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Monsoon Fringe Area Moisture
Transportation Revealed by Water
Stable Isotopes: A Lanzhou River
Valley Case Study

Jia Du, Jingfeng Liu* and Mingjun Zhang

College of Geography and Environmental Science, Northwest Normal University, Lanzhou, China

Because of global warming, the water cycle has intensified and precipitation has changed,
with monsoons evolving to become more complex, particularly in monsoon fringe areas.
Therefore, it is important to use stable isotopes to trace moisture sources in monsoon
fringe areas, such as semiarid areas. In this study, in situ measurements of water vapor
isotopes were obtained in the monsoon fringe areas of Lanzhou (36.1° N, 103.7° E),
between May and November 2019 with the aim of analyzing the stable isotope
composition and atmospheric water vapor variation to improve our understanding of
moisture transport. The following results were obtained: stable isotopic variation of
atmospheric water vapor shows an alternation between west and southwest moisture
with wind directions and sources of water vapor, with §'80 and §°H varying from high to
low. In the Lanzhou valley, water vapor isotopes show a distinct daily cycle of §'70, §'20,
and 8°H and are consistent with temperature changes. Water vapor isotopes, particularly
d-excess, are correlated with temperature and absolute humidity. With regard to the local
atmospheric water vapor line (LAVL), we show that the slope and intercept of the LAVL are
affected by sub-cloud secondary evaporation and topography.

Keywords: atmospheric water vapor, stable isotope of hydrogen and oxygen, monsoon fringe area, moisture
transportation, semiarid region

INTRODUCTION

Due to differences in water quality and combination (H,'°0, HDO, H,'®0, and H,'70), isotope
fractionation occurs in phase transformation under different meteorological conditions. Therefore,
differences in the content of hydrogen and oxygen stable isotopes in a water body reflect its physical
characteristics, such as water evaporation and transmission during the water cycle. Water isotopes
are widely used as tracking indicators in paleoclimate reconstruction and water cycle research (Bolin,
1959; Ren et al., 2016). Recorded historical details concerning changes in the water cycle process can
track the migration and condensation process of water vapor by monitoring atmospheric water vapor
and precipitation isotopes (Dong et al., 2017; Zhang et al., 2020).

In the past, there have been very few studies related to water vapor-stable isotopes and were based
on discrete water vapor samples collected by traditional cryogenic cold trap techniques (Vuille et al.,
2005). These instruments limit the ability to observe and collect long-term and high-resolution
atmospheric water vapor-stable isotope data. Recent in situ measurements using spectroscopic
techniques have made it possible to monitor continuous changes in atmospheric water vapor-stable
isotopes on finer timescales. Over the past decade, this new technique has been used to monitor stable
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isotopes of water vapor in different climate zones around the
world. The hydrogen- and oxygen-stable isotopes of atmospheric
water vapor research have progressed from early qualitative to the
current quantitative and model descriptions. Eriksson (1965)
used an isotope model based on the atmospheric water vapor
circulation model and found that §'*0 and §°H in atmospheric
water vapor decreased exponentially with altitude variation.
Recent studies have systematically described the distribution of
stable isotopes of atmospheric water vapor on a three-
dimensional spatial level in some regions and analyzed the
seasonal changes in water vapor isotopes based on a nine-year
near-surface atmospheric water vapor isotope data in the eastern
Mediterranean (Angert et al., 2008; Rozanski and Sonntag, 2010).
Steen-Larsen et al. (2011) found a substantial correlation between
the atmospheric water vapor isotopes of Greenland and the
relative near-surface humidity. Steen-Larsen et al. (2014)
found that the daily changes of atmospheric water vapor
isotopes were strongly correlated with the relative humidity,
and the seasonal variation is related to weather conditions.
COSMOiso is an isotope-enhanced regional model that was
used to investigate the influence of continental
evapotranspiration, precipitation, and sub-cloud processes on
the 8°H of meteoric water vapor and precipitation in Europe.
Under warm conditions, continental evapotranspiration,
precipitation, and sub-cloud processes at constant
temperatures can control the effects of near-surface water
vapor (Christner et al., 2018). In Lhasa, water vapors 80
and 8"H were compared with concurrent daily precipitation
isotopes to assess the seasonal control of vapor isotopes and
possible correlations with precipitation isotopes. Atmospheric
water vapor 8'°0 has intra-seasonal dependence on a large-scale
meteorological regime, and the seasonal variation of vapor
d-excess is weak. During the summer monsoon season, high-
frequency fluctuations of both §'®0 and d-excess persisted for
several days, and these fluctuations are in phase with precipitation
events, confirming the significant effect of local evaporation on
the short-term water cycle (Tian et al., 2019).

