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Abstract

Arctic and Antarctic climate evolution is crucial for understanding global cli-
mate dynamics. This study grounds in the framework of Gadea and Gonzalo
(2020, 2025) to analyze different distributional characteristics (beyond the av-
erage) of polar temperature measurement as time series objects, enabling the
definition and robust testing of polar warming, its acceleration, and amplifica-
tion. Our findings provide a quantitative description of the warming processes
affecting the polar regions. The research examines measurements of temper-
ature in the Arctic (1900-2019) and the Antarctic (1960-2022). Key findings
include: (i) Clear Arctic warming since 1900 across all quantiles, with more
pronounced warming in lower quantiles since 1950. No significant warming was
observed in Antarctica in all of the temperature quantiles; (ii) Arctic warm-
ing acceleration since 1960, particularly in lower and middle quantiles, with no
apparent peak reached yet; (iii) Consistent Arctic amplification is slightly be-
low 2 and stable across analyzed periods. Lower quantiles (corresponding with
winter in the higher latitudes) show larger amplification than the mean. Since
1960, amplification has extended to upper quantiles, except the 90th and 95th
percentiles; (iv) Analysis of the internal Arctic amplification shows that this
is primarily a lower-quantile phenomenon, Arctic amplification is stronger in
higher latitude winters and this affects the speed at which the ice in the Arctic
is disappearing.

The study’s amplification estimates are lower than some observational stud-
ies but align more closely with climate model projections. The paper concludes
by comparing these results to the equivalent global temperature trends.
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1 Introduction

The Intergovernmental Panel on Climate Change (IPCC, 2022) emphasized the im-
portance of stating of Climate in the Polar regions: “Polar regions (Figure CCP6.1)
are considered flagship areas for climate change, since some of the most extreme
climate change tmpacts that are projected to occur by 2050 elsewhere in the world
have already been observed in the Arctic and Antarctic and have resulted in trans-
formative and unprecedented change. Polar regions are not only home to cultural
keystone species such as polar bears (Arctic) and penguins (Antarctic) but they also
play fundamental roles in requlating the global climate system and in the provision

b

of ecosystem service for the global community...” The same report highlights the
significant changes occurring in polar regions, particularly the Arctic: “Climate
change impacts and cascading impacts in polar regions, particularly the Arctic, are
already occurring at a magnitude and pace unprecedented in recent history (very
high confidence), and much faster than projected for other world regions (high con-
fidencel).” Both statements reflect the critical role polar climate behavior plays in
global climate change, given the Arctic’s interactions with the global climate sys-
tem. The phenomenon of polar amplification—where warming is disproportionately
concentrated at high latitudes—suggests that temperature increases in the Arctic
are more pronounced than in the rest of the Northern Hemisphere. While initially
attributed to the albedo feedback mechanism, polar amplification is now understood
as a complex process with distinct nuances in each polar region.!

A substantial body of literature addresses trends in polar temperatures and the
amplification effect. As it is well-know, this effect is due to Ice-Albedo Feedback,
Lapse Rate Feedback, Cloud Feedbacks, Oceanic Heat Transport and Increased Wa-
ter Vapor. Prominent studies include those by Tuomenvirta et al. (2000), Comiso
(2003), Polyakov et al. (2003), McBean et al. (2005), Steele et al. (2008), Bekryaev
et al. (2010), Yamanouchi (2011), Miller et al. (2010), Serreze (2011), Wang et al.
(2012), Singh (2013), Comiso and Hall (2014), and Matthes et al. (2015). Research
specifically focused on polar amplification is extensive, with notable contributions
from Langen and Alexeev (2007), Francis and Vavrus (2012), Screen (2013), Cohen
et al. (2018, 2019), IPCC6 (2021), Constable et al. (2022), Rantanen et al. (2022),
Liu et al. (2024) and Zhou et al. (2024). Studies exploring its causes and mech-

'For a review of the different causes of the amplification phenomenon, see Cohen et al. (2019)
and Rantanen et al. (2022).
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anisms include Johannessen et al. (2016), Cohen et al. (2019), and Previdi et al.
(2021). Recently, Brock and Miller (2024) have sought to integrate elements of cli-
mate science into economic and econometric models that address this phenomenon.
Other research suggests that the sensitivity of sea ice to seasonal temperature vari-
ability implies that a clearer understanding of distributional temperature trends
is essential for improving sea-ice forecasting and modeling (e.g., Hueze and Jahn,
2024).

