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cold-season land precipitation trends
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Yubo Liu1,2, Qiuhong Tang 1,2 , Chi Zhang1,3, DeliangChen 4, Jennifer A. Francis5, L. Ruby Leung 6 &
Hans W. Chen 7

DiminishingArctic sea ice has led to enhanced evaporation from theArcticmarginal seas (AMS),which
is expected to alter precipitation over land. In this work, AMS evaporation is numerically tracked to
quantify its contribution to cold-season (October–March) precipitation over land in the Northern
Hemisphereduring1980–2021.Results showasignificant 32% increase inAMSmoisture contribution
to land precipitation, corresponding to a 16% increase per million square km loss of sea ice area.
Especially over the high-latitude land, despite the fractional contribution of AMS to precipitation being
relatively low (8%), the augmented AMS evaporation contributed disproportionately (42%) to the
observed upward trend in precipitation. Notably, northern East Siberia exhibited a substantial rise in
both the amount and fraction of extreme snowfall sourced from the AMS. Our findings underscore the
importance of the progressively ice-free Arctic as an important contributor to the escalating levels of
cold-season precipitation and snowfall over northern high-latitude land.

Arctic sea ice plays a key role in the global climate and hydrological cycle by
regulating the surface energy and water balances1. The notable decline in
satellite-observed Arctic sea ice cover has garnered significant attention due
to its potential implications for the global hydrological cycle and extreme
climate events2–8.

The evolution from an ice-covered to an ice-free ocean directly
influences the near-surface conditions in the vicinity of the Arctic. Loss
of sea ice removes the barrier to evaporation, resulting in the generation
of moister air masses that carry a greater fraction of moisture derived
from the Arctic9–12. Simultaneously, the presence of open water is more
conducive to upward heat fluxes, warming the troposphere and
enhancing its capacity to retain water vapor. The cascading effects on
cloud cover and atmospheric static stability13,14 thereby may affect the
nearby precipitation. Furthermore, previous studies have linked delayed
and remote precipitation responses in the mid-latitudes to changes in
large-scale atmospheric circulation patterns induced by Arctic sea ice
loss15–18. These studies addressed changes in dynamical processes,
including the increased incidence of winter blockings19, the negative
phase of the Arctic Oscillation or similar pressure anomalies20, and the

joint modulation of the stratosphere polar vortex21, but paid limited
attention to moisture linkages.

The growing importance of Arctic evaporation in driving changes in
precipitation has attracted increased attention in recent years. The projected
increase in the climatologicalmeanArctic precipitation is dominated by the
heightened local evaporation rather than the increased poleward moisture
transport9. Arctic evaporation increased nearly three times faster than its
precipitation, causing an intensification of Arctic precipitation recycling11.
The additional evaporation originating from the increasingly open surface
has led to a shift in Arctic precipitation from being dominated by remote
sources to being more locally driven. However, few studies have focused on
how increased evaporation from the progressively ice-free Arctic sustained
remote precipitation from the perspective of moisture cycling and balance.
Where and to what extent the increased moisture originating from the
changing Arctic has contributed to land precipitation also remains unclear.

This study focuses on the increasedmoisture from the Arcticmarginal
seas (AMS), defined as themaximum extent of sea ice coverage south of 80°
N during the 1980–2021 cold seasons (October–March, Fig. 1b) where the
evaporation was significantly influenced by the extensive retreat of seasonal
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sea ice (Fig. 1a).We aimed to investigate the role of the increasing moisture
supply from the AMS owing to sea-ice loss in driving changes in land
precipitation over theNorthernHemisphere (NH) in the cold season,with a
particular focus on extreme snowfall. The AMS evaporation was tracked
numerically by a Eulerian model (see Methods) to quantify the AMS-
sourced precipitation falling on land areas. Owing to the requirement for
four-dimensional, high-resolution data and the lack of sufficient observa-
tions at high latitudes, we used a reanalysis product as the input for the
model. By quantifying changes in the absolute amount and fractional AMS-
sourced landprecipitation, thephysical linkages between the sea-ice loss and
land precipitation changes were quantified based on the AMS moisture
contribution.

