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Abstract Arctic Amplification (AA) in the first decade of the 21st century has reached values between 4
and 5, with a subsequent decrease to current values of about 3.6, while the value was from 2 to 3 during the
twentieth century. The ensemble mean of the CMIP6 models has difficulty in reproducing the recently observed
high values of the AA. In this report, we identify the main reason for this difficulty to be the CMIP6 models
overestimate of the mean global temperature trend since about 1990. The largest values of the AA are observed
in winter and spring. A sharp AA peak in 1987 spring was caused by a peak in the Arctic temperature trend
occurring at the same time as a dip in the trend of mean global temperature. The winter AA has increased
almost monotonically since 1990. Dividing the AA between the Arctic land and ocean areas shows that the
ocean area makes a larger contribution to the AA. Our future projection of the AA suggests an increasing AA
for about the next decade, followed by a slow decrease to about 3.5 in the 2050s.

Plain Language Summary The Arctic is warming faster than the average warming of the whole
earth. The Arctic Amplification (AA) is defined as the ratio of the Arctic to global mean warming rates. Thus,
the AA increases when the rate of Arctic warming increases, when the rate of global warming decreases, or
when both happen at the same time. For most of the twentieth century, the AA was between 2 and 3. However,
during the first few years of the 21st century, the AA has reached over four. The current climate models are
not able to reproduce the observed early 21st-century high values of AA. We find that the main reason for this
difficulty is the models' overestimate of the global warming rates after 1990.

1. Introduction

The Arctic temperature is increasing faster than the global mean temperature (AMAP, 2021; Bengtsson
et al., 2004). Climate models have been used to understand the changing climate in the Arctic region (e.g.,
Graversen & Wang, 2009; Hahn et al., 2021; Holland & Bitz, 2003). The Arctic Amplification (AA) is usually
defined as the ratio of the Arctic temperature trend to the mean global temperature trend (Chylek et al., 2009, 2014;
Masson-Delmotte et al., 2006; Pithan & Mauritsen, 2014; Previdi et al., 2021; Serreze & Barry, 2011; Stuecker
et al., 2018).

Although the AA has been a topic of considerable research effort, an unambiguous definition of the AA has been
lacking. The area of the Arctic has not been agreed upon, and a time span over which the trends are taken has not
been defined. The Arctic area over which the averages are calculated varies usually between 60°N and 70°N, with
some researchers choosing the Arctic Circle (66.5°N) as a boundary of the Arctic. As a compromise and in agree-
ment with our earlier publications we chose for this report the region between 65°N and 90°N as the Arctic area.

In Chylek et al. (2022), it has been shown that if the time span for which the trends are calculated is larger than
36 years, the steps in AA are averaged out, while for time spans shorter than 17 years, the AA becomes unstable
due to the trend of the mean global temperature crossing a zero point. Thus, as in our earlier publication, we use
21-year running temperature trends in this report.
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As discussed earlier, climate models have played a major role in the study of the AA (Cai et al., 2021; Graversen
& Wang, 2009; Hahn et al., 2021; Holland & Bitz, 2003; Ye & Messori, 2021). A decreasing Arctic sea-ice and
ice albedo feedback (Dai et al., 2019; Ding et al., 2019; Johannessen et al., 2016; Kumar et al., 2010; Perovich
et al., 2007; Vihma, 2014), and heat transport to the Arctic (Mewes et al., 2019; Piston et al., 2019; Polyakov
et al., 2017; Tsubouchi et al., 2020) have been suggested as causes of changing AA.

Although the AA has been considered to vary between about 2 and 3, a few recent papers have brought to light
recent greater values of AA of around 4 (Chylek et al., 2022, 2023; Isaksen et al., 2022; Rantanen et al., 2022).
Many causes have been suggested to explain the variability of the AA. Nevertheless, its origin and variability are
at this point quite uncertain.

In our recent paper (Chylek et al., 2022), we have reported that (a) the AA has increased in two jumps since
1970, (b) the AA reached high values during the early years of the 21st century, and (c) the ensemble-mean of the
CMIP6 (Coupled Models Inter-comparison Project Phase 6) simulations do not reproduce high values of the AA
in the early 21st century. In that paper, we did show what was happening, but without questioning why.