Two common conclusions emerge from these studies. Climate change in the
Arctic manifests with the strongest warming trends globally, albeit with nuances.
Methodologically, most studies focus on average temperature trends, often neglect-
ing distributional aspects that could provide additional insights. The range of values
for Arctic Amplification (AA) goes from 1.5 to 4. Our contribution builds on this
foundation by extending the analysis beyond average temperature trends to include
distributional characteristics such as moments and quantiles. Following the frame-
work of Gadea and Gonzalo (2020, hereafter GG2020) and Gadea and Gonzalo
(2025, hereafter GG2025), we model polar temperatures as a functional stochastic
process, extracting distributional characteristics as time series objects.

From a methodological point of view, this work complements recent climate
studies that go beyond average temperatures to analyze the evolution of entire
temperature distributions. For instance, Donat et al. (2012) investigate shifts in
the temperature probability density, while Reich (2012) applies quantile trend re-
gression to detect differential slopes across quantiles. However, these approaches
face limitations: Donat et al.’s method requires long stationary periods, which can
be problematic with non-stationary temperature data, while Reich focuses on the
mean temperature process rather than the full unconditional temperature distribu-
tion. Chapman et al. (2023) treat climate as a dynamic distribution, evaluating
relative changes across quantiles and geographical locations. Nevertheless, their
graphical approach lacks statistical testing for trend trajectories. Ji et al. (2014)
employ multidimensional ensemble empirical mode decomposition (MEEMD) to ex-
tract residual trends and detect warming patterns. However, MEEMD does not
easily enable statistical comparisons of entire temperature distributions or the de-
termination of specific warming types within regions. Our methodology overcomes
these challenges by transforming distributional characteristics into time series ob-
jects. This allows us to test important climate hypothesis and handle with many

types of non-stationarity situations.
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More specifically, this paper presents a robust quantitative methodology, grounded
in the frameworks of GG2020 and GG2025, to rigorously assess the presence, ac-
celeration, and amplification of warming in the Polar regions. In contrast to much
of the conventional climate literature, which tends to emphasize changes in average
temperatures, this approach examines the full distribution of temperature values.
By shifting the focus from mean trends to distributional dynamics, this study of-
fers a more nuanced and precise diagnostic tool for evaluating climate change im-
pacts—particularly in regions such as the Arctic, where extreme values often drive
systemic transformations.

The empirical results reveal a distinct pattern: in the Arctic, there is clear and
robust evidence of warming that extends beyond the mean, with every quantile of
the temperature distribution exhibiting an upward trend. In contrast, Antarctica
shows no statistically significant trends across the distribution, indicating relative
stability over the study period. In the Arctic, warming remains relatively steady
until around 1960, after which a marked acceleration becomes evident across nearly
all quantiles—except for the highest ones (¢90 and ¢95). When the analysis is
extended to global temperatures, a similar acceleration pattern emerges, but in this
case, it encompasses the entire distribution.

With regard to Arctic Amplification (AA), the study finds that this phenomenon
remained relatively stable throughout most of the twentieth century, only beginning
to intensify toward its end. Importantly, the amplification is not uniform across
the Arctic temperature distribution. It is most pronounced at the mean and in all
quantiles below the median. In the latter half of the century, amplification becomes
increasingly evident in the upper quantiles, and by the century’s end, it is observable
across the entire distribution—except for the very highest quantiles (¢90 and ¢95).

The Arctic Amplification (AA) values estimated in this study are slightly below
2, closely aligning with the projections of climate models but falling below some
recent observational estimates, which approach values near 4 (see Rantanen et al.,
2022; Zhou et al., 2024). This discrepancy primarily stems from the higher global
warming trend assumed in our analysis—exceeding 0.3°C per decade—whereas re-
cent studies often adopt a lower trend, typically just under 0.2°C per decade.
Methodologically, a key distinction lies in how amplification is calculated: either
as a simple ratio of Arctic to global temperature increases or via regression of Arc-
tic temperatures on global temperatures. The ratio-based approach complicates the

construction of confidence intervals, particularly when the denominator is close to
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zero. In contrast, the regression-based method allows for more straightforward sta-
tistical inference and is robust to both heteroskedasticity and serial correlation in
the regression residuals (see Appendix for further details). Finally, our analysis is
limited to land-based temperature data and does not incorporate oceanic regions.

