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Abstract

Northwest China (NWC), is characterized by its arid and semi-arid environment, and exhibits high
sensitivity to precipitation variations. Recent research indicates a wetting tendency over NWC, yet
quantifying its moisture source remains challenging. Here, employing a 40 year simulation with
Community Atmosphere Model version 5.1 (CAM5.1) coupled to an atmospheric water tracer
algorithm, we ascertain that the dominant source of summer moisture over NWC are from
terrestrial sources (82% of vapor and 77% of precipitation), i.e. from local evaporation, North Asia
(NA), Europe (EUP), the southern Tibetan Plateau (STP), and southeastern China (SEC), rather
than oceanic sources. Favorable synoptic patterns over NWC enhance the precipitation-conversion
efficiency from the southeasterly airflow transport (STP and SEC) compared to northwesterly
airflow (NA and EUP). We also find that the fluctuations in precipitation over NWC, manifesting
as alternating dry and wet summers, are primarily driven by increased moisture contributions from
direct inputs from NA and re-evaporation transport from STP. Our study indicates that moisture
variability in inland is predominantly driven by nearby terrestrial sources and underscores the
complex mechanisms of terrestrial moisture transport.

1. Introduction 2018). However, in recent decades, global warm-

ing (0.13 °C decade™!) has accelerated temperat-

Northwest China (NWC, encompassing the provinces
of Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang
across approximately 3.12 million square kilomet-
ers) lies in the Eurasia hinterland and covers 85%
of China’s arid or semi-arid land area. The region
is characterized by a dry climate, sparse vegetation,
and a fragile ecological environment (Zhang et al
2000, Qian et al 2007, Li et al 2016, Gao et al

© 2024 The Author(s). Published by IOP Publishing Ltd

ure increases in NWC (0.33 °C decade™!), accom-
panied by a statistically significant rise in precipit-
ation (5.5 mm decade™!, Shi et al 2003, Li et al
2012, Deng et al 2022). Consequently, the NWC
has undergone a warming-wetting climate shift,
increasingly affecting both socio-economic dynam-
ics (Peng et al 2017) and the ecological balance
(Zhang et al 2021) in the region. The combination
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of increased precipitation and rising temperatures has
also reshaped local hydrological cycles and vulner-
able ecosystems, intensifying occurrences of extreme
precipitation events (Li et al 2021, Lu et al 2021,
Wang et al 2022, Zhang et al 2022) previously
uncommon.

Increased precipitation in NWC primarily results
from local evapotranspiration and external advec-
tion, with external transport predominating (Wu
et al 2019). For instance, interdecadal warming of
the North Atlantic and Indo-Pacific warm pools
has intensified northeasterly water vapor transport
from the North Pacific, significantly boosting pre-
cipitation in NWC (Wu et al 2022). The eastward
shift of the South Asian High has also redirec-
ted moisture from the upper westerlies and trop-
ical Indian Ocean towards northwestern NWC (Wang
et al 2005, Qu et al 2023). Some studies using
Lagrangian trajectory methods (FLEXPART) have
identified local evaporation and northwestern Asia
as principal sources for western NWC (Xinjiang, Hu
et al 2021). Additionally, hydrogen—oxygen isotope
tracing has also pinpointed moisture over NWC ori-
ginating from the southern continent of the EUP
and NA (Zhang et al 2007, Bonne et al 2014). These
studies have elucidated major moisture sources in
NWC, while accurately quantifying these sources
and understanding the transport mechanisms affect-
ing precipitation variability remain challenging. The
Eulerian atmospheric water tracer (AWT) method
can accurately quantify the contributions from vari-
ous moisture sources and reveals interannual and
decadal atmospheric circulation patterns affecting
terrestrial and oceanic moisture transport (Pan et al
2017, Jiang et al 2020). In this study, by integrat-
ing the AWT method with back-trajectory and pro-
cess analysis, we quantify the main moisture sources
and deeply explain the mechanisms of the signific-
ant precipitation interannual fluctuations observed
in NWC.