Some studies have analyzed the stable isotopes of hydrogen
and oxygen in the arid and semiarid regions of China. The
temperature effect, which primarily occurs in middle and high
latitudes, is from coastal regions to inland continents, and the
positive correlation is closer. However, there are many negative
correlations in the middle and low latitudes and in the southern
Qinghai-Tibet Plateau (Zhang and Yao, 1998; Liu et al., 2002).
Moreover, the seasonal variation of §'®0 indicates that westerly
water vapor, local moisture, and summer monsoon all have a
greater impact on the region. Among these, westerly water vapor
plays a dominant role (Chen et al, 2013). In the northern
monsoon region, precipitation isotope values are primarily
affected by secondary evaporation. During the transportation
process, leaching action increases the degree of precipitation
isotope fractionation, and stalagmite oxygen isotope records
from the northern monsoon region can reflect changes in local
annual precipitation (Zhao, 2018). Using field observations of
8’H and §'0 in atmospheric water vapor over artificial oasis
farmland in the Heihe River Basin, it was found that local
evapotranspiration, particularly transpiration, is conducive to
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the enrichment of heavy isotopes in surface water vapor, and
boundary layer entrainment can deplete heavy isotopes in surface
water vapor (Huang and Wen, 2015).

Some global climate and hydrological process studies based on
70 and other stable isotopes have achieved various results. The
70-excess originates from the evaporation of seawater into marine
air, and from the transfer of atmospheric vapor to liquid or solid
precipitation, and high '7O-excess in meteoric water is indicative of
oceanic origin, where air relative humidity is low, and vice versa. A
significant decrease in '”O-excess occurs when a reservoir of meteoric
water is subjected to excessive evaporation (Luz and Barkan, 2010). In
Antarctica, "O-excess was measured and theoretically calculated
using the Rayleigh fractionation model. To explain air quality, it
was proposed that the heterogeneity of '”O-excess in precipitation in
Antarctica can be explained not only by the temperature at the time of
condensation or the relative humidity of the moisture source area but
also by the difference in moisture source and the difference in
supersaturation along the line. The continuous precipitation
process will cause the 87O value in precipitation to gradually
decline, that is, show the leaching effect. The relationship between
8N, §'®0,and 870 in nitrates in the snow cannot be explained only
by the local post-precipitation process but should be explained in the
context of the main atmospheric signals (He et al., 2015; Pang et al,,
2015; Shi et al,, 2015). In an ice-covered ocean near Syowa Station, the
isotopic variation was found to be related to a change in large-scale
circulation caused by the trough-ridge-trough pattern. Its range
reflects the coastal-inland movement of the front between the warm
maritime air mass enriched by the §°H value and cold glacial air mass
depleted by the 8°H value (Kurita et al, 2016).

In previous studies on stable isotopes of hydrogen and oxygen,
70 has been neglected because of its limited applications. More
recently, with scientific and technological advancements, research
on the effect of isotope fractionation and the high-precision
measurement of 7O has evolved (Ma et al, 2010). It also
provided more methods for studying the relationship between
oxygen isotopes and geographical factors, such as the water cycle
and the origination of moisture. However, studies on meteoric
water vapor '“O in the arid and semiarid regions of China
are scant.

In this study, we conducted a field experiment to collect real-
time isotope data on the near-surface atmospheric water vapor
from May to November 2019 in Lanzhou, a typical semiarid
region. Our objectives were to identify the moisture sources and
analyze the influences of regional meteorological conditions on
vapor isotope variations at diurnal and seasonal timescales. This
will further our understanding of the characteristics of
atmospheric water vapor-stable isotope compositions in
semiarid regions and provide insights into distinct moisture
sources and local atmospheric and hydrological processes.

MATERIALS AND METHODS

Site Description

The on-site observations were conducted in a semiarid valley of
the Yellow River in northwest inland China (Figure 1), which is a
topography of the valley sandwiched between northern and
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FIGURE 1 | Location of the study area (Lanzhou valley) and sampling
point feature by monsoon and westerly dual affection. The monsoon boundary
was defined according to Zhao (1983).

southern mountains. It is located in the transition zone from the
Qinghai-Tibet Plateau to the Loess Plateau. The Lanzhou river
valley has a continental semiarid climate, with four distinct
seasons. Hot and rainy summers are influenced by the east
asian summer monsoon, and cold and dry winters are
dominated by the north polar air mass. The average annual
temperature is approximately 11.2°C, and the average annual
precipitation is 367.9 mm, of which 70% occurs during the
summer season of June-September. Lanzhou is located on the
fringe of China’s monsoon area (Zhao, 1983) and belongs to the
transition area between the westerlies and summer monsoon. The
temporal and spatial distribution of atmospheric water vapor and
precipitation in the monsoon fringe area is extremely uneven and
highly variable. It is an important area reflecting the evolution of
the monsoon and its regional influence. The monsoon edge
region has typical environmental sensitivity and vulnerability.
The study of climate change in the monsoon edge region is of
great significance for exploring the monsoon process, evolution
mechanism, and global environmental change. Therefore, the
meteoric water vapor and precipitation mechanisms in Lanzhou
are complex and important.