A closer examination of the internal structure of Arctic Amplification reveals that
it is largely driven by the lower quantiles of the temperature distribution. These
lower quantiles correspond to winter temperatures in the high latitudes, which are
crucial for processes such as sea ice formation. Thus, the study highlights the
significant role that cold-season extremes play in shaping the overall pattern of
Arctic warming and its amplification relative to the rest of the Globe.

In contrast to the Arctic, the scientific consensus on Antarctic climate change
remains divided. Studies such as Comiso (2000), Trivedi (2002), Steig and Schmidt
(2004), Steig et al. (2009), O’Donnell et al. (2011), Nicolas and Bromwich (2014),
Turner et al. (2016), Easterbrook et al. (2016), and Singh and Polvani (2020) re-
port conflicting trends. While the Antarctic Peninsula exhibits clear and consistent
warming, other regions show evidence of cooling. Overall, Antarctic climate trends
are weaker than those in the Arctic and vary depending on the season and time
period analyzed. Climate models predict smaller warming trends in Antarctica, pri-
marily due to the moderating influence of the Southern Ocean, which absorbs heat
and delays surface temperature increases. Station geography also influences ob-
served trends: significant warming has been recorded in West Antarctica, whereas
cooling trends predominate across much of the rest of the continent. The limited
and uneven distribution of observational data further complicates these analyses.
Notably, the IPCC Sixth Assessment Report (2021), particularly Chapter CCP6,
explores ecosystem effects and adaptation policies in polar regions but does not di-
rectly compare the warming processes in Antarctica and the Arctic (Constable et
al., 2022). Tt states the unique geography, persistent ice sheet, oceanic isolation, and
atmospheric circulation patterns collectively dampen its warming rate compared to
the Arctic. Our station-based approach clearly finds evidence of no warming in
Antarctica.

Several studies address the contrasting climate phenomena in the Arctic and
Antarctic. Pithan and Mauritsen (2014), Salzmann (2017), Yamanouchi et al.
(2020), Walsh (2021) and IPCC (2021) attribute the differences to distinct geo-
graphical and climatic characteristics. The Arctic, as a sea ice-covered ocean, is

particularly vulnerable to feedback mechanisms (Serreze et al., 2007; Miller et al.,



HETEROGENEOUS POLAR AMPLIFICATION 6

2010). Conversely, Antarctica, a high-altitude landmass covered by ice and snow,
experiences moderated surface warming due to the deep and slow-moving ocean
currents that regulate its temperature (Cox et al., 2024). This results reflects the
differences between East and West (e.g., East is high-altitude plateau ice sheet sub-
ject to limited ocean forcing, whilst West is lower-altitude marine-based ice sheets
subject to stronger ocean forcing).

The main findings for the Arctic show both parallels and contrasts with global
temperature trends. In both the Arctic and the world as a whole, all aspects of the
temperature distribution —including average values and extremes— have increased
over time. However, the way these changes have developed reveals important differ-
ences. Across the Globe, warming trends reached a peak around 1970. After that,
the pace of increase largely leveled off, a pattern also noted by Beaulieu et al. (2024).
The Arctic, however, tells a different story. While temperatures have risen at all
levels, the coldest extremes (the lower quantiles) have warmed much more rapidly
than the warmest extremes (the upper quantiles). This has led to a marked decrease
in the interquartile range (igr), meaning that the overall variability in Arctic tem-
peratures has narrowed. In contrast, the global temperature distribution has shifted
more uniformly: both the lower and upper quantiles have increased at similar rates,
so the igr has not changed significantly. Despite these differences, both the Arctic
and the globe have seen an overall acceleration in warming compared to the whole
sample period 1900-2019. Notably, while this acceleration affects all quantiles in
the Globe, in the Arctic the upper quantiles (such as the 90th and 95th percentiles)
have remained stable over time.

The work is designed as follows. Section 2 briefly presents the methodology
used. The empirical application is divided into two sub-sections for the Arctic and
the Antarctic and in each of them data and results for existence, acceleration and
amplification are presented. A final section summarizes the main conclusions. An

Appendix contains additional results and technical details of the AA calculation.

2 Quantitative Methodology

The methodology used in this paper grounds in the quantitative approach introduced
in GG2020, where every characteristic (not only the average) of the temperature
distribution is converted into a time series object. This allows us to define the

important climate concepts in a testable format. For example, warming is defined as
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an increasing trend in some of these distributional characteristics. More technically:

Definition 1. (Warming): Warming is defined as the existence of an increas-
ing trend in some of the characteristics measuring the central tendency or position
(quantiles) of the temperature distribution.’