In this communication, we suggest the reason why the climate models have difficulties in reproducing high AA
values in the early years of the 21st century. The reason is that the ensemble mean of the CMIP6 models overes-
timates the rate of global warming since about 1990. Since the AA is defined as a ratio of the Arctic to the global
temperature trend, the overestimation of the trend of global warming will cause the models' simulated AA to be
underestimated. Thus, while the observed AA reaches almost 5, the CMIP6 model-simulated AA stays between
2 and 3. When the CMIP6 simulated global temperature trend is replaced by the observed trend in the expression
for the AA, the AA nearly reaches the observed value (Figure 3d). We also explain the origin of the steps in AA
observed and reported in Chylek et al., 2022, and we make a new projection of the AA up to 2050, which is higher
than earlier projections.

2. Data and Methods

Most of the past research has considered AA as the ratio of linear trends of the Arctic and global mean temper-
ature with a typical time scale of 30-50 years. To capture the AA changes on a bi-decadal and shorter time
scale, we define the AA as the ratio of the Arctic to the global mean temperature 21-year moving trends (Chylek
et al., 2022).

Thus, the AA is given by

AA = Trend(ARCT)/Trend(GL) 1)

where Trend(ARCT) and Trend(GL) stand for the 21-year moving average Arctic and global mean temperature
trend.

As described above, the calculated AA depends on the geographic extent of the Arctic. Figure 1a shows how the
AA varies when the southern boundary of the Arctic is changed between 60°N and 70°N. This shows that the
more the boundary is moved southward, the lower the AA will be. We consider the Arctic to be the area north
of 65°N.

The AA also varies depending on which of the available temperature records is used (Figure 1b). When the AA
is calculated using the HadCRUTS (Morice et al., 2021) or the NASA GISS data (Lenssen et al., 2019) with a
1,200 km homogenization radius, the obtained AAs are close to each other. When the HadCRUT temperature
data are complemented by the method suggested by Cowtan and Way (2014), the calculated AA within the last
few decades is higher, reaching over five, and with the data provided by NOAA v5 the AA is lower. The aver-
age of AAs with the use of all four data sets is close to AA calculated from the HadCRUTS and NASA GISS
data (Figure 1b). In the following, we use the HadCRUTS temperature data to derive the AA and we call it the
“observed” AA.

Since the AA is defined as a ratio of two trends, it can increase if the trend of Arctic mean temperature is increas-
ing or if the trend of the global mean temperature is decreasing. The fastest growth of the AA will occur when
the Arctic warming trend increases at the same time the global warming trend decreases. Of course, the AA as a
ratio of two numbers, is defined only where the denominator (the trend of global temperature) is non-zero. Thus,
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Figure 1. (a) The Arctic Amplification (AA) derived using the HadCRUTS5 temperature data and different definitions of the southern boundary of the Arctic region. (b)
The AA using the specified temperature data sets and the average AA (red line).

it is customary to define the AA only for the post-1970 years for which both the global and the Arctic temperature
trends have been positive so that AA stays positive.

Climate models within the CMIP6 collection have different numbers of realizations for each scenario considered.
The individual realizations produced by the same model vary significantly from each other. Most realizations
presented in the CMIP6 collection are for the medium scenario SSP2-4.5 (Shared Socioeconomic Pathway 2-4.5),
which is thought to represent the middle path between high and low emissions. In the following analysis, we
use the SSP2-4.5. We calculate the CMIP6 ensemble mean, where the mean of individual model realizations is
obtained first, and after that, the CMIP6 ensemble mean is calculated as a mean of individual models.

To keep the contributions of all models at about the same significance, and to eliminate at least partially the
models' internal climate variability, we use all the CMIP6 models that produced at least three realizations of the
SSP2-4.5 pathway. This leaves us with the 19 CMIP6 models. To demonstrate that our results are robust, inde-
pendent of our selection of models, we have repeated our analysis using only the first realization of all models that
have at least one SSP 245 scenario. The results are shown in Supporting Information S1.

Several recent papers (Chylek et al., 2022; Rantanen et al., 2022) highlighted the fact that the CMIP6 models
have difficulty reproducing the observed early 21st-century high values of the AA. To understand the reason for
this, we compare the models' simulated Arctic and global temperature and temperature trends with observations.

In the CMIP6 collection, the historic simulation ended in 2014. Starting in 2015, the CMIP6 data were patched
with simulations with the above-described SSP2-4.5 scenario. We use the simulations under the above-described
SSP2-4.5 scenario. Most of the CMIP6 models' runs are for this case. The CMIP6 model simulation sets were
downloaded from the KNMI Climate Explorer website.

