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AT M O S P H E R I C  S C I E N C E

Role of Atlantic multidecadal variability in modulating 
Arctic sea ice loss and wetting
Ziyi Cai1, Qinglong You1*, James A. Screen2, Hans W. Chen3, Ruonan Zhang1, Zhiyan Zuo1,  
Deliang Chen4, Judah Cohen5,6, Shichang Kang7*, Weiming Ma8, Sergey K. Gulev9,  
G. W. K. Moore10,11, Renhe Zhang1

Arctic precipitation has increased in recent decades (hereafter, Arctic wetting), but the drivers remain uncertain. Us-
ing observations, reanalyses, and single-model initial-condition large ensembles (SMILEs), we show that enhanced 
evaporation due to sea ice loss has been the primary driver of Arctic wetting during 1979–2024, especially in the 
Atlantic sector. However, the externally forced component in most SMILEs explains only ~69% of sea ice loss and 75% 
of wetting in the observations and reanalyses. Further analysis reveals that the observed transition of one of the 
Northern Hemisphere’s interdecadal internal variability—Atlantic multidecadal variability (AMV)—from a negative 
to a positive phase substantially enhanced Arctic sea ice loss, thereby accelerating wetting by about 31%. Under 
SSP3-7.0, if the AMV switches phase in the near future from the current +1 to a −1 standard deviation anomaly, then 
the rates of Arctic sea ice loss and wetting would slow by nearly 29 and 33%, respectively, relative to the externally 
forced response alone. These results underscore the pivotal role of AMV in modulating Arctic sea ice loss and wetting 
and highlight the need to account for AMV phase changes in near-term Arctic climate projections.

INTRODUCTION
Arctic precipitation is increasing (1), hereafter referred to as Arctic 
wetting (2), with a shift from snowfall to rainfall dominance (3). 
While these changes are evident throughout the circumpolar Arctic, 
substantial regional variations exist (2). Moreover, these changes are 
expected to intensify in the future, leading to severe environmental 
consequences (4). For instance, the accelerated water cycle may has-
ten the retreat of cryospheric elements such as sea ice (5–7), the 
Greenland Ice Sheet (8), and permafrost (9); increase freshwater in-
put into the ocean, affecting ocean circulation; disrupt Arctic eco-
systems; and pose threats to the Arctic social conditions (10, 11). 
Despite increased intensity of Arctic atmospheric rivers (12), the 
mean poleward moisture transport to the Arctic has not shown a 
pronounced increase in recent decades, whereas both Arctic atmo-
spheric moisture content and total precipitation have increased sig-
nificantly during the same period (13,  14). This raises questions 
about the underlying mechanisms. Many studies have suggested 
that enhanced evaporation due to sea ice loss and the expansion of 
open water areas is a dominant driver of Arctic precipitation chang-
es, both historically and in future projections (2, 15). However, the 

mechanisms underlying this linkage remain insufficiently under-
stood. Identifying the drivers of Arctic sea ice loss and wetting and 
accurately projecting them are essential for developing effective en-
vironmental policies for the Arctic.

In addition, climate models exhibit large uncertainties in their 
projections of Arctic precipitation (16, 17). Simulations driven by his-
torical forcing underestimate mean Arctic precipitation and its trend 
compared to observations and reanalyses (2). These uncertainties 
arise partly from the inaccuracy of the representation of advective 
processes in climate models, parameterizations, and underlying as-
sumptions (18, 19). In addition, internal climate variability can criti-
cally modulate recent Arctic climate change (20–22), contributing 40 
to 50% of the recently observed Arctic sea ice loss (23), especially in 
the Barents Sea (24). When the influence of internal variability is 
removed, the Arctic amplification ratio decreases from approxi-
mately four to three times the global mean warming rate (25). The 
two coupled ocean-atmosphere interdecadal modes in the Northern 
Hemisphere—the Atlantic multidecadal variability (AMV) and the 
interdecadal Pacific oscillation (IPO)—have far-reaching impacts in 
the Arctic (26–28). Phase transitions in the AMV and IPO contribute 
to regulating poleward oceanic and atmospheric energy transport, 
which affects Arctic warming (29), sea ice loss (22), and Arctic atmo-
spheric rivers (12) on multidecadal timescales. For example, idealized 
pacemaker experiments isolating the climate impacts of AMV and 
IPO show that during the positive phase of AMV, atmospheric tele-
connections can lead to an increased prevalence of the Arctic Dipole 
sea level pressure (SLP) pattern, driving sea ice loss through anoma-
lous wind forcing and anomalous atmospheric energy transport (30–
32); the positive phase of IPO triggers atmospheric teleconnections 
from the tropical Pacific through the Pacific to northern Canada, 
forming a quasi-barotropic structure at mid-to-high latitudes, pro-
moting warming and sea ice loss in the Pacific–North American re-
gion (26, 33). Accounting for the evolution of interdecadal internal 
variability is essential for reducing the uncertainty in near-term fu-
ture climate projections (34, 35), these modes of variability can either 
accelerate or dampen anthropogenic Arctic climate change in the 
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coming decades (36). However, the mechanisms through which in-
ternal variability influences Arctic wetting, along with the corresponding 
quantitative estimates, remain poorly understood. This study uses 
single-model initial-condition large ensembles (SMILEs) to investi-
gate how interdecadal internal variability has influenced Arctic wetting 
and its underlying mechanisms over the recent decades. It also quanti-
fies how Arctic wetting could be influenced by phase shifts in the AMV 
in the near-term future, providing mechanistic insights that can con-
tribute to future constraints on Arctic climate projection uncertainties.