Sampling and Analysis

With the consideration of the continuity and timeliness of the
water vapor observations, a site was selected in the Meteorological
Park of the new campus of Northwest Normal University, where
the influence of plant shrubs and human activities on the samples
could be avoided. There were no high trees and shrubs in the
vicinity of the sampling point (Figure 2A), and the building was
at a substantial distance from the sampling equipment. From May
to November 2019, an automatic weather station in the park was
used to collect real-time solar radiation, air temperature, air
relative  humidity, wind speed, wind direction, and
precipitation data. To form an effective altitude
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correspondence, meteorological elements such as air
temperature, relative air humidity, wind speed, and wind
direction 20 m above the ground at the automatic weather
station were selected. Atmospheric water vapor and
precipitation were measured in real time.

System Design of Experimental Instrument
To address the uniqueness of real-time long duration and
observation, we designed a water vapor and precipitation
isotope observation system containing two parts. The first part
was composed of weather towers of 5-m intervals and with four
layers. Meteoric water vapor inlets, temperature and humidity
monitors, anemometers, and wind direction meters were placed
on each layer, with the precipitation measuring cylinder placed
2m above the ground. The second part was an L2140-i high-
precision water isotope analyzer (Picarro, Inc., Santa Clara,
United States) that measured 8°H, 670, and 80 and was
equipped with wavelength scanned cavity ring-down
spectroscopy (WS-CRDS) (Figure 2B). Compared with the
traditional continuous-flow isotope ratio mass spectrometry
(CFIRMS), WS-CRDS has better accuracy in water isotope
analysis and real-time observation. The second part consisted
of the following three components:

1) The profile analysis system was the main body (Figure 2A).
The air inlet transported atmospheric water vapor from
ambient air to the profile analysis system through a copper
pipe wrapped in black foam. The profile analysis system was
flushed with an air pump and nitrogen.

2) The Picarro L2140-i water isotope analyzer (Figure 2B): In
this process, atmospheric water vapor isotopes of hydrogen
and oxygen were analyzed in the cavity. Closely following the
analysis, the vacuum pump and nitrogen flushed the analyzing
chamber to avoid residual moisture affecting the next sample
measurement.

3) The vaporization chamber and nitrogen cylinder: The wiring
of the vaporization chamber and nitrogen cylinder is shown in
Figure 2B. This part was primarily used for standard sample
testing. The needle drew a certain amount of standard water
sample and injected it into the vaporization chamber. After
vaporization, it entered the cavity for testing. After each
standard water sample test was completed, nitrogen entered
the vaporization chamber and cavity and was flushed with a
vacuum pump to reduce experimental error.

Calibration Protocol

The isotope determination from sampling, standard material
packaging, storage, sample loading to standard material selection,
and sequence setting will affect the measurement results because of
the large variation in the abundance of hydrogen and oxygen isotopes
in water bodies. This may lead to a large difference between the
measured and true values, and therefore, a correction of the measured
values before the data analysis is required.

Two-Point Correction
According to different mathematical algorithms, the main
standardization and correction of isotope data methods are
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TABLE 1 | Summary of the atmospheric water vapor isotope monitoring data in

Lanzhou.
Month Max/ %o Min/%o Average/%o
May 5°H -76.9 -194.8 -127.6
570 -2.39 -10.59 -5.97
5'%0 -6.28 -21.76 -13.05
d-excess 5.40 -11.40 -2.93
June 5°H -89.5 -167.9 -120.0
870 -2.88 -8.93 -5.50
5'80 -7.43 -18.61 -12.11
d-excess 3.59 -11.86 -2.22
July 5°H —112.4 -160.6 —-1425
870 -4.75 -8.39 -6.85
5'80 -10.69 -17.57 -14.63
d-excess 1.18 -11.71 -4.81
September 8°H -112.1 -215.2 -139.0
50 -4.82 -12.37 -7.01
5'%0 -10.84 -25.04 -14.95
d-excess 8.85 -11.01 0.74
October 5°H -136.0 -190.0 -154.4
570 -6.34 -10.97 -8.13
5'%0 -13.70 -22.39 -17.06
d-excess 10.98 -9.94 1.54
November 5°H -134.7 -211.0 -154.8
870 —-6.44 -12.10 -8.02
5'0 -14.07 —24.48 -16.85
d-excess 5.74 -8.88 -0.52

the reference gas, one-point (using one standard substance),
and two-point or multi-point methods (using two or more
standard substances). In this study, we used the two-point
method recommended by the International Atomic Energy

Agency (IAEA) and selected LGR-2E and LGR-5E as standard
materials. The measured and true values of the hydrogen and
oxygen isotope standard samples are listed in Table 1. The
X-coordinate axis was the measured value of the Picarro
L2140-i isotope determination standard substance, and the
Y-coordinate axis was the true value of the standard
substance. A scatter diagram and trend line could then be
obtained. By substituting the measured values of atmospheric
water vapor and precipitation isotope into the linear
equation, the true value of the sample in this experiment
was obtained.

