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Abstract Atmospheric rivers (ARs), filaments of intense atmospheric moisture transport, play a significant
role in delivering moisture poleward into the Arctic and triggering weather extremes. Although previous studies
have focused on large-scale circulations driving these events, this study investigates ARs through attributing
their moisture sources using the Community Atmosphere Model version 5 (CAMS5) with moisture-tagging
capability. Examining ARs in the Atlantic and Pacific sectors of the Arctic separately revealed distinct
contributions from remote versus local, and ocean versus land, moisture sources. Unlike non-AR events, Arctic
ARs primarily draw moisture from their respective ocean basins in lower-latitude regions during the cold
season, and shift to land sources in the warm season. Cold-season ARs in the Atlantic and Pacific sectors source
73.2% and 85.3% of their moisture from their respective ocean basins at lower latitudes, however warm-season
contributions decrease to 41.3% and 29.4%. In contrast, mid- and high-latitude continents combined contribute
40.1% and 51.3% in the warm season. Trajectory clustering analysis shows that AR moisture sources depend on
both their genesis regions and transport pathways. In recent decades, the Arctic has experienced a moistening
trend in both the cold and warm seasons. Our results suggest that local and remote sources equally drive the
observed cold-season moistening, whereas remote sources predominantly drive the warm-season moistening. A
better understanding of Arctic AR moisture sources under current climate conditions provides valuable insights
into their potential future changes amid the projected heterogeneous northern hemispheric warming.

Plain Language Summary Atmospheric rivers (ARs) are narrow bands of concentrated moisture
that transport water vapor over long distances, playing a crucial role in the Arctic environment. Understanding
where ARs source their moisture is essential for predicting their formation and variability. In this study, we used
a climate model with advanced water-tracking capabilities to investigate the moisture sources for ARs entering
the Arctic through the Atlantic and Pacific gateways. We find that Arctic ARs primarily draw their moisture
from distant regions, with the specific source regions varying by season and transport pathway. During the cold
season, Arctic ARs rely heavily on moisture from remote oceanic regions, such as the North Atlantic and North
Pacific. In the warm season, they also tap into continental sources, particularly from mid- and high-latitude land
surface regions. Additionally, we observed that the Arctic is becoming more humid in both the cold and warm
seasons. Although local moisture sources play a comparable role to external sources during the cold season,
external sources dominate in the warm season. Extreme moisture transport events are also becoming more
intense, driven predominantly by external sources. Our findings emphasize the long-distance transport nature of
Arctic ARs and provide valuable insights into their potential future changes under a warming climate.

1. Introduction

Against the backdrop of global warming, the Arctic is experiencing dramatic changes, with its surface temper-
ature rising three to four times faster than the global average due to both external forcing and internal variability
(Chylek et al., 2022; Rantanen et al., 2022; Sweeney et al., 2023), a phenomenon known as Arctic Amplification
(AA). Alongside the rapid increase in surface air temperature, the Arctic sea ice extent has been shrinking at an
unprecedented rate (Wang et al., 2022). Since 1979, the Arctic sea ice minimum extent in September has been
declining at a rate of ~12.2% per decade (NASA, 2021), and it is expected that the Arctic will experience ice-free
summers by the mid-21st-century (z&rthun et al., 2021; Jahn et al., 2024). These ongoing changes have profound
implications for both local human activities and the Earth system (Amstrup et al., 2010; Ford et al., 2021; Meier
et al., 2014; Post et al., 2013; von Deimling et al., 2021). Given the impacts of AA, significant research efforts
have been devoted to understanding the mechanisms driving this phenomenon. In particular, previous studies
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have underscored the role of atmospheric latent heat or water vapor transport in the winter AA observed in recent
decades (Graversen & Burtu, 2016) and identified the critical contribution of downward longwave radiation to the
recent Arctic surface warming trend, especially in the cold season (Zhang et al., 2021) when the increased Arctic
moisture plays an important role.

Moisture transported into the Arctic predominantly occurs via the eddy component of the atmospheric circulation
(Dufour et al., 2016). Recent studies have highlighted that atmospheric rivers (ARs)—long, narrow filaments of
intense moisture transport—are responsible for a substantial portion of this moisture influx, contributing up to
70%—80% of the total atmospheric moisture transported into the Arctic, depending on the detection algorithm (Liu
& Barnes, 2015; Woods et al., 2013; C. Zhang et al., 2023; P. Zhang et al., 2023) which suggests that ARs may
contribute significantly to AA. Traditionally, ARs were considered a mid-latitude phenomenon due to their
prevalence in those regions and their importance in regional hydrological cycles (Payne et al., 2020). For
example, ARs provide critical freshwater to many coastal regions and can end prolonged droughts (Dettinger
etal., 2011; Lavers & Villarini, 2015; Rutz & Steenburgh, 2012). However, they can also drive extreme weather
events such as heavy precipitation (Lavers & Villarini, 2013; Leung & Qian, 2009; Ma, Chen, & Guan, 2020; Ma,
Norris, & Chen, 2020), flooding (Corringham et al., 2019; Ralph et al., 2006), landslides (Cordeira et al., 2019;
Rutllant et al., 2023), and compound extreme events (Waliser & Guan, 2017). As AR research expands into the
Arctic, increasing evidence points to their substantial influence on the region's hydrological and energy budgets.
Over synoptic timescales, ARs are major drivers of extreme precipitation (Serreze et al., 2015, 2022) and heat
events (Ma, Wang, Chen, Qian, et al., 2024; Woods & Caballero, 2016) in the Arctic due to the large amounts of
heat and moisture they deliver. The enhanced downward longwave radiation associated with ARs can accelerate
the melting of sea ice and Greenland Ice Sheet (Hegyi & Taylor, 2018; Li et al., 2024; Mattingly et al., 2018; C.
Zhang et al., 2023; P. Zhang et al., 2023).

The variability of ARs in the Arctic or elsewhere is governed by two main factors: (a) large-scale circulation
variability, and (b) variability in atmospheric moisture (Ma & Chen, 2022; Ma, Chen, & Guan, 2020; Ma, Norris,
& Chen, 2020; Ma, Wang, Chen, Leung, et al., 2024; Ma et al., 2021). Although previous studies have largely
focused on the role of large-scale circulation, such as the influence of atmospheric blocking and the combined
effect of the positive North Atlantic Oscillation and Ural Blocking (Luo et al., 2017; Murto et al., 2022; Papritz
et al., 2022), little attention has been given to the variability in AR moisture sources. Understanding where Arctic
ARs source their moisture is crucial to evaluating their formation and impact. Using a Lagrangian back trajectory
approach, Vazquez et al. (2018) identified the North Pacific and North Atlantic, particularly the western boundary
current regions, as major year-round moisture sources for Arctic ARs, with continental sources gaining impor-
tance during summer. However, their study focused on ARs affecting a 10° latitude band centered at 60°N, which
mostly covers land and relatively warm ocean regions. These ARs do not necessarily impact further poleward sea
ice regions. Additionally, Vazquez et al. (2018) did not provide a detailed examination of how AR characteristics
influence their source attribution, and the analysis was limited to 1997-2014, precluding trend analysis. The
Lagrangian approach also neglects some subgrid-scale physical processes and airmass (parcel) mixing, leading to
increased uncertainties in long range moisture transport (Gimeno et al., 2012; Sodemann et al., 2008).