RESULTS
Local sea ice loss contributes to historical Arctic wetting
Multiple reanalysis datasets indicate an increased Arctic total pre-
cipitation from 1979 to 2024 at an average rate of 0.03 mm/day per 
decade, with consistency across datasets (Fig. 1A). We examined the 

spatial patterns of Arctic precipitation trends as depicted by European 
Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis 
v5 (ERA5) and Japanese 55-year Reanalysis (JRA55) (Fig. 1B and 
fig. S1), since these two datasets outperform other reanalysis datasets in 
capturing Arctic precipitation trend, with better agreement when 
compared to observational site data (2). The results show that in-
creased precipitation is primarily concentrated in the eastern Arctic, 
particularly in the Barents-Kara seas (BKS; 70°N to 80°N, 30°E to 
90°E). In contrast, the western Arctic, especially the North American 
Arctic, shows negligible changes. This pattern aligns with observations 
from Global Historical Climatology Network monthly data (2). The 
results of moisture budget analysis (see Materials and Methods) re-
veal that the observed annual mean precipitation increase from 1979 to 
2024 is primarily driven by enhanced evaporation, contributing a 
growth of 0.02 mm/day per decade, especially in the BKS region 
(Fig. 1C and fig. S1). The time series of horizontal atmospheric 

Fig. 1. Observed Arctic wetting and sea ice concentration changes from 1979 to 2024. (A) Time series of anomalies of moisture budget terms and sea ice concentra-
tion (SIC) from different datasets. Spatial pattern of trends in moisture budget terms trends from ERA5, including (B) Arctic total precipitation, (C) evaporation, (D) hori-
zontal moisture advection, (E) vertical moisture advection term, and (F) residual term. (G) Spatial pattern of Arctic sea ice trend from the Hadley Center. Double asterisks 
(**) in (A) and hatched areas in [(B) to (G)] indicate where linear trends are statistically significant at the 95% confidence level.
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moisture transport exhibits pronounced interannual variability but 
shows no significant trend contribution over the entire period, which is 
also reflected in the spatial patterns (Fig. 1D). The contribution of 
the vertical moisture transport trend is also weak (Fig. 1E), while the 
residual terms show significant increases over eastern Greenland 
(Fig. 1F), where pronounced topographical relief may induce sur-
face processes. The spatial pattern of sea ice loss is consistent with 
that of enhanced evaporation and precipitation (Fig. 1G), suggest-
ing a signal coupling between them. Sea ice loss expands open water, 
which strengthens local evaporation and primarily drives the in-
crease in precipitation, while the resulting wetter and warmer atmo-
sphere further promotes sea ice loss.

To separate the roles of external forcing and internal variability 
in the observed Arctic sea ice loss and wetting, we used eight SMILEs 
(see Materials and Methods). Since different ensemble members 
within each SMILE are driven by the same external forcing, their 
ensemble mean can represent the effects of external forcing such as 
CO2 increase, while the spread between members reflects the influ-
ence of internal variability (37). The ensemble mean of most SMILEs 
explains only 69% (46 to 98%), 59% (43 to 91%), and 75% (59 to 
102%) of the Arctic sea ice loss (Fig. 2, A to C) and increased evapo-
ration and precipitation from reanalyses during the historical peri-
od, respectively, except for CanESM5, which has been identified in 
previous studies as having high equilibrium climate sensitivity and re-
flecting excessive global warming (38). When focusing on the eastern 
Arctic region where wetting is most pronounced, the ensemble means 
of SMILEs significantly underestimate the enhancement of Arctic 
sea ice loss, evaporation, and precipitation, especially over the BKS 
region, by 37% (14 to 57%), 42% (20 to 75%), and 33% (12 to 42%), 
respectively (Fig.  2, D to F). Notably, these discrepancies may be 
partly influenced by biases in the reanalyses themselves, as one pre-
vious study has reported that reanalysis data such as ERA5 may 
overestimate Arctic mean temperature and precipitation (39). Mean-
while, the intermember spread of simulated sea ice loss and wetting 
in this region is also the largest among SMILEs (Fig. 2, G to I). This 
indicates that internal variability plays an important role in recent 
Arctic coupled sea ice loss and wetting.

The important role of AMV in Arctic sea ice loss and wetting
To investigate whether the Arctic wetting is influenced by large-scale 
modes of sea surface temperature (SST) variability, we first applied 
the maximum covariance analysis (MCA) to the internally generated 
Arctic precipitation trends and global SST trends during 1979–2024 
across all 50 ensemble members of Community Earth System Model 
version 2 (CESM2). The first mode explains ~55% of the covariance, 
showing intensified precipitation across most Arctic regions, espe-
cially in the Atlantic sector in the eastern Arctic (Fig. 3A), with an SST 
pattern resembling a positive AMV phase in the North Atlantic and 
warming in the North Pacific (Fig. 3B). The second mode explains 
10% of the variance and exhibits a dipole pattern, with enhanced pre-
cipitation in the east and decreased precipitation in the west (Fig. 3C), 
corresponding to a positive AMV phase in the North Atlantic and a 
negative IPO phase in the Pacific (Fig.  3D). We also examined the 
MCA analysis results of other SMILEs that can reasonably simulate 
AMV or IPO (see Materials and Methods) to verify whether this syn-
ergistic pattern is model dependent. The results found that the Arctic 
wetting and positive AMV phase shown in the first mode are quite 
consistent across models (figs. S2 and S3). Meanwhile, the AMV trend 
during the study period is significantly positively correlated with 

Arctic wetting in all models, with correlation coefficients exceeding 
0.5 in most SMILEs (Fig. 3E), which suggests that the Arctic wetting is 
modulated by the AMV.

