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The Arctic has warmed nearly four times faster
than the globe since 1979
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In recent decades, the warming in the Arctic has been much faster than in the rest of the
world, a phenomenon known as Arctic ampliﬁcation. Numerous studies report that the Arctic
is warming either twice, more than twice, or even three times as fast as the globe on average.
Here we show, by using several observational datasets which cover the Arctic region, that
during the last 43 years the Arctic has been warming nearly four times faster than the globe,
which is a higher ratio than generally reported in literature. We compared the observed Arctic
ampliﬁcation ratio with the ratio simulated by state-of-the-art climate models, and found that
the observed four-fold warming ratio over 1979–2021 is an extremely rare occasion in the
climate model simulations. The observed and simulated ampliﬁcation ratios are more consistent with each other if calculated over a longer period; however the comparison is
obscured by observational uncertainties before 1979. Our results indicate that the recent
four-fold Arctic warming ratio is either an extremely unlikely event, or the climate models
systematically tend to underestimate the ampliﬁcation.
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T

he faster warming rate in the Arctic compared to the globe
as a whole is nowadays considered a robust fact. The
phenomenon, called Arctic or polar ampliﬁcation (AA),
can be seen in both instrumental observations1–3 and climate
models4 as well as in paleoclimate proxy records5.
During the last decade, multiple factors have been proposed
to explain the potential causes of AA: enhanced oceanic heating
and ice-albedo feedback due diminishing sea ice6–9, Planck
feedback10, lapse-rate feedback11, near-surface air temperature
inversion12, cloud feedback13, ocean heat transport14 and meridional atmospheric moisture transport15–17. Furthermore, the
reduced air pollution in Europe may have contributed to the
Arctic warming during the last decades18,19, and possible
reductions of Asian aerosols under a strong mitigation policy may
increase the future AA20. In climate models, it has been shown21
that AA occurs rapidly in response to external forcings due to
atmospheric lapse rate feedback, with sea ice-related feedbacks
becoming more important later on. A recent study22 reported a
stronger future AA in a low than a high-emission scenario due to
the faster melting of sea ice and weaker ice-albedo feedback.
There is little consensus on the magnitude of the recent AA.
Numerous recent studies report the Arctic having warmed either
almost twice23, about twice24, or more than twice25,26 as fast as
the global average. However, the warming ratios reported in these
and many other studies have usually been only referenced from
older, possibly outdated, estimates and have not included recent
observations. The recent Arctic Monitoring and Assessment
Programme (AMAP) report27 states the rate of Arctic warming as
being three times as fast as the global warming during the period
1971–2019.
The lack of consensus on the magnitude of AA stems from the
various deﬁnitions of AA: both the period of interest and the
area of the Arctic have been deﬁned in multiple ways. The
warming can be calculated using linear trends for the last 30-50
years or even longer periods. Moreover, the area of Arctic can be
deﬁned using the area poleward of 60∘N, 65∘N or 70∘N, or using
deﬁnitions not based on latitude28. Uncertainties arising when
calculating AA in observations and models have also been
emphasized28,29.
While there have been improvements in climate models to
realistically represent the evolution of Arctic climate30,31 and sea
ice32 under global warming, most models in the latest generation
of Coupled Model Intercomparison Project phase 6 (CMIP6)
still fail to simulate plausible sensitivity of Arctic sea-ice loss to
the rise of global temperatures33. In earlier studies, the discrepancy between observed and simulated sea ice trends have
been attributed to a lower sensitivity of modelled Arctic sea ice
trends to global warming34 or anthropogenic CO2 emissions35.
However, Swart et al.36 argued that the observed and simulated
September Arctic sea-ice trends over 1979–2013 are not
inconsistent when accounting properly for the internal climate
variability. According to Ding et al.37, even up to 50% of the
recent multi-decadal decline in Arctic sea ice may be due to
internal variability.
Because the sea ice loss is one of the main mechanisms causing
AA, and given that up to 50% of the recent loss may be due to
realization-dependent internal variability, a relevant follow-up
question is whether the climate models are able to reproduce the
magnitude of the observed AA over the past 40 years or so.
Earlier studies have suggested that AA is indeed weaker in climate
models than in observations38–41, but a comprehensive comparison between the observed and simulated AA ratio, using the
most up-to-date observations and multiple climate model
ensembles, has not yet been performed.
The ﬁrst objective of this study is to quantify the magnitude of
AA by utilizing most recent observational datasets covering the
2

Fig. 1 Annual mean temperature evolution in the Arctic. a Annual mean
temperature anomalies in the Arctic (66.5∘–90∘N) (dark colours) and
globally (light colours) during 1950–2021 derived from the various
observational datasets. Temperature anomalies have been calculated
relative to the standard 30-year period of 1981–2010. Shown are also the
linear temperature trends for 1979–2021. b Annual mean temperature
trends for the period 1979–2021, derived from the average of the
observational datasets. Areas without a statistically signiﬁcant change are
masked out. c Local ampliﬁcation ratio calculated for the period 1979–2021,
derived from the average of the observational datasets. The dashed line in
(b) and (c) depicts the Arctic Circle (66.5∘N latitude).

