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In this work, we examine connections between patterns of future Greenland precipitation and large-
scale atmospheric circulation changes over the Northern Hemisphere. In the last three decades of the
21st century, CMIP5 and CMIP6 ensemble mean precipitation significantly decreases over the
northern part of the North Atlantic Ocean with respect to 1951–1980. This drying signal extends from
the ocean to the southeastern margin of Greenland. The 500 hPa geopotential height change shows a
clear pattern including awidespread increase across the Arcticwith a negative anomaly centered over
Iceland and surrounding regions. To identify the mechanisms linking atmospheric circulation
variabilitywithGreenlandprecipitation,weperformasingular valuedecomposition (SVD) andcenter of
action (COA) analysis. We find that a northeastward shift of the Icelandic Low (IL) under the SSP5‐8.5
warming scenario leads to the drying signal found in southeast Greenland. This implies that the IL
location will have a strong influence on precipitation changes over southeast Greenland in the future,
impacting projections of Greenland ice sheet surface mass balance.

The Arctic climate is changing rapidly, far beyond what is expected from
natural variability1,2. As a consequence, the Greenland ice sheet (GrIS) has
been losingmass since the 1990s3–5, and the decreasing surfacemass balance
(SMB) dominates the mass loss over the GrIS since 20006. If Greenland
warming reaches 4.5 ± 0.3 °C by the year 2055, the SMB is projected to
become negative initiating sustained surface mass loss7. By the end of the
21st century, the ensemble mean projections of GrIS surface mass loss
contribute to a mean sea level rise (SLR) of 4 ± 2 cm and 9 ± 4 cm for the
RCP (Representative Concentration Pathways) 4.5 and RCP8.5 scenarios,
respectively8,9.

Precipitation (snowfall plus rainfall) is themain positive contributor to
the mass balance of the GrIS10,11. Therefore, accurate quantification of
contemporary and projected precipitation changes is crucial to estimate
GrIS mass change12. The contemporary Greenland precipitation pattern is
shaped by storm track activities and transient large-scale weather systems
associated with lifting effect of topography of the ice sheet. Its spatial dis-
tribution is characterized by onshore flow/precipitation maxima along the
south and southeast flank of Greenland and offshore flow/drier conditions
in the northeast and central Greenland13,14. From thermodynamic con-
siderations, it has been hypothesized that climate warming should be

accompanied by a precipitation increase over Greenland15, following the
Clausius–Clapeyron relationship which states that saturated atmospheric
moisture content increases by ~7% per degree of warming16. Such an
increase could partly compensate for melt-induced mass loss. Yet, regional
climatemodels and airborne radar observations indicate that contemporary
GrIS precipitation has remained relatively constant17–19, with a possible
small increase over parts of the interior20,21.

Throughout the remainder of the 21st century, sustained atmospheric
warming, followedby increased surfacemelt and runoff, is expected to cause
continued GrIS mass loss22, but the potential future mitigating role of
increasing precipitation remains elusive23,24. The marked increase in pre-
cipitation in the Arctic region (70°–90°N), which is among the strongest
globally, is attributed primarily to enhanced polewardmoisture transport25.
Other studies used global climate models to show that projected Arctic
precipitation increases bymore than 50%at the endof the 21st century16,26,27.

The amount of precipitation is regulated primarily by atmospheric
conditions, such as stability, water-vapor content28, and atmospheric
circulation29–31, in combination with surface topography. A northward shift
in the mid-latitude storm track results in less precipitation over the south-
east coast of Greenland32,33, with an increase in precipitation over the
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southwest coast and east Greenland. There have been a handful of other
studies relating Greenland precipitation to the large-scale atmospheric
circulation34–36, showing that the North Atlantic Oscillation (NAO) most
strongly modulates precipitation in west and south Greenland. Other stu-
dies explored the influence of the Atlantic Multi-decadal Oscillation
(AMO), Icelandic Low (IL), Azores High (AH), regional blocking patterns,
and near-surface temperature and winds. These studies showed that cor-
relations are significant and stronger between Greenland precipitation and
the IL than either the NAO or AMO indexes29. In years when the IL is
positioned anomalously far to the west, moisture transport increases to
southeastGreenland34. Previous studies argue that a better understanding of
climatic events in the North Atlantic can be obtained by analyzing the
pressure centers of the IL and AH as uncoupled rather than combined as in
the NAO index37. NAO evolution in a global warming projection from the
ECHAM4/OPYC3 coupled general circulation model, which showed that
the annual meridional pressure gradient over the North Atlantic is sig-
nificantly strengthened, and IL andAH, the twocenters of action (COA), are
both intensified and shifted northeastward by 10° to 20° in latitude and 30°
to 40° in longitude in the period 2000–209938.