Results
Sensitivity of AMS moisture to the diminished sea ice cover
Sea ice area covered within the AMS range was extracted and analyzed
statistically on a large regional scale (Fig. 1a). From 1980 to 2021, the cold-
season sea ice area in the AMS has been shrinking at a significant rate of
−0.05 × 106km2yr−1 (R2 = 0.85, p < 0.05), indicating a 30% decline relative
to its average area of 6.8 ×106km2. Throughout the period, the long-term
trend of AMS evaporation was positive at a rate of 2.6 Gt mon−1 yr−1

(R2 = 0.86, p < 0.05), resulting in an estimated 28% increase relative to its
climatological mean. According to the moisture tracking analysis, more
evaporatedmoisture significantly enhanced theAMSmoisture contribution
to the total cold-seasonprecipitationoverall land in theNHwitha rate of 0.7
Gtmon−1 yr−1 (R2 = 0.80, p < 0.05). This change implies a relative increase of
32% in AMS moisture contribution over NH land. The strong negative
correlation (r = -0.95, p < 0.05) between the sea ice area and evaporation
indicates a 14% increase in total AMS evaporation (54.0 Gt mon−1) per
million km2 loss of sea ice. The rapidly increasing evaporation induced by
changes in sea ice would regulate the AMS moisture contribution to land
precipitation. Consequently, the AMS-sourced land precipitation over the
entire NH was associated with a 16% increase (14.7 Gt mon−1) per million
km2 loss of sea ice.

The responses of AMS moisture to changes in monthly sea ice con-
centration (SIC) were analyzed spatially at the grid scale (Fig. 1b). The
sensitivity of AMS evaporation to local SIC was estimated within the AMS

boundaries. The strong negative relationship between generally increasing
evaporation and decreasing SIC was evident across nearly the entire AMS.
Also apparent is the spatially varying response of localizedAMSevaporation
induced by the uneven loss of SIC. A high sensitivity was particularly pro-
minent in the seas north of Eurasia, such as the Laptev and East Siberian
Seas, where every 1% of SIC decline was accompanied by a more than 5%
increase in local evaporation.Over land areas, the sensitivitywas reflectedby
the correlation betweenAMS-sourced precipitation in eachgrid box and the
mean SIC within the AMS. Dotted areas over Canada and Russia indicate a
strong (r < -0.5) and statistically significant (p < 0.05) negative correlation
between the AMS-sourced land precipitation and the SIC across the AMS.
The AMS-sourced precipitation over the northernmost regions of Siberia,
especially the low-altitude coastal areas along the Laptev Sea shown as the
dark-covered land, was themost sensitive to changes in SIC in the NH. The
reduction in mean AMS SIC generally resulted in a greater increase in the
AMS-sourcedprecipitationover thesenorthernSiberia regions as compared
to other areas.

Increased AMS contribution to land precipitation
Of the total moisture evaporated from the AMS during the cold season in
1980–2021, our tracking analysis indicated an average of 24% sustained
precipitation over NH land via the atmospheric moisture linkage. Because
the extent ofmoisture supply is partially blocked by high terrain and limited
by the atmospheric water vapor residence time22, the climatologicalmean of
AMS-sourced precipitation was greater at higher latitudes than at lower
latitudes (Supplementary Fig. 1a).More than 53%of the total AMS-sourced
land precipitation reached its final destination on land north of 60°N
(hereafter referred to as high-latitude land), resulting in a climatological
contribution of 2.8 mm mon−1 high-latitude land precipitation sourced
from AMS evaporation. As sea ice has receded, the AMS-sourced pre-
cipitation increased across the majority of NH land (Fig. 2a). The total
increase of AMS-sourced precipitation over the NH was 29.6 Gt mon−1 in
1980–2021, of which 28% and 72% contributed to rainfall and snowfall
(Supplementary Fig. 2), respectively. Approximately 60% of the additional
precipitation occurred over high-latitude land, equivalent to 1mm mon−1

(Fig. 2b). Areas of largest increases were concentrated in coastal areas near
the AMS, such as the Scandinavian mountains in North Europe; Novaya