Temperature is viewed as a functional stochastic process X = (Xi(w),t € T),
where T' is an interval in R, defined in a probability space (£2,, P). A convenient
example of an infinite-dimensional discrete-time process consists of associating £ =
(&n,n € R4) with a sequence of random variables whose values are in an appropriate

function space. This may be obtained by setting
Xt(ﬂ) :gtN_A,_n, OSTLSN, t:O,l,Q,...,T (1)

so X = (X¢,t=0,1,2,...,T). The choice of the period or segment t will depend on
the situation in hand. In our case, ¢ will be the period of a year, and N represents
cross-sectional observations.

Going back to the convenient example and adjusted notation (X¢(n) = Xy, and

n a natural number), the stochastic structure can be summarized in the following

array:
Xoo(w) = &o(w) Xoi(w) = &1 (w) ca Xon(w) = En(w) | Co(w)
Xio(w) = Eny1(w) Xi1(w) = Enya(w) | Xaiv(w) = &n(w) | Cr(w)
Xoo(w) = &any1(w) Xo1(w) = Langa(w) | Xanv(w) = & (w) | Co(w)
(2)
Xro(w) = §r_1yvt1(w) | Xri(w) = §r_pyne(w) | - .. | Xrn(w) = Ern(w) | Cr(w)

where the distributional characteristics (Ct(w)) represent the state mean, the state
variance, the state kurtosis, the state quantiles, etc. To detect the existence of
warming, that is to say, a trend component in a characteristic Cy of X; we use the
following test:

Definition 2. (Practical trend test, TT): A characteristic Cy of a functional stochas-
tic process Xi contains a trend if in the least square regression,

Cir=a+8*t+uwu, t=1,...,T, (3)

2The trend —and, by extension, the warming— can be detected in any characteristic of the
distribution. GG2025 define a typology of warming based on the significance of trends across
various distributional characteristics.
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B = 0 is rejected according with the t-statistic tg—o whose distribution under the
null (null) is asymptotically normal.

Notice that when C} correspond to some characteristics measuring the central
tendency or position (quantiles) an ¢ years, the units of the slope coefficient 5 are
Celsius degrees per year.

GG2020 shows that a simple Z;.4(g—0) is able to detect most of the existing de-
terministic trends (polynomial, logarithmic, exponential, etc) and also the trends
generated by any of the three standard persistent processes considered in the lit-
erature (see Miieller and Watson, 2008): (i) fractional or long-memory models
(1/2 < d < 3/2); (ii) near-unit-root autoregressive (AR) models; and (iii) local-
level models.

Several remarks are relevant with respect to this practical definition: (i) regres-
sion (3) has to be understood as the linear least square approximation of an unknown
trend function h(t) (see White, 1980); (ii) the parameter J is the plim of Bols; (iii)
if the regression (3) is the true data-generating process, with u; ~ I(0)%, then the
OLS (ordinary least square (Ordinary Least Square) 3 estimator is asymptotically
equivalent to the GLS (Generalized Least Square) estimator (see Grenander and
Rosenblatt, 1957) and the t —test(8 = 0) is N(0,1); (iv) in practice, in order to test
B =0, it is recommended to use a HAC (Robust standard errors in the presence
of heteroscedasticity and autocorrelation) version of tg—q (see Busetti and Harvey,
2008); and (v) this test only detects the existence of a trend but not the type of
trend. Notice also that in (3) we could be totally agnostic about u; being 1(0) or
I(1). In this case following Perron and Yabu (2009) we can estimate the model by
Feasible Generalized Least Squares and construct a similar ¢-stat of 8 = 0 that still
will follow a N(0,1). This method depends on a tuning parameter (how close is u;
of being I(1)). To avoid that, in this paper, we follow an alternative approach. We
pre-test the temperature data for unit roots, once they are rejected we proceed as
if uy in 3 is 1(0).

For all these reasons, in the empirical applications we implement Definition 2 by

estimating regression (3) using OLS and constructing a HAC version of t3—o (Newey

3More details of the properties of this test can being found in GG2020.
“An I(1) process is the accumulation of an I(0) process. Our definition of an I(0) process
o0
follows Johansen (1995). A stochastic process Y; that satisfies Y; — E(Y;) = > W;e4—; is called 1(0)
i=1

i=

=) . =)
if > W;2* converges for |z| < 1+ 0, for some § > 0 and > ¥; # 0, where the condition e; ~ iid
= i=1

(0,272) with o > 0 is understood.
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and West, 1987).