To address these limitations, this study employs an Eulerian moisture-tagging method to track the sources of
moisture for ARs occurring north of 70°N. Compared to Lagrangian trajectory-based methods, the moisture-
tagging approach implemented within a climate model benefits from a more comprehensive representation of
atmospheric processes, allowing for a more realistic simulation of water phase change and moisture transport.
This enables a more physically consistent and accurate attribution of moisture sources. This tagging method has
been widely applied to identify moisture sources for precipitation over regions such as Antarctica (Wang
et al., 2020), Central Asia (Jiang et al., 2020), East Asia (Pan et al., 2017), North America (Bosilovich
et al., 2003), and Europe (Sodemann et al., 2009), as well as globally (H. A. Singh et al., 2016; H. K. A. Singh
et al., 2016). It has also been used to study AR moisture sources affecting the west coasts of North America and
Europe (Eiras-Barca et al., 2017; Hu & Dominguez, 2019; Nusbaumer & Noone, 2018; Sodemann &
Stohl, 2013). By assigning unique tags to predefined source regions, the method tracks moisture from its indi-
vidual evaporation regions to its eventual precipitation at the surface. Using the Community Atmosphere Model
version 5 (CAMS), equipped with the moisture-tagging capability, this study seeks to address three key questions:
(a) Where do Arctic ARs source their moisture, and do the major source regions vary with AR intensity? (b) How
do the origins (i.e., initial detection location) and transport pathways of Arctic ARs influence the spatial
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distribution of their moisture sources? (c) Which source regions contribute to the observed moistening trends of
the mean state and extreme transport events over the Arctic since 1980?

The remainder of this paper is organized as follows: Section 2 describes the AR detection algorithm, trajectory
clustering method, and the design of the CAMS5 moisture-tagging simulation. Section 3 presents the main results,
including the identification of source regions for Arctic ARs in the Atlantic and Pacific sectors and comparison
with climatological moisture and precipitation sources. We also explore the dependency of moisture sources on
the vertical atmospheric levels and intensity of AR, as well as their origins and pathways using trajectory
clustering analysis. Finally, we identify and quantify the source regions contributing to the recent Arctic wetting.
Section 4 summarizes the major findings, discusses their implications, and suggests directions for future research.

2. Data and Methods
2.1. AR Detection Algorithm

Historically, most AR studies have focused on the midlatitudes, and as a result, most global AR detection al-
gorithms have been optimized for identifying ARs in those regions. These algorithms often detect very few ARs
in the polar regions due to their design, which can limit their effectiveness in high latitudes. Algorithms spe-
cifically tuned for Arctic conditions remain limited, with notable examples including Mattingly et al. (2018) and
Wille et al. (2021). In this study, we also perform an AR trajectory clustering analysis, which requires consistent
AR detection at both high latitudes and the lower-latitude source regions where ARs typically originate. Given
these constraints, we select an algorithm that is capable of tracking ARs globally and continuously over their
lifespan. To detect Arctic ARs, we employ the integrated water vapor transport (IVT)-based global AR detection
algorithm developed by Guan and Waliser (2019) with a minor modification. This algorithm is an updated version
of the widely used AR detection method originally proposed by Guan and Waliser (2015). The identification
process involves several key steps. First, a seasonally and regionally dependent 85th percentile IVT magnitude,
combined with a lower-bound of 100 kg m™" s™', is used to extract contiguous regions exceeding this threshold.
Additional criteria, such as IVT direction coherence, mean poleward IVT magnitude, length requirements, and the
length-to-width ratio, are subsequently applied. Only objects meeting these criteria are identified as ARs. This
combination of relative and absolute thresholds allows for a reasonable detection of ARs in the Arctic and is
recommended by the Atmospheric River Tracking Method Intercomparison Project (ARTMIP) for high-latitude
AR research (Rutz et al., 2019). A key update in the Guan and Waliser (2019) algorithm enables the spatio-
temporal tracking of individual ARs by linking the centroid location of ARs at each time step, thereby identifying
AR trajectories. These trajectories are used as input to a clustering algorithm to investigate how the source regions
of Arctic ARs depend on their origins and travel paths. Since ARs reaching the Arctic are typically near the end of
their lifecycle, we follow Mattingly et al. (2018) and relax the length requirement from 2,000 to 1,500 km. Further
details are referred to Guan and Waliser (2019).

We use 6-hourly IVT data at 00, 06, 12, and 18 UTC as input for the algorithm. The zonal and meridional IVT
components were computed by vertically integrating the moisture flux at 1000, 850, 700, and 500 mb using the
following equations:

1 500
Zonal IVT = —f uq dp
8J 1000

500
Meridional IVT = — f vg dp
8J 1000

where g is gravitational acceleration, u and v are the zonal and meridional wind components, respectively, and g is
specific humidity.

2.2. AR Trajectory Clustering Algorithm

To classify AR trajectories, we apply the trajectory clustering algorithm developed by Gaffney et al. (2007). This
method, based on a finite mixture model, represents the data distribution as a convex linear combination of
component density functions. The algorithm clusters trajectories according to their genesis location and the

MA ET AL.

30f22

85U8017 SUOWILLIOD BA1ERID 3|l |dde 8y} Aq peussnob a1 SSpILe YO ‘85N J0 S9IN 10§ ARIG1T8UIUO AB]IA O (SUOIPUOD-PUE-SLLBILIY A8 1M Ale.q U UO//:SHNLY) SUORIPUOD pUe Wb | 841 89S *[6202/ZT/20] U0 A%iqiTauljuo A8|1M ‘UoIeWIOu| [E3IUYDS L PUY DSOS JO 89110 AQ 8TEEFOArSZ0Z/620T OT/I0p/L0D A8 1m Aseiqijput|uo'sqndnBey/sdny wo.y pepeojumoq ‘Tz 'Sz0z ‘96686912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20251D043918

geometric shape of their paths. Following Li et al. (2023), we use a quadratic polynomial density function to
model the AR trajectories, assuming that each trajectory was generated by one of K regression models (where K is
the number of clusters). Each trajectory is assigned to the regression model with the highest probability of
generating it. This method has been widely used for studying tropical cyclone tracks (Camargo et al., 2007a,
2007b; Mei & Xie, 2016) and has also been applied to AR trajectories over the North Atlantic (Li et al., 2023).
To ensure regional specificity, we divide AR trajectories into those reaching the Atlantic sector of the Arctic
(70°N-80°N, 20°W—40°E) and those reaching the Pacific sector of the Arctic (70°N-80°N, 150°E—150°W). For
each sector and season, we test cluster sizes ranging from four to eight and select the smallest number of clusters
that adequately captures the diversity of AR trajectories while maintaining clarity and interpretability. This results
in six clusters for the cold season and seven for the warm season. These clusters represent key variations in AR
genesis locations and pathways. Further details on the clustering algorithm are referred to Gaffney et al. (2007).