The observed Arctic surface air temperature anomaly defined in our analysis with respect to the based period of
1961-1990 (Figure 2) as well as Arctic temperature trends are reasonably well simulated by the CMIP6 ensem-
ble mean for the SSP2-4.5 scenario, calculated as described above from the mean of individual models. This,
however, may be partially an unintentional result of a tuning process rather than due to the good skill of models
in replicating key physical processes. Models are generally tuned (via specification of free parameters used to
parameterize complicated physical processes) so that the model's simulation of the mean global temperature
anomaly and other major climate indicators agree as well as possible with their observed values (e.g., Hourdin
et al., 2017). It may happen, for example, that as a result of this tuning some regional temperature anomalies as
well as their trends will also be in better agreement with observation.

3. Results
3.1. The CMIP6 Ensemble Mean Simulation

The CMIP6 model simulated the Arctic temperature trend agrees well with the observed trend (Figure 3a). On
the other hand, the CMIP6 simulation of the global mean temperature trend (Figure 3b) is not so successful. The
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Figure 2. (a) Arctic observed temperature (thick red line), temperature simulated by individual CMIP6 models (thin colored lines), and CMIP6 models mean (thick
black line). The models' simulations are extended till the year 2060. The range of models' projections of the Arctic temperature anomaly in the year 2060 is from 3°C to
9°C. (b) The observed mean global temperature (thick red line), mean of CMIP6 simulations (black thick line), and mean of individual models (thin color lines).

CMIP6 models' ensemble mean overestimates the observed mean global temperature trend after 1990. A modest
mean global temperature overestimate seen in Figure 2b leads to a significant overestimate of the mean global
temperature trend (Figure 3b).

Since the AA is defined as the ratio of the Arctic temperature trend to the mean global temperature trend (Equa-
tion 1), the overestimation of the mean global temperature trend after 1990 resulted in an underestimate of the
AA, as is the case seen in Figure 3c.

To demonstrate that the underestimate of AA by CMIP6 models is a result of the models' overestimate of the
global temperature trend, we define the modified AA where the CMIP6 models' simulated trend of global mean
temperature is replaced by the observed global mean temperature trend. This modified AA (defined by Equa-
tion 2) is denoted by AA* and shown in Figure 3d.

AA™ = CMIP6 Arctic Trend/Observed Global Trend 2)

The modified AA* is in good agreement with the observed AA. The correlation coefficient between the original
CMIP6 AA and the observed AA is r = 0.41, while r = 0.89 between the observed AA and modified AA*.

To estimate the uncertainty of the CMIP6-deduced AA, the standard deviation of the CMIP6 AA (Figure 3c) is
calculated from 19 AA individual CMIP6 models used in the current study.

There are five CMIP6 models that simulate considerably higher temperatures and temperature trends than the mean
of all models (Figures 2 and 3). These are the three variants of CanESMS5, KACE-1-0-G, and UKESM1-0-LL-{2.
Since both the Arctic and the global mean temperature trends are significantly overestimated by these models, the
AA defined as the ratio of trends is not exceptionally high.
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Figure 3. (a) Trends of observed Arctic temperature (thick red line), the mean of the CMIP6 trends simulations (thick black line), and individual models' trends

(thin color lines). The temperature trends and Arctic Amplification (AA) in this figure are plotted at the center of the 21-year running average trend. Thus, using the
temperature data from 1960 to 2060, we get the range of temperature trends from 1970 to 2050. Panel (b) same as in (a) but for the trend of mean global temperature.
The dashed red line is an assumed continuation of the observed trend for the future years needed later for future AA projections. (c) The AA was calculated from the
observed temperature (red line), from individual models (thin lines), and their ensemble mean (black line). The AA uncertainty is represented by one standard deviation
(black dashed line) estimated from 19 individual models' AA. (d) The modified AA* (thick black line) in which the trend of the CMIP6 models' simulations of the
mean global temperature was replaced by the trend of the observed mean global temperature.

In the early years (before 1990), the CMIP6 ensemble mean underestimated the global mean temperature
trend, while it overestimated the Arctic mean temperature trend (Figure 3a). Consequently, in this time
period, the CMIP6-simulated AA overestimates the observed AA (Figure 3c). On the other hand, the domi-
nant feature of the post-1990 time frame is an overestimation of the global temperature trend by the CMIP6
ensemble mean. As a result, the average simulated AA within this period underestimates the observed AA
(Figure 3c).

