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Abstract During the past decades, the Arctic has experienced significant tropospheric warming, with
varying decadal warming rates. However, the relative contributions from potential drivers and modulators

of the warming are yet to be further quantified. Here, we utilize a unique set of multi-model large-ensemble
atmospheric simulations to isolate the respective contributions from the combined external radiative forcing
(ERF-AL), interdecadal Pacific variability (IPV), Atlantic multidecadal variability (AMYV), and Arctic sea-ice
concentration changes (ASIC) to the warming during 1979-2013. In this study, the ERF-AL impacts are the
ERF impacts directly on the atmosphere and land surface, excluding the indirect effects through SST and SIC
feedback. The ERF-AL is the primary driver of the April-September tropospheric warming during 1979-2013,
and its warming effects vary at decadal time scales. The IPV and AMYV intensify the warming during their
transitioning periods to positive phases and dampen the warming during their transitioning periods to negative
phases. The IPV impacts are prominent in winter and spring and are stronger than AMV impacts on 1979-2013
temperature trends. The warming impacts of ASIC are generally restricted to below 700 hPa and are strongest
in autumn and winter. The combined effects of these factors reproduce the observed accelerated and step-down
Arctic warming in different decades, but the intensities of the reproduced decadal variations are generally
weaker than in the observed.

Plain Language Summary The Arctic tropospheric warming has significant local and remote
impacts on the climate and environment. The warming rates vary on the decadal scale. To determine what
contributed to the 1979-2013 warming and what drove the variated decadal warming rates, we analyze it with
climate models. We find that the combined effects of radiative factors, including solar, greenhouse gases, and
aerosols, are the primary driver of the warming except for the winter. The warming rates driven by the radiative
factors vary decade by decade. The interdecadal Pacific variability/Atlantic multidecadal variability cools
down/warms the Arctic troposphere in this period, while the Pacific impacts are stronger than the Atlantic
impacts.

1. Introduction

The Arctic is experiencing extensive warming from the surface to the high troposphere, with the surface warm-
ing close to four times that of the global average over the last few decades (Cohen et al., 2014; Druckenmiller
et al., 2021). The mechanisms of tropospheric warming have not been discussed as widely as surface warming.
Still, there is a growing recognition of the importance of the Arctic tropospheric warming in driving mid-latitude
weather events. For example, the vertical structure of the Arctic warming is key for a realistic simulated warm
Arctic—cold Eurasia pattern: when with imposed tropospheric warming, the Eurasian surface winter cooling is
better simulated than with the imposed surface and near-surface warming (He et al., 2020; Labe et al., 2020). Arctic
warming can also weaken and shift the Northern Hemisphere jet equatorward and alter the Pacific and Atlantic
storm tracks, potentially impacting summer hot-dry extremes (Barnes & Screen, 2015; Coumou et al., 2018).

SUO ET AL.

1 of 14

8518017 SUOWILIOD 8Aea10) 3ol dde aup Aq peusenob ae sajoke YO ‘SN JO S|nJ 1oy Akeid18U1IUO A1 UO (SUORIPUOD-PUR-SLLBY WD A8 | 1M AReiq Ul Uo//Sdhy) SUORIPUOD pue swie | 8u388s *[£202/T0/50] Uo AriqiTauliuo A8|im ‘ABojoicsie N 8YE IdIN Ad 6/99€0ArZ202/620T 0T/I0pW00" A8 1M Aelq it juo'sqndnfe//sdny WwoJy papeojumod ‘€2 ‘2202 ‘96686912


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2385-4730
https://orcid.org/0000-0001-9092-9128
https://orcid.org/0000-0002-1241-2817
https://doi.org/10.1029/2022JD036679
https://doi.org/10.1029/2022JD036679
https://doi.org/10.1029/2022JD036679
https://doi.org/10.1029/2022JD036679
https://doi.org/10.1029/2022JD036679
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022JD036679&domain=pdf&date_stamp=2022-12-10

A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD036679

Table 1
List of Experiments, the Participated Climate Models and the Respective Size of the Ensembles Performed by Each Model,
and Total Ensemble Sizes of Individual Experiments