The coupled model intercomparison project (CMIP)39 offers the
opportunity to further exploreGreenland historical and future precipitation
under different warming scenarios40–42 and the mechanisms driving these
changes4. In this study, to further examine patterns of future precipitation
change over Greenland, we use a large ensemble of the Coupled Model
Inter-comparison Project Phase 5 and 6 (CMIP5 and CMIP6, respectively).
We investigate a possible dynamic linkage betweenGreenland precipitation
changes and circulation anomalies over the Northern Hemisphere by using
Singular Value Decomposition (SVD) and COA location shift analysis. As
CMIP6 models capture the relationships between the atmospheric circu-
lation anomalies and precipitation changes, we then calculate the COA
indexes to examine these changes, which provide useful insights into pro-
jected climate changes over Greenland and the surface mass balance of
the GrIS.

Results
Projected Greenland precipitation changes and atmospheric
circulation anomalies
To evaluate CMIP6 model performance, we compared historical pre-
cipitation (1951–2014) with ERA5. Figure S1 in Supplementary Material
shows the differences in annual precipitation between each CMIP6 model,
the multi-model ensemble mean (MME), and ERA5, indicating that the
CMIP6 models have a large inter-model spread. This can be attributed to
both differences in natural variability and model uncertainties. Model dif-
ferences (CMIP6 minus ERA5) are mostly lower than 2 SD relative to the
ERA5 precipitation (1951–2014) for four CMIP6 models, including
UKESM1-0-LL, HadGEM3-GC31-LL, EC-earth3 and CESM2-WACCM,
meaning that their simulated precipitation fields are consistent with the
ERA5 climate reanalysis.

To illustrate the individual model precipitation trends in detail,
Fig.1 shows precipitation trends (2015–2100) in all CMIP6 models
under the SSP5-8.5 scenario. All CMIP6models show a positive trend in
northernGreenland, which is therefore also present in the CMIP6multi-
model mean (Fig. 2), although the magnitude of the precipitation trend
can differ among CMIP6 models. But for southeast Greenland where
precipitation peaks, the trends varywidely amongCMIP6models, which
suggest that precipitation trends in southeast Greenland remain elusive.
In some of the models (i.e., CESM2, CESM2-WACCM, EC-earth3,
GISS-E2 and etc.) a significant negative precipitation trend is found in
southeast Greenland and the surrounding regions, while for other
models a positive trend is found. The precipitation increase in northeast
Greenland is potentially associated with sea ice loss in the 21st century16,
as the expansion of open water leads to enhanced atmospheric
instability, surface evaporation, atmospheric condensation, moisture
content, and precipitation. The study also suggested that, due to a
northward shift in the storm tracks, synoptic patterns that favor

precipitation over northern and eastern Greenland become more fre-
quent during the 21st century24.

Despite thesemodel uncertainties, themulti-model ensemblemeans of
the CMIP5 and CMIP6 are used to analyze 21st century changes in
Greenland precipitation characteristics. Figure 2 compares the last three
decades of the 21st century (2071–2100, P2) to the baseline period
(1951–1980, P1) for both ensemble means of the CMIP5 and CMIP6
models. From the low to high-emission scenarios, the spatial patterns of
precipitation change remain consistent, with the largest increase in south
Greenland and the smallest increase in the high interior.