The standard samples used were LGR-2E (8'70 = —8.79%b,
8'%0 = -16.71%o, and 8°H = ~123.8%0) and LGR-5E (570 =
~1.52%o, 8'0 = —2.99%o, and 6’H = —9.9%o). A centralized
standard sample measurement was established for two months to
correct the measured data of meteoric water vapor and
precipitation during this time period.

All the samples were inputted into the American Picarro
L2140-i water isotope analyzer in real time, which
simultaneously measured §'%0, §'70, and 8°H in liquid and
gaseous water. We used the conventional § notation to report
isotope data (Craig, 1961; Merlivat and Jouzel, 1979):

8 = (Ruample [ Ry-sarow = 1) x 1000%o, (1)

where Rzmple and Ry_spyrow represent the Boy/1e0, 70/°0, and
*H/H ratios in the sample and Vienna Standard Mean Ocean
Water (VSMOW), respectively. The measurement accuracies of
8°H, 8'%0, and 870 are better than 0.1, 0.04, and 0.04%o,
respectively.
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In water circulation, the difference in d-excess (Dansgaard,
1953; Dansgaard, 1964) is generated using the following formula:

d — excess = 6°H — 8 x 8"°0. 2)

The calculated d-excess is primarily affected by the
temperature, humidity, and wind speed of the place where the
water originates from.

Humidity-Isotope Response Calibration

Each individual analyzer needs to characterize the measured isotope
value as a function of water vapor concentration (Aemisegger et al.,
2012; Gu et al, 2019). Some changes are caused by atmospheric
isotope signal detection analyzers, for example, because of the
temperature or humidity response, and therefore, it is necessary to
thoroughly characterize the instrument system (Steen-Larsen et al,
2013). We applied the following calibration process (Bailey et al,
2015; Galewsky et al., 2016):

1) Set the standard samples. The two standard samples used in
this study were LGR-2E (8'70 = ~8.79%o, §'%0 = ~16.71%o,
and §H = —123.8%o) and LGR-5E (8'70 = —~1.52%, §'°0 =
~2.99%o, and 8°H = =9.9%b).

2) Eliminate the memory effect. Picarro L2140-i data processing
software (SDM Data Processor) was used to filter out the
isotopic data of the standard samples and atmospheric water
vapor and delete the first 3 min of the atmospheric water
vapor isotope data after each measurement of LGR-2E and
LGR-5E.

3) Calibrate instrument concentration effect. A water vapor
concentration of 20,000 ppmv was used as the benchmark,
and it is assumed that the effect of the isotope concentration is
minimal under this standard. The measured data of the
meteorological tower do not contain the ppmv value of the
atmospheric water vapor concentration, and therefore, it
requires conversion:

Atmos pheric water vapor concentration (p pmv)

x 10°, (3)

PtP

where P, is the water vapor pressure during the observation
period and P; is the atmospheric pressure during the observation
period. The calculation formula for Pv is as follows:

P, =P, x RH, (4)

where P, is the saturated vapor pressure calculated using the
Magnus empirical formula. The difference between the actual
measured value and the true value of the standard LGR-2E and
LGR-5E was calculated at different water vapor concentrations,
and the polynomial fitting of the difference with the water vapor
concentration difference was performed to obtain the
concentration effect equation. In this way, the humidity-
isotopic response is eliminated.

4) Known standard calibration. The isotope measurement value
of the standard sample every two months was used to establish
a linear relationship with its true value (see Section 2.5.1).
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atmospheric water vapor variations near the surface during the entire
sampling period in Lanzhou, China.

5) Data standardization. Using the equation in step 3, the
corrected atmospheric water vapor concentration was used
as the independent variable to obtain the water vapor
hydrogen and oxygen isotope offset values. The offset value
was subtracted from the atmospheric water vapor isotope
measurement result, and then, the linear equation in step 4
generated the true value of the atmospheric water vapor
hydrogen and oxygen stable isotopes (Steen-Larsen et al.,
2014).