Fig. 1 | Changes in AMS sea ice area and AMSmoisture and sensitivities of AMS
moisture to sea ice concentration. a Time series of AMS sea ice area, AMS eva-
poration and its contribution to land precipitation over the NH during the
1980–2021 cold season (October–March), and their relative changes with respect to

climatological means. b Sensitivity of AMS evaporation or AMS contribution to
AMS SIC. Dots indicate significant correlation with r <−0.5 and p < 0.05. The AMS
is enclosed by the red boundaries on a one-degree grid.
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Zemlya; the coastal areas of Greenland, Baffin Bay and the Labrador
Peninsula along Baffin Bay-Davis Strait-Labrador Sea; as well as the
Chukchi and Kamchatka Peninsulas in East Siberia. Storms that form and
track through these regions can capture a substantially larger quantity of
AMS moisture to feed their cold-season precipitation, as compared with
weather systems located farther inland23,24. Moreover, the enhanced con-
tribution to areas of rapidly increasing precipitation adjacent to the AMS
primarily occurred in the form of snowfall (Supplementary Fig. 2a), with an
average of 83% of the growth in total AMS-sourced precipitation being
dominated by snowfall over high-latitude lands. In glaciated areas such as
Greenland, the additional advection ofAMSmoisture due to reduced sea ice
significantly contributed to an average precipitation increase of 1.4 mm
mon−1 during the cold seasons (a 31% increase relative to the climatological
mean). The narrow western and southeastern coasts of Greenland, char-
acterized by a steep rise in elevation and greater exposure tomoist airmasses
than the interior, have experienced larger increases in AMS-sourced
moisture than its inland icecap.

During the early cold season, an obvious increase in the contribution
was observed inEast Siberia andnorthernAlaska,which canbe attributed to
the more than doubling of evaporation from the seas north of adjacent
coasts relative to the climatologicalmean in 1980–2021 (Supplementary Fig.
3a–c). At the end of the freezing period in March, the AMS-sourced pre-
cipitation increased substantially over Norway and broadly across Eastern
Europe (Supplementary Fig. 3f). The significant increase in evaporation
observed in the Barents and Kara Seas (a relative increase of 80%), along
with the favorable changes in water vapor fluxes transporting the AMS

moisture inland, has led to an over 80% increase in AMS contribution to
March precipitation over large areas of Eastern Europe and even a doubling
in localized areas. This broad and prominent increase of AMS-sourced land
precipitation inMarch is consistent with the spatial pattern of precipitation
changes associatedwithBarents sea-ice decline found inBailey et al.25, which
extended across northern Europe to the Baltic states, spanning a latitude
range of 20°.

The difference in the fractional AMS contribution between the last
decade (2012–2021) and the first decade (1980–1989) indicates an increase
in the proportion of land precipitation originating from the melting AMS
(Fig. 2c). The fractional contribution of AMS moisture over the NH land
increased from 1.7% to 2.2%, while high-latitude land showed a larger
increase from 7.0% to 8.8% on average (Fig. 2d). The highest percentage
growthwas observed along the northern edge of Siberia, where, on average,
more than 10% of the cold-season precipitation was contributed by AMS
evaporation (Supplementary Fig. 1b). However, along the Pacific and
Atlantic coasts where AMS contribution amounts increased more than
elsewhere, such asNorway, the Kamchatka Peninsula, and the east andwest
coasts of Greenland and Canada, increases in the fractional contribution
were modest owing to the abundance of local precipitation.

The land area of high- and mid-latitude regions was divided into
11 subregions in order to facilitate a more detailed analysis of regional
variations (Supplementary Fig. 4). Given the relatively stronger influence of
AMS moisture on precipitation in the AMS vicinity, the high-latitude land
areawas divided into seven subregions:NorthEurope,West Siberia, Central
Siberia, East Siberia, Alaska, Canada, and Greenland. The climatological