ALL ERF2000 ASICClim NoIPV NoAMV

CAMG6-Nor (Seland et al., 2020) 30 30 30 20 20
EC-Earth3 (Doscher et al., 2021) 20 - 20 20 20
ECHAMSG6.3 (Stevens et al., 2013) 10 - 10 10 10
IAP4 (Sun et al., 2012) 15 - 15 15 15
IPSL-CM6 (Hourdin et al., 2020) 30 - 30 20 20
CESM2-WACCMB6 (Gettelman et al., 2019) 30 - 30 30 30
Total of ensembles 135 30 135 115 115

Assessing the respective contributions of different factors to the Arctic tropospheric warming is essential to better
understand the climate changes in the past and to improve future climate projections in both the Arctic and the
mid-latitudes. The Arctic sea ice melting alone results in simulated warming restricted to the lower troposphere
(Screen & Simmonds, 2010a, 2010b; Zhang et al., 2021). Several other factors have been proposed to explain
tropospheric warming. For instance, the sea surface temperature (SST) evolution outside the Arctic and the
related atmospheric and oceanic northward meridional heat and moisture transport might significantly contrib-
ute (Graversen et al., 2008; Hahn et al., 2021; Henderson et al., 2021; Perlwitz et al., 2015; Screen et al., 2012).
A modeling study suggests that the combined natural and anthropogenic radiative forcing partly contributed
(<50%) to the summer warming in recent decades (Screen et al., 2012).

Another outstanding question concerns the varying pace of Arctic warming, which could be related to intrinsic
multidecadal fluctuations in the climate system (Chylek et al., 2009). Two main modes of SST variability at the
decadal to multidecadal time scale might potentially impact the Arctic. One is the Atlantic multidecadal varia-
bility (AMV) (Chylek et al., 2009, 2014; Li et al., 2018), and another is the interdecadal Pacific variability (IPV)
(Screen & Deser, 2019; Svendsen et al., 2018; Tokinaga et al., 2017). Studies have suggested that the transition of
the AMYV and the IPV into a positive phase in the early 20th century may have contributed to the Arctic surface
warming during that time (Svendsen et al., 2018; Tokinaga et al., 2017). Model simulations have also highlighted
the importance of the IPV for driving the Arctic sea ice loss (Screen & Deser, 2019). Whether the evolutions
of AMV and IPV have modulated the pace of ongoing Arctic troposphere warming independently of sea ice
changes, therefore, needs to be addressed further.

This study tries to single out the primary drivers and the potential modulators of Arctic tropospheric warming.
Here, we use a set of multi-model large-ensemble sensitivity experiments to isolate the roles of the external
radiative forcing on the atmosphere and land surface (ERF-AL), the internally driven IPV and AMYV, and the
Arctic sea-ice changes (ASIC) in the Arctic troposphere warming. We will focus on the 1979-2013 period when
reliable observations with satellite calibration data are available, and low-frequency variability IPV and AMV)
is well defined.

2. Materials and Methods

Due to the shortage of observations in the Arctic (refers to north of 67°N in this study), the ERAS reanalysis data
set (Hersbach et al., 2020) is used to compare with the climate model output. Comparison with the observational
data shows an improved fit regarding the troposphere temperature in ERAS than the ERA-Interim (Hersbach
et al., 2020). Previous studies have also evaluated the performance of the ERAS data in the Arctic region. ERAS
2 m temperature is highly correlated (0.95) with the 2010-2020 buoy observations north of 70°N, although it
presents generally warm biases (Yu et al., 2021). The lower-mid troposphere temperature in ERAS has the best
correlation coefficients (generally above 0.95 in different pressure levels) with a radiosonde observation over the
Fram Strait in 2017 late summer among five reanalysis data sets (Graham et al., 2019).

Five sets of state-of-the-art Atmosphere General Circulation Model experiments starting from 1 January 1979, as
listed in Table 1, are analyzed: (a) ALL: the historical hindcast experiment with the daily SST and sea ice concen-
tration (SIC) from the HadISST 2.2.0.0 (Titchner & Rayner, 2014) and with the Coupled Model Intercomparison
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Project Phase 6 (CMIP6) external forcing (Eyring et al., 2016); (b) ERF2000: same as ALL but with the exter-
nal natural and anthropogenic radiative forcing as 1995-2005 mean which is a verified build-in present-day
climate external forcing set in CAM6 and is closer to the radiative forcing level in the concerned period than
the pre-industrial climatology; (¢) ASICClim: same as ALL but with the daily Arctic SIC and Arctic SST as
1979-2014 mean; (d) and (e): NoIPV and NoAMYV: same as ALL but with the IPV signals in the Pacific and
AMV signals in the north Atlantic removed from the daily SST. Arctic sea ice thickness fields are constant in
our simulation. The IPV and AMYV signals adopted in our simulations are from the decadal climate prediction
project (Boer et al., 2016) panel of CMIP6 (See the Data availability part for the DOI). The IPV and AMV are
the estimated internal component of the observed decadal variability by using the signal-to-noise maximizing
EOF (Ting et al., 2009) to remove the effect of the external forcing. The [PV and AMYV data are till 2013. More
technical details about how to obtain IPV and AMV can be found in: https://www.wcrp-climate.org/wgsip/docu-
ments/Tech-Note-1.pdf.

