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Key Points:

e Arctic Amplification only started to occur in the second half of the 20th century.
Prior to this the Arctic cooled under global warming.

e Without the increases in both aerosols and greenhouse gas emissions, Arctic Am-
plification would have occurred throughout the past century.

« Internal variability also plays an important role in setting the observed trends.
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Abstract

Arctic Amplification is robustly seen in climate model simulations of future warm-
ing and in the paleoclimate record. Here, we show that in the instrumental record Arc-
tic Amplification is only a recent phenomenon, and that for much of the 20th century
the Arctic cooled while the global-mean temperature rose. To investigate why this oc-
curred, we analyze large ensembles of comprehensive climate model simulations under
different forcing scenarios. Our results suggest that the global warming from greenhouse
gases was largely offset in the Arctic by regional cooling due to aerosols, with internal
climate variability also contributing to Arctic cooling and global warming trends dur-
ing this period. This suggests that the disruption of Arctic Amplification was due to a
combination of factors unique to the 20th century, and that enhanced Arctic warming
should be expected to be a consistent feature of climate change over the coming century.

Plain Language Summary

Arctic Amplification is the phenomenon by which the Arctic warms at a faster rate
than the global average. Evidence for the occurrence of Arctic Amplification is widely
found in climate model simulations as well as in paleoproxy reconstructions of past cli-
mate changes. In this study, we investigate the extent to which Arctic Amplification has
occurred in observations from the past century. We show that Arctic Amplification is
only a recent phenomenon, and that for much of the 20th century, the Arctic cooled while
the global-mean temperature rose. We investigate why this happened using a range of
climate model simulations, and we find that there were two main causes for these op-
posing trends. The first is that regional cooling from aerosols counteracted the warm-
ing from greenhouse gases in the Arctic. However, this cannot fully explain the observed
trends. The second is that natural fluctuations of the climate system manifested in a pat-
tern of Arctic cooling under global warming. This suggests that the disruption of Arc-
tic Amplification was due to a combination of factors unique to the 20th century, im-
plying that enhanced Arctic warming should be expected to be a consistent feature of
climate change over the coming century.

1 Introduction

Arctic Amplification, the phenomenon whereby the surface air temperature in the
Arctic warms at an enhanced rate relative to the rest of the globe, is believed to be one
of the most robust features of the climate system’s response to external forcings. First
identified in Manabe and Stouffer (1980), it has long been known that global climate mod-
els simulate amplified warming in the Arctic in response to climate forcing. For exam-
ple, in response to a quadrupling of CO5, CMIP5 models simulate a mean surface warm-
ing of over 10K in the Arctic, more than double the global mean surface warming (Pithan
& Mauritsen, 2014). Amplified warming in the Arctic is a consistent feature of climate
model projections of the coming century (Barnes & Polvani, 2015; Laine et al., 2016; Davy
& Outten, 2020), and is found in both idealized and comprehensive climate models (Holland
& Bitz, 2003; Langen & Alexeev, 2007; Franzke et al., 2017; Merlis & Henry, 2018; Beer
et al., 2020). Furthermore, multiple lines of paleoclimate evidence indicate Arctic Am-
plification of warming and cooling in past warm and cold climates (CAPE, 2006; Masson-
Delmotte et al., 2006; Miller et al., 2010; Park et al., 2019).

Many previous studies have investigated the potential causes of Arctic Amplifica-
tion (Winton, 2006; Screen & Simmonds, 2010; Hwang et al., 2011; Serreze & Barry, 2011;
Pithan & Mauritsen, 2014; Stuecker et al., 2018; Henry & Merlis, 2019; Previdi et al.,
2020; Henry et al., 2021; Beer et al., 2020). A large array of mechanisms have been iden-
tified, including the sea ice albedo feedback, the lapse rate feedback, and changes in en-
ergy transports, however the precise contributions of these varied mechanisms remain
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unclear. For example, numerous studies have pointed to the surface albedo feedback as

a fundamental process in driving Arctic Amplification (Screen & Simmonds, 2010; Dai

et al., 2019; Chung et al., 2021), yet enhanced Arctic warming is found in climate model
simulations even when the surface albedo feedback is disabled (Graversen & Wang, 2009).
Untangling the drivers of Arctic Amplification is further complicated because different
forcing agents, including COs, ozone depleting substances, black carbon, and industrial
aerosols, can also have different imprints on the spatial pattern of surface warming (Navarro
et al., 2016; Stuecker et al., 2018; Stjern et al., 2019; Polvani et al., 2020).

While many studies have focused on the causes and effects of Arctic Amplification
in climate model simulations, relatively little attention has been paid to this phenomenon
in the observational record. In this study, we focus on the extent to which Arctic Am-
plification has occurred in the instrumental record over the past century. We begin by
analyzing several observational products to quantify the nature of Arctic Amplification
during the past century, and then we use large ensembles of comprehensive climate model
simulations to quantify how industrial aerosols, greenhouse gases, and internal climate
variability have contributed to the observed trends.

2 Data and methods
2.1 Observations

We focus on the past century (1921-2020), eschewing earlier times due to the rel-
ative lack of temperature measurements. We analyze five different observational prod-
ucts for our analysis of near surface air temperature (SAT) trends over the instrumen-
tal record: GISTEMPv4 (Lenssen et al., 2019; GISTEMP, 2021), HadCRUT5 (Morice
et al., 2020), the Cowtan and Way (2014) update to HadCRUT4 referred to as HadCRUT4-
hybrid, the ERA-20C reanalysis (Poli et al., 2016), and the ERA5 reanalysis (Hersbach
et al., 2020). For ease of presentation, we focus on results from GISTEMPv4, which is
based on NOAA-GHCN-v4 station data over land and ERSSTv5 over ocean (Huang et
al., 2017). Note that only GISTEMPv4 and HadCRUT5 cover the entire period of in-
terest: the HadCRUT4-hybrid dataset ends in 2018, ERA-20C ends in 2010, and ERA5
only starts in 1950. Lastly, we analyze the 200 members of the HadCRUT5 ensemble to
assess the impacts of observational uncertainty, which arises from statistical infilling of
sparsely observed areas, measurement uncertainty, and changes in SST measurement prac-
tices, among other factors. More information about these datasets is given in Table S1.