Arctic region, and a diagnostic equation for AA. Our focus is in
the 1979–2021 period, as more accurate remote sensing observations from the Arctic have been available since 1979, and
because this era is characterized by strong Arctic warming. Secondly, we assess the ability of climate models to reproduce the
observed AA. We show that during 1979–2021, the Arctic has
warmed nearly four times faster than the globe, and provide
evidence that climate models struggle to simulate this four-fold
Arctic ampliﬁcation ratio.
Results
Observed arctic ampliﬁcation. The evolution of global mean and
Arctic mean temperatures during 1950–2021 is shown in Fig. 1a
by considering the four observational datasets: NASA’s Goddard
Institute for Space Studies Surface Temperature version 4 (GISTEMP), the Berkeley Earth temperature dataset (BEST), the Met
Ofﬁce Hadley Centre/Climatic Research Unit version 5.0.1.0
(HadCRUT5) and ERA5 reanalysis. Compared to the global
temperatures (Fig. 1a, light colours), the warming in the Arctic
(Fig. 1a, dark colours) is much more pronounced, especially since
the late 1970s. We note also that the different datasets are in a
close agreement since 1979, but in the pre-1979 period ERA5 is
markedly colder than the three other datasets. Reasons for this
cold bias are presumably related to lower number of assimilated
observations, as discussed in earlier studies42,43.
Due to the good agreement over the last 43 years, we next
consider the average of these four datasets as an observational
estimate. The observations indicate that, during 1979–2021, a
large fraction of the Arctic Ocean was warming faster than
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0.75 ∘C decade−1 (Fig. 1b), with a maximum warming in the
Eurasian sector of the Arctic Ocean, near Svalbard and Novaya
Zemlya. In this region, the temperature trend over 1979–2021
locally exceeds 1.25 ∘C decade−1 (Fig. 1b). In contrast, large
continental regions in the North America and, to a lesser extent,
in Western Siberia, do not manifest statistically signiﬁcant trends
in temperatures; however these regions are mainly located in
mid-latitudes and are only indirectly affected by AA. The spatial
patterns of temperature trends are broadly consistent across the
individual observational datasets (Fig. S2), with GISTEMP and
HadCRUT5 showing somewhat less pronounced warming
maxima near Svalbard and Bering Strait (Fig. S2a and c) than
BEST and ERA5.
When the temperature trends shown in Fig. 1b are divided by
the multi-dataset global mean temperature trend at each gridpoint, we get the spatial map of 43-year local Arctic ampliﬁcation
(AA43), or simply local ampliﬁcation when calculated for areas
south of the Arctic circle (Fig. 1c). Values higher than one
indicate that those regions are warming faster than the global
average, while values below one correspondingly indicate a slower
warming. The AA43 maps for individual observational datasets
are provided in the Supplementary Fig. S3.

Table 1 Arctic ampliﬁcation ratio and its 5th and 95th
percentiles calculated for the period 1979–2021 from the
observational datasets, CMIP5 ensemble, and CMIP6
ensemble.
Dataset

AA

5%

95%

Gistemp
Berkeley Earth
HadCRUT5
ERA5
CMIP5
CMIP6

3.8
4.1
3.8
3.7
2.5
2.7

3.4
3.6
3.4
3.2
1.8
1.6

4.2
4.6
4.2
4.2
3.2
3.7

The Arctic is deﬁned as the area north of 66.5∘N. See Section “Supplementary Methods” in the
Supplementary information for the calculation of the percentiles.
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During 1979–2021, major portions of the Arctic Ocean were
warming at least four times as fast as the global average (Fig. 1c).
The most extreme AA values occur in the sea areas near Novaya
Zemlya, which were locally warming up to seven times as fast as
the global average. These high warming rates are consistent with
recent research44, and evidently, the primary reason for such a
high ampliﬁcation ratio is the reduction of cold-season ice cover,
which has been most pronounced in the Barents Sea44,45.
Furthermore, it has been found that changes in atmospheric
circulation have ampliﬁed the warming in this area46,47. In
general, there are no regions within the Arctic Circle where AA43
is smaller than two, apart from the northern North Atlantic.
The observed multi-dataset mean temperature trend in the
Arctic is 0.73 ∘C decade−1 and for the globe as a whole 0.19 ∘C
decade−1, with small differences between the individual datasets
(Fig. S4a). Using Eq. (1) and the multi-dataset mean values for the
Arctic and global mean warming trends, we arrive at AA43
(hereafter referred as observed AA43) of 3.8 for the latest 43-year
period of 1979–2021. The individual AA43 values range from 3.7
in ERA5 to 4.1 in BEST (Table 1 and Fig. S4b). Thus, referring
Arctic warming as being two times as fast as the global mean
clearly underestimates the situation during the recent 43 years.
When different southern boundaries for the Arctic region are
considered, AA43 ranges generally between 3 and 4 (Fig. 2a). In
general, with any reasonable combination for the length of the
time window (≥20 years) and for the southern boundary of
the Arctic (60∘–75∘N), the value of AA is greater than 3. The
magnitude of AA increases towards higher Arctic latitude
thresholds, because with higher latitude a larger proportion of
the area encircled by the boundary is ocean, where AA is the
strongest (Fig. 1c).