The impacts of factors are obtained as the following. Both the ALL and ERF2000 utilize the historical observa-
tional SST and SIC as the boundary conditions, in which their feedbacks to ERF are included. By subtracting
the results of ERF2000 (30 ensembles mean) from ALL (also 30 ensembles mean accordingly performed by
CAMG6-Nor), the ERF impacts on the atmosphere and land surface, excluding the indirect effects through SST
and SIC feedbacks, hereafter ERF-AL impacts, are isolated. The ASIC, IPV, and AMV impacts are obtained by
subtracting the all ensemble means of ASICClim, NoIPV, and NoAMYV from that of ALL. The IPV and AMV
impacts are the impacts of the internally driven decadal variability of Pacific and north Atlantic SST. The differ-
ence of the experiments by ALL minus the others estimates the influence of the respective factor, accounting
for interactions with the other un-fixed components in the climate system. Each ensemble, independently of the
model, has the same weight in computing the ensemble means. The multi-model ensemble mean is calculated by
averaging all ensemble members with equal weight.

Trends in the ERAS5 and each member of the simulations are computed by a least-squares fit of the linear regres-
sion. A two-tailed #-test verifies the statistical significance of the trend with a null hypothesis that the trend is
zero. The trend is statistically significant at the 5% level when the corresponding probability value is less than
0.05. The ensemble mean of the trends in each experiment is computed. The independent two-sample z-test is
used to examine whether the means from the different groups are statistically different (i.e., the impacts are statis-
tically significant) with a stipulated significance level at 0.05 (Santer et al., 2000). The difference significance
test is to verify if a factor or factors could drive a significant change between the two mean statuses. A statistically
significant difference between the trends could also happen in the region where a trend is insignificant in the
individual experiment.

3. Results
3.1. Attribution of the Arctic Temperature Trend During the Period 1979-2013

The Arctic troposphere temperature trends during 1979-2013 in ERAS (Figure 1a) are similar to previous studies
based on various reanalysis data sets (Liang et al., 2021; Screen et al., 2012): the warming is from the surface to
the upper troposphere during the whole year, with the most significant warming occurring below 850 hPa during
autumn and winter. ALL generally reproduce the seasonality and vertical structure of the observed patterns with
about 0.2°C/0.1°C higher warming trend in the mid-troposphere during summer and autumn/winter (Figure 1b).
ALL underestimates the warming below 850 hPa in April, and such underestimation was also presented by
previous studies (Hahn et al., 2021; Screen et al., 2012). The winter warming and spring cooling above 300 hPa
in ERAS5 are generally not statistically significant and not found in ALL. Note the trends in ERAS may be influ-
enced by the internal atmospheric variability, while ALL largely suppressed such influence by taking the ensem-
ble mean. There are individual members in ALL that reproduce the similar February 200 hPa warming, April
200 hPa cooling, and April near-surface warming as shown in ERAS (Figure S1 in Supporting Information S1).

The simulated Arctic warming is strongly controlled by the ERF-AL throughout the troposphere from April to
September (Figure 2a). The ERF-AL driven warming is up to 0.5°C/decade in the lower-mid troposphere during
the summer season. In February, March, and October, the warming caused by ERF-AL is about 0.1-0.2°C/decade
from the near-surface to the lower troposphere and not statistically significant in the mid-troposphere. There is no
statistically significant contribution of ERF-AL during November—January when little solar irradiations arrive at
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Figure 1. Monthly-vertical distribution of the area-weighted Arctic (north of 67°N) temperature linear trends during
1979-2013 in (a) ERAS and (b) ALL. Dots mark where the linear trends are statistically significant. The color interval is 0.1.
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the North Pole. The seasonality of the radiative forcing could be a reason for ERA-AL impacts seasonality. The
ERF-AL impacts include the feedbacks from the albedo and evapotranspiration changes in the land surfaces. That
also contributes to the seasonality of the ERF-AL driven warming: the lower albedo, higher evapotranspiration,
and more latent heat flux into the atmosphere appear in spring-summer seasons, accompanying with warmer
landmasses (Flanner et al., 2011). The ERF-AL impacts on SAT over land regions do show seasonality, with peak
warming in the spring-summer seasons (Figure S2 in Supporting Information S1).

