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Abstract: A Lagrangian diagnostic adjusted using specific humidity, with 6 h intervals along the
trajectory and with lifting condensation level as cloud base height, was employed to identify the
moisture source regions around the Tianshan Mountains, northwest China. Then, the relationship
between precipitation stable isotopes and diagnosed duration–distance of moisture trajectory was
analyzed. In this region, the median value of transport duration from moisture source to precipitation
sampling site is approximately 3 days, and most moisture sources are closer than 1000 km. According
to the Lagrangian diagnosed moisture sources, the higher precipitation summer months usually
have rapid air mass movement, and remotely sourced moisture can be delivered to arid central
Asia; in the dryer winter months, the moisture loading is weak, and longer transport duration and
shorter source distances are observed. As trajectory duration increases, δ18O in sampled precipitation
shows a positive trend, especially on the northern slope, and the short-duration events are usually
significantly impacted by local recycled moisture with depleted isotopic signatures. The northern
slope usually shows relatively shorter duration and longer distance, and more distant sources have
more enriched isotopic values.
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1. Introduction

The Tianshan Mountains are the main mountain range in arid northwest China. The variability in
precipitation and water vapor provenances is currently under debate [1–3]. In past decades, the stable
isotope technique has been widely applied to modern precipitation to diagnose the moisture source
in northwest China on a larger spatial scale [4–6]. As the westerly-dominant “wet island” in central
Asia, the Tianshan Mountains have been the focus of many studies of precipitation isotopes [7–12].
As reviewed in Zhang and Wang [13], precipitation isotopes have been observed at about 40 sites
with different natural zones across the Tianshan Mountains. Based on these in situ observations, the
influencing regimes of below-cloud evaporation [8,14] and local moisture recycling [15,16] on stable
hydrogen and oxygen isotopes in precipitation have been investigated in this arid setting. Regarding
the moisture source effect of stable isotopes in precipitation, isotopic seasonality is considered a good
indicator of westerly moisture [5,17]. Liu et al. [18] exhibited that the great inter-annual variation
of moisture path should be highlighted, and that temperature effect is not always effective on an
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inter-annual basis. According to the event-based precipitation isotopes, Wang et al. [19] found that
the northern and southern basins show different moisture regimes. Additionally, the influence of
moisture paths on stable isotopes can also be evidenced in an ice core at the eastern portion of the
mountains [20].

The specific humidity-adjusted Lagrangian diagnostic provides a tool to understand the trajectory
effect on precipitation isotopes in many locations worldwide, such as Greenland [21,22], Australia [23]
and Slovenia [24]. This method is derived from the traditional Lagrangian diagnostic, but with the
addition that the meteorological parameters for each time interval along the calculated trajectories
are checked. Specific humidity is used to identify a specific location where the local moisture greatly
contributes, that is, the site where the specific humidity significantly increases along the backward
trajectory is considered to be the most likely moisture source [21]. This method is helpful to determine
a suitable backward path duration for a specific climate setting [21–24]. Although the adjusted
diagnostic has been applied to aid central Asia before [19], quantitative analysis of westerly moisture
transportation remains limited. In this study, a compiled database of the Tianshan Mountains [9] was
revisited, as we focused on how moisture transports to the study region along the trajectory, and thus,
the duration and distance of moisture trajectory in the westerly-dominant setting is discussed.

2. Data and Method

In this study, a compiled database of the stable isotopes in precipitation around the Tianshan
Mountains [9] was applied, including 1052 event-based samples at 23 sites during the period 2012–2013
(Figure 1). Based on the elevation, these stations can be divided into three groups including the northern
slope, the mountains and the southern slope. These samples were analyzed for stable hydrogen and
oxygen isotope ratio using the liquid water isotope analyzer DLT-100 (Los Gatos Research, Inc., San
Jose, CA, USA) at the Northwest Normal University, and the results are expressed as delta values
relative to the Vienna Standard Mean Ocean Water (VSMOW).