Compared to the historical period P1, period P2 shows a decrease in
precipitation over the North Atlantic Ocean, which in all three scenarios is
better defined in theCMIP6 ensemble (Fig. 2). This decrease inprecipitation
over the ocean does not reach the GrIS interior in either CMIP5 or CMIP6
models. Some models (i.e., CMCC-ESM2, CanESM5, INM-CM4-8, IPSL-
CM6A-LR and etc.) show significant positive trends in southeast Greenland
and the surrounding regions (Fig. 1) relative to the models mentioned
above. Therefore, a decreasing precipitation signal in the southeastern GrIS
in the multi-model ensemble mean is likely overwhelmed by the larger
increase in someGCMs. However, the CMIP6 ensemble mean does show a
precipitation decrease extending from the ocean to the southeastern
Greenland margin.

Figure S2A shows time series of the Greenland precipitation first
empirical orthogonal function (EOF1) pattern from 39 CMIP6 models
under the SSP5‐8.5 scenario during 1951–2100. The ensemble mean time
series of the normalized annual precipitation index in the northwest (red)
and southeast (blue)Greenlandare also shown. Interestingly, EOF1patterns
from 20 out of 39 CMIP6 models show a precipitation dipole pattern
betweennorthwest and southeastGreenland. These dipole patterns result in
opposite ensemble mean precipitation trends over southeast and northwest
Greenland (R =−0.42), indicative of opposite northwest and southeast
Greenland precipitation variations. The dipole pattern found in EOF1
explains 20–64% of the precipitation variance among the 39 models. From
the multi-model ensemble, mean normalized Greenland precipitation
anomaly during 1951–2100 (Fig. S2B), both the southeast and northwest
Greenland precipitation changes manifest a year-to-year variation during
1951–2100. More than half (20 out of 39) of the selected CMIP6 models
capture this dipole oscillation pattern well, which can also be seen from
standardized interannual precipitation anomalies (Fig. S2B). These results
support that the dipole pattern inGreenland precipitation could likely form
in the future, with a leading role for large-scale atmospheric circulation
mechanisms, which will be further examined below.

These future precipitation changes (Figs. 1, 2, and S2) can be related to
atmospheric circulation changes over Greenland43. Figure 3 shows the
annual 500 hPa geopotential height (Z500) and change between period P2
and P1 for both the CMIP5 (Fig. 3a) and CMIP6 (Fig. 3b) ensemble mean
under the SSP5‐8.5 scenario. The circulation change patterns are similar for
the CMIP5 and CMIP6 ensemble means, and in the Greenland region are
characterized by two regions of positive anomalies to the west and east,
flanking a negative anomaly centered over Iceland and surrounding regions
(Fig. 3). The largest positive Z500 anomalies are projected over the Eurasian
region with mean increases of 22 gpm in CMIP5 and 24 gpm in CMIP6,
respectively. This anomalyweakens thewest-to-east circulation (zonalflow)
and enhances meridional fluxes. This intensifies heat and moisture trans-
port from the south to the GrIS, and dampens subsidence in the northern
part of Greenland, resulting in higher precipitation over northeast Green-
land (Fig. 2). These results agree with the study using three selected
AOGCMs from IPCC AR413. The negative Z500 anomaly centered over
Iceland exceeds−25 gpm in both the CMIP5 and CMIP6 ensemble mean.

Connections between Greenland precipitation changes and
atmospheric circulation anomalies
To explore linkages between the atmospheric circulation anomalies and
Greenland precipitation changes, we perform singular value decomposition
(SVD), spatial distribution of covariance analysis, for Z500 in the non-
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equatorial Northern Hemisphere (lon: 0°–360°, lat: 20–90°N) and annual
precipitation over Greenland (lon: −75° to −10°, lat: 52–85°N) for the
periods P1 (1951–1980) and P2 (2071–2100). Note that Fig. 4 highlights
results from theCMIP6model CESM2-WACCMunder SSP5‐8.5 warming
scenario as a case study after analyzing a selection of GCMs in “Methods”.

Figure 4 presents patterns and time series of the loading vectors for the
leading mode (SVD1) of detrended annual precipitation over Greenland
and Z500 in the non-equatorial Northern Hemisphere. SVD1 reflects the
Northern Annular Mode NAM signature44 with the related atmospheric
pattern inNorthernHemisphere circulation, and the time series of SVD1 for

precipitation andZ500 correlatewellwith theNAM(R = 0.74 for periodsP1
and R = 0.88 for periods P2, Fig. 4e, f). This confirms a tight coupling
between the annual precipitation overGreenland and Z500 in theNorthern
Hemisphere. The leading mode (SVD1) explains 45% and 48% of the
squared covariance fraction (SCF) forperiodsP1 andP2, respectively,which
means that a clear co-variability exists between the northern hemispheric
Z500 and annual Greenland precipitation fields on interannual time scales.