The ERF-AL explains as much as 50%—80% of Arctic tropospheric warming and should be considered the
primary driver during April-September (Figure 2b). The ERF-AL impact explains about 30%—40% of the
lower-troposphere Arctic warming in February, March, and October. The ERF-AL contributes little to the winter
Arctic warming, while the indirect impacts on the ASIC and SST are excluded. But radiative forcing could indi-
rectly increase winter warming by increasing ice melt and seasonal ocean heat storage (Bintanja & Krikken, 2016).
Interestingly, the ERF-AL impact presented in this study is more extensive and intensive than that identified by
Screen et al. (2012) using a similar methodology, where the impact of ERF on Arctic warming was weak in
July—August (Screen et al., 2012). This implies the uncertainty of the simulated ERF-AL effects, with a potential
influence of the prescribed external forcing or the inter-model differences in the surface albedo and cloud feed-
backs (Block et al., 2020; Zhang et al., 2018). The selection of the period could also be a possible reason for the
difference: 1979-2013 is selected in this study, while 1979-2008 is analyzed in Screen et al. (2012).

The ASIC has been recognized as the main driver of the surface and near-surface warming in autumn and winter
as the ocean heat release is amplified when sea-ice retreats and becomes thinner (Dai et al., 2019; Screen &
Simmonds, 2010a; Zhang et al., 2021). The ASIC impact simulated here agrees with the assertion from the
previous works (Labe et al., 2020; Screen et al., 2012; Screen & Simmonds, 2010a). The warming caused by sea
ice decline is confined to the near-surface and the lower troposphere, with the most significant warming (around
0.9°C/decade) located at the near-surface during October—November (Figure 2c), which explains up to 80% of the
warming simulated by ALL (Figure 2d). ASIC causes statistically significant warming up to 300 hPa in February
and summer, but the amplitude remains weak (about 0.1°C/decade) compared to the observed trends. However,
the Arctic sea ice thickness fields are constant in our simulation. The inclusion of the thinning sea ice thickness in
the model would increase the heat fluxes (Landrum & Holland, 2022) and intensify the simulated Arctic warming
in the cold season (Labe et al., 2018; Lang et al., 2017; Sun et al., 2018).

The IPV shows a considerable cooling impact on the Arctic temperature during October—May throughout the
troposphere (Figure 2e). The most significant cooling caused by IPV is in March—April from the lower to the
upper troposphere and November—December in the lower-mid troposphere, with about —0.2°C/decade. The cool-
ing intensity is about 40% of the simulated November-December warming and exceeds 60% of the simulated
March—-April warming in ALL (Figure 2f). Such tropospheric cooling is consistent with the teleconnections from
the IPV shifts from a warm phase between 1980 and 1998 to a cold phase after 2005 (Figure 3a). Indeed, a declin-
ing IPV is well known to lead to a trend toward a weakening Aleutian low (an anomalous high over the northern
North Pacific), with an anomalous low over northern North America and the Arctic, in the extended winter season
(Mantua & Hare, 2002; Trenberth & Hurrell, 1994; Zhang et al., 1997). Such a pattern can decrease the northward
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Figure 2. Monthly-vertical distribution of the simulated impacts of (a) ERF-AL, (c) ASIC, (e) IPV, and (g) AMV to the
area-weighted Arctic (north of 67°N) temperature linear trends during 1979-2013. And the ratios of (b) ERF-AL, (d) ASIC,
(f) IPV, and (h) AMYV impacts with respect to the Arctic temperature trend simulated in ALL. The ERF-AL/other results are
based on the simulations from CAM6-Nor only/all models. The dots mark where the impacts are statistically significant at the
5% level. The color interval is 0.1 for the impacts and 10% for the ratios.
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Figure 3. (a) IPV and (c) AMV index (bar) from CMIP6 input4MIP DCPP and the linear trends (line) during 1979-2013. (b) and (d) show the monthly-pressure level
distribution of IPV and AMYV impact on the Arctic Geopotential height (GH) trend. The dots indicate where the impacts are statistically significant at the 5% level.