2.3. Model Description and Experiment Setup

This study uses the CAMS model, which is the atmospheric component of the Community Earth System Model
version 1 (CESM1) (Hurrell et al., 2013), equipped with an atmospheric moisture-tagging capability to identify
moisture source regions for Arctic ARs (Nusbaumer et al., 2017). CAMS has been widely used in source attri-
bution studies for precipitation and AR moisture over various regions (Jiang et al., 2020; Nusbaumer &
Noone, 2018; Pan et al., 2017; H. A. Singh et al., 2016; H. K. A. Singh et al., 2016; Wang et al., 2020) and
provides a reasonable representation of atmospheric hydrological processes involving evaporation, clouds,
precipitation, and large-scale circulation (Neale et al., 2010). CAMS is run with a horizontal resolution of 1.9°
latitude by 2.5° longitude and 30 vertical levels. The “atmosphere-only” setup, with prescribed historical monthly
sea surface temperatures (SSTs) and sea ice concentrations coupled with the interactive land model (CLM4)
(Oleson, 2010), is used to simulate the period from 1979 to 2021. The year 1979 is excluded from the analysis as a
model spin-up. Boundary forcing data for SST and sea ice are based on NOAA's Extended Reconstructed SST
version 5 (ERSSTv5; Huang et al., 2017). The simulation is conducted with historical forcing from 1979 to 2014
and Representative Concentration Pathways 4.5 (RCP4.5) forcing thereafter.

The variability of large-scale circulation exerts strong controls on the formation of Arctic ARs and atmospheric
moisture transported into the Arctic (Ma, Wang, Chen, Leung, et al., 2024; Murto et al., 2022; Papritz
et al., 2022). Climate models, including CESM1, still have deficiencies in representing large-scale circulation,
undermining the robustness of source attribution results (Simpson et al., 2020). To correct such biases in large-
scale circulation, following Zhang et al. (2022), the large-scale circulation (zonal and meridional winds above
~900 mb) is nudged toward the European Centre for Medium-Range Weather Forecasts Reanalysis, version 5
(ERAS; Hersbach et al., 2020) reanalysis data with a 6-hr relaxation timescale. This ensures that the model's large-
scale circulation variability matches the observational data. Combined with the observed boundary forcing, the
model setup used in this study is especially suitable for decadal trend analysis.

To apply the moisture-tagging capability to Arctic ARs source attribution, we define 33 source regions (Figure 1)
and assign tags to the moisture originating from each. The Arctic, mid-, and high-latitude regions of the Northern
Hemisphere are divided into smaller tagged regions to enable detailed quantification of their contributions. The
Southern Hemisphere, having a minor contribution, is divided into just two tags: land and ocean. For each
regional tag, a set of new water variables (e.g., mass mixing ratio of vapor, cloud liquid, cloud ice, stratiform and
convective precipitation) are defined and tracked from their evaporation or sublimation sources to their sink
regions, where they return to the Earth's surface in the form of condensate or precipitation. These tracers are
treated in the same way as the standard global water variables, undergoing the same atmospheric parameteri-
zations and processes (e.g., convection, cloud microphysics, advection, and boundary layer mixing). More details
on water tracers in CAMS can be found in Nusbaumer et al. (2017).

3. Results

3.1. Moisture Sources for the Arctic Hydrological Cycle

The accuracy of source attribution depends heavily on the model's ability to simulate both the variability and
mean state of large-scale circulation and moisture. Since the model wind field is nudged toward observations,
biases in large-scale circulation are negligible (not shown). As shown in Figure S1 in Supporting Information S1,
CAMS exhibits a general wet bias globally, with larger integrated water vapor IWV) biases over the lower-
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Figure 1. Thirty-three moisture source regions that are tagged in this study (see Table S1 in Supporting Information S1 for
their definitions).

latitude subtropical and tropical regions (Figure S1d in Supporting Information S1), consistent with the previous
evaluation of CAMS5 (Nusbaumer et al., 2017). In the Northern Hemisphere, IWV biases vary seasonally. During
the cold season (November—March; Figure Sle in Supporting Information S1), strong moist biases are mainly
confined to the tropics, although biases in the Arctic are relatively small. In the warm season (May—September;
Figure S1f in Supporting Information S1), positive IWV biases shift poleward, with the largest biases observed
over mid- and high latitudes. The Arctic also suffers a wet bias. As shown later, the Northern Hemisphere high-
latitude continents serve as important moisture sources for the Arctic. Such a warm-season wet bias over the
Arctic could be caused by biases in simulating evaporation by the CESM1 land model. Consistent with the
Arctic's wet bias, CAMS5 also tends to overestimate Arctic AR frequency (Figure S2 in Supporting Informa-
tion S1). During the cold season (Figure S2e in Supporting Information S1), positive biases occur in the peak
climatological AR frequency regions of the Pacific and Atlantic sectors. In this season, the 85th percentile IVT
threshold is often lower than 100 kg m™" s™"; thus, 100 kg m™" s~ effectively becomes the threshold, leading to a
positive bias in AR frequency. In the warm season, the 85th percentile IVT exceeds 100 kg m™' s™! across most of
the Arctic, except Greenland. Consequently, positive AR frequency biases are mostly confined to Greenland,
although biases in other Arctic regions are minimal. Given these IWV and AR frequency biases, any quantifi-
cation of source contributions in absolute terms is likely overestimated. Thus, this study focuses on the fractional
contributions from different source regions.

3.1.1. Source Attribution for Arctic Climatological Moisture and Precipitation

To contextualize Arctic AR moisture sources, we first quantify the fractional contributions of source regions to
the climatological Arctic moisture (Figure 2) and precipitation (Figure 3). Analyses are conducted for the cold
season (November—March) and warm season (May—September), respectively. Since ARs primarily enter the
Arctic via the Atlantic and Pacific pathways (Figures S2 and S3 in Supporting Information S1), detailed analyses
are focused on the Atlantic sector (70°N-80°N, 20°W-40°E) and the Pacific sector (70°N-80°N,
150°-E—150°W). During the cold season, the Arctic predominantly sources moisture from the North Atlantic
(poleward of 10°N), the North Pacific (poleward of 10°N), and the local Arctic, particularly the Eastern Arctic
Ocean (Figure 2a). These regions contribute approximately 37.2%, 28.3%, and 17.7%, respectively, to the Arctic
climatological, vertically integrated moisture. Other Northern Hemisphere continental regions, except northwest
Eurasia and the Mediterranean basin, contribute minimally. In the warm season, the locally sourced moisture
becomes less significant, with its fractional contribution dropping from 17.7% to 11.7% (Figures 2d and 2g). This
decrease is mainly due to reduced moisture from the Eastern Arctic Ocean, although contributions from the
Western Arctic Ocean and Arctic land increase. Land-based sources, particularly from the high-latitude North
America and Eurasia, increase substantially, with mid- and high-latitude Northern Hemisphere continents
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Figure 2. Fractional contribution from each source region to the spatially averaged cold-season integrated water vapor IWV) is shown in the top-row panels (a—c).
Middle-row panels (d—f) display the same information but for the warm season. The corresponding differences between the warm and cold seasons (warm—cold) are
shown in panels (g—i). The left, middle, and right columns present the results for the entire Arctic (poleward of 70°N), Atlantic sector (70°N-80°N, 20°W—40°E), and
Pacific sector (70°N-80°N, 150°E—150°W), respectively. Stippled areas in (g—i) indicate significant differences at the 0.05 level based on the Student's 7-test. Regions
where the magnitude of the values is less than 1% have been masked out. The values in the upper right of each panel indicate the fractional contributions from Southern
Hemisphere land (top value) and ocean (bottom value) for panels (a—f), and their seasonal differences for panels (g—i). Bolded values in panels (g—i) indicate statistically

significant differences at the 0.05 level.

contributing 47.9% to the Arctic moisture. Meanwhile, contributions from the North Atlantic and North Pacific
decreased to 17.8% and 16.5%, respectively.