The secondmode (SVD2) explains 26%and20%of the SCF for periods
P1 and P2, respectively (Fig. 5). While SVD1 represents the NAM, the
atmospheric circulation anomalies associated with SVD2 aremore regional

Fig. 1 | Precipitation trends during 2015–2100with all CMIP6models under SSP5-85. a–am are the individual CMIP6model. Black dots represent statistically significant
(at 95%) trends.
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Fig. 2 | Spatial difference in annual precipitation over Greenland between the periods 2071–2100 and 1951–1980. The CMIP5 (with a RCP2.6, b RCP4.5 and c RCP8.5)
andCMIP6 (with d SSP1-2.6, e SSP2-4.5 and f SSP5-8.5) model ensemblemean under three warming scenarios, the black dots represent statistically significant (at 95%) trends.

Fig. 3 | Change in 500 hPa geopotential height (Z500) between 2071–2100 and 1951–1980. The CMIP5 (a) and CMIP6 (b) multi-model ensemble mean under the SSP5‐
8.5 scenario; solid lines are the projected annual 500 hPa geopotential height for 2071–2100.
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and similar to the NAO. SVD2 suggests that atmospheric circulation
anomalies in period P2 lead to a negative precipitation anomaly in southeast
Greenland (Fig. 5c). We conclude that the NAO change shown in SVD2 in
periodP2 is responsible for thedipole pattern in future precipitation change,
with a decrease in southeast and an increase in north/west Greenland.

The SVD2 mode pattern for the two periods shows that this atmo-
spheric circulation anomaly (the eastward and northward shift of the cir-
culation anomalies from period P1 to P2, Fig. 5b, d) leads to an obvious
negative signal of precipitation in southeast Greenland during the second
period P2 (Fig. 5c). Our hypothesis is that this atmospheric circulation

Fig. 4 | Spatial patterns of the leading singular value decomposition mode
(SVD1) of the detrended Greenland annual precipitation and Northern
Hemisphere Z500. The Greenland annual precipitation with a period 1951–1980 and
c 2071–2100 while the Northern Hemisphere Z500 with b period 1951–1980 and

d 2071–2100 under SSP5‐8.5 warming scenario from the CESM2-WACCMmodel.
Time series of the precipitation inGreenland (SVD1) andNorthernHemisphere Z500
e period 1951–1980 and f 2071–2100. Correlation coefficient R passed the sig-
nificance test.
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anomaly caused the precipitation decrease in southeast Greenland, which
suggests a tight coupling between the precipitation in southeast Greenland
and atmospheric circulation anomalies over the NorthAtlantic. SVD2 time
series for periods P1 and P2 are strongly correlated (R = 0.90 for P1 and

R = 0.87 for P2, Fig. 5e, f). The tight coupling between atmospheric circu-
lation anomalies over the North Atlantic and precipitation in southeast
Greenland implies that the shift in NAOmay be a crucial factor influencing
the projection of precipitation change in southeast Greenland in the future.

Fig. 5 | Spatial patterns of SVD2of the detrendedGreenland annual precipitation
and Northern Hemisphere Z500. The Greenland annual precipitation with
a period 1951–1980 and c 2071–2100 while the Northern Hemisphere Z500 with
b period 1951–1980 and d 2071–2100 under SSP5‐8.5 warming scenario from

CESM2-WACCMmodel. Time series of the precipitation in Greenland (SVD2) and
Northern Hemisphere Z500 e period 1951–1980 and f 2071–2100. Correlation
coefficient R passed the significance test.
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The results presented in Figs. 4 and 5 were derived from an individual
model, CESM2-WACCM. To ensure that the results presented are robust,
SVDmodes of three additional models in CMIP6 (EC-earth3, UKESM1-0-
LL, andHadGEM3-GC31-LL) are presented in the SupplementaryMaterial
(Figs. S3 and S4). These models consistently show that the SVD2 mode of
atmospheric circulation change is responsible for reducedprecipitation over
southeast Greenland during the second period (2071–2100, Fig. S4).