Fig. 2 | Changes in amount and fractional AMS
contribution to land precipitation. a Estimated
change in the AMS contribution to precipitation
during 1980–2021 cold seasons. b Variations of the
AMS contribution to land precipitation with lati-
tude. c Differences in the fractional AMS contribu-
tion to precipitation between the last (2012–2021)
and the first (1980–1989) decades. d Variations of
fractionalAMS contributionwith latitude. Blue lines
in (a, c) represent the 500 m elevation contour, and
dots indicate significant changes with p < 0.05.
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mean fractional AMS contribution to precipitation in each region is shown
inFig. 3a (for high-latitude subregions) andSupplementary Fig. 5a (formid-
latitude subregions within 60°N–40°N). Averaged across the high-latitude
land, moisture from the AMS accounted for 8% of the total cold-season
precipitation, while the remaining 92% originated from other sources out-
side the AMS (hereafter non-AMS). Among all subregions, East Siberia and
Greenland received relatively high proportions of AMS-sourced precipita-
tion, exceeding 10% (14% and 11%, respectively). Throughout the cold
season, the fractional contribution reached amaximum inNovember,when
the AMS moisture accounted for 10% of high-latitude land precipitation.
The effect of increasedAMSmoisture on total precipitation change is shown
in Fig. 3b, expressed as the percentage of AMS-sourced precipitation trend
relative to the total precipitation trend. Positive values indicate that the
increase in AMS moisture promoted the steady growth of cold-season
precipitation overmost subregions, with significant increases in East Siberia
and Greenland (28%). The increased contribution of AMS moisture to
Greenland precipitation suggests that the sea-ice decline contributed to
glaciermass gain via atmosphericmoisture transport, an important negative
feedback in the Arctic region. An exception is Central Siberia where the
negative value implies that the increase in AMS moisture did not com-
pensate for the decrease in total precipitation owing to water vapor deficits
caused by non-AMS sources (Supplementary Fig. 6). For high-latitude land
as a whole, the enhanced moisture from the AMS consistently contributed
to the overall increasing trend in precipitation. The AMS-sourced pre-
cipitation increasedby 0.24mmmon−1 dec−1 (p < 0.05), bringing the overall
trend in precipitation to 0.57mm mon−1 dec−1 (p < 0.05) during the cold
season. Even though only 8% of total high-latitude precipitation originated
fromtheAMS, 42%of the increasing trendwas attributable to the significant
trend in AMS-sourced precipitation. The change in moisture supplied by
non-AMS sources was responsible for the remaining 58% of the pre-
cipitation trend. Over the mid-latitude land, the AMS moisture accounted
for only 3%of precipitation on average, whichmade a slight but still positive
contribution to changes in precipitation (Supplementary Fig. 5).

Increased AMS contribution to extreme snowfall
The high proportion of snowfall to total precipitation (about 85% in high-
latitude lands during the 1980–2021 cold seasons) raises concerns about
extreme snowfall as a potential increasing hazard. We defined extreme
snowfall as the occurrence of daily snowfall exceeding 10mm (water

equivalent)26. Annually, 11% of AMS-sourced land precipitation in the NH
was in the form of extreme snowfall, equivalent to 60.3 Gt yr−1 of water.
With the higher frequency and enhanced intensity of extreme snowfall over
land, the contribution of AMS moisture to extreme snowfall has increased
by 37% relative to its climatological mean. The notable increase was con-
centrated along the North Atlantic and North Pacific coasts (Fig. 4a).
Compared with the changes in AMS-sourced total snowfall, which were
significantly influenced by the distance from the AMS source (Supple-
mentary Fig. 2a, b), these narrow strips of land between mountains and
oceans were typically more affected during extreme events. The lifting and
cooling of airflows rich in AMS moisture favored the formation of clouds
and snowfall as they encountered land, leading to a preference for these
specific regions, evident in both extreme snowfall events and the climato-
logical AMS contribution to them (Supplementary Fig. 7a, c). Furthermore,
changes in atmospheric circulation, such as the increased frequency of
blocking circulations associatedwith the rise in sea level pressure and sea ice
loss20, along with the air masses containing more AMS moisture, greatly
contributed to the AMS evaporation sustaining extreme snowfall near the
North Pacific and North Atlantic coasts. The spatially heterogeneous
changes in fractional contribution during extreme snowfall exhibited large
increases in Baffin Island and northern East Siberia (Fig. 4b).

A small but distinct area within the Kolyma Lowland in northern
East Siberia, historically not prone to extreme snowfall, exhibited the
most significant surge in the extreme snowfall fueled by AMS moisture
(Fig. 4a). The coincidence of substantial increases in both absolute and
fractional amounts of AMS contribution to extreme snowfall over this
region is noteworthy (outlined by the black box in Fig. 4a, b), and hence
an enlarged view is presented (Fig. 4c). The additional water vapor
supplied by the escalating evaporation from the sea to the north of the
region was transported by the enhanced southward atmospheric
moisture flux. Blocked by mountainous terrain farther south, AMS
moisture contributed substantially to the occurrence of extreme snowfall
along the upslope terrain. Additionally, the frequent cold advection in
this area is conducive to local frigid temperatures15, favoring precipita-
tion in solid form. The rise in AMS contribution from 0.1 to 1.0 mm yr−1,
therefore, contributed to 20% of the increase in extreme snowfall, from
1.9 to 6.6 mm yr−1 across the Kolyma Lowland (Fig. 4d). Changes in
extreme snowfall over this region were an important contributor to
increasing the cold-season precipitation.