RESULTS AND DISCUSSION

General Characteristics of Vapor Isotopic
Compositions

The characteristic values of the atmosphere vapor isotopes
during 2019 summer including the maximum, minimum, and
average values of 8°H, §'70, §'%0, and d-excess are shown in
Table 1. The §'°0 values vary from —25.04%o to —6.28%o, with
a mean value of —15.10%o, and 90% of the values range from
—21.74%o to —8.54%o throughout the survey period (Table 1
and Figure 3). In comparison, the mean §'°0 value is more
positive than the annual average of —20.7%o reported in
Beijing (40°00’ N, 116°23’ E) (Wen et al., 2010), and it is
more negative than the monthly average of -14.85%o recorded
in Zhangye (38°51' N and 100°22 E) (Huang and Wen, 2015).
When considering the geographical locations of the three
stations, the difference between them reflects the influence
of geographical factors on the water vapor isotopes to a certain
extent, that is, the atmospheric water vapor isotopes gradually
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in Lanzhou, China, and 76.3%o, respectively. The minimum &2H and §'80 values occurred in the afternoon (1400-1800 CST, Chinese standard time), and the §2H and
§'80 maximums appeared at midnight. These diurnal variations appeared to be in phase with the vapor mixing ratio variations (Welp et al., 2008).

enrich from monsoon regions to non-monsoon regions in
China. The hydrogen values 8°H vary from —215.2%o0 to
—-76.9%o, with a mean value of —141.4%o, and 87% of the
data were distributed between —174.4%o and —105.4%o in the
survey period. The atmospheric water vapor isotopes
generally have a wide range of changes and maintain a
downward trend from May to July, with an upward trend
with a small range of changes from July to September. They
have a small range of changes and enter a stable state from
September to November. The d-excess value generally
maintains an upward trend, but fluctuates frequently,
particularly from May to September.

Diurnal Variations

Figure 4 shows the 24-h ensemble average values of the water
vapor isotopes. The dataset was divided into May, June, July,
September, October, and November. The peak-to-peak vapor
8'%0 variations were 15.48, 11.18, 6.88, 14.20, 8.68%, and 10.41%o
in May, June, July, September, October, and November,
respectively. The peak-to-peak vapor &H variations were
117.9, 78.5, 482, 103.1, and 54.0%0 in May, June, July,
September, October, and November, respectively.

The d-excess value maintains a diurnal cyclic trend of
low-high-low day during the observation period, and the
maximum value generally appears between 15 and 18h
(Figure 4). The values of 870 and 80 from 0 to 10h

remain basically stable, while the values from 11 to 23h
fluctuate substantially over time.

Relationships Between Atmospheric Vapor
Isotopes and Meteorological Factors on

Different Timescales

Monthly and Intra-Month Variations of Daily Vapor
Isotopic Compositions

The isotopes of atmospheric water vapor and precipitation
gradually become positive as the temperature increases and
show a positive correlation. This phenomenon has a
temperature effect (Tian et al, 1997). The changes in
temperature, relative humidity, and precipitation (hereafter
referred to as T, RH, and P) during the sampling period are
shown in Figure 5. The temperature begins to increase gradually
in May, and then begins to decrease after reaching its highest
value in July. The temperature drops significantly because of
discontinuous data. In terms of relative humidity, because of
heavy precipitation in June, air humidity rose sharply and then
declined in July. Humidity began to increase in September, and
then decrease with the onset of winter.

The temperature effect proposed by Dansgaard (1964) was
used to analyze the relationship between water isotopes and
temperature. The daily scale correlation between the 8'7O of
atmospheric water vapor and temperature (Figure 6) is follows:
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FIGURE 5 | Temperature, relative humidity (A), and precipitation (B)
during the sampling period.

870 =0.13 x T - 8.95(r* = 0.22). (5)

The monthly-scale correlation shown in Figure 6B is as
follows:

Lanzhou Water Vapor Isotope Observation

870 =0.21 x T - 10.09(r* = 0.51). (6)

In Figures 6C,D, the correlation between §'°0 and
temperature on daily and monthly scales is as follows:

80 =0.25 x T - 18.60 (r* = 0.22), (7)
and
8"0 = 0.40 x T - 20.74(r* = 0.51). (8)

This concords with the positive correlation of temperature
effects, and the correlation is more significant. The temperature
effect is because the fractionation of stable isotopes in
atmospheric water vapor, and precipitation is primarily
governed by the temperature during phase transitions
(Dansgaard, 1964; Rozanski et al., 1992; Zhang et al,
2003), and the change in the surface temperature
corresponds to a change in the condensation temperature
of precipitation cloud over the sky to a certain extent (Craig
and Gordon, 1965). The lower the temperature, the greater the
fractionation coefficient a of the isotopes in the water vapor
and precipitation, and the lower the §'7O and §'®0 in water
vapor and precipitation.