Arctic ampliﬁcation in CMIP5 and CMIP6 simulations. Figure 3 demonstrates how the observed AA43 has intensiﬁed in the
course of time: while in the beginning of the century the warming
ratio of the Arctic to the globe over the previous 43 years was
smaller than three, the recent ampliﬁed Arctic warming48 relative
to the globe has raised the ratio close to four.

Fig. 2 The sensitivity of Arctic ampliﬁcation ratio to the Arctic area and the period of interest. The sensitivity of Arctic ampliﬁcation (AA) (a) to the
time window used in calculating the linear trends (x-axis) and the southern boundary of the Arctic (y-axis), and (b) the percentile rank of the observed AA
in the CMIP6 ensemble distribution. The end year of all linear trends is ﬁxed to 2021. Thus, for example, 50 years on the x-axis corresponds to the trend
calculated for 1972–2021. The star marks the baseline value used in the study, corresponding to the 43-year linear trend and the southern boundary of
66.5∘N. The observed AA is derived from the average of the four observational datasets.
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Fig. 3 The 43-year Arctic ampliﬁcation ratio in observations and climate models. The 43-year Arctic ampliﬁcation (AA) ratio derived from (a) CMIP5,
(b) CMIP6, (c) MPI-GE and (d) CanESM5 realizations (thin grey lines) for all 43-year periods ending in 2000–2040. The x-axis represents the ending year
of the 43-year AA ratios. Thick black lines represents the ensemble mean AA, calculated as a mean of ratios, not ratio of means. Observations (red lines)
extend to 2021. 43-year AA ratios starting after 1970 and ending by 2040 are considered in the probability calculations (Section “Likelihood of observed
Arctic ampliﬁcation 1979–2021 in climate model simulations”) and shown with light background. The Arctic is deﬁned as the area north of 66.5∘N.

Fig. 4 Arctic ampliﬁcation ratio as a function of the starting year of the trend in observations and climate models. Arctic ampliﬁcation (AA) ratio as a
function of the starting year of the trend derived from (a) CMIP5, (b) CMIP6, (c) MPI-GE and (d) CanESM5 realizations (thin grey lines). The end year of
all linear trends is ﬁxed to 2021. Thus, for example, 1950 on the x-axis corresponds to AA calculated for 1950–2021. Thick black lines represents the
ensemble mean AA, calculated as a mean of ratios, not ratio of means. AA ratios shorter than 10 years are not shown. The dashed vertical line represents
the 43-year AA, as calculated for 1979–2021. The Arctic is deﬁned as the area north of 66.5∘N.

The observed four-fold warming in the Arctic ﬁts poorly in the
spread of the CMIP5 and CMIP6 multi-model ensembles (Fig. 3).
Compared with the observed AA43 in 2021 (3.8), the CMIP5
ensemble-mean AA43 (2.5) and CMIP6 ensemble-mean (2.7) are
underestimated by 34% and 29%, respectively (Fig. 3a, b and S5b).
However, the observed AA43 reﬂects both the forced response to
external forcing as well as the internal climate variability on the
multi-decadal timescales considered here. Instead, in the
ensemble mean of the climate models, the internal variability of
climate system has been effectively averaged out, and thus the
ensemble mean reﬂects only the models’ response to the external
forcing. For this reason, comparing the observations only to the
ensemble mean may be misleading, and therefore, the observed
AA43 needs to be put into context of the envelope of simulated
AA43.
In the CMIP5 ensemble, there are only a few realizations which
simulate stronger ampliﬁcation than the observations (Fig. 3a).
However, the fact that only one realization per model is used in
the CMIP5 ensemble may imply that some of the extreme cases
are missing. In general, CMIP6 models simulate slightly stronger
AA43 than CMIP5 models. Nonetheless, the majority of CMIP6
realizations in which the simulated AA43 is stronger than the
4