Fig. 3 | The share of AMS contribution in regional precipitation and their trends.
aMonthly and total cold-season fractional AMS contribution to precipitation in
each subregion during 1980–2021. b The proportion of AMS-sourced precipitation
trend to the total precipitation trend for each month and cold season during

1980–2021. Red boxes indicate significant trends in precipitation with p < 0.1.
Numbers shown indicate significant trends of AMS-sourced precipitation with
p < 0.1. Values with precipitation trends approaching zero (−0.01 ~ 0.01 mmmon−1

yr−1, p > 0.1) are not shown in (b).
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Discussion
The recently ice-free areas of theArcticOcean represent a growing source of
atmospheric moisture. This is evident in the 14% increase in AMS eva-
poration and a 16% increase in the AMS contribution to NH land pre-
cipitation per million square kilometers loss of sea ice area. While AMS
evaporation alone is not enough to significantly alter the large-scale dis-
tribution of specific humidity and cloud water27, our findings highlight a
notable 32% increase in the land precipitation originating from the AMS
during 1980–2021. This increase accounted for 42% of the overall trend in
increased precipitation over high-latitude land during the study period
through the atmospheric transport of water vapor. Consequently, the
additional moisture from the AMS, resulting from a rapidly warming and
melting Arctic, emerges as a crucial factor in the evolving precipitation
patterns over land, exerting a disproportionately high influence on the
overall precipitation trends.

In the northern part of Siberia, despite not being traditionally prone to
extreme snowfall, both the amount and fraction of AMS moisture con-
tribution to its extreme snowfall have significantly increased. These findings
support thenotion that the increasedAMSmoisturehas played a substantial
role in the observed upsurge in snowfall along coastal Siberia during the late
2010s28,29. Beyond the larger moisture contribution, the snowy winters in
this region are also influenced by several related processes. Increased fluxes
of sensible and latent heat from the expanding ice-free AMS can affect the
large-scale circulation through the dilation of geopotential height surfaces.
This, in turn, reduces poleward temperature gradients that favor a weaker
zonal jet and the formation or reinforcement of Ural blocking30,31. A pattern
resembling the negative Arctic Oscillation may arise, which can shift storm
tracks southward over East Asia20,32. Hence, the increase in the moisture
supply from the AMS is not solely due to changes in evaporation, but may
also be influenced by circulation changes, including the potential migration

Fig. 4 | Changes in amount and fractional AMS contribution to extreme snowfall.
a Estimated change in the AMS contribution to extreme snowfall during1980–2021
cold seasons. b Differences in fractional AMS contribution to extreme snowfall
between the last (2012–2021) and the first (1980–1989) decades of the study period.
Blue lines in (a, b) represent 500 m elevation contours, and dots indicate significant
changes with p < 0.05. c Differences in the fractional contribution of AMS

evaporation to extreme snowfall over the Kolyma Lowland in East Siberia. Vectors
indicate differences in vertically integrated horizontal water vapor flux during the
cold seasons between the two decades, and blue lines are elevation contours.
dAverage extreme snowfall and AMS contribution to it across the Kolyma Lowland
during the two decades.
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of water vapor transport routes. Additionally, the changes detected in
extreme snowfall warrant caution when generalizing them to future sce-
narioswithdifferentwarming, given subtle shifts in precipitation types, such
as the increased dominance of rainfall in the future warmer Arctic region33.
Additional evaporation favors the humidification of the atmospheric
boundary layer and an increased moisture supply from the Arctic20,25 to
deeper and earlier snowcover onhigh-latitude land34.However, the ongoing
temperature rise will eventually lead to rain-dominated precipitation33,35,36,
reducing the proportion of AMS moisture fueling snowfall.