2.2 Climate model simulations

We utilize the 40 members of the Community Earth System Model v1 Large En-
semble (CESM1-LE), introduced by Kay et al. (2015). CESM1 is a CMIP5-class climate
model, using the CAMS5 atmospheric model and the POP2 ocean model. Each of the 40
members uses identical historical forcing (Lamarque et al., 2010) for the period 1920-
2005 and future emissions under the RCP8.5 scenario from 2006 onwards (Meinshausen
et al., 2011). The only difference between the members arises from chaotic fluctuations
generated by round-off level (10~* K) perturbations to the atmospheric initial temper-
ature in 1920. As such, each ensemble member is a realization of the climate system over
the past century, with the ensemble mean isolating the forced response to external forc-
ing and the spread among the ensemble members being solely due to internal variabil-
ity of the climate system. The CESM1-LE has been widely used to investigate the roles
of anthropogenic forcing and internal variability in driving observed trends in Arctic SAT
and sea ice (Ding et al., 2017; England et al., 2019; Ding et al., 2019; Landrum & Hol-
land, 2020; Krishnan et al., 2020; Polvani et al., 2020).

To investigate the contributions of anthropogenic aerosols and greenhouse gases to
observed SAT trends over the past century, we analyze two CESM1 single-forcing en-
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sembles, each containing 20 members, introduced by Deser, Phillips, et al. (2020). The
first, CESM1 x-aer, is identical to the CESM1-LE except that industrial aerosol concen-
trations are fixed at 1920 values. All other forcings evolve as in the CESM1-LE. In the
same fashion, the second, CESM1 x-ghg, is identical to the CESM1-LE except that green-
house gas concentrations are held fixed at 1920 values. Taking the difference between

the ensemble mean of the CESM1-LE (which features all forcings) and either CESM1
x-aer or CESM1 x-ghg (which feature all but one forcing) isolates the roles of aerosols
and greenhouse gases in driving historical temperature trends in CESM1. More details

on the large ensembles analyzed here are given in Table S2.

We compare the results from the CESM1-LE with three other large ensembles which
also participated in the recent CLIVAR large ensemble collection (Deser, Lehner, et al.,
2020). Specifically, we analyse the 30 members of CSIRO-Mk3-6-0 (Jeffrey et al., 2013),
the 20 members of GFDL-CM3 (Sun et al., 2018) and the 100 members of MPI-ESM (Maher
et al., 2019). We focus on the results from the CESM1-LE because of the availability of
single forcing ensembles with this model.

3 Prolonged periods of observed Arctic cooling during global warm-
ing

We begin by examining the timeseries of observed Arctic (60°N - 90°N) and global
average SAT anomalies relative to a baseline period of 1951-1980, as shown in Figure 1.
These show the much larger interannual variability and multi-decadal changes in the Arc-
tic temperature (blue line) as compared to the global temperature (red line). As doc-
umented by previous studies (Johannessen et al., 2004; Gillett et al., 2008; Serreze et al.,
2009; Semenov & Latif, 2012), the timeseries of Arctic surface temperatures can be char-
acterized by a period of anomalous warmth in the 1930s and 1940s, and then a substan-
tial period of cooling lasting until the 1980s, which was followed by four decades of rapid
Arctic warming up to the present day. These results remain qualitatively unchanged if
the domain is limited to either land or ocean regions only in the Arctic (Fig. S2). In con-
trast to the Arctic, global temperatures have generally risen throughout the past cen-
tury, with muted warming for much of the mid-20th century and an increased rate of warm-
ing after approximately 1980.

The two timeseries in Figure 1 demonstrate that Arctic Amplification did not oc-
cur for large parts of the 20th century. To illustrate this, we focus on the 50-year period
1935-1984, indicated by the trendlines in Figure 1. During this period, the global-mean
temperature showed a small warming trend of 0.03 °C/decade 4 0.02 °C/decade, yet the
Arctic cooled at a rate of —0.15°C/decade + 0.08 °C/decade, where the uncertainties rep-
resent the 95% linear regression confidence interval. These results from GISTEMPv4 are
consistent with the other observational and reanalysis products analyzed here (Fig. S1).

Next, we examine all 50-year trends in observed Arctic (blue) and global (red) SAT
over the past century (Fig. 2a) to investigate exactly when Arctic Amplification began.
The red shading in Figure 2a shows the 50-year SAT trends that feature Arctic Ampli-
fication (i.e. where the rate of Arctic warming is greater than the rate of global warm-
ing), while the blue shading denotes 50-year SAT trends of simultaneous Arctic cooling
and global warming. We highlight three important points: (i) the first occurrence of Arc-
tic Amplification in the observed record was the years 1951-2000, (ii) during the past cen-
tury, periods of Arctic cooling under global warming occurred approximately as frequently
as periods of Arctic Amplification, and (iii) the switch from Arctic cooling to Arctic am-
plified warming (white shading) was rapid, transitioning in less than five years. The same
broad features are found in the other observational and reanalysis datasets that we an-
alyzed (Fig. S3a). In addition, the conclusions are robust to the impacts of observational
uncertainty as represented by the 200 ensemble members of HadCRUT5 (Fig. S3b) and
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remain approximately unchanged if we examine the non-infilled version of HadCRUT5
(compare panels b and ¢ in Fig. S3).