Focusing on the Atlantic sector, locally sourced moisture from the Eastern Arctic Ocean makes up 29.3% of the
climatological moisture in the cold season (Figure 2b), likely due to the partially open ocean underneath, which
creates a stronger vertical gradient in temperature and humidity near the sea surface. The rest of the moisture is
predominantly drawn from the North Atlantic, with a fractional contribution of 49.7%. Interestingly, the region
between 10°N and 50°N over the North Pacific contributes about 7.2% to the mean moisture over the Atlantic
sector. Further analyses suggest that this Pacific-sourced moisture is first transported into the North Atlantic
through the westerlies and then advected meridionally into the Atlantic sector (not shown). Similar to the
climatological moisture over the entire Arctic, locally sourced moisture and contributions from the North Atlantic
become less significant during the warm season, however the contribution from land increases noticeably
(Figures 2e and 2h). In this season, the Arctic, North Atlantic, and Northern mid- and high-latitude continents are
the three primary sources for the Atlantic sector, contributing about 12.2%, 31.5%, and 40.6% to the climato-
logical moisture.

MA ET AL.

6 of 22

85U8017 SUOWILLIOD BA1ERID 3|l |dde 8y} Aq peussnob a1 SSpILe YO ‘85N J0 S9IN 10§ ARIG1T8UIUO AB]IA O (SUOIPUOD-PUE-SLLBILIY A8 1M Ale.q U UO//:SHNLY) SUORIPUOD pUe Wb | 841 89S *[6202/ZT/20] U0 A%iqiTauljuo A8|1M ‘UoIeWIOu| [E3IUYDS L PUY DSOS JO 89110 AQ 8TEEFOArSZ0Z/620T OT/I0p/L0D A8 1m Aseiqijput|uo'sqndnBey/sdny wo.y pepeojumoq ‘Tz 'Sz0z ‘96686912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2025JD043918

Cold Season

Warm Season

Warm - Cold

Atlantic Sectorg g9,
% . 0.13%

Pacific Sector ¢ g0,
. 0.19%

SN d 16
Pacific Sector 79,
T 1.20%

%

Arctic 0.06% Atlantic Sector ggo,
. 0.85% . 0.69%
N

12

Arctic 0.04% Atlantic Sectorg 950, Pacific Sector g g59,
. 0.68% . 0.56% T 1.01% 15
S :

Figure 3. Same as Figure 2, but for the fractional contribution to mean precipitation at the surface.

In the Pacific sector, local moisture from the Western Arctic Ocean contributes only 2.6% during the cold season
(Figure 2c), likely due to a complete sea ice cover. Moisture is primarily sourced from the North Pacific (59.2%),
followed by 17.4% originating from the North Atlantic. Further analyses show that the North Atlantic-sourced
moisture enters the Pacific sector through a cross-Arctic pathway (not shown). In the warm season, local
contribution from the Western Arctic Ocean increases to 4.3%, likely due to sea ice melt. Similar to contributions
to the Arctic and Atlantic sectors, the North Pacific contribution declines in the warm season, however land-based
sources rise, with contributions of 24.9% and 49.5%, respectively. Remote sources, such as the subtropical oceans,
also strengthen during the warm season for all regions (Figures 2g—2i). Notably, the Pacific sector even receives
discernable contributions from the Southern Hemisphere (Figure 2f), likely due to longer atmospheric moisture
residence times in the warm season.

Previous studies indicate that moisture entry altitude into the Arctic depends on source regions (Papritz
et al., 2022; Wang et al., 2020). Indeed, our results (Figures S4 and S5 in Supporting Information S1) show a
strong altitude dependency. At lower altitudes (1,000-850 mb), moisture is primarily sourced locally and from
nearby oceans (and nearby continents in the warm season). As altitude increases, remote sources dominate, and
local contributions in the Arctic become negligible at 500 mb and above. At 100 mb, moisture sources are
dominated by the subtropics, tropics, and the Southern Hemisphere, with no seasonal or regional dependency,
indicating long residence times and well-mixed moisture there.

For precipitation, fractional contributions show similar spatial patterns to moisture (Figure 3), although precip-
itation draws a larger fraction of moisture locally and from adjacent regions. For instance, during the cold season,
local contributions to moisture are 17.7%, 29.3%, and 2.6% for the Arctic, Atlantic sector, and Pacific sector,
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Figure 4. Fractional contribution from each source region to the cold-season AR-associated integrated water vapor (IWV) averaged over the Atlantic sector (a) and
Pacific sector (d) in the Arctic. Panels (b, e) show the same information as (a, d), but for the warm season. The differences between the warm and cold seasons (warm—
cold) are shown in (c, f) for the Atlantic and Pacific sectors, respectively. Stippled areas in (c, ) indicate significant differences at the 0.05 level based on the Student's #-
test. Regions where the magnitude of the values is less than 1% have been masked out. The values in the upper right of each panel indicate the fractional contributions
from Southern Hemisphere land (top value) and ocean (bottom value) for panels (a—b) and (d—e), and their seasonal differences for panels (c) and (f). Bolded values in
panels (c, f) indicate statistically significant differences at the 0.05 level. Note that the central longitudes in panels (a—c) differ from those in panels (d—f).

respectively, but increase to 26.8%, 37.1%, and 7.0% for precipitation. This increase is likely due to the prevalence
of precipitation-producing low clouds in these regions (Curry et al., 1996), which primarily draw moisture from
nearby sources. Based on the 6-hourly precipitation data, the dependency of fractional contribution on the
spatially averaged precipitation intensity over the Atlantic and Pacific sectors is also investigated (Figure S6 in
Supporting Information S1). Regardless of the seasons and sectors examined, as precipitation intensity increases,
local contributions decrease, while more remote oceanic sources become increasingly important. However, the
contribution of land-based sources shows little sensitivity to precipitation intensity. Further analyses indicate that
these extreme precipitation events in both sectors are associated with a surface low-pressure system and a filament
of enhanced IVT intruding into the Arctic from lower-latitude oceanic regions (not shown). Furthermore, the
increasing precipitation intensity is coincident with the deepening of low-pressure systems and the strengthening
of IVT. These results suggest that extreme precipitation over the Atlantic and Pacific sectors is likely driven by
ARs that source their moisture primarily from the oceans.