On the basis of results from multiple observational and reanalysis 
datasets, when the influence of IPO is filtered out through regression, 
increases in the AMV index are strongly associated with an intensifi-
cation of sea ice loss in the Atlantic sector of the Arctic, which sub-
sequently drives enhanced evaporation accompanied by increased 
precipitation, with the most pronounced changes in the BKS region 
(fig. S4). All SMILEs exhibit a similar Arctic wetting and sea ice loss 
pattern associated with AMV change (figs. S5 to S7). However, the 
linkage between IPO and Arctic wetting is relatively weak (Fig. 3E). 
This may be because the influence of the IPO on the Arctic relies on 
complex tropical–high latitude atmospheric teleconnection pathways 
(40, 41), while model biases in simulating IPO-related SST patterns 
lead to discrepancies in the associated Rossby wave trains (42). In ad-
dition, other atmospheric internal variability also plays an important 
role in modulating the Pacific-Arctic climate linkage, and the relative 
interactions between the IPO and other modes across different times-
cales remain unclear (23, 43). In summary, the above results indicate 
that AMV is the primary coupled ocean-atmosphere interdecadal 
mode regulating recent Arctic coupled sea ice loss and wetting and 
that this linkage is consistent across SMILEs. After applying observa-
tional AMV adjustments in SMILEs (see Materials and Methods), the 
explained Arctic sea ice loss and wetting during the historical period 
are substantially increased (fig. S8), with AMV accelerating Arctic sea 
ice loss and its corresponding enhanced evaporation and precipita-
tion by 33% (28 to 37%), 38% (33 to 44%), and 31% (25 to 43%), re-
spectively, on top of external forcing.

Mechanisms of the AMV phase changes in driving Arctic sea 
ice loss and wetting
By analyzing the differences among ensemble members within the 
same SMILE, the mechanisms by which AMV changes affect inter-
nally generated Arctic wetting can be determined. Here, we used the 
CESM2 model, which simulates the AMV and its associated Arctic 
sea ice loss and wetting pattern well and has large ensemble members 
for future projections. Five ensemble members from the CESM2 with 
the largest AMV trend from 1979 to 2024 (AMV+5) and the five with 
the smallest AMV trend (AMV−5) were selected. AMV+5 exhibited 
a phase transition from negative to positive, consistent with observa-
tions, while AMV−5 showed the opposite trend (Fig. 4A). Composite 
analysis (AMV+5 minus AMV−5) reveals significant sea ice loss, 
enhanced evaporation, and increased precipitation in the Arctic 
Atlantic sector (Fig. 4, B to D). The members were divided into three 
groups based on the AMV phase changes (Fig. 4, E to G): those with 
significant positive phase transitions, significant negative phase tran-
sitions, and no significant transitions (see Materials and Methods). 
Ensemble members with significant positive AMV changes showed 
stronger actual SST warming closer to observations, while those with 
negative changes exhibited weaker actual SST warming (fig. S9). Cor-
relation analysis between the members indicated that significant 
AMV phase changes correspond to larger trends in Arctic sea ice 
concentration (SIC), evaporation, and precipitation. Crucially, when 
AMV changes were insignificant, precipitation showed no significant 
trend. When sea ice remained nearly unchanged (Fig.  4F), AMV 
phase changes had minimal impact on evaporation and precipitation 
(Fig. 4, G to F). This suggests that AMV phase changes influence 
Arctic wetting through local sea ice loss.
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We further examined the impacts of AMV on internally gener-
ated ocean heat transport (OHT). Previous studies have shown that 
AMV changes are associated with the Atlantic Meridional Over-
turning Circulation (AMOC), where enhanced AMOC favors posi-
tive AMV formation and strengthens OHT to the Arctic (44, 45). 
AMV+5 displays significantly enhanced OHT (from the surface 
to subsurface) through the Barents Sea Opening (BSO) from the 
Atlantic sector to the eastern Arctic basin (Fig. 5A), compared to 
AMV−5, accompanied by significant warming in the 0- to 300-m 

layer of the Arctic Atlantic sector (Fig. 5B). We calculated the zon-
ally integrated OHT anomaly through the BSO as OHT BSO (see 
Materials and Methods) and examined its relationship with AMV 
changes and related oceanic conditions in the Arctic across ensem-
ble members. It is shown that AMV phase changes are significantly 
positively correlated with OHT BSO changes (r =  0.59, P <  0.05; 
Fig. 5C), OHT BSO is positively correlated with the upper 300-m 
layer ocean temperature trends in the Atlantic sector (r = 0.69, P < 0.05; 
Fig. 5D), which, in turn, correlate negatively with SIC trends (r = −0.82, 

Fig. 2. Simulated Arctic wetting and SIC changes in the historical period. Arctic-mean trends in (A) precipitation, (B) evaporation, and (C) SIC from large-ensemble model 
simulations and multiple reanalysis datasets. The red dashed line denotes the mean across the observations/reanalyses; gray shading indicates their range; boxes show the 
interquartile range (25th to 75th percentiles) for each model; whiskers indicate the full range (minimum to maximum); and stars mark the ensemble mean. (D) Spatial pattern 
of differences between Arctic precipitation trends simulated by eight large-ensemble models and those from the reanalyses (multimodel ensemble mean minus the reanaly-
ses mean); hatched areas indicate where linear trends are significant at the 95% confidence level in both the models and the observations/reanalyses. (E) The same as (D) but 
for evaporation. (F) The same as (D) but for SIC. (G) Multimodel mean spatial pattern of the interensemble spread in precipitation trends. (H) The same as (G) but for evaporation. 
(I) The same as (G) but for SIC. To ensure consistent data coverage across observations/reanalyses and all models, the analysis period spans 1979–2014.
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P < 0.05; Fig. 5E). Therefore, during AMV transitions from negative 
to positive phase, enhanced OHT BSO promotes ocean warming in 
the Arctic Atlantic sector, further leading to sea ice loss. Meanwhile, 
those ensemble members with significant AMV transitions from nega-
tive to positive also better reproduced the observed interdecadal 
enhancement of BSO OHT during 1979–2024 (fig. S10). Thus, these 

results indicate that AMV influences sea ice loss by modulating OHT 
through the BSO, thereby contributing to local wetting.