As has been noted, the main reason that the CMIP6 ensemble mean cannot reproduce the high early 21st century
values of the AA is that the CMIP6 models on average overestimate the trend of recent global warming. The
models' slight overestimation of the rate of Arctic warming is not sufficient to overcome their greater overestima-
tion of the trend of the global mean temperature.

3.2. Arctic Amplification at a Seasonal Resolution

The seasonal AA provides additional insight into the steep increases of the annual AA seen in 1987 and near the
year 2000. The AA at seasonal resolution reaches a maximum of over eight in winter and spring. It had a sharp
peak in the spring of 1987 and a much broader peak in winter between years 2000 and 2009 (Figure 4a). The fall
AA values are limited to below 6, and summer values are below 4.
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Figure 4. (a) Arctic Amplification (AA) in individual seasons (black and brown lines) are connected with the left-hand side scale, and its annual value (red thick line)
with the right-hand side scale. (b) Arctic and global temperature trends in winter, and (c) in spring showing a peak in the 1987 Arctic trend, and a dip in the 1987 global

temperature trend.

The annual AA sharp increase in 1987 is produced by a spring peak in the Arctic temperature trend (Figure 4b)
occurring at the same time as a sharp dip in the global trend. A broad AA peak in the first decade of the 21st
century is due to a gradual increase in the winter temperature trend starting around 1990 (Figure 4c) combined
with a gradual decrease of the global temperature trend within the 1995-2005 decade.

3.3. Arctic Amplification Over the Land and Ocean Areas

The observed Arctic land and ocean area temperatures evolve almost parallel to each other during the entire
time-interval 1900-2022 (Figure 5a). On the other hand, the global ocean and land mean temperatures evolve
parallel to each other during the 1900-1990 time span and then start to diverge quite clearly after 1990
(Figure 5b), much as is shown for unfiltered slightly different data in the Sixth Assessment Report of the Inter-
governmental Panel on Climate Change (Gulev et al., 2021). The main reason for the divergence in land and
ocean warming rates is the considerably faster response of land to the relatively sudden increase in the net forcing
rate due to increasing greenhouse gases and some decrease in anthropogenic aerosols that started around 1980
(Folland et al., 2018). The global mean temperature response usually used in AA calculations is dominated
by the oceans, giving a global mean land and ocean temperature response with a lag of about 4 and 10 years
(Boucher et al., 2009; Folland et al., 2018). This explains Figure 5b. However, as noted above, by contrast, the
21-year moving trend of the Arctic mean temperature is not greatly different between the land and ocean points
in the Arctic (Figure 5c), probably because the Arctic Ocean warming is additionally affected by the reductions
of albedo caused by decreasing sea ice concentrations and extents, a positive feedback of increasing green-
house gases (e.g., Dai et al., 2019; Ding et al., 2019; Kumar et al., 2010; Matveeva & Semenov, 2022; Notz &
Stroeve, 2016; Overland et al., 2011; Screen & Simmonds, 2010).

The split of global warming between the land and the oceans after 1990 shows much faster warming over land
leading to a large increase in the temperature trend over land. Figure 5b also shows the global warming slowdown
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Figure 5. (a) Arctic temperature anomaly according to HadCRUTS over the sea, land, and the whole Arctic. The annual data are smoothed by a 3-year moving average.
Panel (b) Same as in (a), but for global mean temperature anomaly. (c) 21-year moving trends of the Arctic temperature over the sea, land, and the whole Arctic are
calculated from annual temperature data. (d) Same as in (c), but for global mean temperature moving. (¢) The Arctic Amplification (AA) over the ocean, land, and

the whole Arctic was calculated as a ratio of the 21-year moving trends of the Arctic Ocean-area temperature trend, or the Arctic land trend over the trend of global
temperature using the HadCRUTS temperature data. (f) Same as in (e), except using the Arctic Ocean temperature trend over the temperature trend of the global ocean,
and similarly for the Arctic temperature trend of the land over the trend of global land temperature. All data are plotted at the middle of the 21-year trends.

from about 2000 to 2013—also known as the “global warming hiatus”—which as suggested by extensive obser-
vational and modeling studies, was substantially influenced by the cooling effects of the negative phase of the
Interdecadal Pacific Oscillation (IPO), as well as several less important factors that also affected the land compo-
nent like solar and volcanic forcing (e.g., England et al., 2014; Folland et al., 2018; Fyfe et al., 2016; Kosaka &
Xie, 2013; Santer et al., 2014; Trenberth & Fasullo, 2013). However, the rate of warming of the oceans after the
early 1980s shows a multidecadal reduction followed by a recovery around 2005 (Figure 4d, blue line), based on
a 21-year running trend. This appreciably influences the AA calculated relative to the global mean temperature
(Figure 5f) as the oceans contribute more than 70% to this quantity. When referring to global mean temperature,
the maximum AA varies between about 4 and 5.5 depending on the component of Arctic temperature used
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(Figure 5e). However, when Arctic Ocean temperature and global ocean temperature are used AA reaches at least
7 (Figure 5f) consistent with the reduction in ocean warming rate in Figure 5d and related in part to the state of
the IPO. Thus, by separating the AA between the land and the ocean contributions, we find as expected, greater
variability in AA over the ocean.