=022

5'70=0.13*T-8.95 B

570 =0.21*T-10.09

?=0.51

?=022

, 80 =025*T-18.60. D

5'%0 = 0.40*T-20.74
=051

S5 0 5

(C) §'®0 and daily scale, and (D) §'80 and monthly scale.

10 15 20 25 30 0 5 10 15
T (°C)

FIGURE 6 | Relationship between §'70 and §'80 and temperature changes on daily and monthly scales, with (A) §'“O and daily scale, (B) 8'“O and monthly scale,
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Diurnal Variations of Vapor Isotopic Compositions
This feature of daily variation is primarily related to evaporation and
atmospheric turbulence in the study area. In the process of
evaporation, the stable isotopic fractionation of hydrogen and
oxygen will not be produced (Xie et al, 2016). First, because of
the absence of trees and shrubs near the experimental area, ground
evaporation causes the hydrogen- and oxygen-stable isotope ratios in
the atmospheric water vapor near the surface to be relatively high.
The water vapor contributed by the underlying surface evaporation to
the near-surface layer has a relatively high stable isotope ratio. Second,
the strength of the atmospheric turbulence affects the mixing which is
between high and low layers of the atmospheric water vapor isotopes.
The air exchange between the upper and lower layers was enhanced,
and stable isotopes of hydrogen and oxygen in the atmospheric water
vapor near the surface decreased when the turbulence increased. The
change trend of the stable isotopes of hydrogen and oxygen in the
atmospheric water vapor near the surface became smaller when the
turbulence became weaker. Therefore, after sunrise on a clear day, the
air temperature near the ground increased, the lower layer tended to
become wunstable, turbulent mixing was strengthened, and
evaporation accelerated. After 11:00, the stable isotopes of
hydrogen and oxygen in the near-surface water vapor continued
to decrease as the water vapor content decreased. As the temperature
began to decrease after 17:00, the turbulent effect weakened. At this
time, the evaporation effect was greater than the turbulent effect, and
the stable isotopes of hydrogen and oxygen in the near-surface water
vapor began to increase slowly until 2:00 the next day (Figure 7).

8'%0, 8'70, and d-excess varied, which is the opposite to
temperature changes, and their correlation with humidity (r* =
0.81, r* = 0.80, ©* = 0.98, and p < 0.001, respectively) is
significantly higher than temperature (r* = 0.81, * = 0.80, r* =
0.96, and p < 0.001, respectively) (Figure 8).

Changes in Water Vapor Before and After Precipitation
Combined with the measured meteorological data, the atmospheric
water vapor hydrogen and oxygen isotopes within 5h after

precipitation were retained and compared with the daily average
data for each month. During the observation period, there were five
precipitation events (Figure 4). The measured data were derived from
the 27 May, 14-15 June, 26-27 June, 7—9 July, 12 September, 16
September, and 24 October time periods. During the precipitation
period, 8°H, 870, and §'®0 were relatively consistent, which is
approximately reflected in a downward trend, and its value is lower
than that in the period of no precipitation. However, the d-excess
value shows an upward trend. This demonstrates that the change in
d-excess has a stronger relationship with the change in relative
humidity. This is because when a precipitation event occurs, the
main source of precipitation is the condensation and decrease in
high-level water vapor, and the decreasing water vapor evaporates to
the near-surface water vapor, resulting in a relatively low hydrogen-
to-oxygen-stable isotope ratio.

The d-excess value in atmospheric water vapor increased, and the
8'%0 and 8°H values decreased when a precipitation event occurred
(Figure 9). In Figures 9B,C, the §'°0 and 8°H values have different
trends during the two precipitation periods. When comparing the
meteorological conditions of API and APII, there is continued
precipitation in API and the change in the mean value of §'*0
from PI to API reduced from —3.51%o to —17.14%o, and the mean
value of §°H decreased from —129.72%o to —155.87%o. However, no
precipitation event occurred in APIIL, and the change in the mean
value of §'*0 from PII to APII increased from —17.66%o to —16.11%o,
and the mean value of §2H dropped from —157.22%o to —140.18%o.
This indicates that the more the precipitation, the lower the stable
isotope of atmospheric water vapor, and reflects the effect of
precipitation (Zhao et al,, 2012).