2. Data and methods

In this study, we assess the wind field and water vapor
simulation using the ERA5 reanalysis data obtained
from the Copernicus Climate Change Service. The
ERAS5 dataset www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era5, with a monthly temporal
resolution and a spatial resolution of 0.25° x 0.25°,
has been previously validated for its reliability in
reproducing the historical water vapor distribu-
tion over Eurasia (Yao et al 2020). To account for
the significant spatiotemporal variability of pre-
cipitation, we employed three precipitation data-
sets, which have been used by previous studies
to evaluate model performance of precipitation
in and around Eurasia (Ma et al 2009, Sun et al
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2018). The first one is the Global Precipitation
Climatology Project (GPCP) precipitation dataset
www.ncei.noaa.gov/products/global-precipitation-
climatology-project, provided by the NASA Global
Precipitation Climatology Centre, which combines
infrared and microwave data from multiple satellites
and is corrected by data from various stations world-
wide (Huffman et al 2013). This dataset covers the
period from 1979 to the present, and has a horizontal
resolution of 2.5° x 2.5°. Additionally, we employ
the Climate Prediction Center Merged Analysis of
Precipitation (CMAP) dataset https://psl.noaa.gov/
data/gridded/data.cmap.html, a global monthly pre-
cipitation dataset created by the National Oceanic
and Atmospheric Administration (NOAA) Climate
Prediction Center. This dataset combines precipit-
ation data from ground-based rain gauge observa-
tions, and has the same spatial resolution as that of
GPCP. Finally, we use the NCEP reanalysis dataset
www.weather.gov/ncep, which is a joint product of
the National Centers for Environmental Prediction
and the National Center for Atmospheric Research.
This dataset combines observations and numerical
weather prediction model outputs and has a spatial
resolution of 1.875° x 1.875°.

In this study, we use the CAM5.1 global model
to perform 40 years of simulation, with a horizontal
resolution of 1.9° latitude by 2.5° longitude, cov-
ering the vertical range from the surface to 4 hPa
through 56 layers (Hurrell et al 2013). To investig-
ate the characteristics of moisture variability and its
long-term trends, we use the MERRA2 meteorolo-
gical field data required by the model to drive the
model (Butler et al 2018, Tilmes et al 2022) and to
obtain initial water vapor temperatures, wind fields,
etc. The horizontal resolution of the MERRA2 data
is consistent with that of the CAMS5.1 simulations.
Historical sea surface temperature (SST) data for a
given month are obtained using monthly average SST
information provided by the NOAA (Hurrell et al
2013). Furthermore, in order to obtain stable ini-
tial values of water vapor and precipitation marker
concentrations, we get rid of the first year’s (1981)
simulation and explore the simulation results for the
period of 1982-2021.

The Eulerian AWT algorithm is implemented in
the CAMS5.1. Firstly, the global domain is divided
into several source regions (according to research
needs), each containing five identified tracers for
atmospheric moisture constituents (water vapor,
cloud droplets, ice crystals, precipitation, and snow).
Within each source region, the surface flux of the
tagged moisture tracer (vapor) is equal to the surface
evaporation flux from its own region, while it is zero
outside the source region. These identified tracers for
atmospheric moisture constituents undergo the same
series of physical processes (deep convection, shallow
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convection, cloud macrophysics, cloud microphys-
ics, advection, and vertical diffusion) as the original
atmospheric moisture constituents in the model, as
detailed in Pan et al (2017). Finally, the contributions
of atmospheric moisture constituents from a certain
source area to any other locations are obtained from
the simulation results. Therefore, the AWT method
can quantitate moisture sources and their precipita-
tion conversion rates globally (Jiang et al 2020, Pan
etal 2023).