3 Warming Acceleration and Warming Amplification

In this section, we apply the methodology described previously to instrumental
observations from the land Arctic polar circle (Arctic) and the Antarctic polar circle
(Antarctic) using the database provided by the Climate Research Unit (CRU) that
offers temperatures across the Globe and allows us to extract data from both poles.
The Arctic and Antarctic polar circles are defined, respectively, as the land surface

with latitude greater than 66.5 degrees and less than -66.5 degrees.

3.1 The Arctic
3.1.1 The Data

The Climatic Research Unit (CRU) provides monthly and annual temperature data
for land and sea surfaces across both hemispheres, spanning the period from 1850
to the present. These data are collected from a wide network of meteorological
stations distributed globally.® The original data are gridded at 5-degree resolution
and normalized using the 19601990 average to compute temperature anomalies.
It should be pointed out that most of the stations used are land-based. Since there
is roughly 50:50 proportion of land to ocean area, there is a large proportion of the
Arctic that is not represented at all (the ocean).

We conducted our analysis using raw temperature data from meteorological sta-
tions, selecting only those located at latitudes higher than 66.5°N.” Globally, the

total number of stations in the dataset is 10,296,% of which 356 are situated within

®HadCRUT4 is a global temperature dataset offering gridded temperature anomalies as
well as hemispheric and global averages. CRUTEM4 and HadSST3 represent the land and
ocean components, respectively. These datasets have been developed by the CRU (Univer-
sity of East Anglia) in collaboration with the Hadley Centre (UK Met Office), except for
the sea surface temperature dataset, which was developed exclusively by the Hadley Centre.
In this study, we use CRUTEM versions 4.6.0.0 and 5.0.1.0, which are publicly available at
https://crudata.uea.ac.uk/cru/data/temperature/ (accessed 23/08/2020). Detailed methodology
is presented in Jones et al. (2012), with an updated version in Morice et al. (2021).

SWe have also utilized the Arctic Surface Air Temperature (SAT) database, yielding very similar
results.

"This corresponds to the official definition of the Arctic Circle and it is the standard definition
in the literature. However, Bekryaev et al. (2010) adopt a broader criterion, considering the Arctic
as the region north of 60°N.

8Reduced to 9,908 after excluding 402 stations identified as having uncertain coordinates and
marked as pending revision.
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the Arctic Circle.® The number of active Arctic stations, however, varies significantly
over time and across regions. The CRU dataset is compiled from multiple sources,
some of which update their records intermittently. This is particularly relevant for
polar data, as the collection of observations in such remote and harsh environments
poses substantial logistical challenges.'® Our review indicates that the maximum
density of observations from Arctic stations in the CRU dataset occurs during the
period 1960-2000. To evaluate the potential impact of this spatial-temporal vari-
ation on temperature trends, we computed annual average temperatures based on
the stations reporting in each year. The results suggest that the range of variability
for the Arctic Circle has remained relatively stable since the end of World War II.

This distribution of observational data motivated the selection of a temporally
and spatially representative sample, allowing for the statistical identification of tem-
perature trends with a high degree of confidence. To this end, we applied a rolling
algorithm designed to identify the optimal sample based on two criteria: the number
of stations and the number of consecutive years. A strict requirement was imposed:
all selected stations must provide complete annual data throughout the study pe-
riod. The final sample spans from 1950 to 2019 and includes 48 stations located
within the Arctic Circle, as shown in Figure 1. Although this is the preferred sam-
ple, we conducted robustness checks using alternative periods to assess the stability
of the results, including longer time frames.!

The decision to work with raw station data is closely tied to the objectives of
our research, which requires high-frequency information—either in time or space—to
capture the full distribution of temperatures and ensure the stability necessary for
accurately estimating trends. The main drawback of using raw data is its limited
spatial coverage. Nevertheless, this approach offers critical advantages: it preserves
the integrity of the original observations, avoids potential biases introduced through
constructed data (post-processed within a re-analysis framework), and maintains
the consistency of station records across the sample period. Importantly, it also
retains regional variability and removes dependence on grid resolution, interpolation

techniques, or climate model assumptions.