3.1.2. Source Attribution for Arctic AR Moisture

As shown in Figures S2 and S3 in Supporting Information S1, ARs primarily enter the Arctic through the Atlantic
and Pacific pathways, with the Baffin Bay pathway also becoming prominent during the warm season. Based on
the AR detection algorithm used in this study, ARs contribute over 40% of the poleward moisture flux at 70°N in
the Atlantic and Pacific sectors, and in Baffin Bay during the warm season (Figure S3 in Supporting Informa-
tion S1). Outside these three pathways, the AR contribution generally exceeds 30% in the warm season but falls
below 20% in the cold season. Given the substantial year-round AR contribution in the Atlantic and Pacific
pathways, these two sectors are the focus for the source attribution of Arctic ARs (Figure 4). AR moisture is
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defined as the moisture within the AR boundaries in the respective sector. Similar to the source attribution for
Arctic climatological moisture and precipitation, during the warm season Arctic ARs tend to source moisture
from more remote oceanic regions and Northern Hemisphere continents, while local and nearby oceanic con-
tributions become less significant (Figures 4c and 4f). However, for ARs, the contribution from Arctic local
sources decreases substantially, while the contribution from oceanic sources within the respective extra-polar
ocean basins increases and becomes dominant. For the Atlantic (Pacific) sector, the local contribution from
the Eastern (Western) Arctic Ocean is 7.4% (0.9%) and 2.9% (1.9%) for the cold and warm seasons, respectively,
compared to 29.3% (2.6%) and 8.9% (4.3%) for climatological moisture. Meanwhile, the contribution from
oceanic sources within the respective ocean basins becomes more significant. The North Atlantic (Pacific)
poleward of 10°N contributes 73.2% (85.3%) and 41.3% (29.4%) to Arctic AR moisture in the Atlantic (Pacific)
sector during the cold and warm seasons, respectively. In contrast, for the Arctic climatological moisture, the
contributions drop to 49.7% (59.2%) and 31.5% (24.9%) during the cold and warm seasons, respectively, over the
Atlantic (Pacific) sector. Similar to climatological moisture and precipitation, land-based moisture sources
become important during the warm season. For instance, mid- and high-latitude continents contribute signifi-
cantly, accounting for 40.1% and 51.3% of AR moisture in the Atlantic and Pacific sectors, respectively.
Additionally, as shown later, the spatial distribution of fractional contributions reflects, to some extent, the
genesis locations and propagation pathways of ARs before entering the respective Arctic sectors. For example,
enhanced contributions are seen over the mid-latitude western and northeastern North Atlantic for Atlantic sector
ARs in both seasons (Figures 4a and 4b), suggesting that most ARs follow a southwest-to-northeast pathway.
Similarly, as discussed in the next section, the more complex spatial distribution of fractional contributions for the
Pacific sector AR moisture results from differences in AR genesis locations and propagation pathways affecting
this sector.

To investigate whether the spatial distribution of fractional contributions depends on AR intensity, we first
calculate the average poleward moisture flux across 70°N for each 6-hourly time step, separately for the Atlantic
(20°W—-40°E) and Pacific (150°E—150°W) sectors, and then derive their magnitudes at various percentiles. We
subsequently define ARs with intensities at the 90th, 95th, and 99th percentiles as those with an averaged
poleward moisture flux at 70°N between the 90th and 91st percentiles, 95th and 96th percentiles, and above the
99th percentile, respectively. AR moisture is then defined as the moisture within the Atlantic and Pacific sectors
when the above criteria are met.

As shown in Figures 5 and 6, as ARs strengthen, local contributions decline while contributions from more remote
oceanic sources increase. This variation in fractional contributions with AR intensity is very similar to that
observed for precipitation, further suggesting that ARs play a crucial role in driving Arctic extreme precipitation.
However, this dependency varies by both sector and season. For the warm season, the Pacific sector shows greater
sensitivity compared to the Atlantic sector. The cold season generally exhibits higher sensitivity compared to the
warm season. For example, the more remote North Atlantic between 10°N and 50°N contributes 27.4%, 30.7%,
and 38.5% to the cold-season Atlantic sector moisture for ARs with intensities at the 90th, 95th, and 99th per-
centiles, respectively. However, in the warm season, these contributions decrease to 23.2%, 24.8%, and 26.4%,
respectively. This reduced sensitivity for the Atlantic sector in the warm season is likely due to both an increase in
moisture residence time at higher temperatures and the relatively smaller spatial extent of the Atlantic basin
compared to the Pacific, resulting in a better mixing of moisture.

Similar to that for the Arctic climatological moisture, the spatial distribution of fractional contributions associated
with Arctic ARs also shows altitude dependency (Figure S7 in Supporting Information S1). As altitude increases
from 1,000 mb to 250 mb, Arctic local contributions decrease, while ARs source moisture from increasingly
remote oceanic regions during the cold season and from both oceanic and continental regions during the warm
season. Compared to moisture sources for the climatological moisture, Arctic ARs uptake less moisture locally
and more from remote sources at every pressure level below 250 mb. At 100 mb, the source distribution is again
independent of both season and sector, closely resembling that of the climatological moisture (compare Figure S7
in Supporting Information S1 with Figures S4 and S5 in Supporting Information S1), suggesting that the in-
fluences of ARs are largely confined to the troposphere.
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Cold Season

Warm Season |

Atlantic Sector

Figure 5. Dependency of the fractional contribution from each source region to the Atlantic sector integrated water vapor (IWV) on AR intensity for the cold season (a—
¢) and warm season (d—f). The left, middle, and right columns are for ARs with intensities at the 90th, 95th, and 99th percentiles, respectively (see text for the definition
of AR intensity). Regions where the magnitude of the values is less than 1% have been masked out. The values in the upper right of each panel indicate the fractional
contributions from Southern Hemisphere land (top value) and ocean (bottom value).

3.2. AR Clustering Analyses

Arctic ARs vary in their genesis locations and propagation pathways before entering the Arctic. Previous source
attribution studies for mid-latitude landfalling ARs have shown that ARs with tropical or subtropical origins
typically lose most of their moisture sourced from the origin via precipitation along their transport pathways, with
only a small fraction reaching their landfall destinations (Bao et al., 2006; Dacre et al., 2015; Hu & Domi-
nguez, 2019; Sodemann & Stohl, 2013). Moisture convergence and evaporation along their pathways are
important mechanisms for replenishing AR moisture content. Compared to mid-latitude ARs, Arctic ARs
encounter very different environmental conditions, characterized by a colder and drier atmosphere along their
pathways. Additionally, depending on the season and sector, their final destination can be fully or partially sea-
ice-covered regions or open ocean. To determine whether the moisture uptake mechanisms observed in mid-
latitude ARs also apply to Arctic ARs, we use a trajectory clustering technique to divide Arctic AR trajec-
tories into distinct clusters and investigate how the spatial distribution of fractional contributions depends on AR
genesis locations and propagation pathways (Figures 7 and 8).