3. Results

3.1. Source region delineation

To investigate moisture sources over NWC, a global
climate model (CAM5.1) was used, and the global
surface was divided into 15 source regions (figure 1),
with identifiers for the AWT (water vapor, cloud
droplets, ice crystals, precipitation and snow) in each
source region. The typical lifetime of water vapor
in the atmosphere is about 7-10 d (Gimeno et al
2021). Some moisture may only be transported hun-
dreds of kilometers, while other moisture can drift
over millions of kilometers. Firstly, we divided the
areas in more detail around the study region (NWC).
NWTC is defined based on its administrative boundar-
ies (including Shaanxi, Gansu, Ningxia, Qinghai, and
Xinjiang), covering the northern part of the Qinghai-
Tibet Plateau. Building on prior research, the STP is
an important moisture source and should be divided
into a separate region (STP; Pan et al 2019). Southeast
China significantly contributes to precipitation in
NWG, leading to the further division of East Asia into
Northeast Asia (NEA, northern) and Southeast China
(SEC, southern; Huang et al 2015, Wu et al 2019).
Secondly, external regions are classified by contin-
ents and oceans, such as Europe (EUP), Africa (AF),
the North Indian Ocean (NIO), and the Northwest
Pacific (NWP). Given that moisture rarely crosses
hemispheres, regions like the Americas are grouped
with other land areas (OLA), while the Southern
Hemisphere oceans are designated as other marine
areas (OMA).

3.2. Dominant summer moisture sources over
NWC

The CAMS5.1 simulation may overestimate tropo-
spheric water vapor concentrations in certain regions,
possibly influenced by strong convection and inad-
equate sensitivity to regional climatic features (such
as monsoon), leading to increased uncertainty (Singh
et al 2024). Despite these biases, it effectively cap-
tures the spatial distribution of water vapor columns
and precipitation over Eurasia and adjacent regions,
providing valuable results into moisture transport
and transformation dynamics in NWC (Comparison
results were shown in supplementary figures 1 and
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2). Our study on interannual precipitation fluctu-
ations in NWC indicates larger variability, indicat-
ing that CAMS5 simulations are highly influenced by
changes in convective activity and atmospheric circu-
lation under climate change. However, these simula-
tions align well with GPCP observational data (correl-
ation coefficient of 0.85), suggesting the model effect-
ively captures both low and high precipitation vari-
ations in NWC. Over a 40 year period, figures 3(a)—
(d) showed monthly averaged absolute and relative
contributions of various moisture source regions to
vertical column-integrated water vapor (surface to
top of atmosphere) and surface precipitation over
NWC. During summer (JJA), local evaporation con-
tributed 4.65 kg m~2 (21.3%) of water vapor and
0.37 mm d~! (18.0%) of precipitation. The dominant
terrestrial source regions were the NA, Europe (EUP),
southern Qinghai-Tibet Plateau (STP) and SEC, con-
tributing 4.18 kg m~? (19.2%) of water vapor and
0.22 mm d~! (11.2%) of precipitation, 3.61 kg m ™2
(16.6%) and 0.23 mm d~! (11.5%), 1.03 kg m—2
(4.7%) and 0.19 mm d ! (9.5%), 0.97 kg m 2 (4.4%)
and 0.17 mm d~! (8.2%), respectively. These ter-
restrial sources collectively contributed 82% of water
vapor and 77% of precipitation. Notably, the NIO
contributed 1.39 kg m~2 (6.3%) of water vapor and
0.24 mm d~! (11.5%) of precipitation, indicating
efficient conversion of water vapor into precipitation,
as further detailed in the following formula (1).
Interestingly, the contributions of water vapor
and precipitation from different moisture sources to
NWC exhibited obvious variations. For instance, pre-
cipitation ratios contributed to the NWC from the
STP (9.5%) and SEC (8.2%) exceeded their respect-
ive water vapor ratios (4.7% and 4.4%), whereas
the opposite was observed for NA (11.2% of pre-
cipitation, 19.2% of water vapor) and EUP (11.5%
and 16.6%). Precipitation conversion efficiency E is
defined as (Huang et al 1988, Wang et al 2019):