Numerical moisture tracking involves the atmospheric water vapor
budget as determined by model simulations and/or observations. High-
resolution reanalysis output is commonly utilized at high latitudes where
observations are scarce, which means the results may be sensitive to the
accuracy and consistency of the reanalysis variables. ERA5 output was
selected for this study due to its higher resolution and generally more rea-
listic representation than other reanalysis products in the pan-Arctic
region37–40, along with a superior coupling with varying sea-ice cover for-
mulated in its Integrated Forecasting System. However, attention must be
paid to the caveats regarding discrepancies between different reanalysis
datasets and tracking approaches in the quantification ofmoisture transport
in the Arctic region, as reaffirmed in previous studies41,42. In addition, the
water vapor tracking model still faces some difficulties and uncertainties.
Comparedwith thepublisheddataset on global atmosphericmoistureflows,
referred to as UTrack43, which indicated that the monthly climatological
AMS-sourced precipitation over the NH land accounted for 27.9% ± 5.7%
of the global total, we calculated a statistically lower proportion of
24.8% ± 3.8% during the same period (see supplementary discussion and
Supplementary Fig. 8). Although the two-layer algorithm allows the vertical
transport ofmoisture to be parameterized by thewater balance, water vapor
is still released in a weighted form under the “well-mixed”model assump-
tion, limiting the difference in the vertical distribution of precipitation
efficiency44. These challenges and uncertainties faced by this water vapor
tracking model are still what we and the community are committed to
tackling. Consistent with the majority of studies focusing on Arctic atmo-
spheric water vapor25,45,46, our study did not specifically differentiate the
contributions of ice or snow sublimation from the total evaporation con-
tribution. Sublimation, which is a principal pathway for moisture loss from
the cryosphere, adds to the evaporation changes resulting from ice retreat,
and is influenced by the altered atmospheric boundary layer humidity
conditions and surface winds47. Although these specific differenceswere not
the primary focus of this study, they merit further examination through
mechanistic analysis with more detailed data and processes.

Ourfindings identify the regionswhere theAMS-sourcedprecipitation
over land has experienced significant changes, and provide quantitative
insights for evaluating the impacts of Arctic sea ice retreat on moisture
cycling. We conclude that the ongoing expansion of the ice-free Arctic
Ocean is emerging as a significant contributor to the increase in cold-season
precipitation and extreme snowfall overNH land areas.Over glaciated areas
such as Greenland, sea-ice decline is contributing to glacier mass gain
through atmospheric moisture transport. In the northern part of Siberia,
extreme snowfall arises due to the increased AMS-sourced moisture con-
tribution. These findings emphasize the necessity for credible projections of
Arctic sea-ice loss to better understand and project future changes in the
water cycle across the NH.

Methods
Data
For input to our numerical model, we used atmospheric and surface output
from the ERA5 reanalysis48, produced by the EuropeanCentre forMedium-
Range Weather Forecasts. The ERA5 resource offers a generally more
accurate global precipitation and evaporation balance and improved per-
formance in the Arctic relative to other reanalysis datasets12,38,39,49. We used
global hourly data at a resolution of 1° × 1°fromSeptember toMarch during
1980–2021, provided on 23 pressure levels from 200 to 1000 hPa for zonal
and meridional winds and specific humidity, and on the single level for

precipitation, evaporation, sea ice coverage, snow, surface pressure, total
column water, and vertical integration of atmospheric water fluxes.

We additionally used daily Arctic sea ice concentration (SIC) at 25 km
resolution from the Sea Ice Index, Version 3 (G02135)50, obtained from the
National Snow and Ice Data Center (NSIDC). The NSIDC data were
resampled to a 1-degree resolution tomatch the resolution of ERA5data for
the comparison of sea ice data sources and the delineation of the AMS
boundaries. Sensitivity and correlation analyses between moisture and
NSIDC sea ice were included in the Supplementary information (Supple-
mentary Fig. 9). For both ERA5 andNSIDC sea ice data, grid-scale analysis
was conducted using SIC, and regional-scale analysis was performed using
the sea ice coverage area of AMS calculated based on SIC.

A global dataset of evaporation to precipitation flows generated with
UTrack, a Lagragian (trajectory-based) moisture tracking model43, was
employed to validate the accuracy of moisture tracking in WAM-2layers.
The UTrack output, driven by ERA5 reanalysis data, provided monthly
climatological means for the period of 2008–2016. This dataset serves as a
network for identifying and quantifying the relative distribution of down-
wind precipitation associated with evaporation from specific sources. We
utilized UTrack data with a spatial resolution of 1° for October
through March.