AMV phase changes also alter internally generated atmospheric 
circulation. Compared to AMV−5, AMV+5 exhibits anomalous 
weakening of SLP over Greenland and its southern regions, while 
showing anomalous strengthening of SLP and 500-hPa geopotential 

Fig. 3. The covariability between the Arctic wetting trend and the global SST trend driven by internal variability. Spatial pattern of the Arctic wetting trend associ-
ated with the (A) first and (C) second mode of MCA. (B and D) The same as (A) and (C) but for the global SST trend. The ensemble mean trends of both the Arctic wetting 
and SST in the CESM2 have been removed from individual members before applying the MCA. The fraction of covariance explained by the first and second mode is 55 and 
10%, respectively. These patterns are obtained by regressing the internally generated trends across 50 members from CESM2 onto their respective standardized expan-
sion coefficients. Dotted areas indicate that regressions are significant at the 95% confidence level based on the Student’s t test. (E) The correlation coefficients between 
AMV/IPO trends and Arctic average precipitation trends in models. Double asterisks (**) indicates that the correlation is significant at the 0.05 level.
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Fig. 4. The relationship between AMV changes and Arctic sea ice wetting coupling in CESM2. (A) Interdecadal changes of the observed and simulated AMV. Historical and 
SSP3-7.0 simulations are shown for the 5th and 95th percentiles (shading) and the maximum and minimum (dashed lines) of the 50 members. The black line represents the aver-
age of the three observational datasets [Hadley Centre sea ice and sea surface temperature (HadISST), Extended Reconstructed Sea Surface Temperature Version 5 (ERSST V5), 
and Kaplan Extended SST Version 2 (Kaplan V2)], and the dark-gray shading indicates the observational range (minimum to maximum). The results have been smoothed using 
an 11-year moving average. Member 1 represents an ensemble member where AMV transitions from −1 to 1 SD over the past four decades and from 1 to −1 SD in the near-term 
future, while member 34 is the opposite, representing two contrasting future AMV trajectories. (B) The total precipitation trend difference between the five members with the 
largest positive AMV phase changes and the five members with the largest negative AMV phase changes from 1979 to 2024. Hatched areas are statistically significant at the 90% 
confidence level according to the Student’s t test. (C and D) The same as (B) but for SIC and evaporation trends. (E) The relationship between the AMV trend and the Arctic mean 
precipitation trend from 1979 to 2024 across 50 ensemble members. (F) The same as (E) but for the SIC trend and the Arctic mean evaporation trend. (G) The same as (E) but for 
the Arctic mean evaporation trend and the Arctic mean precipitation trend. Double asterisks (**) indicates a significant Pearson correlation (P < 0.05). Red (blue) dots indicate 
ensemble members in which the AMV transitions from a negative to a positive phase (from a positive to a negative phase) during 1979–2024, with the AMV index trend signifi-
cant at the 95% confidence level according to the Student’s t test. Gray dots indicate ensemble members with no significant AMV phase change.
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height (Z500) over northern Eurasia to the BKS (Fig. 6A). This re-
sults in increased anomalous ascending motion over the Atlantic sub-
polar region (Fig. 6B) and descending motion over the BKS (Fig. 6C), 
with strengthened southerly winds from the Greenland Sea toward 
the Arctic (Fig. 6A). The transported moisture may enhance wetting 
over Greenland due to topographical uplifting (Fig. 4B). The strength-
ened Z500 and descending motion over the BKS increased atmo-
spheric temperature, which promotes sea ice loss through enhanced 
downward longwave radiation, while sea ice loss can also intensify 
downward longwave radiation through atmospheric moistening, es-
tablishing a positive feedback that manifests as strong ice-atmosphere 
coupling in the BKS region. There is a positive correlation between 
AMV changes and BKS Z500 trends (r = 0.49, P < 0.05), a signifi-
cant positive correlation between Z500 and downward longwave 
radiation trends (r = 0.93, P < 0.05), and a corresponding signifi-
cant negative correlation with SIC trends (r = −0.85, P < 0.05) 

(Fig. 6, D to F). Similar AMV-related atmospheric circulation pat-
terns are also found in reanalyses, although compared to CESM2, 
the positive SLP and Z500 anomalies in the reanalyses cover a broader 
area, with equally significant increased Z500 and descending mo-
tion over BKS (fig. S11). This may be related to the previously pro-
posed mechanism whereby positive AMV phases cause northward 
migration of the Atlantic Intertropical Convergence Zone (46), gen-
erating upper-level divergence and Rossby wave trains at mid-high 
latitudes (47), leading to high-pressure anomalies from Eurasia to 
the Arctic (26). Meanwhile, the transition of AMV to its positive phase 
can intensify transient eddy activity by enhancing oceanic fronts and 
low-level atmospheric baroclinicity and subsequently drive negative 
North Atlantic oscillation/Arctic oscillation anomalies through wave-
mean flow interactions (12, 48), promoting increased geopotential 
height anomalies in the Arctic. Furthermore, sea ice loss reinforces 
the high-pressure anomaly through tropospheric warming and thermal 

Fig. 5. The relationship between AMV changes and OHT over the North Atlantic in CESM2. (A) Longitude-depth profile of the difference in zonal oceanic heat trans-
port 