atmospheric heat transport into the troposphere Arctic and reduce the November—December upward propagating
waves into the stratosphere, resulting in a strengthened and colder stratospheric winter polar vortex (Svendsen
et al., 2018; Woo et al., 2015). Subsequently, stratospheric circulation changes can propagate downward to affect
the troposphere after up to 2 months into spring (Baldwin & Dunkerton, 2001; Baldwin et al., 2003; Polvani &
Waugh, 2004). The monthly-pressure level distribution of the IPV impacts on the Arctic geopotential height trend
explicitly supports the mentioned troposphere-stratosphere-troposphere process (Figure 3b). The spatial distribu-
tions of the IPV impacts are shown in Figure S3 in Supporting Information S1. In our simulation, the anomalous
low centered over northern North America in November—December is strengthened and tilted to the central
Arctic in March—April, indicating the strengthened stratospheric polar vortex descending into the troposphere in
spring superimposed on the implication of the weakened Aleutian low.

The AMV shows a weak warming impact on the troposphere Arctic during 1979-2013 generally throughout the
year, which is statistically significant during the extended summer season (May—October) and January—February
(Figure 2g). During January—February, the warming is most intensive (about 0.2°C/decade) in the upper trop-
osphere. The warming driven by AMV is about equivalently 20% of the May—October warming and more than
50% of the January—February upper troposphere warming in ALL (Figure 2h). Such warming accompanies an
increasing AMV index during this period (Figure 3c). Although previous studies have suggested that the warm
(positive) AMYV phase intensified Arctic surface warming (Li et al., 2018; Tokinaga et al., 2017), exactly how the
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Figure 4. Residual Arctic Temperature trends by Figure 1b minus the sum of
Figures 2a, 2c, 2e, and 2g. The color interval is 0.1.

nd (° C/decade) AMYV modulates Arctic tropospheric warming is not clear. Our simulations
v 1.0 indicate that AMV drives a weakening of the polar vortex and associated
0.8 warming over the Arctic region in January—February (Figure 3d), with the
0.6 anomalies centered over the Atlantic side (Figures S4a—S4d in Supporting
0.4 Information S1). Such a weakening of the polar vortex is consistent with
0.2 previous work (Omrani et al., 2014). In our simulations, the AMV changes
0.0 also produce weak atmosphere responses in summer, with two small geopo-

tential height positive anomalies located over the northern North Atlantic

—8421 and northeast Eurasia and widespread warming over the Northern Hemi-
06 sphere at 500 hPa (Figures S4e and S4f in Supporting Information S1). The

detailed processes involved in AMYV driving these anomalies still need to be
_(1)3 further explored in future studies. However, since the AMV change during

- the 1979-2013 period is relatively modest compared to other past observed

2

month

changes within the instrumental period, the atmospheric changes induced by
AMYV only have a minor impact on the Arctic tropospheric warming in these
climate model experiments.

Residual Arctic temperature trends are obtained by the Arctic temperature
trends in ALL minus the sum of the ERF-AL, ASIC, IPV, and AMV impacts,
which present significant warming from October to January throughout the
troposphere and April warming with relative weaker intensity in the low-mid troposphere (Figure 4). This indi-
cates that some other reasons besides the factors concerned in this study caused the Arctic winter troposphere
warming. The possible candidates could be the SSTs outside of the Pacific and Atlantic or the SST variabilities
not explained by IPV and AMYV in the Pacific and Atlantic. And also, the residual trends are based on the assump-
tion that the effects of individual factors are linearly summable. However, the total effects of all the factors might
be different from the simple sum-up because of the interactions in the complex climate system. Thus, the total
effects of the factors and the unexplained part of the warming need further investigation.

In summary, during 1979-2013, ERF-AL contributes to significant warming in the Arctic throughout the tropo-
sphere except for the winter. IPV contributes a substantial cooling in winter and spring, while AMV contributes
weak warming. The contribution of ASIC is confined to the near-surface and lower troposphere and can explain
most of the warming there. Since the ERF-AL impacts are isolated from CAM6-Nor output while the other
impacts are analyzed based on six models output, we also present the ASIC, IPV, and AMV impacts on Arctic
temperature trends obtained solely from the CAM6-Nor ensembles for comparison (Figure S5 in Supporting
Information S1). They are very close to those demonstrated in Figure 2.