We turn to the 40 members of the CESM1-LE to examine the extent to which this
observed behaviour is replicated by climate model simulations (Figs. 2b,c). There are
individual ensemble members that largely capture the evolution of observed trends in
Arctic and global SAT. As an example we show ensemble member #33 (Fig. 2b, crosses),
which exhibits Arctic cooling for much of the early and mid 20th century followed by
Arctic amplified warming thereafter. There are several differences between this ensem-
ble member and the observations, namely that the Arctic cooling trends are approximately
30% smaller and the transition to Arctic Amplification occurs a few years earlier than
observed. Overall, however, ensemble member #33 replicates the main features of the
observed trends. But, the majority of ensemble members fail to simulate the observed
trends in both Arctic and global-mean temperatures. As an example, ensemble mem-
ber #31 exhibits Arctic-amplified surface warming trends throughout the past century
(Fig. 2b, circles), which is inconsistent with the observations. The substantial differences
in the running 50-year Arctic trends of the two members indicate the important role of
internal variability in driving observed trends.

To separate the roles of the forced response and internal variability in contribut-
ing to the observed trends, we show the 50-year SAT trends of all 40 members of the CESM1-
LE (Fig. 2¢, dots) in addition to the ensemble mean (Fig. 2¢, thick lines). The observed
global-mean trends are roughly consistent with the forced trends in the CESM1-LE, with
weakly positive trends over the early and middle-20th century, followed by more rapid
warming in the second half of the century. In contrast, the observed 50-year Arctic cool-
ing trends over the mid-20th century are at the edge of the CESM1-LE distribution (com-
pare panels a and c of Fig. 2), suggesting that the observed trends are either a low prob-
ability trajectory of the climate system or that the CESM1-LE systematically underes-
timates the Arctic cooling during this period. More recently, the strong Arctic warm-
ing trends over the past 50 years are reproduced by the ensemble-mean of the CESM1-
LE (compare panels a and c of Fig. 2).

Although most CESM1-LE members do not reproduce the Arctic cooling trends
seen over much of the 20th century, the ensemble mean does show a slight Arctic cool-
ing for trends centred in the 1940s and 50s, during a period in which the ensemble-mean
global trend is positive. This indicates a potential role for the ensemble mean response
alone to drive periods of Arctic cooling concurrent with global warming. Moreover, the
majority of the members (31 out of 40) include at least some periods of Arctic cooling
concurrent with global warming over the past century, suggesting that this observed phe-
nomenon can be reproduced in part by climate models. The 50-year Arctic and global
SAT trends simulated by the CESM1-LE are broadly consistent with the three other large
ensembles we analyzed (Fig. S4) although we note that MPI-ESM does not simulate the
periods of observed Arctic cooling and CSTRO-Mk3-6-0 and GFDL-CM3 do not repli-
cate the observed global warming in the mid-20th century. In addition, GFDL-CM3 sim-
ulates Arctic warming trends over the second half of the 20th century which are much
stronger than observed. Overall, we find that of the CESM1-LE performs the best at cap-
turing the major characteristics of the observed trends. Next, we explore why there was
no Arctic Amplification for much of the 20th century.

4 What caused the lack of Arctic Amplification?

In order to investigate what caused the opposing trends in observed Arctic and global
SAT, we focus on three central potential drivers: industrial aerosols, greenhouse gases,
and internal climate variability. We investigate the forced response to aerosols and green-
house gases by analyzing the 20 member CESM1 single forcing ensembles with fixed aerosols
(x-aer) and fixed greenhouse gases (x-ghg). Previous studies have shown the importance
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of industrial aerosols (Fyfe et al., 2013; Navarro et al., 2016; Gagne et al., 2017; Deser,
Phillips, et al., 2020) and greenhouse gases (Gillett et al., 2008; Nafaji et al., 2015; Deser,
Phillips, et al., 2020; Polvani et al., 2020) in contributing to the observed Arctic SAT
trends over the past century. However, the contributions of greenhouse gases, aerosols
and internal variability to the observed Arctic SAT trends have yet to be quantified.

Figure 3a shows that in the absence of changes in the concentrations of industrial
aerosols since 1920, CESM1 indicates that both Arctic and global SAT would have risen
monotonically throughout the past century. Hence, in the absence of extra industrial aerosol
emissions, the Arctic would not have experienced any 50-year cooling trends over the past
century. In contrast, without the increase in greenhouse gases since 1920, CESM1 indi-
cates that both the Arctic and the global mean surface would have cooled throughout
the century (Fig. 3b). This suggests that greenhouse gases are necessary to explain the
global surface warming throughout the century as well as the rapid Arctic warming since
the second half of the 20th century, while aerosols are required to explain the Arctic cool-
ing over much of the 20th century. It is important to note that in both ensembles, x-aer
and x-ghg, Arctic Amplification is present in nearly every member throughout the en-
tire century. Therefore it is the specific combination of greenhouse gas emissions and in-
dustrial aerosol emissions, and the extent to which their effects offset each other at a global
and regional scale, that created the conditions for Arctic Amplification not to occur for
much of the 20th century.