Einwe = E>|<100%. (1)
’ Qi

Here, P denotes surface precipitation (mm d—'),
Q represents the mass of water vapor in a column of
air (kg m~2 d~!), and the subscripts i denotes dif-
ferent source regions. As such, E; nwc indicates the
precipitation efficiency of moisture from i region in
NWC. We found higher precipitation conversion effi-
ciencies for STP and SEC (southeasterly airflow trans-
port; 19.1% and 17.6%) compared to EUP and NA
(northwesterly airflow transport; 6.4% and 5.5%).
Spatially, STP and SEC’s contributions were con-
centrated in the southeastern NWC influenced by
local topography and airflow convergence, thereby
enhancing precipitation generation (supplementary
figures 3(c) and (d)). In contrast, NA and EUP’s
contributions occurred in the western NWC under
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Figure 1. Fifteen moisture source regions tagged in this study: (1) North Indian Ocean (NIO); (2) Northwest Pacific Ocean
(NWP); (3) North Atlantic Ocean (NAO); (4) Arctic Ocean (ARC); (5) Other Marine Areas (OMA); (6) Africa (AF); (7) Europe
(EUP); (8) North Asia (NA); (9) India (IND); (10) Northwest China (NWC, including northern Qinghai-Tibet Plateau); (11)
Southern Qinghai-Tibet Plateau (STP); (12) Northeast Asia (NEA); (13) Southeast China (SEC); (14) Southeast Asia and South

China Sea (SEA&SCS); (15) Other Land Areas (OLA).

the influence of upper westerly jets and anticyc-
lone, which typically suppressed precipitation (sup-
plementary figures 3(a), (b) and 4).

3.3. General trend of summer precipitation over
NwC

Previous studies have evaluated the reliability of
GPCP data in capturing China’s spatial and tem-
poral precipitation variability (Ma et al 2009).
Comparatively, the model used in this study demon-
strated a satisfactory reproduction of interannual
precipitation variability in the NWC, as indicated by
a correlation coefficient of 0.85 (figure 2). From 1982
to 2021, summer precipitation in NWC has exhibited
a notable increasing trend (1.6% in 40 years), par-
ticularly intensifying since 2000 (2.7% in 20 years),
aligning with previous research results (Ren et al
2016, Li et al 2018).

As shown in table 1, the wetting trend was
stronger in 2001-2021 than in 1982-2000. Next to
the major increment from the local evaporation,
the second major absolute increment (relative incre-
ment) was from the STP terrestrial source, with an
annual average increment of 0.24 kg m~2 (26.7%,
water vapor) and 0.05 mm d~! (29.6%, precipita-
tion), respectively. However, other terrestrial sources’
increments (NA (0.12kgm ™2 and 0.02mmd '), SEC
(0.04kgm~2 and 0.02mmd '), EUP (—0.06 kgm—2
and 0.01 mm d~!)) and main oceanic sources (NIO
(0.1kgm2and 0.02 mm d~') and NWP (0.12 kg m 2
and 0.02 mm d~!)) were smaller in the 2 periods.

The above analyses suggest that the pronounced
increase in water vapor and precipitation during
NWC summer after 2001 could be primarily attrib-
uted to increases in local evaporation and external
transport from terrestrial sources (mainly STP).
This analysis explicitly quantified previous qualitative
assessments (Wu et al 2019, Zhang et al 2019), offer-
ing a detailed understanding of the dominant mois-
ture sources affecting NWC.

3.4. Attribution of summer precipitation
fluctuations over NWC

Despite the recent wetting trend in NWC, there
remain interannual fluctuations in precipitation
(figure 2), manifesting as alternating dry and wet
summers. Understanding moisture source differences
and reasons during these periods is crucial. The nor-
malized precipitation data was utilized to define dry
and wet summers, effectively capturing interannual
variations in precipitation intensity (Gutowski et al
2007). Standardized precipitation y over NWC was
calculated using the formula (Wu et al 2001):

X—X

r=— ()
where x represented the annual average precipita-
tion x (mm d~!) from CAM5 simulation, ¥ was the
mean value of the 40 year average annual precipita-
tion (mm d~!), and o was the standard deviation of
the 40 year average annual precipitation (mm d—1).
The value of standardized precipitation y between —1
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Figure 2. Interannual summer precipitation deviation of GPCP (dotted line) and simulated CAM5 (Solid line) in 1982-2021;
normalized CAM5 summer precipitation (red triangle); line segment represents the growth rate of precipitation deviation (Black

in 1982-2021, Grey in 2000-2021).

and 1 denoted a normal year, greater than 1 indicated
a wet year, and less than —1 signified a dry year. Based
on this standardized data (figure 2), wet years in NWC
occurred notably in 1998, 2003, 2010, 2016, 2018, and
2021, whereas dry years were observed in 1984, 1985,
1986, 1997, and 2001.