observed AA43, occur earlier in the 21st century (Fig. 3b). It is
also worth noting that CMIP6 models have generally a larger
spread in AA43 than CMIP5, even when considering only one
realization per CMIP6 model (not shown). Some CMIP6
realizations simulate cooling for the Arctic (negative AA43) while
some other realizations have higher than ﬁve-fold warming in the
Arctic compared to the globe (Fig. 3b). The large spread in
CMIP6-simulated AA is in line with an earlier study39 and
highlights the effect of large internal variability for AA, even on a
43-year time scale.
Figure 4 shows AA as a function of the starting year used for
calculating the trends. In general, the shorter the time period for
which AA is calculated, the larger role the internal variability
plays, and therefore the ensemble spread of the models tends to
explode towards the right edge of the panels (i.e., towards shorter
trends, Fig. 4). Considerable fraction of simulations with negative
AA or very large AA (above 6) for trends shorter than 20 years
suggest that such short periods may not be suitable for reliable
estimation of AA. The long trends, on the other hand, are more
representative of the forced ampliﬁcation and therefore have less
spread between the realizations. The observed AA is outside the
spread of CMIP5 under wide range of the trend lengths (Fig. 4a).
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season (Fig. S7). An interesting ﬁnding from Fig. 5 is the
anomalously high observed AA in April. The high AA43 in April
is consistent in all four observational datasets (not shown), and
has been reported also in the earlier studies41,50. However, while
Hahn et al.41 noted that the warming in April falls within the
intermodel spread for CMIP6 in 1979–2014, we found that when
normalized with global warming, the warming in April is
distinctly outside the CMIP6 ensemble (Fig. 5). According to
Hahn et al.41, model biases in the reductions of spring snow cover
may contribute to the discrepancy between observations and
models in the melting season.

Fig. 5 Seasonality of the 43-year (1979–2021) Arctic ampliﬁcation ratio.
The red circles indicate the observed AA, as derived from the average of
the four observational datasets. The orange lines indicate the medians of
CMIP6 realizations, boxes show the ﬁrst and third quartiles, and whiskers
extend to the 5–95th percentiles of the realizations. The numbers in the
upper row give the percent rank of the observed AA in the CMIP6
ensemble distribution. The Arctic is deﬁned as the area north of 66.5∘N.

In CMIP6, the spread of AA is clearly wider than in CMIP5 and
thus, the observed AA does not fall fully outside the CMIP6
ensemble at any starting year (Fig. 4b). Nevertheless, the observed
AA is a very rare occasion in CMIP6 model simulations as Fig. 2b
shows that in most cases when AA is calculated over time period
longer than 20 years and for southern boundary poleward from
60∘N, the observed AA falls to the top 10% of the CMIP6 model
ensemble and reaching to the 99th percentile of the ensemble in
several window-latitude combinations. Remarkably, for CMIP5,
the observed AA is fully outside the ensemble spread at all 30-45year trend lengths regardless of southern boundary (Fig. S6b).
It is important to note that the discrepancy between the
observational and modelled AA is sensitive to the starting year of
the trend. For example, when AA is calculated using the
1950–2021 time period, the observed AA is very close to the
ensemble means of all climate model datasets (the left edge of the
panels in Fig. 4). However, this time period includes a 30-year
period of 1950–1979 when the global mean temperatures did not
rise mostly due to opposing effect of the anthropogenic aerosols
counteracting the greenhouse gas-induced warming49. In
1950–1979, the temperatures in the Arctic were slightly cooling
(except in ERA5, see Fig. 1a). Because of this non-linearity in the
observations, the linear trend estimate over the whole 1950–2021
does not capture the entire dynamics of the recent warming in the
Arctic and thus should be interpreted with caution.
By considering the seasonality of AA (Fig. 5), we see that AA is
the strongest in the late autumn (November) and the weakest in
the warm season (July). This is consistent in both CMIP6 models
and the observations, and in line with the earlier study conducted
with ERA-Interim reanalysis data and CMIP5 models8. Thus,
over the past 43 years, the October-December months in the
Arctic have warmed ﬁve times faster than the globe, while the
warming ratio is close to two in June-August (Fig. 5). The
stronger AA in late autumn arises from the newly opened water
areas that act to enhance upwelling longwave radiation and
turbulent ﬂuxes of sensible and latent heat from the sea into the
atmosphere8.
The observations systematically indicate larger AA than
CMIP6 models around the year. In all months, the observed
AA43 falls to the upper 25 % of the CMIP6 ensemble, and even to
the top 5% in April, May, June, and August. The monthly
comparison of observations to CMIP5 models indicate even more
pronounced underestimation of AA, especially in the melting