9This number decreases to 340 after removing stations with implausible geographic coordinates.
10VWe are especially grateful to David Lister for his technical support.

1 As shown in Figure Al, extending the sample to end in 2008 or 2012 increases the number of
usable stations by approximately twofold. In this study, we prioritized temporal coverage over the
number of stations, given the representativeness of the selected subset. Nonetheless, all calculations
were replicated for the period 1950-2012, yielding very similar conclusions. Results are available
upon request.
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For these reasons, our approach is preferred over gridded datasets, which are
commonly used and often supplemented by hybrid methods to fill gaps in sparse
regions or reanalysis products derived from climate models. In the case of gridded
data—-both filled and unfilled—the absence of missing data in regions without ob-
servational input and the temporal variation in station location and number may
introduce artificial trends. Moreover, interpolation methods tend to suppress vari-
ance, which poses a problem for studies focused on the heterogeneity of climate
change (see Harris et al., 2020). With respect to global reanalysis datasets, while
their utility for climate studies is widely acknowledged, they present limitations
for our specific methodology. These include reduced sample size due to coverage
restrictions, difficulties in maintaining consistent data frequency across time, and
a strong dependence on model parameters. Additionally, the temporal stability of
station coverage can significantly affect the stochastic properties of temperature se-
ries (Gadea et al., 2024). Hyncica and Huth (2020) examine discrepancies between
station data and interpolated grid points, finding that such differences are especially
pronounced in the tails of the distribution—precisely where our method focuses.

Several studies have highlighted that undercoverage bias may be particularly
pronounced in polar regions due to sparse observational data in the HadCRUT4
temperature series, potentially resulting in a cool bias. Alternative datasets, such as
GISTEMP (NASA’s Goddard Institute for Space Studies Surface Temperature Anal-
ysis), UAH (University of Alabama in Huntsville satellite data), and NCEP/NCAR
(National Centers for Environmental Prediction/National Center for Atmospheric
Research reanalysis data), consistently indicate that the Arctic is warming at a faster
rate than the global average. Additionally, both GISTEMP and NCEP/NCAR show
accelerated warming in the Antarctic as well (Cowtan and Way, 2014). Chylek et al.
(2022) compare multiple observational databases—including HadCRUT (Climatic
Research Unit), GISTEMP, and NOAA (National Oceanic and Atmospheric Ad-
ministration)—and, despite minor discrepancies among them, report broadly con-
sistent periods of Arctic amplification. However, these amplification signals are
notably more distinct when contrasted with those derived from climate models such
as CMIP5, CMIP6, and the Ocean Model Intercomparison Project. Cohen et al.
(2019) further emphasize the divergence in consensus between model simulations

and observational evidence concerning Arctic amplification.'?

12YWe have also conducted a benchmarking exercise using reanalysis data, comparing the results
with those obtained from raw CRU station data. The reanalysis dataset employed corresponds to
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The construction of distributional characteristics merits further explanation.
Based on the selected Arctic sample and using monthly data, we construct a set
of characteristics denoted by C; = (Ci,Co,...,Cpt), representing a vector of p
distributional statistics. These include the mean (mean), interquartile range (igr),
and a series of quantiles: ¢05, q10, ¢20, ¢30, ¢q40, ¢50, ¢60, ¢q70, ¢80, q90, and ¢95.
A unit (defined as a month-station pair) is included only if complete data are avail-
able. The time-series objects C; are computed annually based on all month-station
units for that year. For the Arctic sample spanning 1950-2019, the total number of
units is 408 across 48 stations, taking into account missing stations for a particular
month.'® The density of Arctic data is depicted in Figure 2, while the evolution of
the distributional characteristics is shown in Figure 3. Figure A3 further illustrates
the temporal stability of the selected stations.

To isolate and compare the effects of global warming in the Arctic, we conducted
a parallel analysis for the entire Globe using the same data selection methodology.
The density of this global dataset for the period 1950-2019 is presented in Figure
5, and the temporal evolution of quantiles is illustrated in Figure 6. This global
sample includes 952 stations, producing a total of 9,402 valid units. An insightful
exercise involves examining the relationship between the stations comprising the
lowest global quantile (¢05) and those located within the Arctic Circle. The ¢05
quantile of the global dataset consists of 272 stations, whose geographic distribu-
tion—excluding four Antarctic stations—is displayed in Figure 4. Of the 48 Arctic
stations, 41 (approximately 85%) fall within the g05 quantile. However, the quan-
tile also includes numerous stations located outside the Arctic Circle. Those Arctic
stations not included in the lowest quantile are primarily located in Norway, with a
few in Sweden, Russia, and Canada.'* Conversely, extremely low temperatures are
observed during winter months at considerably lower latitudes in countries such as
the United States and Denmark.

the most recent version of ERA5 (ECMWF project), which includes land-monthly averaged data
from 1950 to the present. The estimated temperature distribution trends derived from this dataset
closely align with those obtained from the station data. Full results are available from the authors
upon request.