Circulation anomalies
To identify the mechanisms linking changes in circulation pattern with
Greenlandprecipitation, amore detailed analysis of atmospheric circulation
anomalies was performed. Regional precipitation in north and northeast
Greenland is influenced by changes in sea ice cover45, in the southeast by the
strength of the IL46, and in southwest Greenland by cyclogenesis in the
Labrador Sea47. Previous studies have shown that the IL is a better predictor
of southeast Greenland precipitation than climate indices such as the NAO,
AH or AMO from regression analysis during 1958-201234. To identify the
drivers of the circulation anomaly, we examine the IL and AH pressure
systems, i.e., the two centers of action that define the NAO30.

Figure 6a, b shows the location (latitude and longitude) of the IL and
AH using the ensemble mean of the 39 CMIP6models under the SSP5-8.5
scenario, with a 10-year sliding average. The indices are defined as an area-
weighted pressure departure from a threshold, i.e., positive values of the
indices indicate that themeanCOA location is further to the east and south,
and negative values indicate that the COA is further to the west and north.
Weuse standardized simulations for the period 2015–2100 based on the no-
mitigation scenario SSP5‐8.5. We find a robust northward and eastward
shift of bothpressure systemsunder SSP5‐8.5.Aprevious study showed that
IL and AH evolution in a global warming projection with the ECHAM4/
OPYC3 coupled general circulation model, are both intensified and shifted
northeastward by 10° to 20° in latitude and 30° to 40° in longitude in the
period 2000–209938, which are supportive with the results of this work. The
ensemble mean SLP for 1951–1980 (P1) and then 2071–2100 (P2) also
indicate an expansion of the IL region, particularly toward the northeast
(Fig. 6c, d).

Southeasterly winds from the IL transport moist air towards southeast
Greenland and surrounding regionswhen the IL is located far to thewest. In
contrast, southeast Greenland experiences drier conditions, when the IL is
located farther to the east47,48. Storms move farther west and deposit more
precipitation on the southeastern coast ofGreenlandwhen the low is farther
west, and vice versa when the low is farther east30,34. Previous studies have
shown that a northward shift in the storm track has a drying effect on the
southeastern coast of Greenland, with an increase of precipitation over the
southwestern coast and the eastern region.This is confirmedby theprevious
studies that a northward shift in the storm track in the 20th century49, and
studies also predict a northward shift during the 21st century32,33.

Our results support a northward and eastward shift of the IL under the
warming scenario SSP5‐8.5 during 2015–2100, which leads to a drying
signal over southeast Greenland and surrounding regions. These results are
confirmed by the SVD2 patterns of detrended annual precipitation over
Greenland and Z500 in the non-equatorial northern Hemisphere from
selected CMIP6 models, which all showed decreasing precipitation signals
in southeast Greenland during P2 (2071–2100) due to atmospheric circu-
lation changes (Fig. S4).

Discussion
Projecting future precipitation changes over Greenland remains challen-
ging, with large regional differences among climate models34,50. Climate
models are much less consistent in predicting changes in precipitation than
in temperature. Since precipitation is controlled by both temperature
(thermodynamic) and circulation (dynamic), the implication is that these
inconsistencies mainly arise from differences in the model ability to accu-
rately represent atmospheric circulation patterns49,51. For Greenland, a
future precipitation increase is considered likely due to thermodynamic
changes, e.g., enhanced evaporation when sea ice cover declines, in turn

increasingmoisture availability to enhance precipitation24,43. Previous study
found a greater sensitivity of precipitation change to warming in CMIP6
compared to CMIP5 models, with a faster sea ice decline, and larger
moisture flux increase to the Arctic in CMIP643. These factors cause an
increase in precipitation over eastern and northern Greenland by nearly
60% compared to 1961–199924.