3.2. Evolution of the Decadal Trend of the Arctic Temperature

As presented in the previous section, the phase transition of AMV and/or IPV modulated the multidecadal
Arctic temperature variability during 1979-2013. There are several fluctuations in the IPV/AMYV index during
this period. For example, the AMV index moves downward/upward/downward in the 1980s/1990s/after 2005
(Figure 3c). On the other hand, the melting of the Arctic sea ice has increased steadily, even accelerating since
2000 (Druckenmiller et al., 2021). Therefore, a natural question is: what are the respective contributions of
ERF-AL, ASIC, IPV, and AMV to the evolution of the decadal Arctic annual-mean temperature trend?

Figure 5 shows the evolution of the impacts of ERF-AL, ASIC, IPV, and AMYV on the 10-year running trend of
Arctic annual-mean temperature. The ERF-AL warms the Arctic during the whole period with two subperiods
of slower warming/weak cooling: the first period from 1984-1993 to 1988—1997, and the second period around
1999-2008 (Figure 5a). The warming rates driven by ERF-AL are highest during the decades from 1990-1999
to 1995-2004. Figure 5a presents the combined impacts of natural and anthropogenic ERF. According to our
experimental design, it is not feasible to isolate the effects of an individual forcing. However, we can discuss the
possible causes of such decadal variations based on observational records and previous studies. The increasing
greenhouse gases have been suggested as the primary cause of Arctic warming as part of global warming (Chylek
et al., 2014; Gillett et al., 2008; Liang et al., 2022). The injection of sulfur aerosol into the stratosphere by the
eruption of Mount Pinatubo in 1991, the most massive volcanic eruption in the second half of the 20th century,
resulted in a clear negative radiative forcing (Chylek et al., 2014). The associated volcanic aerosol loading into
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Figure 5. Impacts of (a) ERF-AL, (b) ASIC, (c) IPV, and (d) AMVon the 10-year running trends of annual-mean Arctic temperature (colored, unit: ‘C/decade), and the
10-year running trend of the IPV/AMYV index (line) shown below the IPV/AMYV impacts. The years marked in the plot indicate the period for the calculation. The dots
mark where the impacts are statistically significant.

the stratosphere cooled the world in 1992 and the subsequent two years (Parker et al., 1996). And the cooling
also reached and covered the Arctic (Yang & Schlesinger, 2002), thus interrupting the warming trend around
1985-1994. The Arctic anthropogenic tropospheric aerosol (sulfate and black carbon) loading peaked in the late
1980s and declined sharply in the 1990s (Breider et al., 2017; Hirdman et al., 2010). Thus, the negative radia-
tive forcing of anthropogenic sulfate tropospheric aerosol over the Arctic is most significant in the 1980s and
gets weaker in the 1990s, which intensifies the decadal warming trends starting from the early 1990s. The net
cooling by decreasing black carbon is minor compared with the sulfate aerosol effects (Ren et al., 2020). During
1999-2008, the warming caused by rising greenhouse gas concentrations was counteracted by the mixed effects
of declining solar irradiation to its minimum around 2009 as part of the 11-year cycles (Matthes et al., 2017) and
the rapid growth of anthropogenic aerosols (Kaufmann et al., 2011). The IPV is in its negative phase after 2005
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(Figure 3a), which could potentially amplify the effects of solar irradiance proposed by a recent modeling study
(Guttu et al., 2021).

The warming contributed by ASIC is confined below 700 hPa, intensifying since 1985 (Figure 5b), coinciding
with the acceleration of sea-ice melting (Figure S6 in Supporting Information S1). The warming rate near-surface
increases from around 0.3°C/decade during 1986—-1995 to around 1°C/decade after 1996, which corresponds well
with the intensified sea-ice retreat.

The effects of IPV and AMV on the decadal temperature trend coincide with the interdecadal shifts of their
respective indices (Figures Sc and 5d). When the associated 10-year trend of the IPV (or AMYV) index is posi-
tive (i.e., index rising)/negative (i.e., index declining), the corresponding warming/cooling impacts appear. The
stronger the IPV and AMV changes are, the stronger the Arctic temperature responses. The cooling contributed
by IPV is strongest during the decades starting in 1990-1995, at —0.4°C/decade in the lower and higher tropo-
sphere. The warming contributed by AMYV is strongest in the 1990s, about 0.2°C/decade. The modulation by IPV
is generally larger than that by AMV.