Figure 1. Spatial distribution of the sampling sites around the Tianshan Mountains. Northern
slope: N1-Yining, N2-Jinghe, N3-Kuytun, N4-Shihezi, N5-Caijiahu, N6-Urumqi, and N7-Qitai;
Mountains: M1-Wuqia, M2-Akqi, M3-Bayanbulak, M4-Balguntay, M5-Barkol, and M6-Yiwu; Southern
slope: S1-Aksu, S2-Baicheng, S3-Kuqa, S4-Luntai, S5-Korla, S6-Kumux, S7-Dabancheng, S8-Turpan,
S9-Shisanjianfang, and S10-Hami.

We used a Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) version 4 [25] with
the Global Data Assimilation System (GDAS) and with spatial resolution of 1◦ × 1◦ [26]. As suggested
in previous studies [19,21–24], the 10 day back trajectories were calculated, respectively, for each record
and the specific humidity along the trajectory was checked for each 6 h interval. Below the planternary
boundary layer (PBL), when the specific humidity following the 6 h interval was 0.2 g/kg higher than
the previous measurment, an evaporative source was identified; the backward procedure ended when
specific humidity was no more than 0.05 g/kg.
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For each event, the start conditions were needed as the input in this model. The start date and
time was based on the in situ manual record of each event, as observed by the local weather observer.
The start height for each event in the model was determined as the lifting condensation level (LCL),
which is generally close to cloud base height [27,28]. Using a barometric formula [29,30], the height
can be calculated using air temperature and pressure:

H = 18400
(
1 +

tmean

273

)
log

P0

PLCL
, (1)

where tmean is the mean air temperature in ◦C between the lifting condensation level and surface, and
P0 and PLCL are the air pressure in hPa at the surface and lifting condensation level.

The air temperature at lifting condensation level [31] is

TLCL = Td − (0.001296Td + 0.1963)(T − Td), (2)

where Td and T are, respectively, the dew point temperature and air temperature in ◦C, at the surface.
The air pressure at lifting condensation level [31] is

PLCL = P0

(TLCL

T

)3.5
, (3)

where P0 is the measured pressure at the observation site in hPa, and TLCL and T are the air temperature
in K at lifting condensation level and the surface, respectively. The meteorological parameters at
the surface level, for Equations (1)–(3), were measured by the automatic weather station at the
sampling sites.

To test the difference between the various groups, one-way analysis of variance (ANOVA) and
general linear model (GLM) were also performed, using software IBM SPSS Statistics 19.0 (IBM Corp.,
Armonk, NY, USA).

3. Results and Discussion

3.1. Lagrangian Diagnosed Moisture Sources

In this study, 10 day backward trajectories (one for each precipitation event) are presented in
Figure 2. Summer months are defined as months from April to October, and winter months are from
November to March. Considering the main open water bodies along the trajectories, the Atlantic
Ocean, the Arctic Ocean, the Mediterranean, the Black Sea and the Caspian Sea are the potential
moisture sources [32]. The backward trajectory length can be adjusted according to the variation of
specific humidity along the air mass path (i.e., the length can be reduced to the location where the
specific humidity is ≤0.05 g/kg; Figure 3). The adjusted results are generally shorter than for those of
the raw model (Figure 2), which is consistent with previous findings using different ending heights [19].
The critical moisture sources seem to come indirectly from the Atlantic Ocean, instead of Europe and
Central Asia.

To identify the direction of diagnosed moisture sources, the sources were classified into 16 direction
sectors, each with a 22.5◦ interval, and the north and south were defined as 0◦ and 180◦, respectively,
i.e., N = 0◦, E = 90◦, S = 180◦ and W = 270◦. Figure 4 shows the frequency of moisture sources in each
direction. Because of the spatial resolution of the reanalysis data used in this study (1◦ longitude by
1◦ latitude), the direction classification was not suitable for a very close location (near or less than 1◦

by 1◦). Therefore, in Figure 4, the diagnosed moisture sources within a 300 km radius around the
sampling site are removed. In the 16 sectors, on an annual basis, W is the dominant upwind direction,
and NW–W is slightly more frequent than SW–W. The seasonal spatial difference for the subregions is
also presented in Figure 4b,c.
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Figure 2. Spatial distribution of the 10 day backward trajectories for the sampling sites around the
Tianshan Mountains during precipitation days.

Figure 3. Spatial distribution of the specific humidity-adjusted backward trajectories for the sampling
sites around the Tianshan Mountains during precipitation days.