Next we focus again on the period 1935-1984 and quantify the contributions to the
observed trends from aerosols, greenhouse gases, and internal variability (Fig 4). This
50-year period was chosen to broadly represent the Arctic and global mid-20th century
SAT trends. Similar results are found for a decade earlier (1925-1974, Fig. S5). To cal-
culate the contribution of aerosols (light blue bar) we take the difference between the
ensemble mean of the CESM1-LE and the ensemble mean of the CESM1 x-aer ensem-
ble and then calculate the trends over the period of interest. To calculate the contribu-
tion of greenhouse gases (light red bar), we repeat this process but with the CESM1 x-
ghg ensemble rather than x-aer. The role of internal variability is estimated as the resid-
ual (orange bar) after the effects of aerosols and greenhouse gases have been subtracted
from the observed trend. This is compared with the range of trends attributable to in-
ternal variability in the CESM1-LE (black bars), which is computed by subtracting the
ensemble mean to remove the forced response and then calculating the central 95% range
of the 50-year SAT trends across the 40-members (i.e. the difference between the 39th
and 2nd member after ranking).

These results allow us to estimate what caused the observed Arctic cooling of -0.15°C/decade

during 1935-1984. As shown in Figure 4a, CESM1 implies that industrial aerosols caused

a cooling trend of -0.27°C/decade, and greenhouse gases caused a warming trend of +0.20°C/decade,

which resulted in a net anthropogenic impact of -0.07°C/decade. Thus the residual needed
to account for the observed trend is -0.08°C/decade. This is well within the range of 50-
year SAT trends due to internal variability simulated by CESM1-LE [—0.14°C/decade,
+0.11°C/decade], implying that the residual can be plausibly attributed to internal vari-
ability. The results therefore suggest that in the absence of internal variability, the ob-
served Arctic cooling trend would have been half as large. In addition, some realizations
of internal variability would have overcome the net anthropogenic cooling effect and re-
sulted greater Arctic warming over this period than the observed global warming. That

is to say, the lack of Arctic Amplification was not an inevitable response to the anthro-
pogenic forcing.

We can similarly estimate what drove the observed global mean warming trend of
+0.03°C/decade (Fig. 4b) during 1935-1984. We find that there is a near perfect can-
cellation between the aerosol cooling trend of -0.09°C/decade and the greenhouse gas in-
duced warming trend of +0.09°C/decade. Thus the residual needed to account for the
observed trend is +0.03°C/decade. This is at the edge of the range of internal variabil-
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ity simulated by CESM1-LE [+0.03°C/decade]. This suggests that we could have expe-
rienced global mean cooling during this period under a different realization of internal
variability, and as such we could have experienced a period of Arctic amplified cooling.
We note that the Arctic Amplification factor, commonly defined as the Arctic SAT trend
divided by the global SAT trend, is only 2.2 for greenhouse gases (a driver of Arctic and
global warming) over this period, but 3.0 for industrial aerosols (a driver of Arctic and
global cooling). This difference likely arose because aerosol emissions primarily occurred
over North America and Northern Europe (Navarro et al., 2016; Deser, Phillips, et al.,
2020; Krishnan et al., 2020). This helps to explain why the simulated (i.e. the CESMI-
LE ensemble mean) features a small cooling trend in the Arctic SAT and a weak warm-
ing trend in the global SAT (compare ensemble mean lines in Fig. 2¢).

5 Conclusions

In this study we have investigated the extent to which Arctic Amplification occurred
over the past century in the observed record. We found that Arctic Amplification is a
relatively recent phenomenon during this period, first occurring in 50-year trends cen-
tered in the second half of the 20th century. We showed that 50-year periods with Arc-
tic cooling concurrent with global warming occurred as frequently as periods with Arc-
tic amplified warming during the past century. We then used CESMI1 to investigate why
Arctic Amplification was not ubiquitous throughout the past century. We showed that
CESMI single forcing experiments imply that without historical changes in greenhouse
gases or aerosols, Arctic Amplification would have consistently occurred. We found that
it is the cancellation of these two forcings, with aerosols having an outsized effect on the
Arctic compared to the global mean, that created the conditions for Arctic cooling dur-
ing global warming. Lastly we used CESM1 results to estimate the contributions of aerosols,
greenhouse gases, and internal variability to the observed SAT trends during 1935-1984.
These results imply that the lack of Arctic Amplification during this period, which is re-
produced by many members of the CESM1-LE, was made more likely due to anthropogenic
forcing, and that internal variability also played a key role. Different realizations of in-
ternal variability could have caused the global mean or Arctic SAT trend to switch sign,
and thus the lack of Arctic Amplification was not inevitable under the anthropogenic
forcing.

Arctic Amplification is thought to be one of the most robust features of global warm-
ing. Yet, we have shown that the emergence of this phenomenon in the observed record
has only occurred relatively recently. We reconciled this by demonstrating that the lack
of Arctic Amplification over much of the early and mid 20th century arose from a par-
ticular combination of factors: a cancellation between the forced response to greenhouse
gases and aerosols, the stronger Arctic amplified response to aerosols than to greenhouse
gases over this time period, and the specific trajectory of internal variability. Moving for-
ward, it is unlikely that this set of factors will manifest at any point in the 21st century
for three main reasons: (i) the overall aerosol burden is expected to decrease over this
century (Szopa et al., 2013; Fiedler et al., 2019) and so the forced response to increas-
ing greenhouse gas concentrations will dominate, (ii) if increases in aerosol emissions do
occur then it is expected they will originate from low latitudes (Fiedler et al., 2019) and
thereby have limited cooling effects on the Arctic, and (iii) the levels of internal variabil-
ity simulated by the four large ensembles studied here are not large enough to overcome
the forced Arctic amplified warming response to projected increases in greenhouse gas
concentrations. Hence, Arctic Amplification is likely to be a robust and persistent fea-
ture of climate change over the coming century, despite not occurring for much of the
past century.
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Figure 1. Timeseries of (a) Arctic and (b) global annual mean surface air temperature
anomalies, relative to the mean temperature during the period 1951-1980, from GISTEMPv4.
The trends during 1935-194 are indicated with shading to represent the 95% linear regression

confidence interval.