Likelihood of observed Arctic ampliﬁcation 1979–2021 in climate model simulations. How likely is the nearly four-fold
warming in the Arctic, as observed in 1979–2021? To answer this
question, we investigate all possible AA43 ratios starting after
1970 and ending by 2040 from all four climate model ensembles
(see Section “Comparison between simulated and observed Arctic
ampliﬁcation”). While these 43-year periods overlap, and therefore not fully independent, we consider all these periods together
because the internal climate variability is not expected to be in
phase in models and observations.
In the CMIP5 simulations, there are only three realizations
which simulate equally strong AA as observed between 1979 and
2021, even when the longer time window from 1970 to 2040 is
allowed. This means that AA greater than or equal to the
observed value of 3.8 occurs with a probability of p = 0.006 across
the models (Fig. 6a). For CMIP6, we obtain a probability
p = 0.028 for the occurrence of AA ≥ 3.8. If only one realization
per model were used in CMIP6, the probability is p = 0.015 (Fig.
S8). Thus, the CMIP6 models seem to reproduce the observed
AA43 marginally better than CMIP5 models, consistent with the
higher sensitivity of sea ice loss to cumulative CO2 emissions and
global warming in the CMIP6 than in CMIP5 models33.
Nevertheless, the likelihood of a fourfold warming in the Arctic
in CMIP6 models remains still very small, indicating that the
recent Arctic ampliﬁcation in 1979–2021 is either extremely
unlikely or the climate models systematically tend to underestimate AA.
The spread of simulated AA in CMIP5 and CMIP6 realizations
arises from both internal climate variability and the inter-model
spread. To assess the role of internal variability in the AA
uncertainty, we next consider the two single-model initialcondition large ensembles (hereafter SMILEs). The individual
members of SMILEs are initialized from different initial
conditions with identical external forcing; thus the spread in
these ensembles is solely due to internal variability51,52. In
principle, SMILEs are thus powerful tool to quantify the internal
variability of the climate system.
Looking at the spreads of AA43 in SMILEs, we ﬁnd that they
explain a majority of the total CMIP5 and CMIP6 spread,
suggesting that the model uncertainty plays a relatively small role
in this comparison (Fig. 6). The observed AA43 in 1979–2021 (red
line) is fully outside the spread of MPI-GE (Fig. 6c), thus giving a
probability p ≈ 0.00. This means explicitly that MPI-GE does not
capture the observed Arctic ampliﬁcation as none of its 100
ensemble members can simulate sufﬁciently strong AA43 in any
43-year periods between 1970 and 2040.
For CanESM5, AA43≥ 3.8 occurs with a probability of
p = 0.054 (Fig. 6d). However, it is known that CanESM5 has a
particularly high equilibrium climate sensitivity53, which indicates considerable higher rates of warming both in the Arctic and
the globe compared to other models with the same external
forcing (Fig. S5 and S9). Thus, while some members of
CanESM5 simulate realistic AA43, they do so in a modelled
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Fig. 6 The probability of observed Arctic ampliﬁcation in the climate model ensembles. Frequency distributions of all possible 43-year AA ratios
between 1970 and 2040 in (a) CMIP5, (b) CMIP6, (c) MPI-GE, and (d) CanESM5 ensemble. The red line denotes the observed 43-year AA ratio, as
calculated for 1979–2021.

climate which is warming much faster than the real world (Fig.
S9d). In addition, the behaviour of simulated AA43 ratios in
CanESM5 differ from those in other models: while in CMIP5,
CMIP6 and MPI-GE simulations the most extreme AA43 values
tend to occur in the beginning of 21st century, in the
CanESM5 simulations AA is generally at its lowest in the
beginning of the 21st century and intensiﬁes towards 2040
(Fig. 3d).
A robust statistical test (see Section “Comparison between
simulated and observed Arctic ampliﬁcation” and Supplementary
Methods) yields further support for the evidence that climate
models as a group underestimate the present Arctic ampliﬁcation.
The test has been tailored to properly take into account the two
main sources of uncertainty: the internal climate variability and
the model uncertainty. The test returns p values of 0.00 for
CMIP5 and 0.027 for CMIP6. When the test is further applied for
the two SMILEs, we obtain p values of 0.00 and 0.091 for MPIGE, and CanESM5, respectively. Thus, we can reject the null
hypothesis at the 5 % level for CMIP5, CMIP6 and MPI-GE
ensembles. This provides additional evidence that climate models,
as a group, are not able to reproduce the observed AA43 even
when properly accounting for the internal variability and the
model uncertainty.
Finally, we acknowledge that the p values calculated with the
statistical test are dependent on the starting year of the trends.
Here we used the 43-year trends calculated over 1979–2021,
which showed large discrepancy (and thus low p values) between
the observations and model realizations. The longer trends, which
should in principle better reﬂect the externally forced response of
the climate system, show a closer agreement (and evidently higher
p values) with the climate models (Fig. 4). However, going back in
time from 1979 increases the observational uncertainty, and the
resulting linear trends do not fully represent the recent warming
period in the Arctic due to a non-linear evolution of the
temperature (Fig. 1a).
Discussion
We present evidence that during 1979–2021 the Arctic has been
warming nearly four times as fast as the entire globe. Thus, we
caution that referring to Arctic warming as to being twice as fast
as the global warming, as frequently stated in literature, is a clear
underestimation of the situation during the last 43 years since the
start of the satellite observations. At a regional scale, areas in the
Eurasian sector of the Arctic Ocean have warmed even up to
seven times as fast as the globe (Fig. 1c).
6