3.4. Future AA Projection

It is not easy to project the future AA behavior. We have seen that the reason that the CMIP6 ensemble mean of
model simulations does not reproduce the high AA values in the early years of the 21st century is the models'
overestimate of the trend of global mean temperature. The CMIP6 model ensemble mean simulated the 1975—
2022 linear trend of Arctic mean temperature within 1% of the observed value, while the simulated trend of the
global mean temperature is overestimated by about 26%. When the observed global temperature trend replaces
the model-simulated CMIP6 global temperature trend, the agreement between the CMIP6 model-simulated and
the observed AA is significantly improved.

Since the CMIP6 ensemble mean is not able to simulate correctly the past AA, we cannot assume that it would
nevertheless correctly represent the future trend. However, we have seen that the CMIP6 simulation of the AA
using the CMIP6 Arctic temperature trend ratio against the observed global temperature trend has been more
successful in approximating the observed AA. Therefore, to estimate future trends, we use the CMIP6 Arctic
temperature future projection together with an approximation for the global temperature trend based on past
global temperature data. Within the 1975-2022 period, the global temperature increased at the rate of about
0.18K/decade, and we shall assume here that this rate of increase will hold about steady until 2050 (red dashed
line in Figure 3b).

Using the above-defined approximation for the mean global temperature trend and the CMIP6 ensemble mean for
the Arctic temperature, we obtain the AA* projection to 2050 as shown in Figure 3d. From the current AA value
of about 3.6, the AA* is projected to rise up to about 4.3, reaching its maximum value around 2020, with a modest
decrease to between 3.5 and 4.0 by 2050. Using the mean global temperature projected by the CMIP6 ensemble
mean (solid black curve in Figure 3d), the AA up to 2050 is limited to values between 2 and 3. A similar result
was recently reported by Davy and Griewank (2023).

Both studies project that future AA will increase from current values, followed by a decrease toward 2050. This
projection assumes the global warming trend remains constant at its current value. Considering the past perfor-
mance, we assign a higher probability to the AA* path projected by the model with the CMIP6 Arctic temperature
trend over an assumed constant future global temperature trend. If the global temperature trend increases in the
future, the AA* will be reduced accordingly.

4. Conclusions

The CMIP6 climate models have difficulty reproducing the observed high values of AA in the early 21st century
(Chylek et al., 2022; Rantansen, 2022). In this report, we find that the Arctic temperature trend is reproduced by
CMIP6 models correctly (Figure 3a); however, the global temperature trend is significantly overestimated by the
ensemble mean of CMIP6 models (Figure 3b). A high CMIP6 global temperature trend keeps the CMIP6 AA
low (between 2 and 3 instead of between 4 and 5) (Figure 3c¢). When a high CMIP6 global temperature trend is
replaced by an observed trend the AA reaches up to 5 (Figure 3d). Since none of the CMIP6 models can repro-
duce high AA values in the early years of the 21st century (Figure 3c), it is likely that these high AA values are
due to internal climate variability, rather than external forcing.

The AA changed in two steep steps in the late 1980s and again during 1995-2000 (Chylek et al., 2022). The first
steep increase of AA in the late 1980s was caused by an increasing rate of Arctic warming and a simultaneous
decreasing rate of global warming during the spring season (Figure 4b). The second steep increase in the late
1990s was due to a decade-long increase in the winter trend of Arctic warming (Figure 4c). A recent post-2008
decrease of the AA follows a decrease of the Arctic rate of warming and a simultaneous increase of the global
warming rate. By considering separately the AA over land and ocean, we confirm that the AA has been influ-
enced more by temperature changes over the Arctic Ocean than over the land.

Finally, what is the future of the AA? Will it continue to rise to even higher values? That is not likely. Our analysis
suggests an increasing AA for about the next decade, followed by a slight decrease until about 2050.
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