Figure 4(a) depicts the moisture source contri-
butions to precipitation over NWC during dry and
wet summers. In wet summers, the local evapo-
transpiration contribution increased significantly,
with absolute increments (wet summer contributions
minus dry summers) and relative increments (The
ratio of absolute increments to dry summers) of
0.18 mm d—! and 69.8%, respectively. Among the ter-
restrial sources, the NA contributed the most incre-
ment with 0.13 mmd~! (81.1%), followed by the STP
with 0.08 mm d~! (52.8%). As for oceanic sources
(NIO and NWP), being distant from inland areas,
encountered favorable weather systems and terrain
uplifting during moisture transport. This process res-
ulted in significant precipitation formation along the
way of region (75° E-100° E, 0-25° N) to NWC from
NIO, and region (125° E-135° E, 15° N-35° N) to
NWC from NWP, and thus reducing direct oceanic
moisture transport to the NWC (also shown as lon-
gitude and latitude moisture cross-sections in supple-
mentary figures 5 and 6(a), (b)).

To validate the potential air masses contribu-
tion to increased summer precipitation in NWC, we
analyzed 10 d back-trajectories (a semi-quantitative
method) of all rainfall events in representative cit-
ies (northwestern part of NWC (Karamay) and
southeastern part of NWC (Pingliang); shown in
figure 5). Results indicate that during wet sum-
mers, enhanced precipitation in northwestern NWC
was primarily influenced by intensified short-range
northwesterly transport from NA, with a 16.7%
relative increase. Nevertheless, in the southeastern
NWC, increased precipitation was predominantly
attributed to strengthened southeasterly transport
from STP and NIO, which together increase by 21.1%.
Therefore, both AWT and back-trajectory methods
confirmed that terrestrial sources were the primary
drivers of increased precipitation over NWC during
wet summers, while the contribution from oceanic
sources remained relatively stable.

Regarding the increased moisture transport from
NA and STP to NWC, we found that while NA
transported more moisture to NWGC, its own precipit-
ation did not increase significantly during NWC’s wet
summers (figure 4(b)). This was mainly because the
weakened cyclonic systems prevailing in the north-
western NA (figure 6), resulted in reduced local pre-
cipitation efficiency (70° E-90° E, 50° N-60° N;
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Table 1. The annual mean absolute (values outside the brackets, in kg m =2 of column water vapor and mm d~! of precipitation) and
relative (values inside the brackets, %) contributions from different moisture sources in NWC, and the absolute (relative) changes of
column water vapor (precipitation) in NWC before and after 2000.

NWC STP NA SEC EUP NIO NWP

Water vapor (kg m™2)

1982-2000 4.26 (20.5%) 0.90 (4.3%) 4.11 (19.8%) 0.94 (4.5%) 3.64 (17.5%) 1.33 (6.4%) 0.84 (4.1%)
2001-2021 5.01 (22.3%) 1.14(5.1%) 4.23(18.8%) 0.98 (4.4%) 3.58 (16.0%) 1.43 (6.4%) 0.96 (4.3%)
Absolute 0.75 (17.6%) 0.24 (26.7%) 0.12 (2.9%) 0.04 (4.3%) —0.06 (—1.6%) 0.10 (7.5%) 0.12 (14.3%)
(Relative)

increment

from

2001-2021-

1982-2000

Precipitation (mm dh

1982-2000 0.33 (17.4%) 0.17 (8.9%) 0.22 (11.2%) 0.16 (8.5%) 0.23 (11.9%) 0.23 (12.2%) 0.10 (5.2%)
2001-2021 0.40 (18.4%) 0.22 (10.1%) 0.24 (10.9%) 0.18 (8.1%) 0.24 (10.9%) 0.25 (11.3%) 0.12 (5.5%)
Absolute 0.07 (20.4%) 0.05 (29.6%) 0.02 (11.0%) 0.02 (8.9%) 0.01 (4.2%) 0.02 (6.2%)  0.02 (20.4%)
(Relative)

increment

from

2001-2021-

1982-2000
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Figure 4. Average monthly absolute contributions (Bar charts) and percentage contributions (Pie charts) to NWC (a), NA (b) and
STP (c) precipitation by global water source zones from dry to wet summers during 1982-2021.