[

U
0
θ
]

 trend between the five members with the largest positive AMV phase changes and the five members with the largest negative AMV phase changes from 1979 
to 2024. Dotted and hatched areas are statistically significant at the 90% confidence level according to the Student’s t test. (B) The same as (A) but for the Arctic 0- to 300-m 
mean ocean temperature. (C) The relationship between the AMV trend and the OHT (through BSO, OHT BSO) trend from 1979 to 2024 across 50 ensemble members. 
(D) The same as (C) but for the OHT BSO trend and 0- to 300-m mean ocean temperature trend. (E) The same as (C) but for 0- to 300-m mean ocean temperature trend and 
Arctic SIC trend. Double asterisks (**) indicates a significant Pearson correlation (P < 0.05). Red (blue) dots indicate ensemble members in which the AMV transitions from 
a negative to a positive phase (from a positive to a negative phase) during 1979–2024, with the AMV index trend significant at the 95% confidence level according to the 
Student’s t test. Gray dots indicate ensemble members with no significant AMV phase change.
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expansion, strengthening the ice-atmosphere coupling over the BKS 
region (49). To summarize, these findings support that AMV phase 
changes influence key regional sea ice loss and subsequent wetting 
through modifying OHT and modulating the atmospheric circulation.

Projections of near-term future Arctic sea ice loss and 
wetting constrained by AMV phase changes
Of the SMILEs that can well characterize the linkage between AMV 
and Arctic sea ice loss and wetting, CESM2 and MPI-ESM1-2-LR 
provide 50 ensemble members under the future SSP3-7.0 scenario 
and future SSP1-2.6/SSP2-4.5/SSP5-8.5 scenarios, respectively. There-
fore, we used these two models to examine the impact of AMV on 
near-term future Arctic wetting. It is shown that Arctic wetting is ex-
pected to intensify in the near future (2025–2054). However, internal 
variability across the 50 ensemble members yields trends ranging from 
−0.02 to −0.04, −0.01 to −0.06, 0.00 to 0.06, and 0.01 to 0.07 mm/day 
per decade under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 

scenarios, respectively. After excluding the influence of AMV (see 
Materials and Methods), the spread of trends across all ensemble 
members, as quantified by the SD, decreased by 11.6 to 20.2% under 
the four scenarios (fig. S12). These findings highlight that using ini-
tializing projections of AMV phase changes will increase confidence 
in near-term future Arctic wetting projections.

The impacts of AMV evolution on near-term future Arctic SIC, 
evaporation, and precipitation are quantified (Fig. 7). Given that the es-
timated SD of AMV from 1900 to 2014 is 0.15 and that the observed 
AMV has remained in a positive phase for over 20 years, we consider an 
illustrative and plausible scenario in which AMV will transition from 
+1 to −1 SD between 2025 and 2054, as illustrated by ensemble mem-
ber 1 (Fig. 4A). This means that the AMV trends in the near-term fu-
ture are fixed at −0.10°C per decade, which is similar to the magnitude 
of AMV change during historical periods. Next, we replaced the sea 
ice and wetting components associated with AMV changes in each 
member with the hypothetical AMV evolution. (see Materials and 

Fig. 6. The relationship between AMV changes and atmospheric circulation over the North Atlantic in CESM2. (A) The difference in SLP (shading), Z500 (contours), 
and horizontal wind (arrows) trends between the five members with the largest positive AMV phase changes and the five members with the largest negative AMV phase 
changes from 1979 to 2024. (B) The same as (A) but for the vertical circulation (vectors) and vertical velocity (shading) trends averaged along 80°W to 20°E. (C) The same 
as (A) but for the vertical circulation (vectors) and vertical velocity (shading) trends averaged along 60°N to 80°N. The results indicated by the bold contours, dotted areas, 
and arrows are shown to be statistically significant at the 90% confidence level according to the Student’s t test. (D) The relationship between the AMV trend and Z500 
trends over the BKS region from 1979 to 2024 across 50 ensemble members. (E) The same as (D) but for the Z500 trend and the clear-sky downward longwave radiation 
(DLR) trend. (F) The same as (D) but for the downward longwave radiation trend and the SIC trend. Double asterisks (**) indicates a significant Pearson correlation 
(P < 0.05). Red (blue) dots indicate ensemble members in which the AMV transitions from a negative to a positive phase (from a positive to a negative phase) during 
1979–2024, with the AMV index trend significant at the 95% confidence level according to the Student’s t test. Gray dots indicate ensemble members with no significant 
AMV phase change. Cor, correlation.
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Methods). Taking the SSP3-7.0 scenario as an example, for the transi-
tion from +1 to −1 SD of AMV, simulated sea ice loss will slow by 29% 
(from −3.17 to −2.26% per decade) on top of externally forced changes 
(Fig. 7A). At the same time, simulated intensification of evaporation 
will be mitigated (Fig. 7B), leading to Arctic wetting trends declining 
from 0.03 to 0.02 mm/day per decade (Fig.  7C). In contrast, when 

AMV transitions from −1 to +1 SD (as shown by ensemble member 34 
in Fig. 4A), simulated sea ice loss will accelerate by 25%, leading to en-
hanced evaporation, which, in turn, increases wetting. Although this 
situation is unlikely to happen (since AMV is currently in a positive 
phase), the result indicates that AMV phase changes can continue to 
influence Arctic sea ice loss and wetting over the next 30 years. A more 