Acknowledgments

The authors declare that they have no competing interests. Support for this work came
from the National Science Foundation. The GISTEMPv4 observational dataset can be
downloaded from netps://data.giss.nasa.gov/gistemp/. 'L he HadCRUTS observational dataset can

be download form netps://www metotfice.gov.uk/hadobs /haderuts/. 'L he HadCRUT4-hybrid observa-
tional dataset can be downloaded from nttps://www-users.york.ac.uk/ kde3/papers/coverage2013/series. html.
ERA20C and ERAD5 reanalysis data can be downloaded from the Copernicus Climate
Change Service Data Store at nttps://cds.climate.copernicus.eu/. '1The multiple large ensemble archive
can be found at nttp://www.cesm.ucar.edu/projects/community-projectsyMMLEA,/. 1T he CESM1-CAMS5 sin-
gle forcing runs are accessible via the NCAR Climate Data Gateway.

References

Barnes, E., & Polvani, L. (2015). CMIP5 projections of Arctic Amplification, of the
North American/North Atlantic circulation, and of their relationship. Journal
of Climate, 28, 5254-5271. doi: 10.1175/JCLI-D-14-00589.1

Beer, E.; Eisenman, 1., & Wagner, T. (2020). Polar amplification due to en-
hanced heat flux across the halocline. Geophysical Research Letters,
47(e2019GL086706). doi: 10.1029/2019GL086706

CAPE. (2006). Last Interglacial Arctic warmth confirms polar amplification of cli-
mate change. Quaternary Science Reviews, 25, 1383-1400. doi: 10.1016/j
.quascirev.2006.01.033

Chung, E., Ha, K., Timmermann, A., Stuecker, M., Bodai, T., & Lee, S. (2021).



a) Observations (GISTEMPv4) b) CESM (all forcings): 2 members c) CESM (all forcings): 40 members

X Arctic + #33, Arctic . Individual members (Arctic)
< 0607 % Global S %897+ w3 Gloval w0607 Ens i)
g ***xx o 431, Arctic +++ . Individual members (Global)
3¥ + o Ensemble mean (Global)
©. 040 ] s L o040 © #31,Global A 040 4
kel X PR
j = + )
S "
= 020 “ 0.20 i 0.20
20 S 20 - 20
5 I R X
@ . %x,‘%ﬁ* %g 0> ° 4 000
<t Pt e waatl
S 0.00 s 0.00 2 R T 0.00
s I # g™
S bty i
-0.20 = 020 4 020 4
T T T T T T T T T T T T T T T
1950 1960 1970 1980 1990 1950 1960 1970 1980 1990 1950 1960 1970 1980 1990
Mid year Mid year Mid year

Figure 2. 50-year trends in Arctic (blue) and global (red) SAT over the years 1921-2020, with
the mid-year shown on the horizontal axis. (a) The observed trends using GISTEMPv4, with
blue shading indicating periods of concurrent Arctic cooling and global warming and red shading
indicating periods of Arctic amplified warming. (b) The trends of two individual ensemble mem-
bers from the CESM1-LE: ensemble member #31 (circles) and ensemble member #33 (crosses).
(c) The dots show the trends for all 40 members of the CESM1-LE and the solid lines shows the

ensemble mean trends.

335 Cold-season Arctic Amplification driven by Arctic Ocean-mediated sea-

336 sonal energy transfer. Earth’s Future, 9(e2020EF001898). doi: 10.1029/
337 2020EF001898

338 Cowtan, K., & Way, R. (2014). Coverage bias in the HadCRUT4 temperature series
339 and its impact on recent temperature trends. Quarterly Journal of the Royal
340 Meteorological Society, 140, 1935-1944. doi: 10.1002/qj.2297

341 Dai, A., Luo, D., Song, M., & Liu, J. (2019). Arctic amplification is caused by sea-
302 ice loss under increasing CO2. Nature Communications, 10(121). doi: 10.1038/
343 s41467-018-07954-9

344 Davy, R., & Outten, S.  (2020). The Arctic surface climate in CMIP6: Status and
345 developments since CMIP5. Journal of Climate, 33, 8047-8068. doi: 10.1175/
346 JCLI-D-19-0990.1

347 Deser, C., Lehner, F., Rodgers, K., Ault, T., Delworth, T., DiNezio, P., ... Ting,

348 M. (2020). Insights from Earth system model initial-condition large en-
349 sembles and future prospects. Nature Climate Change, 10, 277-286. doi:
350 10.1038/s41558-020-0731-2

351 Deser, C., Phillips, A., Simpson, 1., Rosenbloom, N., Coleman, D., Lehner, F., &

352 Pendergrass, A. (2020). Isolating the evolving contributions of anthropogenic
353 aerosols and greenhouse gases: a new CESM1 large ensemble community re-

354 source. Journal of Climate, 33, 7835-7858. doi: 10.1175/JCLI-D-20-0123.1

355 Ding, Q., Schweiger, A., L’Heureux, M., Battisti, D., Po-Chedley, S., Johnson, N.,

356 ... Steig, E. (2017). Influence of high-latitude atmospheric circulation changes
357 on summertime Arctic sea ice. Nature Climate Change, 7, 289=295. doi:
358 10.1038 /nclimate3241

359 Ding, Q., Schweiger, A., L’Heureux, M., Steig, E., Battisti, D., Johnson, N., ...

360 Baxter, I. (2019). Fingerprints of internal drivers of Arctic sea ice loss in
361 observations and model simulations. Nature Geoscience, 12, 28-33. doi:
362 10.1038/s41561-018-0256-8