There are two main reasons why our calculation of AA is
greater than the earlier estimates generally referenced in literature: (1) the earlier estimates may be outdated due to continued
warming in the Arctic (Figs. 1a and 3), and (2) the period of
interest and the area of the Arctic can be deﬁned in multiple ways.
We used the satellite era (1979–2021) when the remote sensed
observations from the Arctic are available, and deﬁned the area of
the Arctic using the Arctic Circle as the southern boundary
(66.5∘–90∘N). With these parameters, the observed rate of
warming in the Arctic is 3.8 times as strong as the global average
(Table 1). A more inclusive deﬁnition for the Arctic (e.g., >60∘N)
would yield smaller ratio (3.2 for 60∘N, see Fig. 2a), but this
include more land areas where the sea ice loss feedback is absent.
The advanced interpolation methods in the observational
datasets54,55 mean that we now have an improved estimate of the
warming trends in areas with scarce data such as the Arctic.
However, although the modern observational datasets used in this
study produce a spatially comprehensive temperature ﬁelds for
the Arctic, the low number of observations, particularly from the
ice-covered Arctic Ocean, implies that the estimates can have
substantial uncertainties. For example, Simmons et al.42 discusses
the peculiar cooling, or the lack of warming trend in ERA5 in the
area north of Greenland, and link this with questionably low
values of the sea ice concentration in ERA5 prior to 1990. This
inconsistency in the temperature trends is also visible in our study
(Fig. S2d). On the other hand, it has been evaluated that out of
ﬁve different reanalysis datasets, ERA5 performs the best over the
open Arctic ocean56. ERA5 was also found to generally describe
well the temporal and spatial characteristics of near-surface
temperatures in the Arctic in 1979–201431. Nevertheless, when
averaging the temperature trends across the whole Arctic, the
inconsistencies in the regional trends appear to cancel out. As a
result, the regional averages are surprisingly well aligned (Fig.
S4a). Still, we acknowledge the possibility that the observed
temperature trends may have common biases for example over
the polar ice cap that can affect the magnitude of observed AA,
and thus also the model vs. observation differences.
One potential factor increasing the observed AA is the hiatus
phase in global warming that occurred between about 1998 and
201257, although the existence of the hiatus has been questioned
by a thorough statistical analysis58. Nevertheless, in these years
global mean temperature rose more slowly, which acts to reduce
the denominator of Eq. (1) for the entire period 1979–2021.
According to a previous study59, an important contributing
factor to the hiatus was the low sea surface temperature in the
equatorial Paciﬁc Ocean. Nevertheless, the impact of tropical
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Paciﬁc temperature anomalies did not extend to high northern
latitudes where warming continued unabatedly (Fig. 1a), keeping
the numerator of Eq. (1) large.
Our results demonstrate that climate models as a group tend to
underestimate the observed Arctic ampliﬁcation in the 1979–2021
time period, i.e. since the beginning of the recent period of global
warming. This is also true for the latest CMIP6 models despite the
fact that some of these models better reproduce the absolute
warming rate in the Arctic. However, those models that show
plausible Arctic warming trend typically have too much global
warming as well when compared to observations. In contrast, those
models that simulate global warming close to that observed, generally have too weak Arctic warming (Fig. S9). Thus, our results
show that most climate models are unable to simulate a fastwarming Arctic simultaneously with weaker global warming, as
found earlier for the relationship of Arctic sea ice decline and global
atmospheric warming34. Most strikingly the underestimation was
true for the CMIP5 and MPI-GE ensembles, which altogether
included only three realizations simulating as high AA as observed
in 1979–2021. These results, i.e., lower AA in CMIP5 and CMIP6
models compared to the observations, are consistent with earlier
studies38,40,41. Nevertheless, we also found that the discrepancy in
AA between climate models and observations is smaller when
calculated over longer periods, such as 1950–2021 (Fig. 4).
The physical mechanisms behind the underestimation of AA in
climate models remain unknown, but may be related to, e.g.,
errors in the model sensitivity to greenhouse gas forcing and in
the distribution of the forced heating between the atmosphere,
cryosphere and the ocean, and in different heights/depths in the
atmosphere/ocean. Moreover, internal variability or uncertainties
in observations may also contribute to the difference in AA
between climate models and observations.
We found that the recent near-surface Arctic ampliﬁcation
ratio is about 40–50% stronger than the multi-model mean
ampliﬁcation derived from CMIP5 and CMIP6 ensembles (Fig. 3
and Table 1). If assuming that these multi-model means represent
the externally forced signal for AA, our ﬁndings suggest that the
unforced climate variability has played a large role in intensifying
the recent ampliﬁcation. This resonates with the results by Ding
et al.37 who found that internal climate variability has contributed
to about 40–50% of observed multi-decadal decline in Arctic sea
ice over 1979–2013. There is also evidence that climate models
underestimate the multi-decadal internal variability of the
extratropical atmospheric circulation60,61, thus potentially
underestimating the temperature variability in the Arctic as well.
Nevertheless, if the internal variability indeed proves to be an
important source for the difference of AA between the model
simulations and observations, one can expect that the observed
AA will be reduced in the long term, along with the reduction of
the ratio of forced to unforced climate change.
Further, the inability of climate models to simulate realistic AA,
here deﬁned in terms of 2-m air temperature, may have implications for future climate projections. Speciﬁcally, the tug of war
between the near-surface AA and upper-tropospheric tropical
ampliﬁcation of climate warming over the future changes in storm
tracks62,63 projected by climate models may be biased towards the
forcing by tropical warming, implicating that both projected storm
track changes and associated regional climate changes may be
biased. Our results call for more detailed investigation of mechanisms behind AA and their representation in climate models.
Methods
Observational data. For the near-surface air temperature, we used three in-situ
temperature records and one reanalysis dataset. For in-situ datasets, we used NASA’s
Goddard Institute for Space Studies Surface Temperature version 4 (GISTEMP)64, the
Berkeley Earth temperature dataset (BEST)54, and the Met Ofﬁce Hadley Centre/