Fig. 7. The impact of AMV phase changes in the near-term Arctic SIC and wetting trends. (A) Histograms showing the frequency distribution of Arctic SIC trends in 
the near-term for the 50 members of CESM2, derived from the original results (gray line) and those adjusted to account for the influence of different AMV phase transitions 
(blue for −1 to +1 SD and red for +1 to −1 SD). The black dots represent the SIC trends for the ensemble mean without AMV adjustments, while the blue and red dots 
show the SIC trends for the ensemble mean with the respective AMV adjustments (blue for −1 to +1 SD and red for +1 to −1 SD). (B) The same as (A) but for evaporation. 
(C) The same as (A) but for total precipitation. (D and E) Spatial distribution difference of SIC trends before and after AMV adjustments (left: AMV transition from +1 to −1 SD; 
right: AMV transition from −1 to +1 SD) (adjusted trends minus original trends). (F and G) The same as (D) and (E) but for evaporation. (H and I) The same as (D) and (E) but 
for precipitation. Dotted areas are statistically significant at the 95% confidence level according to the Student’s t test.
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likely situation is that if AMV undergoes a 2-SD negative transition in 
the next 30 years, following historical cycles, it could dampen about 
33% of the externally forced intensification of Arctic precipitation un-
der the SSP3-7.0 scenario by mitigating Arctic sea ice loss. Similar re-
sults are found under the other three scenarios, where wetting could 
almost disappear under the SSP1-2.6 scenario, while under the SSP2-
4.5 and SSP5-8.5 scenarios, it would suppress 36 and 26% of Arctic wet-
ting, respectively (fig. S13). The spatial patterns obtained from similar 
adjustments at the grid level reveal that the impact of AMV phase 
changes on future Arctic wetting is most pronounced in the Greenland-
Barents-Kara seas. Similar to historical periods, AMV phase changes 
have the most pronounced impact on sea ice and evaporation changes 
in this region (Fig. 7, D to I).

DISCUSSION
In summary, Arctic wetting has intensified over the past four decades, 
especially in the BKSs, primarily driven by increased evaporation linked 
to sea ice loss. In addition to external forcing, the coupled sea ice loss 
and wetting in the Arctic are also partially regulated by AMV. The tran-
sition of AMV from a negative to a positive phase strengthens OHT 
through the BSO. The accompanying atmospheric circulation anoma-
lies feature positive geopotential height over the Arctic and enhanced 
descending motion over the BKS region, which increases downwelling 
longwave radiation, further amplifying the Arctic coupled sea ice loss 
and wetting, accelerating Arctic wetting by 31% (25 to 43%). The results 
further underscore the important role of AMV phase changes in shap-
ing near-term future Arctic wetting. AMV explains 12 to 20% of the 
uncertainty in near-term Arctic wetting projections due to internal 
variability under different emissions scenarios. Taking the SSP3-7.0 sce-
nario as an example, if the AMV phase shifts from +1 to −1 SD over the 
next 30 years, it could slow down the rate of Arctic sea ice loss and offset 
33% of externally forced Arctic wetting.

Although many studies have focused on the impact of local sea ice 
loss on Arctic wetting (2, 15), this study further reveals the critical role 
of AMV phase transitions in regulating Arctic sea ice loss and wetting. 
This is essential for predicting the spatial variability of near-term future 
Arctic sea ice loss and wetting, particularly in the North Atlantic sector. 
As a highly sensitive climate region, the intensified local water cycle in 
the Atlantic sector of the Arctic not only results in a warmer and wetter 
atmosphere but also accelerates cryospheric retreat (50). This, in turn, 
enhances freshwater input and ocean stratification in the Atlantic sec-
tor and affects soil moisture, runoff variability, and ecosystem stability 
along the Eurasian Arctic coast (51, 52). These changes disrupt both 
terrestrial and marine food webs, potentially affecting human activities 
in the Eurasian Arctic (51,  53,  54). Therefore, incorporating AMV 
phase changes into near-term projections of Arctic sea ice loss and wet-
ting is crucial for improving reliability, as existing studies have shown 
that Arctic sea ice projections are improved when OHT associated 
with AMV is initialized (55, 56). This will provide a scientific founda-
tion for adaptation strategies in Arctic-bordering countries.

MATERIALS AND METHODS
Observational and reanalysis datasets
Since the Arctic stations were sparse and mostly distributed over 
Arctic land, we analyzed total precipitation from three reanalysis 
datasets: ERA5, with a horizontal resolution of about 0.25° by 0.25° 
(57); Japanese 55-year Reanalysis (JRA55), with a horizontal resolution 

of about 1.25° by 1.25° (58); and National Centers for Environmental 
Prediction-Department of Energy Reanalysis 2 (NCEP2), with a hori-
zontal resolution of 2.5°  by  2.5° (59). The selected time period is 
1979–2024 for ERA5 and NCEP2 and 1979–2023 for JRA55. Given 
that the representation capabilities of ERA5 and JRA55 for Arctic 
precipitation are closest to those of station observations (2), these 
two datasets will be used for subsequent moisture budget analysis.

Observational sea ice was collected from the Hadley Centre Sea 
Ice and Sea Surface Temperature (HadISST) dataset, version 1 (1° by 1° 
resolution) (60), and we also used sea ice data from 1979 to 2017 
from Gridded Monthly Sea Ice Extent and Concentration, 1850 On-
ward, Version 2 (SIBT1850), with a resolution of 2° by 2° (61). Given 
the discrepancies in SST across different datasets (62), we use three 
long-term SST datasets: HadISST data providing SST records from 
1870 onward (60), the Extended Reconstructed Sea Surface Tempera-
ture Version 5 (ERSST V5) produced by National Oceanic and Atmo-
spheric Administration (NOAA), which offers SST data at 2° by 2° 
latitude-longitude resolution from 1854 to the present (63), and the 
Kaplan Extended SST Version 2 (Kaplan V2) dataset spanning from 
1856, derived from comprehensive historical SST observations at 
5° by 5° resolution and developed by the Lamont-Doherty Earth 
Observatory of Columbia University (64).