Sources of Water Vapor in Lanzhou Valley
Rainfall Period

Previous studies (Song and Zhang, 2003; Zhao et al., 2020) have
shown that compared to that in other regions in China, the
distribution of the atmospheric water vapor sources in
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FIGURE 10 | Observation site (Lanzhou valley) wind rose in 2019 for (A) May, (B) June, (C) July, (D) September, (E) October, and (F) November.

northwestern arid and semiarid China is more complicated. It can
be divided approximately into three parts, namely, the central and
western parts of the northwest that primarily affected by the
westerly zone, the Tibetan plateau water vapor areas in Qinghai
Province and the Qilian Mountains, and the eastern part of the
northwest which is affected by the Asian monsoon fringe. The
main wind direction in May, October, and November is northeast
(36.25, 30.19, and 36.46%, respectively). In June, the wind
direction is easterly (23.02%), and a northerly direction
(16.92%) accounted for the main influencing factors. The
main wind direction in July and September is easterly (29.27
and 27.35%, respectively), and the northeasterly wind (24.88%)
has a more marked impact in September (Figure 10). Here, the
NCEP/NCAP reanalysis and related datasets were used to analyze
the wind field data from May to July 2019 and September to
November 2019 (Figure 11). From May to July, the wind
direction is primarily northwest and southeast, and from

September to November, the main wind direction is
southwesterly and southeasterly. The difference between the
measured data and the NCEP/NCAP reanalysis data is because
of the influence of local fine-scale topography. By comparing the
isotope data of different wind directions, it is found that the
summer monsoon water vapor isotope changes are more
abundant than winter monsoon and local evaporative water
vapor isotopes.

According to the hybrid single-particle Lagrangian integrated
trajectory model (HYSPLIT) developed by the Atmospheric
Resources Laboratory of the National Oceanic and
Atmospheric Administration and GDAS meteorological data,
the operating conditions of the atmospheric water vapor
during the observation period are reversed. Water vapor can
remain in the stratosphere for a maximum period of
approximately 10 days, and therefore, the atmospheric water
vapor trajectories at different altitudes 10 days before the end of
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the observation (Gat, 2000) were calculated. Three layers of air
masses at 1500 m (850 hPa), 3,000 m (700 hPa), and 5,500 m
(500 hPa) were set (Li et al., 2012), and the observation point
where the precipitation event occurred was taken as the end point
of the atmospheric water vapor mass movement. The 27 May, 15
June, 27 June, 9 July, 12 September, 16 September, 23 October,
and 5 November when precipitation events occurred were
selected as the start times of the atmospheric water vapor
inversion.

From May to July, it was primarily affected by the westerly
water vapor. Water vapor from the Indian Ocean affected
precipitation events on 27 May and 27 June. The air mass
movement of 1500 m is affected by the terrain before reaching
the study area, and the trajectory movement changes
significantly. The air mass of 3,000 m has a short movement
distance. During the movement, the altitude fluctuates
frequently, primarily in the interior of the continent. The air
mass at 5,500 m has a longer distance, primarily from the

FIGURE 12 | Backward trajectory clustering of the water vapor in Lanzhou during the 2019 precipitation period. The black five-pointed stars represent sampling
points, the red line represents 1500 m air mass trajectories, the green line represents 3,000 m air mass trajectories, and the blue line represents 3,300 m air mass
trajectories. Conditions on (A) 24 May, (B) 15 June, (C) 27 June, (D) 9 July, (E) 12 September, (F) 16 September, (G) 24 October, and (H) 5 November.
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TABLE 2 | Comparison of the monthly average atmospheric water vapor isotope values of Lanzhou and Lhasa.

Lanzhou Lhasa
8180/ %o 82H/%o d-excess/%o 8180/%o 82H/ %o d-excess/%o
May -13.05 -127.6 -2.93 -15.10 -101.0 19.81
June —12.11 -120.0 —2.22 -21.19 -152.8 16.78
July -14.63 -142.5 -4.81 -26.26 -193.2 16.92
September -14.95 -139.0 0.74 —25.45 —184.4 19.15
October -17.06 —154.4 1.54 —24.34 -174.0 20.73
November -16.85 -154.8 -0.52 -25.57 -178.9 25.71

Atlantic and Indian oceans (Figures 12A-D). From September
to November, 1500 m and 5,500 m are primarily affected by the
westerly water vapor. In the precipitation event on 24 October,
the movement of the air masses at 3,000 m and 5,500 m was
affected by westerly water vapor, whereas the movement of the
air mass at 1500 m was more affected by terrain. The water
vapor sources 3,000 m are primarily concentrated in the
southwest, east, and west (Figures 12E-H).

The atmospheric water vapor isotope values of Lanzhou and
Lhasa [29°39' N, 91°02' E (Tian et al,, 2019)] were compared
(Table 2). Lanzhou has a higher 8'%0, 8°H, and d-excess values
than Lhasa, except for §°H in May. Among them, the difference
between §'°0 and 8°H is the largest in July and September.
Lanzhou is primarily affected by the westerly water vapor from
the Atlantic Ocean. Lhasa has two sources of water vapor during
the monsoon season, namely, water vapor from the Bay of Bengal,
and water vapor from the southwest originating from the Arabian
Sea, and dominated by the southern water vapor. This caused the
difference in the atmospheric water vapor isotopes between
Lanzhou and Lhasa.