Figure 4. Directions of moisture source further than 300 km around the Tianshan Mountains all year
round (a), during summer months (b) and winter months (c).
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In order to investigate the transport of air mass along the westerly trajectories, the duration and
distance of air mass from the diagnosed source to the sampling site were calculated (Figure 5). In the
study region, the median value of transport duration from moisture source to precipitation site was
3.0 days (arithmetic average is 3.6 and standard deviation is 2.9). On an annual basis, the median
(arithmetic average) durations ± standard deviation on the northern slope, the mountains, and the
southern slope are 2.9 (3.6)± 2.9 days, 2.9 (3.6)± 3.0 days and 3.3 (3.8)± 2.9 days, respectively. In summer
months, the durations are 2.5 (3.3) ± 2.7 days, 3.0 (3.6) ± 2.9 days and 3.3 (3.7) ± 2.8 days, respectively;
in winter months, the durations are 3.6 (4.1) ± 3.0 days, 2.6 (3.7) ± 3.5 days and 3.1 (3.9) ± 3.4 days,
respectively. The backward trajectory duration in winter months, in terms of time, is generally longer
than that in summer months (Figure 5a,c).

Figure 5. Transport time in days (a and c) and distances (b and d) of the backward trajectories between
moisture source and sampling site around the Tianshan Mountains. The bottom of the box indicates
the 25th percentile, a line within marks the median, and the top of box indicates the 75th percentile;
whiskers indicate the 90th/10th percentiles; the points above and below show 95th/5th percentiles.

Figure 5b,d show the direct distance from the source to the target site, and most moisture sources
are closer than 1000 km. The median and arithmetic average distances on an annual basis are 292 km
and 665 km, and the standard deviation is 1037 km. The distances, median (arithmetic average) ±
standard deviation, in summer and winter months are 293 (704) ± 1081 km and 275 (510) ± 823 km,
respectively; on a spatial view, the distances for the northern slope, the mountains and the southern
slope are 353 (755) ± 1098 km, 237 (607) ± 941 km and 222 (594) ± 1052 km, respectively. The moisture
sources in winter months are usually closer than those in summer months, and the sources to the
southern slope sites are usually closer than those to the northern slope.

According to one-way analysis of variance, the differences in duration and distance between
summer and winter months are statistically significant at the 0.05 level (significance levels are 0.030 and
0.015, respectively), but there is no significant difference in duration and distance among the northern
slope, the mountains, and the southern slope (0.655 and 0.061, respectively). In summer months, there
is significant difference in distance (0.006), instead of duration (0.183), for three subregions; in winter
months, no statistically significant difference exists among different subregions.

Taking duration and distance of backward trajectory into account, the transport process exhibits
obvious differences in summer and winter. In summer months, the air mass transport takes a short
time and a long direct distance; in winter months, the duration of moisture transport is slightly longer
and the distance from source to target site is short. This pattern indicates that the summer months
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usually have rapid air mass movement, and remotely sourced moisture can be delivered to arid central
Asia; whereas the winter months have weak moisture loading, and the contribution from local moisture
increases. Similarly, the northern slope shows shorter duration and longer distance, and the southern
slope shows longer duration and shorter distance, i.e., the northern slope receives more moisture from
remote regions with fast transport, and the southern slope has more local moisture with relatively
slow transport.

3.2. Relationship between Precipitation Isotope and Moisture Source

Figure 6a–c shows the relationship between trajectory duration and isotopic composition in
precipitation during summer and winter months. On the northern slope and the mountains, as summer
trajectory duration increases, δ18O shows a positive trend. Seen from the median value of δ18O in the
summer and winter months, the events with less than 2 days trajectory duration are usually more
depleted in the heavier isotope 18O. In contrast, on the southern slope the relationship is not clear in
summer; as the backward trajectory duration increases, δ18O in precipitation fluctuates on the southern
slope. The spatial difference may demonstrate that in a relatively wet region like the northern slope [19],
the events with short transport time from moisture source to precipitation are usually significantly
impacted by local recycled moisture with a low isotopic ratio.