In addition, to investigate atmospheric circulation changes on in-
terdecadal timescales, this study also use SLP, Z500, zonal wind (u), 
meridional wind (v), and vertical velocity (omega) from two reanalysis 
datasets: ERA5 covering 1941–2024, and the Twentieth Century Re-
analysis Version 3 (NOAA-20CRV3) spanning 1910–2015, which is 
provided at a horizontal resolution of 1° by 1° (65). The zonal velocity 
( uo ) and potential temperature ( θ ) of seawater required for calculating 
oceanic heat transport are derived from the Ocean Reanalysis System 5 
(ORAS5), which is produced by the ECMWF operational ensemble 
reanalysis-analysis system. The ORAS5 dataset spans from 1979 to 
2024 with a high spatial resolution of 0.25° by 0.25° (66).

Single-model initial-condition large ensembles
To explore the effects of external forcing and internal variability on 
Arctic wetting, we used SMILE experiments that include a large num-
ber of members of a single model, with each member forced by the 
same historical external forcings but starting from different initial 
conditions (37,  67). In this study, we mainly used a fully coupled 
50-member ensemble from the CESM2 large ensemble simulation, 
driven by historical forcing from 1850–2014 and SSP3-7.0 forcing 
thereafter (68). These members were driven by smoothed Coupled 
Model Intercomparison Project phase 6 (CMIP6) biomass burning 
(BMB) aerosol forcing, which, compared to members driven by the 
original CMIP6 BMB forcing, provides better comparability with his-
torical observations in terms of Arctic sea ice and temperature simula-
tions (69). A previous study on Arctic atmospheric rivers has also used 
these 50 members (12). Monthly total precipitation, evaporation, sur-
face pressure, specific humidity, horizontal wind, vertical velocity, SLP, 
geopotential height, SIC and SST, zonal velocity, and potential tem-
perature of seawater outputs were used. This study examines the his-
torical period of 1979–2024 and the near-term future period from 
2025 to 2054. Since the historical simulations only extend to 2014, the 
SSP3-7.0 scenario is used to bridge the gap from 2015 to 2024.

To ensure the robustness of the results, we analyzed other seven 
SMILEs from CMIP6 (70): ACCESS-ESM1-5, CanESM5, CNRM-
CM6-1, GISS-E2-1-G, IPSL-CM6A-LR, MIROC6, and MPI-ESM1-
2-LR, each with over 30 ensemble members to distinguish forced 
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signals from internal variability (table S1). All models were interpo-
lated onto a common 1° by 1° grid by bilinear interpolation to en-
sure a consistent basis for comparison and to avoid introducing 
biases in the analysis arising from different model resolutions. When 
analyzing the multimodel mean of SMILEs, we first computed the 
ensemble mean for each model and then performed an equal-weighted 
multimodel average to avoid bias caused by uneven ensemble sizes. 
Among these models, ACCESS-ESM1-5, CanESM5, and MPI-ESM1-
2-LR provide complete large ensemble members for the future pe-
riod under SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios, with their 
historical periods extended to 2024 using SSP2-4.5. The remaining 
models lack large ensemble members for future scenarios, and their 
historical analysis is limited to 2014. It is worth noting that GISS-
E2-1-G does not provide sea ice output.

Moisture budget equation
To explore what controls Arctic wetting and its trend, this study adopts 
the moisture budget method, which is widely used in various regions 
(2, 71). The moisture budget equation is represented as follows

where P , E , and q represent total precipitation, evaporation, and spe-
cific humidity, respectively. ��⃗V  denotes the horizontal wind vector, 
and δ represents the residual term that accounts for contributions 
from surface processes due to topography, transient eddies, and the 
error originating from the representing derivations by finite differ-
ence (72). −𝜕t <q> denotes the time derivate of the vertically inte-
grated specific humidity, which can generally be ignored, as its 
annual mean value is significantly smaller than the other terms (71). 
The angle brackets (<>) indicate the vertical integration from the 
surface to the top of the troposphere (200 hPa)

where g represents the standard gravity, PS and PT are surface pressure 
and the pressure at the top of the troposphere. The term −<∇ ⋅

��⃗V q> 
represents the vertically integrated moisture flux convergence and can 
be further decomposed into a horizontal moisture advection term 
−<���⃗Vh ⋅∇hq> (written as −<V ⋅ ∇q> ) and a vertical moisture 
advection term −<w

𝜕q

𝜕p
>(written as −<w 𝜕q∕ 𝜕p> ). Thus, Eq. 1 can 

be written as

where w represents the pressure velocity and ���⃗Vh represents the hori-
zontal wind vector.

Definition of the OHT through the BSO
We calculated the zonal OHT through BSO at 20°E during 1979–2024 
as follows (73, 74)

where y1 and y
2
 are the latitudes that are chosen (71°N and 73°N), uo 

is the zonal velocity of the ocean, and θ is the potential temperature 
of seawater. ρ is the density of seawater (1027 kg/m3), Cp is the heat 

capacity of seawater at constant pressure (3985 J/kg per degree Celsius), 
and z is the ocean depth that sets to −300 m.

Separating externally forced and internally 
generated variability
We used SMILEs to separate the impact of external forcing and inter-
nal variability (75). For example, in CESM2, all 50 members were 
driven by the same external forcing, with differences arising only from 
different initial conditions, reflecting internal variability. The effect of 
internal variability can be partially removed by averaging all members 
(hereafter “ensemble mean”). Therefore, the ensemble mean of each 
variable at a certain grid represents the model’s response to external 
forcing 

(

VEM

)

 . Then, the internal variability of each variable VIV(i, t) 
of member i in SMILE

where i refers to the number of members for an SMILE and t  refers 
to the year.