13For the extended period 1950-2012, the figures increase to 721 units across 83 stations.

11t is worth noting that the Norwegian Lofoten Islands exhibit the most pronounced climatic
anomaly globally in relation to latitude. Despite lying within the Arctic Circle, they experience
relatively mild temperatures due to the influence of the Gulf Stream.
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3.1.2 Warming Existence

Applying Definition 1 we can define Polar Warming (PW) as the existence of an
increasing trend in some of the characteristics of the polar temperature distribution.
Similarly, as in GG2020 we obtain the definition of Global Warming (GG).

The presence of a significant trend in polar temperature characteristics during
the period 1950-2019 is tested by applying the proposed trend-test (7'T") in regression
(3).1> This regression has been estimated by ordinary least squares with errors
robust to the presence of heteroscedasticity and autocorrelation (OLS-HAC) and the
results are displayed in Table 1 (sixth column). We have repeated the process for
different previous and subsequent samples 1900-2019, 1910-2019, 1920-2019, 1930-
2019, 1940-2019, 1950-2019, 1960-2019, 1970-2019 and 1990-2019 (see rest of the
columns of Table 1). We will initially focus on the period 1950-2019.

The results show a significant trend in all characteristics. The trend is positive
in all these time series except for the one measuring volatility, iqr, which have a
significant negative trend. With respect to the rest, the mean has a trend coefficient
of 0.0381, which implies an increase of almost 4 degrees in 100 years, and we find
the highest positive trends in the lower quantiles. Notice that the trend coefficient
of quantiles ranges from 0.0574 in quantile 20% (¢20) to 0.0160 in quantile 95%
(¢95). It should be noted that this test only confirms the existence of a trend, and
therefore warming, but says nothing about its nature. The analysis of the remaining
periods offers interesting findings.

The conclusion is clear: Arctic temperatures have shown a clear warming trend
since 1900, evident across mean temperatures and most quantiles of the temperature
distribution. However, this warming has not been uniform or constant throughout
the entire period. There seems to be a clear acceleration in the ongoing warming
process no reaching a peak yet in most of the distributional characteristics except
for the upper quantiles (90th and 95th percentiles) that has stabilized since 1990,
suggesting potential changes in extreme warm temperatures. Furthermore, the neg-
ative and significant trend in igr suggests a narrowing of the distribution and thus
a reduction in variability (see Giesse et al. 2024). Davy and Griewank (2023) states
that rapid Arctic warming is tightly linked to the retreat and thinning of summer

sea ice, and so may be expected to weaken as the Arctic transitions to seasonal ice

15Before testing for the presence of trends in the distributional characteristics of Arctic polar
circle data from CRU, we test for the existence of unit roots. The results reject this hypothesis
(See Table A2 in the Appendix).
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cover.

In summary, the structure of Arctic Warming has undergone notable changes
over time. Since 1950, warming has been observed across all quantiles, with a more
pronounced increase in the lower temperature quantiles relative to the upper ones.
This pattern is reflected in a declining trend in the interquantile range (iqr). The
presence of an acceleration in this process will be formally assessed in the next
section.

We apply the same procedure (preliminary unit root tests and 7T estimates!6)
to the database of global temperatures from the CRU and display in Table 2 the
estimated trends for the different periods.!”

Global temperatures have also shown a consistent warming trend since 1900,
evident across both mean temperatures and all the quantiles of the temperature
distribution. Although a strict comparison between the Arctic Warming and the
Global Warming will be done in the amplification section, there are some extra

differences worthwhile to mention:

e The greater intensity of the Arctic Warming process with respect to the Globe,

which is also clearly reflected in Figure 7.

e Global Warming trends reached a peak around 1970. After 1970, warming

rates stabilized across mean and quantiles in line with Beaulieu et al. (2024).

e Despite the post-1970 stabilization, there is evidence of an overall acceleration
in the warming process when comparing recent trends to the entire 1900-
2019 period. This acceleration will be subject to formal statistical testing for

confirmation.

e The warming process appears to affect the temperature distribution relatively
uniformly across most analyzed periods. There is no significant trend observed
in the igr for most periods suggesting that the shape of the global temperature
distribution has remained relatively stable, with warming affecting lower and

upper temperature quantiles similarly.