363 England, M., Jahn, A., & Polvani, L. (2019). Non-uniform contribution of internal
364 variability to recent Arctic sea ice loss. Journal of Climate, 32, 4039-4053. doi:
365 10.1175/JCLI-D-18-0864.1



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

a) CESM x-aer (20 members) b) CESM x-ghg (20 members)

0.60 4~ L 0.60 -
0.40 |

0.20

0.00 =

Individual members (Arctic)
-0.20 + Ensemble mean (Arctic)

- -0.20

50-year SAT trend [°C/dec]

Individual members (Global)

1 Ensemble mean (Global) I 1 cee..er
-0.40 - -0.40

L L B B LR BN L B BN B EER L N
1950 1960 1970 1980 1990 1950 1960 1970 1980 1990

Mid year Mid year

Figure 3. As in Fig. 2¢c, but for (a) the 20 members of the CESM1 x-aer ensemble and (b) the

20 members of the CESM1 x-ghg ensemble.

Fiedler, S., Stevens, B., Gidden, M., Smith, S., Riahi, K., & Vuuren, D. V.  (2019).
First forcing estimates from the CMIP6 scenarios of anthropogenic aerosol
optical properties and an associated Twomey effect. Geoscientific Model Devel-
opment, 12, 989-1007. doi: 10.5194/gmd-12-989-2019

Franzke, C., Lee, S., & Feldstein, S. (2017). Evaluating Arctic warming mechanisms
in CMIP5 models. Climate Dynamics, 48, 3247-3260. doi: 10.1007/s00382-016
-3262-9

Fyfe, J., von Salzen, K., Gillett, N., Arora, V., Flato, G., & McConnell, J. (2013).
One hundred years of Arctic surface temperature variation due to anthro-
pogenic influence. Scientific Reports, 3(2645). doi: 10.1038/srep02645

Gagne, M., Fyfe, J., Gillett, N., Polyakov, I., & Flato, G. (2017). Aerosol-drive in-
crease in Arctic sea ice over the middle of the twentieth century.  Geophysical
Research Letters, 44, 7338-7346. doi: 10.1002/2016GL071941

Gillett, N., Stone, D., Stott, P., Nozawa, T., Karpechko, A., Hegerl, G., ... Jones, P.
(2008). Attribution of polar warming to human influence. Nature Geoscience,
1, 750-754. doi: 10.1038/ngeo338

GISTEMP. (2021). Giss surface temperature analysis version 4. Retrieved 2021-03-
01, from data.giss.nasa.gov/gistemp/

Graversen, R., & Wang, M. (2009). Polar amplification in a coupled climate model
with locked albedo. Climate Dynamics, 33, 629-643. doi: 10.1007/s00382-009
-0535-6

Henry, M., & Merlis, T. (2019). The role of the nonlinearity of the Stefan-
Boltzmann law on the structure of radiatively forced temperature change.
Journal of Climate, 32, 335-348. doi: 10.1175/JCLI-D-1700603.1

Henry, M., Merlis, T., Lutsko, N., & Rose, B. (2021). Decomposing the drivers
of Polar Amplification with a Single Column Model.  Journal of Climate, 34,
2355-2365. doi: 10.1175/JCLI-D-20-0178.1

Hersbach, H., Bell, B., B, B., Hirahara, S., Horanyi, A., & co authors. (2020). The
ERAS5 global reanalysis. Quarterly Journal of the Royal Meteorological Society,
146, 1999-2049. doi: 10.1002/qj.3803

Holland, M., & Bitz, C.  (2003). Polar amplification of climate change in coupled
models. Climate Dynamics, 21, 221-232. doi: 10.1007/s00382-003-0332-6

—10—



398

399

400

401

402

404

405

406

407

408

409

410

412

413

414

415

416

418

419

420

421

423

a) Arctic b) Global

0.20 } - 0.20

0.10 } ‘|' 010 }
0.00 f - 0.00 . [

1935-1984 SAT trend [°C/dec]

-0.10 ! L 010 - u
-0.20 ! L 020 -
T T T T P T T T T T P T
e o e o
AN 0 Ve SN N 0 Ve CRNY
AP O (@G S, AP (NG (NG S, L.
/\6‘,17%0, 6\6’;"‘% X %, <<‘:5316‘9»@ " /\6‘,,7%0, 6\6’;"‘% X %, 6:947790%
’%9 2 7 %, ’(’p@ 2 2 2 %,

Figure 4. Decomposition of the observed (a) Arctic and (b) global SAT trends during 1935-
1984 into contributions from aerosols, GHGs, and internal variability. The forced responses to

aerosols and GHGs are calculated using the CESM1 ensembles. The residuals after the aerosol

and GHG forced responses are subtracted from the observed trends are also indicated. The black

bars indicate the 95% confidence intervals for the trends which could be explained by internal
variability according to the CESM1-LE.