Since the effects of the ERF-AL and IPV are mainly in the extended summer and winter season, respectively, the
impacts of ERF-AL, ASIC, IPV, and AMV on the decadal trends of Arctic temperature in boreal summer and
winter half-year are presented for comparison (Figure 6). The summer half-year refers to April-September, and
the winter half-year refers to the rest 6 months. In general, the ERF-AL warming impacts on the decadal trends
are similar to but intensified in the summer half-year than the annual mean. In contrast, its cooling impacts in the
decades from 1984-1993 to 1988—1997 are more significant in the winter half-year, with the volcanic aerosols'
effects emerging: Besides the cooling by scattering back of the solar irradiation in the polar summer season, the
volcanic aerosols absorb solar near-infrared and terrestrial infrared radiations but more in the low latitudes than in
the Arctic during the winter season, which drives an intensified meridional temperature gradient and a strength-
ened colder polar vortex (Robock, 2000; Stenchikov et al., 2002). The impacts on the decadal trends from AMV
are similar to their respective annual-mean pattern but intensify in the summer half-year and are less significant
in the winter half-year, while the IPV and ASIC impacts intensify in the winter-half year and are weaker in the
summer half-year.

The contributions of the individual factors to the Arctic tropospheric warming vary in different decades. Can
they drive the observed decadal variations of the Arctic temperature warming rates? We do not expect that these
factors can give the full attribution. Indeed, the estimated variance of the IPV and AMYV time-evolving pattern
in 1979-2013 only represents 15.6% of the total SST estimated variance north of 20°N (Text S1 in Supporting
Information S1). And apart from the IPV and AMYV fluctuations, the SST north of 20°N shows a mean warming
trend of 0.18°C/decade that we did not take into consideration (Text S1 in Supporting Information S1). Here, we
want to verify if the combined effects of ERF-AL, IPV, AMYV, and ASIC, which include the key drivers of the
decadal variability in the Northern Hemisphere, are significant enough to drive the key decadal variations of the
Arctic warming rates.

To better isolate the fluctuation of the Arctic 10-year temperature trends, the deviations obtained by removing
the long-term (1979-2013) trends are shown in Figure 7 for the levels where the long-term trends are statistically
significant (up to 300 hPa in ALL, Figure S7 in Supporting Information S1). Figure 7a shows the deviations of the
running decadal trends minus 1979-2013 trends in ERAS. And Figure 7b shows the sum of the deviations of the
ERF-AL, ASIC, IPV, and AMV impacts on the decadal temperature trends minus the corresponding respective
impacts on the 1979-2013 trends. The 10-year trends in ERAS are greater than the whole period trends from
1989-1998 to 1998-2007 decades (middle period) and below the long-term trends in the decades starting from
1979 to 1988 (early period) and after 1999 (later period; Figure 7a). The middle-period accelerated warming is
about two to three times the long-term trend in the lower-mid troposphere. The combined effects of ERF-AL,
IPV, AMYV, and ASIC reproduce key features of the accelerated warming in the middle period and decelerated
warming in the early and later periods, although deviation intensities are about half in the early-middle periods
than those in ERAS (Figure 7b). The similarity between Figures 7a and 7b demonstrates the notion that the factors
considered in this study should be the key factors driving the interdecadal variations of Arctic warming.

A potential reason for the weaker deviations in the model simulations could be the exclusion of the externally
forced multidecadal SST variations in the Pacific and Atlantic that can intensify the decadal deviations when in
phase with the internally driven signals (Meehl et al., 2013; Ting et al., 2009). The SSTs outside of the Pacific and
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Figure 6. Similar to Figure 5 but for the impacts on the 6-month mean Arctic temperature (colored, unit: C/decade).
AMIJAS: April-September (the boreal summer half-year); JEFMOND: the rest six months (the boreal winter half-year).
Atlantic might also play a role. And if the total effects of all the factors would be stronger than the simple sum-up
because of their interactions is also a question to answer.
There are also three sub-periods in ALL with the below/above/below average warming rates (Figure 7c). The
deviations in ALL are similar to those in ERAS except that: (a) the negative deviations are more intense after
2000-2009 and (b) from 1983-1992 to 1988-1997, the deviations are opposite between ERAS and ALL. The
reduced warming around 1984-1993 in ERAS is not found in Figures 7b and 7c. However, the ERAS5 1984-1993
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Figure 7. Deviations of the Arctic annual-mean temperature 10-year trends (a) relative to the 1979-2013 trends in ERAS,