Climatic Research Unit version 5.0.1.0 (HadCRUT5)55. In these datasets, near-surface
air temperature is based on a combination of 2-m temperature observations over land
and sea surface temperature (SST) observations over the ocean.
GISTEMP spatially extrapolates temperatures into unmeasured regions using a
1200-km radius of inﬂuence for the stations. BEST employs kriging-based spatial
interpolation, and HadCRUT5 uses their own statistical inﬁlling method. In all
these datasets, areas of sea ice are treated as if they were land, and SST observations
are used and extrapolated only at the grid cells which are ice free. The coverage of
sea ice is obtained from Met Ofﬁce Hadley Centre sea ice and sea surface
temperature data set, HadISST265.
In addition to the three purely observational datasets, we used ERA5
reanalysis66, which has been produced by the European Centre for Medium-Range
Weather Forecasts. We used monthly mean 2-m temperature ﬁelds in the native,
0.25∘ horizontal resolution. The ﬁrst release of ERA5 covers the years from 1979 to
the present, but a preliminary extension for 1950–1978 was recently released43. We
used the whole time series, from 1950 to 2021. All the observational temperature
datasets used are listed in Table S1.
To assess the accuracy of the four datasets applied in our study (GISTEMP,
BEST, HadCRUT5, ERA5) in the Arctic, we conducted a validation against the
Global Historical Climatology Network monthly (GHCN-M) station data67. We
used the station data which was bias-adjusted for non-climatic effects (indicated by
the sufﬁx “.qcf” in the GHCN-M database). We selected all the stations located
north of 66.5∘N that had at least 39 years of data over the 43-year period of
1979–2021. In total, these criteria resulted in 87 stations. We calculated the
temperature trends for each station, and compared them with the average across
the four gridded datasets. These results are shown in Fig. S1. The median difference
between the trends estimated from the gridded data and the 87 station observations
(gridded minus stations) is −0.019 ∘C decade−1. Therefore, we conclude that the
average of the four gridded temperature datasets generally captures well the
temporal trends of the near-surface mean temperature in the Arctic, which makes
it suitable to be used as a basis of our study.
Climate model data. We compared the observed temperatures to four climate
model ensembles, which are listed in Table S2. These ensembles are (i) one realization from each model in the CMIP5 multi-model ensemble68, (ii) all available
realizations from each model in the CMIP6 multi-model ensemble69, (iii) the 100member Max-Planck Institute Grand Ensemble (MPI-GE)70, and (iv) the 50member Canadian Earth System Model version 5 (CanESM5)53. CanESM5 is a part
of CMIP6 ensemble but we examine it separately because the large ensemble size
provides an opportunity to highlight the role of internal variability. Thus, in our
analysis, CanESM5 was not included in CMIP6. MPI-GE and CanESM5 were
chosen as they provide large ensembles for RCP4.5 or SSP2-4.5 emission scenarios
and represent opposite sides of the equilibrium climate sensitivity with 2.8 K70 for
MPI-GE and 5.6 K for CanESM553. Our key results were not notably affected if
CanESM5 was considered as a part of CMIP6.
All four climate model datasets consisted of historical simulations (1950–2005
for CMIP5 and MPI-GE, and 1950–2014 for CMIP6 and CanESM5) and future
projections forced by the RCP4.5 scenario for CMIP5 and MPI-GE, and SSP2-4.5
for CMIP6 and CanESM5 (Table S2). As we focus only on the pre-2040 period, our
main results do not markedly depend on the choice of the emission scenario. In all
climate model datasets, monthly averaged data for 2-m air temperature were used.
The list of all the CMIP5 and CMIP6 models used can be found from the
supplement Tables S3 and S4.
We acknowledge that the three in-situ temperature records (GISTEMP, BEST
and HadCRUT5) do not provide a fully like-for-like comparison to climate models
since the in-situ datasets report a blend of land 2-m temperature and SST, whereas
the model output is the 2-m air temperature (SAT). According to Cowtan et al.71,
the global warming trend derived from the model blended ﬁelds are about 7 %
lower than the trend from the model SAT ﬁelds over the 1975–2014 period. To
reduce the potential impacts of this difference, we conducted our analysis also with
ERA5 reanalysis data which provides like-for-like comparison to climate models.
Deﬁning the Arctic ampliﬁcation. We follow the recommendation of Smith
et al.72, and deﬁne Arctic ampliﬁcation (AA) as the ratio of Arctic warming to the
global-mean warming:
AA ¼