supplementary figures 6(b), (f), (d) and (h)) and
enhanced surface evaporation (supplementary figure
7). Subsequently, as the Iranian High Pressure moved
eastward, residual moisture was transported to NWC,
ultimately enhancing precipitation therein. Different
to NA, the total precipitation over STP significantly
increased, primarily due to moisture transported
from NIO (0.62 mm d~'; figure 4(c)). Building on
the preceding discussion of moisture transport from
NIO, it was initially deposited in the southern STP
during transport, subsequently evaporated from STP

(supplementary figure 7) and then was transported to
the NWC.

3.5. Uncertainties

This study compares GPCP and CAMS5.1 precipit-
ation, alongside previous research (Pan et al 2017,
Jiang et al 2020), demonstrating that CAMS5.1
effectively reproduces the distributions of wind,
water vapor and total precipitation. However, the
model still exhibits some overestimations and
underestimations, which may lead to biases in the
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Figure 5. Cluster trajectory maps of moisture sources during precipitation events in dry (First line) and wet (Second line)
summers in the typical regions (a), (c). Northwestern NWC (KLMY) & (b), (d). Southeastern NWC (PL)) of the NWC from 2005

identified moisture sources and precipitation con-
version rates in NWC. Additionally, the CAMS5.1
tends to overestimate heavy rainfall events, reflect-
ing ongoing challenges in differentiating convect-
ive and stratiform precipitation within current
global climate models (Dai et al 2006). Therefore,
further advancements in physical parameteriza-
tion are essential for improving global climate
models and enhancing the accuracy of AWT tracking
results.

4. Conclusion and discussion

NWGC, an inland region of China, has experienced a
significantly wetting trend over the past 40 years, par-
ticularly intensifying after 2000. This change is attrib-
uted to an enhanced local evaporation (20.4% rel-
ative increase, i.e. 0.07 mm d~' absolute increase)
and increased external moisture influx from the STP
(29.4%, 0.05 mm d~!). Further investigation indic-
ated that long-term water vapor and precipitation
in NWC were closely linked to inputs from local
evaporation and terrestrial sources, with NA, EUP,

STP, and SEC identified as major contributors (col-
lectively 82% of water vapor and 77% of precipit-
ation), rather than oceanic sources. We also found
that water vapor transported via southeasterly air-
flow (STP and SEC) to NWC more effectively induced
precipitation under cyclonic systems, compared to
northwesterly airflow (EUP and NA) over NWC,
emphasizing the need to consider local synoptics
more than mere moisture pathways (maybe ‘pass-
through moisture’) in diagnosing moisture sources.
The upward wetting trend in NWC was also
accompanied by interannual fluctuations in precip-
itation, manifesting as alternating dry and wet sum-
mers, primarily driven by increased moisture con-
tributions from STP and NA (among dominant ter-
restrial sources). Specifically, the NA encountered the
weakening of local cyclonic systems, thereby amp-
lifying its evaporation and subsequent transport to
NWC. While STP obtained increased precipitation
and enhanced more moisture evaporation and trans-
port to NWC due to the moisture from the NIO
deposited in STP first during transport. These two
distinct mechanisms underscore the complexity of
terrestrial sources as moisture contributors.
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Figure 6. The differences of normalized precipitation (mm d~!) between wet and dry summers originating from the sources of
(a). NIO, (b). NWP, (¢). NA, and (d). STP in Eurasia and surrounding areas (shaded) and the arrowed sections depict wind field
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This article enhances the understanding of mois-
ture sources in NWC by clarifying the key roles of
local evaporation and terrestrial inputs in wetting
trends, while also highlighting the complex inter-
actions between these moisture sources and atmo-
spheric circulation systems that affect precipitation
patterns.
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