Figure 6. Relationship between transport time, in days (a–c) and distance (d–f), of the backward
trajectory and δ18O in precipitation around the Tianshan Mountains.

In Figure 6d–f, the relationship between the stable isotopes in precipitation and direct distance
from the source to the target site also shows a different pattern for each subregion. On the northern
slope, more distant moisture sources in summer months usually have more enriched isotopic values.
In contrast, on the southern slope, more distant moisture sources in summer months may not always
correspond with lower or higher isotopic values. The main regime generally corresponds with the
finding in Figure 5.

According to the general linear model, the isotopic difference for various duration ranges and
distance ranges is statistically significant, and the significance levels are 0.001 (duration ranges) and
0.049 (distance ranges), respectively. If only the northern slope sites are taken into consideration,
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the significance still remains (0.003 and 0.005); however, in the southern slopes, there is no statistical
significance (0.201 and 0.676).

To investigate the transport process via the westerlies, the summer precipitation isotopes for
each sampling site around the Tianshan Mountains are shown in Figures 7 and 8. Generally, the
isotopic values show a relative depleting trend from west to east, which is seen from each subregion.
The pattern corresponds with the rainout effect of single air mass. Along the westerlies path for the
northern slope and mountains, the duration shows a decreasing trend, and the distance shows an
increasing trend. For the southern slope, the trend is not so obvious, especially for δ18O in precipitation
and trajectory duration.

Figure 7. Isotopic composition in precipitation (a), transport time in days (b) and distance (c) from
moisture source to sampling sites around the Tianshan Mountains, during summer months.

Figure 8. Air temperature (T) and relative humidity (RH) at moisture sources (a and b) and sampling
sites (c and d) around the Tianshan Mountains, during summer months.

In past decades, almost all observational studies of stable isotopes in the precipitation of this
region attribute the moisture source to the westerlies [4–6,33,34], which is also coincident with the
findings using meteorological approaches [35]. Because the transport paths are generally from west
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to east, the parameters of the duration and direct distance of the diagnosed backward trajectory
were analyzed in this study, and these two parameters can effectively describe the moisture source to
the study region of arid central Asia. It should be noticed that detailed information of the westerly
moisture path has not been well quantified in previous studies across this region. For example, the
path variability of the westerly has been mentioned in many investigations and has been considered
an important cause of the inter-annual variability of isotopes in precipitation [18,20]. However, the
duration and distance of the westerly moisture have not been calculated. The Lagrangian diagnostic
adjusted using specific humidity along the trajectory does provide a useful method for this topic. In
particular, the duration and distance from the moisture source to the target site can be calculated,
respectively, which may also be helpful for different climate settings all over the world. In a study
based on the same data source in arid central Asia [19], input parameters such as start height and
the threshold value of specific humidity in the Lagrangian diagnostic were carefully verified, but
quantified information like the duration and distance of trajectories was still not focused on. As shown
previously in the current study, the transport process of moisture is generally related to the duration
and distance of backward trajectory.

In addition, the conditions in this study were quite different from previous studies using the
adjusted Lagrangian diagnostic at other locations, especially Greenland [21,22] and Australia [23],
sites which are surrounded with vast oceans. For a coastal site, the specific humidity-based trajectory
can be used to identify the evaporative sea region. In arid central Asia, terrestrial evaporation and
transpiration may greatly contribute to local precipitation, especially the oases including inland lakes,
urban green areas, and cropland.

4. Conclusions

Based on an observation network, an adjusted Lagrangian diagnostic was applied to identify the
moisture sources for each precipitation event. The median value of transport duration from moisture
source to precipitation sampling site is approximately 3 days, and most moisture sources are closer
than 1000 km. Summer months usually have rapid air mass movement, and the relatively remote
moisture can be delivered to arid central Asia; in winter months, the moisture loading is weak, and
longer transport duration and more local sources are seen. This study concurs with prior studies that
have been largely based on monthly datasets, however, the event-based data from this study enabled
us to investigate in more detail the relationship between trajectory and isotopic composition. The
northern slope usually shows shorter duration and longer distance, and more distant moisture sources
have more enriched isotopic values; in contrast, on the southern slope with longer duration and shorter
distance, more distant sources usually correspond with lower isotopic values in precipitation.
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