Jiaolai Plain exhibited bimodal (“M”-shaped)
variations, with the general pattern being low values in summer and winter, and high values in spring
and autumn. The LMWL was &H = 6.38 8'%0 + 0.72. These two isotopes in the precipitation also
displayed significant temperature and amount effects, but the altitude effect was not significant. The
NCEP/NCAR reanalysis data were combined with our data for a comparative analysis of the isotopic
characteristics and d-excess at several GNIP stations, which identified the water vapor sources for the
plain. The water vapor source was controlled by the East Asian Monsoon from June to September, and
was mainly evaporated from the adjacent Pacific Ocean. The source was controlled by the Westerlies
from October to May, when it originated from the mixing of water vapor that had evaporated from
large-scale waterbodies on land and atmospheric (upwind) water vapor. The impact of polar water vapor

was small. The water vapor carried by Typhoon Lekima caused precipitation over the plain to be
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significantly depleted in 8'®0. The main reason was that the typhoon system has its own microphysical
processes, which cause the “cloud-rain zonal effect” in which the §'80 of the precipitation becomes

significantly negative.
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Fig. 1. Location of the Jiaolai Plain and sites for sampling precipitation

Fig. 2. Contents of 6’H and 8'%0 in precipitation and temperature of the Jiaolai Plain

Fig. 3. The relationship between 8*H and 830 of precipitation on the Jiaolai Plain

Fig. 4. Values of d-excess in precipitation on the Jiaolai Plain

Fig. 5. Temperature effect of '*0 in precipitation on the Jiaolai Plain

Fig. 6. Amount effect of '*O in precipitation on the Jiaolai Plain

Fig. 7. Altitude effect of 5!®0 in precipitation on the Jiaolai Plain

Fig. 8. Distributions of wind field (arrows) and humidity field (colors) at 850 hPa over the
Jiaolai Plain and adjacent regions

Fig. 9. Distributions of precipitable water (colors) at surface level over the Jiaolai Plain and
adjacent regions

Fig. 10. Seasonal variation of 8'®0 in precipitation on the Jiaolai Plain and other stations
derived from the GNIP network

Fig. 11. The d-excess in precipitation on the Jiaolai Plain and other stations derived from the

GNIP network
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