dT=dt A
dT=dt G

ð1Þ

where dT/dtA and dT/dtG are the slopes of linear trends of near-surface temperature, calculated using a least-squares ﬁtting for the annual and monthly mean
values for the Arctic and global domain. The trends were calculated for different
time periods (see Fig. 2a), but 43-year AA ratios (hereafter referred to AA43) were
chosen to be of the primary interest, because (i) 43 years covers the majority of the
recent warming period when the warming has been approximately linear (Fig. 1a),
(ii) the reanalysis products, such as ERA5, are known to be more reliable during
this period because satellite remote sensing data on atmospheric variables and sea
ice concentration have become largely available since 197973, and (iii) there is
disagreement between ERA5 and the three in-situ datasets in the Arctic prior to
1979 (see Fig. 1a). Furthermore, the deﬁnition of AA naturally only makes physical
sense if there is global warming on which Arctic warming is superimposed.
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Therefore, those modelled AA ratios for which the global warming trend was not
signiﬁcant according to non-parametric Mann-Kendall test74 were neglected.
While different areal deﬁnitions for the Arctic exist, we use the area encircled by
the Arctic Circle (66.5∘–90∘N) as the primary deﬁnition of the Arctic, because this
is the area that most scientists consider the Arctic75, and it is one of the deﬁnitions
used by AMAP76. The ﬁfth assessment report (AR5) of the Intergovernmental
Panel on Climate Change deﬁned the Arctic as the region poleward from 67.5∘N77,
and AR6 used 67.7∘N as the southern boundary78. For a sensitivity assessment, dT/
dtA was also calculated using different deﬁnitions for the southern boundary of the
Arctic, ranging from 55∘N to 80∘N (Fig. 2a).
Comparison between simulated and observed Arctic ampliﬁcation. We compare the simulated AA with observations using two approaches. In the ﬁrst
approach, we extract all possible AA43 ratios for the 43-year periods starting from
1970 and ending by 2040 from all four climate model ensembles. Accordingly,
there are 29 43-year periods in total, which are overlapping partly with each other
(1970–2012, 1971–2013, ..., 1998–2040). The time window of 1970–2040 was
chosen to avoid the nearly ice-free climate conditions later in the 21st century, the
comparison of which with the currently-observed values would be meaningless.
The starting year 1970 reﬂects approximately the time when the recent period of
sustained global warming has started79. All possible 43-year time windows were
considered because the internal climate variability in the models is not expected to
be in phase with the real climate system. Using all realizations and the 29 different
43-year periods gives us an opportunity to assess in total 11020 simulated AA43
ratios (29 periods x 380 realizations), with a sample of 1044 in CMIP5, 5626 in
CMIP6, 2900 in MPI-GE, and 1450 in CanESM5. The probabilities are calculated
as the number of simulated AA43 equal to or greater than the observed AA43,
divided by the total number of simulated AA43 ratios. For the CMIP6 ensemble, the
probability has been calculated ﬁrst for each model separately, then taking the
average across the models. This gives a weight of 1 for each model.
To further assess the robustness of our ﬁndings, we utilize an alternative statistical
test employed earlier for global warming80 and for sea ice trends36 as a second
approach. The details of the test are fully explained in the Supplementary Methods. In
the test, we compare the observed AA43 in 1979–2021 to the values of AA43 over the
same period simulated by the climate models belonging to the four datasets. The null
hypothesis of the test is that the observed and simulated AA ratios are equal,
assuming that the models are exchangeable with each other. The differences between
the observed and simulated AA ratios have p-values which tell the evidence against
the null hypothesis. The smaller the p-value, the stronger is the evidence against the
null hypothesis. We use p = 0.05 as a threshold to reject the null hypothesis.
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