In the cold season, ARs reaching the Atlantic sector can be broadly divided into six clusters, each characterized by
distinct AR genesis locations and propagation pathways (Figures 7a—7f). For example, clusters 1-3 originate from
mid- and high-latitude regions, while clusters 4-6 have subtropical origins (Figure S8 in Supporting Informa-
tion S1). Consistent with that of mid-latitude ARs, the moisture source for Arctic ARs also exhibits a dependency
on their genesis location and pathway. For instance, ARs in cluster two originate from and/or propagate along
mid-latitude western Europe (Figure S8b in Supporting Information S1). Consequently, increased moisture is
sourced from the mid-latitude eastern North Atlantic, western Europe, and the Eastern Arctic Ocean, while the
contribution from the western North Atlantic decreases (Figure 7b). Interestingly, clusters 4 and 6, which have
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Figure 6. Same as Figure 5, but for the Pacific sector.

subtropical origins (Figures 7d and 7f), show enhanced moisture uptake over the western North Atlantic and Gulf
of Mexico, indicating that long-distance transport is possible even for Arctic ARs in the cold season. Additionally,
ARs with more distant oceanic origins tend to contribute disproportionately to AR-associated moisture over the
Atlantic sector. For example, while clusters 4 and 6 account for only 7.7% and 14.6% of the total trajectories, they
contribute 10% and 19.1% of the AR-associated moisture over the Atlantic sector, respectively. In contrast,
clusters 1 and 2, which originate from regions closer to the Atlantic sector and make up 49.6% and 8.2% of the
trajectories, contribute only 37% and 5.3% to the total AR moisture, respectively (Figures 7a and 7b). This
outsized contribution from ARs with remote oceanic origins is likely due to a combination of warmer temper-
atures within the ARs, which enables them to carry more moisture, and their more meridionally oriented tra-
jectories, allowing them to impact a larger area in the region of interest.

In the warm season, ARs can be categorized into seven clusters (Figures 7g—7m), with the trajectories in cluster 3
showing an incoherent pattern; thus, this cluster is denoted as “other.” Compared to the cold season, warm-season
Arctic ARs affecting the Atlantic sector generally originate from higher latitude regions (Figure S9 in Supporting
Information S1). For example, clusters 1, 2, and 4, which originate from the northern high latitudes, together
account for 70.1% of the total trajectories. The remaining clusters (clusters 5, 6, and 7) have mid-latitude origins.
This higher-latitude origin of warm-season Arctic ARs is likely due to the poleward shift of the westerly jet, which
shifts ARs toward higher latitudes. Similar to cold-season Arctic ARs, the moisture source also shows a de-
pendency on AR origin and pathway. For instance, the trajectories in clusters 5—7 exhibit a southwest-to-northeast
orientation. Correspondingly, these ARs source more moisture from North America and the North Atlantic and
less from western Europe. Unlike those in the cold season, none of the clusters identified in the warm season
originate from subtropical regions. However, enhanced subtropical moisture uptake is still observed in clusters 3,
4,6, and 7, likely due to an increased residence time of moisture, which allows the moisture advection into higher
latitudes and subsequently transported into the Atlantic sector in ARs. Consistent with the enhanced continental
sources in the warm season, a greater fraction of Arctic ARs also originates over land. For example, a large
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portion of ARs in clusters 2, 3, 4, and 7 first appears over land, resulting in an increased moisture uptake from the
continents of their origin. Previous studies have emphasized the role of enhanced continental evaporation in
driving the increased contribution of continental moisture to the warm-season Arctic moisture (Gimeno
et al., 2019; Singh et al., 2017; Vazquez et al., 2016, 2018). In this study, we show for the first time that the
increase in Arctic ARs with a continental origin also acts as an important mechanism driving more land-based
moisture into the Arctic during the warm season.

Consistent with the suppressed AR activity over the Pacific sector during the cold season (Figure S2b in Sup-
porting Information S1), relatively few AR trajectories are identified in this season (Figures 8a—8f). Six clusters
are identified for ARs affecting the Pacific sector in the cold season. Cluster 5, with only 46 trajectories, shows an
incoherent pattern. The reduced contribution from the North Pacific basin and the enhanced contribution from the
North Atlantic basin indicate that this cluster is associated with cross-Arctic transport by ARs from the North
Atlantic into the Pacific sector (Figure S10e in Supporting Information S1). Three of the clusters (1, 3, and 6)
exhibit a dipole pattern in moisture uptake anomalies over the North Pacific, characterized by enhanced uptake
from one side of the basin and reduced uptake from the other. This dipole pattern is likely caused by the more
meridionally oriented AR trajectories in these clusters, which result in moisture being predominantly sourced
from only one side of the basin. Cluster 4 accounts for nearly half of the trajectories and contributes almost half of
the AR moisture over the Pacific sector. The anomaly moisture uptake pattern associated with this cluster is
nonsignificant, suggesting that the anomalous contributions of the other five clusters tend to cancel each other out,
making the contribution from cluster 4 dominant.

In the warm season, seven clusters are identified (Figures 8g—8m). Similar to cluster 5 in the cold season, cluster 3
exhibits an incoherent pattern. The enhanced contribution from the North Atlantic and the reduced contribution
from the North Pacific suggest that many ARs in this cluster transport moisture via a cross-Arctic route, carrying
moisture from the North Atlantic into the Pacific sector. In addition to cluster 3, as shown in Figure 8h, ARs in
cluster 2 also source moisture from the Atlantic sector and western Europe, resulting in an enhanced uptake over
those regions and reduced uptake over the Pacific basin. Compared to the cold-season trajectories, warm-season
trajectories not only occur at overall higher latitudes but also exhibit a more zonal orientation. Consequently, the
dipole moisture uptake pattern observed in the cold season disappears in the warm season. For example, clusters
1,5, and 6 are associated with basin-wide enhanced uptake, while clusters 2, 3, 4, and 7 are associated with basin-
wide reduced uptake. Consistent with the increase in land-based sources, a larger fraction of ARs with continental
origins is observed in the warm season, particularly in clusters 2 and 4.

3.3. Source Attribution for Arctic Moistening Trends
3.3.1. Source Attribution for Mean Arctic Moistening Trends

The rapid Arctic warming in recent decades has been accompanied by a strong moistening trend in both seasons
(Figure S12 in Supporting Information S1). This trend exhibits a dipole pattern, with faster moistening over the
Atlantic sector compared to the Pacific sector, particularly during the cold season. The nudged CAMS5 simulation
successfully reproduces both the spatial pattern and magnitude of the cold-season moistening trend (comparing
Figures S12a and S12c in Supporting Information S1). However, for the warm season, while the model captures
the spatial pattern well, it significantly overestimates the moistening magnitude. Given that the mid- and high-
latitude continents of the Northern Hemisphere contribute nearly half of the Arctic's climatological moisture
in the warm season, this overestimation may stem from deficiencies in the model's simulation of continental
evaporation trends. Further analysis of the causes of this bias is beyond the scope of this study.