Other studies focus on the weakenedAtlanticMeridional Overturning
Circulation (AMOC) and potentially decreasing SST52,53. An emergent
constraint between AMOC strength and projected decline suggests a pos-
sible AMOC decline between 34% and 45% by 210052. Then a weakened
AMOC will reduce evaporation from the ocean and atmospheric eddy
moisture transport54, further impacting the precipitation. Models agree in
simulating a drying signal over the subtropical easternNorthAtlantic due to
AMOC53. These precipitation changes are dominated by dynamic changes
in atmospheric circulation rather than the thermodynamic changes related
to the increase in specific humidity due to global warming53.

We examined future Greenland precipitation changes in CMIP5 and
CMIP6models, and the linkage to atmospheric circulation anomalies in the
Northern Hemisphere. The CMIP6 models were evaluated with precipita-
tion and atmospheric circulation performance to conduct a case study, and
results show that CMIP6 have a large inter-model spread. Overall, CESM2-
WACCM,UKESM1-0-LL,HadGEM3-GC31-LL, andEC-earth3 simulated
precipitation and circulation fields are consistent with the ERA5 climate
reanalysis. Our study confirms the large influence of atmospheric circula-
tion anomalies on precipitation changes over Greenland. In the last three
decades of the 21st century (2071–2100), the Z500 change fromCMIP5 and
CMIP6 models is characterized by a widespread increase across the Arctic
compared to the baseline period 1951–1980. This is combined with a
negative anomaly centered over Iceland and surrounding regions. In
northern Greenland, we find a significant positive trend in precipitation in
all warming scenarios. In contrast, for the southeastern coast of Greenland,
where precipitation is affected by the IL29,34, the positive trend is
insignificant.

The effect of the eastward andnorthward shift of the IL under SSP5‐8.5
is significant, which leads to a drying signal of precipitation over the wider
North Atlantic Ocean that extends to the southeastern Greenland margin.
Our results corroborate that shifts in the IL location have a strong influence
on precipitation production over southeastern Greenland50,55.

Furtherworkwill focus on themoisture transport and sources to verify
the spatio-temporal pattern of Greenland precipitation changes28,56,57. These
findings are beneficial to further understand and improve projections of
Greenland precipitation and their impact on future GrIS surface mass
balance.

Methods
Datasets
In this study, we used 39 global climatemodels (GCM) fromCMIP6 and 26
models from CMIP5 for which monthly mean precipitation and 500 hPa
geopotential heights (Z500) were compared (Table S1 in Supplementary
Material). The selectioncriteria forGCMsare: (1) the availability of the same
ensemblemembers (r1i1p1 forCMIP5and r1i1p1f1 forCMIP6) to ensure a
meaningful comparison; (2) the availability of monthly outputs from both
CMIP5 and CMIP6 models of the precipitation (snowfall and rainfall),
mean sea level pressure (SLP) and Z500; (3) the availability of the strongest
emissions scenario (RCP8.5 and SSP5-8.5).

Compared to theRCPs (theRepresentativeConcentrationPathway) in
CMIP5, the SSPs (the Shared Socioeconomic Pathways) consider additional
anthropogenic forcing (e.g., land cover/land use) and socioeconomic
developments such as population growth and health investments58. To
investigate the response of precipitation change to circulation anomalies, we
use Z500 andmean SLP fromRCP8.5 (CMIP5) and SSP5‐8.5 (CMIP6), i.e.,
high-end emission/warming scenarios that increase radiative forcing by
8.5Wm−2 in 210031,59. For a more comprehensive analysis of the pre-
cipitation change patterns, we also used a low, medium, and high-emission
scenario (RCP2.6, SSP1-2.6, RCP4.5, SSP2-4.5, RCP8.5, and SSP5‐8.5).
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Selection of GCMs/ESMs
Since individual model projections of atmospheric circulation-related fields
(including precipitation) show a wide range of possible outcomes (CMIP5
models evaluation)51, we used multi-model and multi-scenario ensemble

means to project future regional precipitation and climate change (Table S1
in Supplementary Material). For a case study analyzing the connections
between future Greenland precipitation change and circulation anomaly
patterns, individual models were also examined.