Huang, B., Thorne, P., Banzon, V., Boyer, T., Chepurin, G., Lawrimore, J., ...
Zhang, H. (2017). Extended reconstructed Sea Surface Temperature, version
5 ERSSTv5: Upgrades, validations and intercomparisons. Journal of Climate,
30, 8179-8205. doi: 10.1175/JCLI-D-16-0836.1

Hwang, Y., Frierson, D., & Kay, J. (2011). Coupling between Arctic feedbacks
and changes in poleward energy transport. Geophysical Research Letters,
38(L17704). doi: 10.1029/2011GL048546

Jeffrey, S., Rotstayn, L., Collier, M., Dravitzki, S., Hamalainen, C., Moeseneder, C.,
... Syktus, J. (2013). Australia’s CMIP5 submission using the CSIRO-Mk3.6
model.  Australian Meteorological and Oceanographic Journal, 63, 1-13.  doi:
10.22499/2.6301.001

Johannessen, O., Bengtsson, L., Miles, M., Kuzmina, S., & co-authors. (2004). Arc-
tic climate change: observed and modelled temperature and sea-ice variability.
Tellus, 56, 328-341. doi: 10.1111/j.1600-0870.2004.00060.x

Kay, J., Deser, C., Phillips, A., Mai, A., Hannay, C., Strand, G., ... Vertenstein, M.
(2015). The Community Earth System Model (CESM) large ensemble project:
A community resource for studying climate change in the presence of internal
climate variability. BAMS, 96, 1333-1349. doi: 10.1175/BAMS-D-13-00255.1

Krishnan, S., Ekman, A., Hansson, H., Riipinen, I., Lewinshcal, A., Wilcox, L., &
Dallafior, T. (2020). The roles of the atmosphere and ocean in driving Arctic
warming due to European aerosol reductions. Geophysical Research Letters,
47(e2019GL086681). doi: 10.1029/2019GL086G681

Laine, A., Yoshimori, M., & Abe-Ouchi, A. (2016). Surface Arctic Amplification fac-
tors in CMIP5 models: land and oceanic surfaces and seasonality.  Journal of
Climate, 29, 3297-3316. doi: 10.1175/JCLI-D-15-0497.1

Lamarque, J., Bond, T., & co-authors. (2010). Historical (1850-2000) gridded

—11-



426

anthopogenic and biomass burning emissions of reactive gases and aerosols:
methodology and application.  Atmospheric Chemistry and Physics, 10, 7T017-
7039. doi: 10.5194/acp-10-7017-2010

Landrum, L., & Holland, M. (2020). Extremes become routine in an emerging new
Arctic. Nature Climate Change, 10, 1108-1115. doi: 10.1038/s41558-020-0892
-z

Langen, P., & Alexeev, V. (2007). Polar amplification as a preferred response in an
idealized aquaplanet GCM.  Climate Dynamics, 29, 305-317.  doi: 10.1007/
s00382-006-0221-x

Lenssen, N., Schmidt, G., Hansen, J., Menne, M., Persin, A., Ruedy, R., & Zyss, D.
(2019). Improvements in the gistemp uncertainty model. Journal of Geophysi-
cal Research, 124, 6307-6326. doi: 10.1029/2018JD029522

Mabher, N., Milinski, S., & co-authors. (2019). The Max Planck Institute
Grand Ensemble: Enabling the exploration of climate system variabil-
ity. Journal of Advances in Modeling Farth Systems, 11, 2050-2069. doi:
10.1029/2019MS001639

Manabe, S., & Stouffer, R. (1980). Sensitivity of a global climate model to an
increase in co2 concentration in the atmosphere. Journal of Geophysical Re-
search, 85, 5529-5554. doi: 10.1029/JC085iC10p05529

Masson-Delmotte, V., Kageyama, M., Braconnot, P., & co-authors.  (2006). Past
and future polar amplification of climate change: climate model intercom-
parisons and ice-core constraints. Climate Dynamics, 26, 513-529. doi:
10.1007/s00382-005-0081-9

Meinshausen, M., Smith, S., Calvin, K., Daniel, J., Kainuma, M., Lamarque,
J., ... Vuuren, D. V. (2011). The RCP greenhouse gas concentrations
and their extensions from 1765 to 2300. Climatic Change, 109(213).  doi:
10.1007/s10584-011-0156-z

Merlis, T., & Henry, J. (2018). Simple estimates of polar amplification in moist dif-
fusive energy balance models. Journal of Climate, 31, 5811-5824. doi: 10.1175/
JCLI-D-17-0578.1

Miller, G., Alley, R., Brigham-Grette, J., Fitzpatrick, J., Polyak, L., Serreze,
M., & White, J. (2010). Arctic amplification: can the past constrain
the future? Quaternary Science Reviews, 29, 1779-1790. doi: 10.1016/
j-quascirev.2010.02.008

Morice, C., Kennedy, J., Rayner, N., Winn, J., Hogan, E., Killick, R., ... Simp-
son, I. ~ (2020). An updated assessment of near surface temperature change
from 1850: the HadCRUTS5 dataset. Journal of Geophysical Research,
126(e2019JD032361). doi: 10.1029/2019JD032361

Nafaji, M., Zwiers, F., & Gillett, N. (2015). Attribution of Arctic temperature
change to greenhouse gas and aerosol influences. Nature Climate Change, 5,
246-249. doi: 10.1038 /nclimate2524

Navarro, J., Varma, V., Riipinen, I., Seland, O., Kirkevag, A., Struthers, H., ...
Ekman, A. (2016). Amplification of Arctic warming by past air pollution
reductions in Europe. Nature Geoscience, 9, 277-281. doi: 10.1038/ngeo2673

Park, H., Kim, S., Stewart, A., Son, S., & Seo, K.~ (2019).  Mid-Holocene North-
ern Hemisphere warming driven by Arctic Amplification. Science Advances,
5 (eaax8203). doi: 10.1126/sciadv.aax8203

Pithan, F., & Mauritsen, T. (2014). Arctic amplification dominated by temperature
feedbacks in contemporary climate models. Nature Geoscience, 7, 181-184. doi:
10.1038/NGEO2071

Poli, P., Hersbach, H., Dee, D., Berrisford, P., Simmons, A., Vitart, F., ... Fisher,
M. (2016). ERA-20C: An atmospheric reanalysis of the twentieth century.
Journal of Climate, 29, 4083-4097. doi: 10.1175/JCLI-D-15-0556.1