We first examine the fractional contribution of each source region to the mean moisture trends over the entire
Arctic, the Atlantic sector, and the Pacific sector for both seasons (Figure 9). As shown in Figure 9a, the cold-

Figure 7. Differences in the fractional contribution from each source region to the AR-associated integrated water vapor (IWV) between each of the individual AR
clusters and all ARs combined. Panels (a—f) show results for the cold season, and panels (g—m) for the warm season. The numbers in the upper left of each panel are the
number of AR trajectories in each cluster, with the number in parentheses showing the percentage of AR trajectories within each cluster for the respective season. The
numbers in the upper right show the fraction of moisture contributed by each cluster to the total AR-associated IWV for the respective season. The magenta lines
represent the average trajectory of each cluster. Stippled areas indicate significant differences at the 0.05 level based on bootstrapping (see Text S1 for an explanation of
the bootstrapping method). Regions where the magnitude of the values is less than 0.5% have been masked out. None of the differences for the Southern Hemisphere
land and ocean are statistically significant, and thus are not shown.
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Figure 8. Same as Figure 7, but for the Pacific sector. Only the difference for the Southern Hemisphere ocean in (h), with a
value of —0.62%, is statistically significant.
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Figure 9. Fractional contribution from each source region to the mean integrated water vapor (IWV) trends in the Arctic (a, d), Atlantic sector (b, ), and Pacific sector (c,
f). The top row is for the cold season, and the bottom row is for the warm season. Stippled areas indicate significant trends at the 0.05 level based on the Student's r-test.
The values in the upper right of each panel indicate the fractional contributions from Southern Hemisphere land (top value) and ocean (bottom value). Bolded values
indicate statistically significant differences at the 0.05 level.

season Arctic moistening in recent decades is strongly driven by an increase in locally sourced moisture,
contributing 46.2%, with the Eastern Arctic alone accounting for 35.8%. Contributions from external sources are
dominated by the North Atlantic poleward of 10°N, which contributes 29.0%. Similar results are observed for the
Atlantic sector (Figure 9b), where Arctic-sourced moisture contributes 47.2% to the cold-season moistening
trend, with the Eastern Arctic Ocean alone contributing 43.9%. Among the external sources, the North Atlantic
Ocean remains the most important source, contributing 34.8%. For the Pacific sector (Figure 9¢), locally sourced
moisture from the Arctic plays a smaller role, contributing 32.5% to the trend. However, the contribution from the
Western Arctic Ocean increases, accounting for 16.8%. The North Atlantic continues to act as an important
external source, contributing 17% to the Pacific sector moistening trend. Among the external sources, the North
Pacific poleward of 10°N is the largest contributor, accounting for 29.5% of the trend. Notably, fractional con-
tributions from the North Pacific exhibit a dipole pattern, with enhanced contributions from the western basin and
reduced contributions from the eastern basin. This dipole pattern is likely driven by the weakening trend of the
Aleutian Low, which creates a clockwise circulation anomaly over the North Pacific, enhancing moisture
transport into the Arctic through the western basin while reducing it through the eastern basin (not shown).
Interestingly, the Southern Hemisphere also contributes significantly to Arctic moistening. As shown in Figure S4
in Supporting Information S1, such a cross-equator transport likely contributes to moistening in the upper
troposphere and/or stratosphere.

Contrary to the cold season, the warm-season Arctic moistening trend is dominated by increased contributions
from external sources (Figure 9d), which account for 90.7% of the trend. Among these external sources, the mid-
and high-latitude continents make up the largest fraction, contributing 48.6% to the trend. Similar patterns are
observed in the Atlantic and Pacific sector trends (Figures 9¢ and 9f), with external sources contributing 95.6%
and 92.0%, respectively. The mid- and high-latitude continents again serve as the most important external sources,
contributing 38.1% and 49% to the moistening trends in the Atlantic and Pacific sectors, respectively. The
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relatively minor contributions from local sources are likely in part due to the equatorward meridional wind trends
over both the Atlantic and Pacific sectors (Figure S13d in Supporting Information S1), which export moisture
originating from the Eastern and Western Arctic Oceans, causing moistening in lower-latitude regions (Figures
S13a and S13b in Supporting Information S1). Consequently, the local contribution is dominated by moisture
from Arctic land areas (Figure S13c in Supporting Information S1). For all three receptor regions, remote external
sources from south of 30°N contribute significantly to the moistening trends, accounting for 27.4%, 32.7%, and
31.2% of the trends in the Arctic, Atlantic, and Pacific sectors, respectively. These increases in contributions from
remote sources are likely due to the longer residence time of moisture in the warm season, allowing for longer-
distance transport.

3.3.2. Source Attribution for the Trends in the Moisture Content of Extreme Transport Events

We next investigate the fractional contributions to the trends in the moisture content of extreme transport events.
Specifically, for each year and season, we compute the 6-hourly average meridional moisture flux at 70°N
separately for the Atlantic and Pacific sectors by averaging meridional IVT over the longitude ranges 20°W—40°E
and 150°E—150°W, respectively. For each sector and season, the 99th percentile of the meridional IVT distri-
bution is then calculated. Time steps exceeding this seasonal, sector-specific threshold are classified as extreme
transport events, ensuring a consistent number of events is identified for each season and year. Our analysis shows
that extreme transport events over the Atlantic sector have experienced significant moistening trends in recent
decades for both seasons. However, in the Pacific sector, only the warm-season trend is significant. Unlike the
mean moistening trends (Figure 9b), the cold-season moistening trend for extreme transport events over the
Atlantic sector is primarily driven by external sources, particularly the North Atlantic, Mediterranean Sea, and
western Europe, which contribute 54.2%, 15.6%, and 10.5%, respectively, to the total trend. Locally, Arctic-
sourced moisture accounts for only 7.8% (Figure 10a). The warm-season trend for extreme transport events is
similarly dominated by external sources (Figure 10b). The North Atlantic and western Europe remain key
contributors, accounting for 71.5% and 14.0% of the trend, respectively. Additionally, remote sources from the
equatorial eastern Pacific, equatorial Atlantic, and Southern Hemisphere oceans contribute significantly to the
moistening trend associated with the extreme transport events. However, unlike its substantial contribution to
climatological moisture, northern North America appears to contribute negatively to the moisture trend in warm-
season extreme transport events. Further analysis is needed to understand the drivers of this negative contribution.

For extreme transport events in the Pacific sector, the insignificant moisture trend is likely related to the dipole
pattern in fractional contributions over the North Pacific, which shows an enhancement of moisture sourced from
the western North Pacific but a reduced contribution from the eastern North Pacific (Figure 10c). This dipole
pattern is also likely driven by the weakening of the Aleutian Low, which produces a similar dipole pattern in the
mean moisture trend (Figure 9¢). Consistent with this spatial distribution, AR trend pattern over the North Pacific
shows increases over the northwest Pacific and decreases over the southeast Pacific (not shown). The warm-
season trend is predominantly driven by external sources, originating from the North Pacific and East Eurasia
that account for 35.7% and 38.2% of the total trend, respectively.