Definition of the AMV and IPO
The observed AMV index is defined as the linearly detrended 11-year 
moving-average time series of the mean SST anomalies over the 
North Atlantic (80°W to 0°, 0°N to 60°N). The observed IPO index 
is calculated as SST

2
−
(

SST
1
+SST

3

)

∕2 , where SST1 , SST2 , and SST3 
are defined as the linearly detrended, 11-year moving average time 
series of the mean SST anomalies over three regions, respectively: 
the northwestern Pacific (140°E to 145 W°, 25°N to 45°N), equato-
rial central-eastern Pacific (170°E to 90 W°, 10°S to 10°N), and the 
southwestern Pacific (150°E to 160 W°, 50°S to 15°S) (26). For SMILEs, 
we subtracted the ensemble mean SST from each member at each 
grid point in the SMILEs to produce the unforced fields. Then, we 
computed the mean SST anomalies for the respective regions using 
the same method as for the observations and derived the AMV and 
IPO time series.

Evaluation of the AMV and IPO in SMILEs
This study evaluates model performance in simulating temporal 
variability and spatial patterns of AMV and IPO. We identified three 
primary metrics: the frequency with which observed values fall 
above the ensemble maximum, below the ensemble minimum, and 
within the 90th percentile of the ensemble range (5 to 95%) across 
all simulated years. If the observed range completely exceeds the en-
semble range of a SMILE throughout the entire period, then it can 
be determined that the deviation between the distribution in that 
SMILE and observations cannot be explained by internal variability 
(76, 77). In addition, we characterized the AMV/IPO amplitude in 
observations and SMILEs using 1 SD of the AMV/IPO index during 
the entire period. If the observed amplitude range falls within the 
25th to 75th percentile of the ensemble range, then the model is 
considered to be capable of capturing the observed AMV/IPO am-
plitude (figs. S14 and S15). For spatial patterns, we obtained the ob-
served and simulated AMV/IPO spatial patterns by regressing the 
AMV/IPO index onto the SST anomalies spatial field and calculated 
the ensemble mean spatial pattern for each SMILE. If the pattern 
correlation exceeds 0.5, then the SMILE is considered to adequate-
ly represent the observed AMV/IPO pattern (figs. S16 and S17). 
Among the eight SMILEs used in this study, four models can de-
scribe the observed AMV time series, amplitude, and spatial patterns: 
CESM2, CNRM-CM6-1, IPSL-CM6A-LR, and MPI-ESM1-2-LR. 

P = − 𝜕t <q> − <∇ ⋅
��⃗V q> + E + δ (1)

X =

1

g ∫
PT

PS

Xdp (2)

P = −<w
𝜕q

𝜕p
> − < ���⃗Vh ⋅∇hq> + E + δ (3)

OHTBSO(t) = ρCp ∫
y2

y1 ∫
0

z

uoθdzdy (4)

VIV(i, t) = V (i, t) − VEM(t) (5)
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Three models can represent the observed IPO: CESM2, MIROC6, 
and MPI-ESM1-2-LR.

AMV-based grouping of ensemble members
We identified members that exhibited pronounced phase transitions 
in AMV during the period consistent with observations. If AMV 
transitioned from a negative to a positive phase during 1979–2024, 
with the index trend being statistically significant at the 95% confi-
dence level based on the Student’s t test, then the member was clas-
sified as having undergone a pronounced negative-to-positive phase 
transition. Conversely, if the index transitioned from a positive to a 
negative phase and the index trend is statistically significant at the 
95% confidence level based on the Student’s t test, then it was classi-
fied as a pronounced positive-to-negative phase transition. The re-
maining ensemble members were classified as having no significant 
phase transition, and the actual SST changes over the North Atlantic 
region for each group are shown (fig. S9).

The projected uncertainty contributed by the AMV in the 
near-term future
Following previous studies (12, 75), we conducted the following calcu-
lations to determine the impacts of AMV on the projected uncertainty

where rIVAMV(i) × AMV(i, t) refers to the component linearly as-
sociated with the AMV index in each member of SMILEs. We esti-
mated the contribution of the AMV to the uncertainty in the projection 
of Arctic wetting trends by comparing the SD of the trend distribution 
for all original members [ VIV(n, i) ] with the SD of the trend distribu-
tion after removing the effects of AMV

[

Vnon−AMV(i, t)
]

.

Adjustment of Arctic sea ice loss and wetting based on 
observational AMV
Many studies have applied an “adjustment method” to investigate 
the climate response to the AMV or IPO (75, 76). Similarly, we per-
formed the adjustment using the AMV. The core idea of this method 
is to replace the original simulated AMV-related Arctic sea ice loss 
and wetting with that induced by observed or a hypothetical (obser-
vationally based) AMV evolution, expressed as

where

AIV(i) is the adjusted term, which can be calculated as follows

where rIVAMV(i) is the regression coefficient of Arctic sea ice, evap-
oration, and precipitation on the AMV index during the study pe-
riod for each member, reflecting the response of Arctic sea ice loss 
and wetting to AMV evolution in member i . The first product, 
r
IV
AMV(i)[ �tAMV(i)] , denotes the original AMV-related Arctic sea 

ice loss and wetting trend in member i , while r
IV
AMV(i)[ �tAMV

OBS
] 

denotes the Arctic sea ice loss and wetting trend based on observed 
AMV evolution. In Eq. 7, �tVEM

 refers to the Arctic sea ice loss and 
wetting response to external forcing, and the ensemble mean of 
�tVIVadj

(i) represents the trend due to the observed AMV.

Supplementary Materials
This PDF file includes:
Figs. S1 to S17
Table S1
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