Fig. 6 | The Icelandic low standardized indexes and CMIP6 models ensemble
mean SLP (hPa).The longitude (a) and latitude (b) using the ensemblemean of 39
CMIP6 models under SSP5-85 (the positive longitude means a shift towards the
east, and negative latitude a shift towards the north). A 10-year sliding average is

applied; the shaded regions represent model uncertainty. CMIP6 models
ensemble mean SLP (hPa) under SSP5-85 for 1951–1980 (c) and 2071–2100 (d)
where 1007, 1008 and 1009 hpa contours are displayed in blue, green and red,
respectively, in the two maps.
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Compared to previous CMIPs, the fully coupled Earth SystemModels
(ESM) endorsed by CMIP6 contain more realistic and complete physical
processes, as well as a finer spatial resolution41. The study has quantitatively
evaluated the fidelity with which the NAM is represented in ESM outputs
from the CMIP6 archive42. They found that ESMs show consistently high
skill at capturing NAM spatial and temporal characteristics as observed in
the ERA-Interim climate reanalysis. Because of the high co-variation
between indices of NAM and NAO60, they assume that variations of the
NAO are well represented by NAM. CESM2-WACCM, EC-earth3, and
UKESM1-0-LL were selected as these models are known to reproduce the
NAM well42.

Moreover, Supplementary Fig. S5 shows the performance of the 39
models of CMIP6 in simulating annual mean 500 hPa geopotential
heights. Using ERA5 as a reference, we evaluate the historical climatic
period 1961–2014 in 39 CMIP6 models. When compared to ERA5 (i.e.,
CMIP6 minus ERA5), it appears that CESM2-WACCM, HadGEM3-
GC31-LL, EC-earth3 and UKESM1-0-LL under the SSP5-8.5 scenario
are good candidates to drive atmospheric circulation changes projec-
tions, withmodel discrepanciesmostly lower than 2 SD relative to ERA5.
Similarly, we evaluate the ability of CMIP6 GCMs to represent pre-
cipitation, see the first part of Results section. Previous studies have
shown that CMIP6 ESMs consistently have high skill in capturing NAM
or NAO42. Based on these conclusions and the modeled atmospheric
circulation and precipitation evaluation (Figs. S1 and S5), we selected the
model CESM2- WACCM for the case study that explores the coupled
connections between Greenland precipitation change and the circula-
tion anomaly pattern. The results of the other threemodels are presented
in the Supplementary Material61.

The period 1951–1980 (P1) was selected as the historic period, i.e.,
before the start of significant changes in the Greenland climate in the
1990s62, and theperiod2071–2100 at the endof the 21st centurywas selected
as the future period (P2).

Atmospheric circulation anomaly
Weused singular value decomposition (SVD), which can efficiently capture
the coupled variability between two fields61,63,64. Here SVD is used to
investigate the dominant coupled patterns between annual precipitation
change in Greenland and atmospheric circulation anomalies over the
Northern Hemisphere.

TheNAO index does not capture the geographically extensive nature
of the high- and low-pressure systems and their movements65. For
instance, the influence of the IL and AH on the climate of the North
Atlantic region are quite specific deriving from fluctuations in both their
characteristic shapes and positions65. As precipitation in southeast
Greenland is dominated by the IL46, we track the location (latitude,
longitude) of the IL and the AH34,37,66. The pressure index of the IL is
defined as an area-weighted pressure departure from a threshold value
over its domain (i, j). The location indices give pressure-weighted mean
latitudinal and longitudinal positions of the IL. Note that the domains of
the AH and IL overlap; the threshold that separates them is 1014 hPa,
whichmeans that if themonthly averaged pressure in a grid box is greater
than 1014 hPa, it is assigned to theAH, and for a lower value to the IL. The
area domains covered by the indices are: the IL (40°N–75°N, 90°W–20°E)
and the AH (20°N–50°N, 70°W–10°E). We calculated the indices for the
years 1951–2100 with 39 individual models of CMIP6 under the SSP5‐8.5
emissions scenario, and then the 10-year sliding average ensemble mean
location indices were obtained.

Data availability
All model outputs fromCMIP5 and CMIP6 are available from https://esgf-
node.llnl.gov/projects/esgf-llnl/.

Code availability
All results and the script of the whole process are available through an email
request to the authors.
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