4. Conclusions and Discussions

Atmospheric poleward moisture transport has long been recognized as an important mechanism driving Arctic
Amplification (AA; Gong et al., 2017; Graversen & Burtu, 2016; Lee et al., 2017). Given that a large fraction of
this transport is delivered by Arctic ARs, identifying where these ARs source their moisture is essential to un-
derstanding their changes and impact on AA. In this study, using the CAMS model equipped with moisture-
tagging and circulation-nudging capabilities, we performed a comprehensive source attribution for ARs
entering the Arctic through both the Atlantic and Pacific sectors during 1980-2021. Compared to the climato-
logical Arctic moisture, ARs tend to draw more moisture from remote oceanic regions during the cold season and
from both remote oceanic and continental regions during the warm season (Figure 4). For ARs affecting the
Atlantic sector, locally sourced moisture from the Eastern Arctic Ocean contributes only 7.4% and 2.9% of AR
moisture in the cold and warm seasons, respectively. In both seasons, the North Atlantic serves as a key source
region, contributing 73.2% and 41.3% of AR moisture in the cold and warm seasons, respectively. For ARs
entering the Pacific sector, local sources play an even smaller role, with moisture from the Western Arctic Ocean
accounting for only 0.9% and 1.9% of AR moisture in the cold and warm seasons, respectively. In contrast, the
North Pacific is a major source, contributing 85.3% and 29.4% of AR moisture in the cold and warm seasons,
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Figure 10. Same as Figure 9, but for the integrated water vapor (IWV) trends associated with extreme moisture transport
events in the Atlantic sector (a, b) and the Pacific sector (c, d). The values in the upper right of each panel indicate the
fractional contributions from Southern Hemisphere land (top value) and ocean (bottom value). Bolded values indicate
statistically significant differences at the 0.05 level.

respectively. During the warm season, mid- and high-latitude continents are also significant sources, accounting
for 40.1% and 51.3% of AR moisture for the Atlantic and Pacific sectors, respectively. The source attribution of
Arctic ARs also exhibits intensity dependency, with stronger ARs drawing more moisture from remote oceanic
regions (Figures 5 and 6). By examining the source regions of AR moisture at different altitudes, our results
further confirm that AR moisture follows an ascending pathway as it flows poleward from more remote regions
(Figure S7 in Supporting Information S1).

Previous studies on mid-latitude ARs have emphasized the importance of moisture convergence along their
pathways (Bao et al., 2006; Dacre et al., 2015). Using a trajectory clustering technique, we demonstrate that Arctic
ARs source moisture from both their genesis locations and pathways (Figures 7 and 8), with even small amounts
of subtropical moisture being retained during the cold season. Lastly, the simulation configuration with prescribed
SSTs and sea ice and circulation nudging, based on observational data, is ideal for trend analyses. The Arctic has
been experiencing a moistening trend in both cold and warm seasons. Our results reveal that local and external
sources play comparable roles in driving the cold-season moisture trend, with 46.2% of the contribution coming
from local Arctic sources (Figure 9). In contrast, the warm-season moistening is predominantly driven by external
sources, contributing 90.7%, particularly from high-latitude continents. Additionally, extreme transport events are
also experiencing significant moistening trends, except for those over the Pacific sector during the cold season
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(Figure 10). These moistening trends in extreme transport events are primarily driven by increased contributions
from external sources.

The trajectory clustering technique used in this study allows us to demonstrate how the spatial distribution of
source attribution depends on AR trajectories. This clustering technique has been widely applied in studies of
tropical and extratropical cyclones (Camargo et al., 2007a; Gaffney et al., 2007; Mei & Xie, 2016). However, its
application to ARs has been very limited. By employing this technique, Li et al. (2023) conducted a detailed study
of cold-season North Atlantic ARs. In this study, we focus on the moisture uptake anomalies associated with each
cluster of Arctic ARs. To enhance our understanding of Arctic ARs, further studies are needed to characterize the
properties of each cluster, including their intensity, duration, and impacts on Arctic systems. Similar to Li
et al. (2023), it would also be valuable to examine which climate modes drive their variability across different
timescales to improve the predictability of Arctic ARs.

Previous studies have found that the amplified Arctic cold-season warming in recent decades is primarily driven
by enhanced downward longwave radiation, which is largely caused by the moistening of the Arctic atmosphere
due to increased poleward moisture flux from intraseasonal moisture intrusions (Gong et al., 2017; Lee
et al., 2017). However, based on our trend analyses in Section 3.3, both local and external moisture sources play a
comparable role in driving cold-season Arctic moistening. Our findings therefore appear to contradict previous
studies that emphasize the dominant role of external moisture sources. One possible explanation for this
discrepancy is that our model may overestimate the contribution of external sources to cold-season Arctic
moistening. Alternatively, it is also plausible that, in addition to directly moistening the Arctic atmosphere
through moisture transport, ARs may contribute indirectly. Arctic ARs are highly effective at inducing warming
events and causing extreme sea ice loss (Ma, Wang, Chen, Qian, et al., 2024; Papritz et al., 2022; C. Zhang
etal., 2023; P. Zhang et al., 2023). The melting of sea ice and the subsequent exposure of the underlying ocean by
ARs can enhance local evaporation, thereby increasing the contribution of local moisture to cold-season Arctic
moistening in recent decades. In either case, further studies are necessary to clarify the roles of Arctic ARs in the
cold-season Arctic warming observed in recent decades.

Climate models exhibit significant biases in simulating the hydrological cycle (Abdelmoaty et al., 2021;
Christopoulos & Schneider, 2021; Liu et al., 2014). As shown in this study, the CESM model employed for our
study suffers from a moist bias in the mean state and simulates an overly strong warm-season moistening trend in
the Arctic (Figures S1 and S12 in Supporting Information S1), even though the model is driven by observed SST
and sea ice and constrained toward observed circulation with nudging. While uncovering the sources of these
model biases is beyond the scope of our study, such model biases could pose a negative impact on the source
attribution results. To improve the robustness of the results presented here, future research would benefit from
similar studies using different climate models equipped with similar moisture-tagging capabilities, such as the
Energy Exascale Earth System Model (E3SM) currently being developed (Nicole Feldl, personal communica-
tion). Additionally, beyond moisture-tagging simulations, Lagrangian methods using back trajectories could
further enhance our understanding of event-based uncertainties in Arctic AR moisture source attribution asso-
ciated with methodology.

In addition to model biases, another potential source of uncertainty arises from the choice of AR detection al-
gorithm. As demonstrated in Ma, Wang, Chen, Leung, et al. (2024); see their Figures S5 and S6 in Supporting
Information S1), the algorithms participating in the ARTMIP show substantial differences in their ability to
capture Arctic ARs, with some detecting annual Arctic AR frequencies exceeding 10%, while others identify
frequencies close to zero. This large spread highlights the sensitivity of Arctic AR detection to the specific criteria
used by each algorithm. In this study, we find that stronger ARs tend to draw moisture from more remote regions.
Therefore, algorithms that apply more restrictive criteria, identifying fewer but stronger ARs (Ralph et al., 2019;
Rutz et al., 2019), are likely to emphasize moisture contributions from distant sources. Moreover, while the al-
gorithm employed in this study considers both zonal and meridional components of IVT, some polar-specific
algorithms (e.g., Wille et al., 2021) rely solely on meridional IVT, thereby placing greater emphasis on merid-
ional moisture transport. As a result, applying such algorithms may shift the inferred importance of remote source
regions. Given the increasing number of detection algorithms now available, a comprehensive intercomparison
among multiple algorithms over the polar regions would be a valuable direction for future research. Such efforts
could help quantify the methodological uncertainty and strengthen confidence in the source attribution of Arctic
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AR moisture. Nevertheless, the results and methodologies presented in this study represent an important step
toward a better understanding of both the Arctic hydrological cycle and Arctic AR moisture sources.

A previous study found that North Pacific ARs may source moisture from even more remote regions under a
warmer climate (Nusbaumer & Noone, 2018). It remains unclear whether similar responses also exist in Arctic
ARs. As the spatial pattern of future warming has shown to be highly heterogeneous, the findings of this study
under the current climate have significant implications for future changes in Arctic ARs.
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