(b) reconstructed by the sum of the individual deviations of ERF-AL, IPV, AMYV, and ASIC decadal impacts relative to their
respective impacts on 1979-2013 trends, and (c) relative to the 1979-2013 trends in ALL (unit: ‘C/decade). The years marked
in the plot indicate the period for the calculation of the 10-year trend.

trend deviation is located at the tail of the distribution of the ALL ensembles (Figure S8 in Supporting Infor-
mation S1). This indicates that such a difference may result from internal variability in ERAS, while internal
variability is largely removed by applying the ensemble mean. The reduced warming around 1988-1997 in ERAS
is well presented by the combined effects of ERF-AL, IPV, AMV, and ASIC, but there is accelerated warming
in ALL during the same period, which should be attributed to other factors, possibly SSTs in other regions and
other uncovered factors.

4. Conclusions and Discussion

This study has explored the potential causes of Arctic tropospheric warming and the decadal variations of its
warming rates. The ERF-AL contributes a large part to the warming from April to September during 1979-2013.
The warming rates caused by ERF-AL vary from decade to decade, with different individual forcing (i.e., green-
house gases, volcanic forcing, tropospheric aerosols, solar, etc.) prevailing in the respective period. The IPV and
the AMV are two key modulators of the Arctic temperature changes. The ASIC impact is mostly confined to the
lower troposphere.

This study does not take into account the indirect influence through the impact of one factor on other factors. For
example, the isolated impacts of ERF-AL or IPV in this study don't include the indirect effects from the ASIC
changes driven by ERA-AL or IPV. The mechanisms involved in their interactions and the potential predictive
nature of the factors are still largely uncertain. However, the shifts of [PV and AMV between positive and nega-
tive phases and the solar cycle continue. Thus, it is expected that there would have possible slowdowns and
accelerations of Arctic warming again. Our study has a limitation with a stop at 2013, and after the 2000s warm-
ing hiatus, the Arctic warming accelerated again (Ballinger et al., 2021). As shown in Figure S9 in Supporting
Information S1, with the decadal trend deviations relative to the 1979-2013 trend extended to 2012-2021, the
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accelerated Arctic warming is throughout the troposphere, and the most intensive decadal warming happened in
2008-2017. IPV transposed from the negative phase to the positive after 2015 until 2018 (https://www.ncdc.noaa.
gov/teleconnections/pdo/). And the solar forcing kept rising after 2010 and reached its top level of the circle about
2015 (Egorova et al., 2018; Matthes et al., 2017). They both can be the possible accelerators of Arctic warming
in this period. However, the effects need to be further verified and confirmed by extending our study to date.
Furthermore, AMV has been shown to be predictable to a large degree at a decadal time scale, and IPV is also
suggested to be predictable with less predictability than AMV (Keenlyside et al., 2008; Mochizuki et al., 2010).
That could supply some potential for predicting future Arctic warming.

Our study has further implications for the mid-latitudes climate change. Recent studies suggest that the strength of
the Arctic tropospheric warming is important for isolating the link with winter Eurasian weather (He et al., 2020;
Labe et al., 2020). The link of the Arctic tropospheric warming to the mid-latitudes climate change in other
seasons also needs to be studied. The roles of different factors in driving the Arctic tropospheric temperature vary
period by period and season by season. That implies that the connections between Arctic and mid-latitudes and
underlying mechanisms vary between periods and seasons.
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doi.org/10.24381/cds.6860a573) (Hersbach et al., 2019). IPV data is in http://doi.org/10.22033/ESGF/input-
4MIPs.1119 (Cassou, 2017b). AMV data is in http://doi.org/10.22033/ESGF/input4MIPs.1113 (Cassou, 2017a).
HadISST 2.2.0.0 is obtained from https://www.metoffice.gov.uk/hadobs/hadisst2/ (Met Office Hadley
Centre, 2016). The core model output used in this study is available through Norwegian research infrastructure
services (http://ns9015k.web.sigma2.no/BlueAct/) (Suo et al., 2022).
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