Polvani, L., Previdi, M., England, M., Chiodo, G., & Smith, K. (2020). Substantial
twentieth-century Arctic warming caused be ozone depleting substances.  Na-

—12—



507

ture Climate Change, 10, 130-133. doi: 10.1038/s41558-019-0677-4

Previdi, M., Janoski, T., Chiodo, G., Smith, K., & Polvani, L. (2020). Arctic am-
plification: A rapid response to radiative forcing. Geophysical Research Letters,
47(e2020G1.089933). doi: 10.1029/2020GL089933

Screen, J., & Simmonds, I. ~ (2010).  The central role of diminishing sea ice in re-
cent Arctic temperature amplification. Nature, 464, 1334-1337. doi: 10.1038/
nature09051

Semenov, V., & Latif, M. (2012). The early twentieth century warming and winter
Arctic sea ice. The Cryosphere, 6, 1231-1237. doi: 10.5194/tc-6-1231-2012
Serreze, M., Barrett, A., Stroeve, J., Kindig, D., & Holland, M. (2009). The emer-
gence of surface-based Arctic amplification. The Cryosphere, 3, 11-19. doi: 10
.5194 /tc-3-11-2009

Serreze, M., & Barry, R. (2011). Processes and impacts of Arctic amplification: A
research synthesis.  Global and Planetary Change, 77, 85-96.  doi: 10.1016/j
.glopacha.2011.03.004

Stjern, C., Lund, M., Samset, B., Myhre, G., Forster, P., & co-authors. (2019). Arc-
tic amplification response to individual climate drivers. Journal of Geophysical
Research, 124, 6698-6717. doi: 10.1029/2018JD029726

Stuecker, M., Bitz, C., Armour, K., Proistosescu, C., Kang, S., Xie, S., ... Jin, F.
(2018). Polar amplification dominated by local forcing feedbacks. Nature
Climate Change, 8, 1076-1081. doi: 10.1038/s41558-018-0339-y

Sun, L., Alexander, M., & Deser, C. (2018). Evolution of the global coupled climate
response to Arctic sea ice loss during 1990-2090 and its contribution to climate
change. Journal of Climate, 81, 7823-7843. doi: 10.1175/JCLI-D-18-0134.1

Szopa, S., Balkanski, Y., Schulz, M., & co-authors. (2013). Aerosol and ozone
changes as forcing for climate evolution between 1850 and 2100. Climate
Dynamics, 40, 2223-2250. doi: 10.1007/s00382-012-1408-y

Winton, M. (2006).  Amplified Arctic climate change: What does surface albedo
feedback have to do with it?  Geophysical Research Letters, 33(L03701). doi:
10.1029/2005GL025244

—13—



Figure 1.



a) Arctic

3.0 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
2.0 - -
5 | i
.|_| g |
> ] i
(4y]
£ | i
QS 1.0 -
(4y] i N
= i i
<
%) ] . i
0.0 - -
\~ i
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

1920 1940 1960 1980 2000 2020
Year

3.0

2.0

1.0

b) Global
AT R R B R
__ J\j\A“ VA\’\] __
_M'\/\l\ﬂ i
e e LA B R B
1920 1940 1960 1980 2000 2020

Year



Figure 2.



50-year SAT trend [°C/dec]

a) Observations (GISTEMPv4) b) CESM (all forcings): 2 members c) CESM (all forcings): 40 members

: * Arctic : : + #33, Arctic : : . Individual members (Arctic)
0.60 -. % Global *- 0.60 -. + #33, Global +++_- 0.60 -. Ensemble mean (Arctic)
] *xok* I ] o #31. Arctic Ral | 1 ¢ individual members (Global)
’ +
! K s ! ot : Ensemble mean (Global)
0.40 ¥ - 040 4 O  #31,Global Al 040 o
E L3 o e L g
J *”ZK L +H+ OD"D L J
| *** [ +*Hgoo o [ |
- - o - -
0.20 ] - M"****W**- 0.20 000000000 + 20 ] 0.20 7
J M*** 5 09%c° n W 5 J
AKK +
s *X s s 4
0.00 ***WWM X 0.00 2 e SSNe sy aa = 0.00 -
. XK L . ¢+++ +%+ | .
1 * [ i by gt i 1 i
{1 P xRk | ] has L | L
-0.20 = - -0.20 - -0.20 -
— T — T — T
1950 1960 1970 1980 1990 1950 1960 1970 1980 1990 1950 1960 1970 1980 1990

Mid year Mid year Mid year



Figure 3.



50-year SAT trend [°C/dec]

a) CESM x-aer (20 members) b) CESM x-ghg (20 members)

0.60 — — 0.60 — —
0.40 — 0.40 —
0.20 — 0.20 —
0.00 0.00
] . Individual members (Arctic) I ]
-0.20 Ensemble mean (Arctic) B -0.20
i Individual members (Global) 5 i
-0.40 _' Ensemble mean (Global) '_ -0.40 _'
T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T
1950 1960 1970 1980 1990 1950 1960 1970 1980 1990

Mid year Mid year



Figure 4.



Global

Arctic

- R

1 L

o o

~—

S

N
o

0.00

-
<?

——
o
N
Q@

o
o

o

(=] o

N
o

(=]

~—

. .
S S

o
N
<?

[08p/D,] PUBI 1 VS $861-GEBL



	Article File
	Figure 1 legend
	Figure 1
	Figure 2 legend
	Figure 2
	Figure 3 legend
	Figure 3
	Figure 4 legend
	Figure 4