Atmospheric moisture tracking
The evaporatedmoisture from theAMSwas computationally tracked in the
framework of the Water Accounting Model-2layers (WAM-2layers)44,51.
WAM and its derived public data52 have been widely used in the study of
moisture recycling53,54, atmosphericmoisture tracking55–57 and the influence
of hydrological cycle changes58,59. The underlying principle for moisture
tracking from a specific region (Ω) is the atmospheric water balance, which
is reflected in themoisture transport within and between layers (l, either the
bottom or the top layer) in WAM-2layers as follows:

∂Wl;Ω

∂t
¼ ∂ðWl;ΩulÞ

∂x
þ ∂ðWl;ΩvlÞ

∂y
þ El;Ω � Pl;Ω ± FV ;Ω þ αl;Ω ð1Þ

where the left side of the equation is the change in atmospheric precipitable
water (W) within a certain time interval (t); the right side is the total change
in water vapor advection carried by the horizontal wind (u, v), the moisture
supply from surface evaporation (E), the moisture loss from precipitation
(P), the vertical moisture transport between the layers (FV ), and a residual
term (α) to ensure the closure of the water in each time step. The division of
the bottom and the top layer depends on the surface pressure according to:
Pdivide ¼ 0:72 � Psurface þ 7438 [Pa]51. The pressure level closest to Pdivide
was selected to separate the layers for each grid. Themoisture contributions
(Prx;y or Srx;y) to precipitation (Px;y) or snowfall (Sx;y) were obtained at the
same mixing ratio (mrx;y) as the proportion of the traced moisture (Wrx;y)
to the total precipitable water (Wx;y) with the “well-mixed” atmosphere
assumption:

Srx;y
Sx;y

¼ Prx;y
Px;y

¼ Wrx;y
Wx;y

¼ mrx;y ð2Þ

In a single cycle of water vapor tracking, theAMSmoisturewhose final
destination fell on land grids in the NH was collected to quantify their
contribution to sustaining land precipitation (or snowfall), defined asAMS-
sourced land precipitation (or snowfall).

The fractional contribution is defined as the percentage of AMS-
sourced moisture in the precipitation or snowfall, which equals to the
mixing ratio mrx;y on the grid scale. On the regional scale, the fractional
contribution (FC) was calculated following Eq. (3)60, where A is the target
region and the location (x, y) is within its coverage. The variables P and Pr
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can be replaced with S and Sr:

FC ¼
P

x;yð Þ2A Pr x; y; j;A� �

P
x;yð Þ2A P x; y; j;A� � × 100% ð3Þ

The WAM model, which is a global model based on the Eulerian
framework on a Gaussian grid, cannot track water vapor across the poles
due to the large distortion of the grid near the poles. Therefore, in this study,
moisture tracking was performed within the near-global range of
81°N–79°S, and the input data were linearly interpolated in time61–63. The
time step was set to a 4-minute interval to maintain the computational
stability of the model within the study range of 1-degree resolution, espe-
cially in thehigh-latitude grids. The evaporation for eachmonthwas tracked
to the end of the next month to ensure that about 90% of the monthly
evaporated moisture was precipitated out53,64, minimizing the amount of
residual moisture originating from the AMS remaining in the atmosphere
after tracking. Thus, precipitation fromOctober toMarch is contributed by
the evaporation from September to March. These months,
September–March, were collectively defined as the cold season. A cold
season spans two calendar years, and so we defined the year for each cold
season as the year in which it began.

The change of each variable was estimated by the product of the linear
fit slope and the length of time, and the relative change thereby was calcu-
lated by dividing the estimated change by the climatological mean. The
sensitivity of variables to melting sea ice was defined as the ratio of variable
change to sea ice index change. The significance of trend fitting and dif-
ference was evaluated using the Student’s t-test.

Data availability
All data needed to evaluate the conclusions in the paper are presented in
the paper and/or the Supplementary Materials. Gridded ERA5 reanalysis
data are available from https://doi.org/10.24381/cds.bd0915c6 and
https://doi.org/10.24381/cds.adbb2d47. Sea-ice data from the National
Snow and Ice Data Center are available from https://doi.org/10.7265/
N5K072F8. UTrack data are available from https://doi.org/10.1594/
PANGAEA.912710.

Code availability
The Water Accounting Model-2 layers (WAM-2layers) moisture tracking
scheme in Python code are available from https://github.com/ruudvdent/
WAM2layersPython.
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