In general, the observation period is primarily affected by the
westerly water vapor, supplemented by local water vapor and
southwest water vapor. This is consistent with the results of
previous studies (Wang et al., 2005; Zhang et al., 2007; Yao et al.,
2009; Shi et al., 2015).

Meteoric Waterline in Summer 2019

Craig (1961) proposed the following global meteoric water line
(Craig equation): 6D = 8 x 8'30 + 10. It provides a benchmark
for the isotopic composition of the local atmospheric
precipitation. In 2005, the IAEA obtained the mean values of
8°H and 'O at each station based on 40-year GNIP data from
1961 to 2000 and included 410 stations according to the
arithmetic average method, which was revised to obtain
(Gourcy et al., 2005):

)

This promoted the study of the correlation between stable
isotopes of atmospheric precipitation and various meteorological
elements. Due to differences in factors affecting stable isotope
fractionation from the source of water vapor to the fall of
raindrops, local meteoric water lines exhibit different slopes
and intercepts (Figure 13). In 1983 Zheng et al. (1983)

8H = 8.07 (£ 0.02) x "0 +9.9( 0.1)(r* = 0.98).

analyzed the isotope data of the atmospheric precipitation in
different locations in China and obtained the following equation
for the countrywide atmospheric precipitation line:
”H =7.9x%x8"0+82. According to the aforementioned
definition and formula, the linear relationship between 62H
and 8'®0 in the atmospheric water vapor can be defined as
the atmospheric vapor line.

& H =6.92 x §"°0 - 36.80(r* = 0.97). (10)

The LAVL composed of the atmospheric water vapor §°H and
8'%0 from May to July and September to November 2019 in
Lanzhou city (Figure 13) is as follows:

The slope is less than eight, indicating that the sources of
the atmospheric water vapor in this area have different stable
oxygen isotope ratios and also reflecting that the water vapor
has undergone a certain evaporation process (Liu et al., 2018).
In addition, after the water vapor changes from liquid to gas,
and the evaporation fractionation rate of light isotopes is
faster than that of heavy isotopes. The smaller the slope and
intercept, the stronger the evaporation of the atmospheric
water vapor, implying that the secondary evaporation of water

m8°H = 8.07x8'%0+9.9
F &6%H = 7.9x3'%0+8.2
-6%H = 6.92x8'%0-36.80

= §’H

-200 GMWL
——CMWL|
-225 , —LAVL
25 20 -15 -10 -5
5'30(%0)

FIGURE 13 | Local atmospheric water vapor line of this study. The red

line is the atmospheric vapor line fitted by Lanzhou atmospheric water vapor
§'80 and 6°H, the black line is Zheng Shuhui’s China meteoric water line, and
the blue line is Gourcy’s global meteoric water line.
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vapor under clouds in the atmosphere produces a strong
isotope dynamic fractionation effect, which makes the slope
and intercept of the water vapor (Peng et al., 2010). When
combining Figures 11, 12, the air masses arriving in the study
area are divided into two scenarios. One is that water vapor
from the Atlantic Ocean arrives across the European
continent with the westerly circulation, and the other is the
local air mass movement. Moreover, the study area was far
from the ocean and river valley topography. This caused the
water vapor arriving in the study area to develop sub-cloud
secondary evaporation, and the slope and intercept of the
LAVL were lower than the national level.

CONCLUSION

In this study, we investigated the temporal variations of 8°H,
8'%0, 8"70, and d-excess of the atmospheric water vapor from
May to November 2019 in Lanzhou. The major findings are
summarized as follows:

1) 8°H, §'70, §'°0, and d-excess have a daily cycle change trend
between the daily hydrogen and oxygen stable isotopes.
The 80 and &0 of Lanzhou in May-July and
September-November 2019 are positively correlated with
temperature, and the correlation of §'7O is weaker than
that of §'%0, reflecting the temperature effect.

During the period of precipitation, §*H, §'’0, and §'®0 in the
atmospheric water vapor change uniformly, and the overall
trend is downward. Compared with the no precipitation
period, the value is lower, and temperature dependence is
higher than humidity. There is a generally consistent and

2)

3)
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significant correlation between d-excess and temperature and
absolute humidity.

During the observation period, the atmospheric water vapor
in Lanzhou was affected by westerly water vapor,
southwesterly water vapor, and local water vapor, of which
westerly water vapor was the main influence. Affected by local
topography, the wind direction is primarily northeast.

The LAVL obtained in this study is similar to the atmospheric
waterline obtained by Zheng et al. (1983). Due to the sub-
cloud secondary evaporation and the influence of topography,
the slope and intercept are lower than the national level.
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