16The analysis of stationarity in GG2020.
17A detailed analysis of cross-sectional CRU temperature data can be found in GG2020.
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3.1.3 Warming Acceleration

Figures 8 and 10 illustrate the evolution of temperatures in the Arctic and globally
for selected characteristics: mean, q05, and ¢95. The findings demonstrate a similar
trajectory of the warming process, albeit more pronounced within the Arctic polar
circle compared to global temperatures. Notably, there are specific nuances that
merit attention. A key observation is that the greater intensity of the warming
process on average in the Arctic, relative to the Globe —a well-documented result
in the literature— is primarily attributable to the more rapid increase in the trend
of the lower quantiles below the median (e.g. ¢05), in the Arctic.

These results suggest a process of warming acceleration, which warrants formal
statistical testing. Warming acceleration refers to an increase over time in the trend
captured by the 5 coefficient in regression 3. To test this hypothesis, we applied a
recursive sampling method, starting in 1900 and progressively expanding the sam-
ple. The detailed results, presented in Table 1 for all temperature characteristics
and in Figure 6 for selected quantiles, provide robust evidence for an acceleration

phenomenon across all relevant characteristics.

Definition 3. (Warming Acceleration): We define warming acceleration in a dis-
tributional temperature characteristic Cy between the periods t1 = (1,...,s) and
to = (s+1,...,T) as occurring when, in the following two regressions:

Ci=a1+ P xt4+u, t=1,..,s,..,7, (4)

Ci=ag+Boxt+u, t=s+1,..,T, (5)
the trend slope in the second period exceeds that of the first: Bo > 1.

In practice, we implement this definition by testing the null hypothesis 8s = 51
against the alternative fo > (1. An equivalent approach involves testing for a
structural break at ¢ = s. However, we favor the framework presented in Definition
3 because it enables us to establish 7" as a fixed benchmark reference period—such
as a century or a millennium. This approach is especially valuable for long-term
climate analyses, as it allows us to use T as a standard for comparison with shorter
periods, ranging from s+1 to T. The results and their significance are detailed in

Tables 3 and 4 for the Arctic and the global context, respectively.'®

8Two common approaches are typically employed to assess the presence of warming acceleration.
The first approach (a) involves comparing trends across two consecutive subperiods—specifically,
from ¢ to t1, and from ¢; to T. The second approach (b) compares the trend over the entire period
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The formal acceleration tests, based on data from 1900-2019, confirm statis-
tically significant warming acceleration in mean temperatures and most quantiles.
The primary distinctions between Arctic and global warming acceleration are as

follows:

e Global Warming acceleration appears to have commenced slightly earlier (circa
1950) compared to the Arctic (circa 1960).

e Unlike the Arctic, Global Warming acceleration is observable even in the upper

quantiles (e.g., ¢90 and ¢95).

To provide a more granular perspective, heat maps (Figures 9 and 11) illustrate
the temporal evolution of trend coeflicients by temperature characteristics, with finer
temporal resolution after 1950. The scale ranges from -0.0653 to 0.1102, representing
the minimum and maximum coefficient values across the datasets. Time spans from
1900 to 2019, with annual intervals after 1950. The maps use varying intensities of
blue for negative values and a spectrum from green to red (passing through yellow
and orange) for positive values. These visualizations vividly highlight the greater
intensity of warming within the Arctic polar circle compared to global temperatures.
This difference is particularly evident in the lower quantiles but is also present in the
mean and other quantiles. These findings support a key motivation of this study:
the discontinuity in warming impacts across the temperature distribution. If the
observed average temperature increase is driven primarily by lower quantiles rather
than upper quantiles, the associated consequences could be more severe.

The main conclusion is that Arctic Warming remained stable (i.e., without accel-
eration) until approximately 1960. Thereafter, clear warming acceleration is evident
in the mean and all quantiles below ¢90. The delayed onset of acceleration (post-
1960) suggests that this phenomenon may not be entirely attributable to natural
causes or variability. Instead, external factors, such as increased global industrial
activity and associated CO2 emissions, are likely contributors. Further investiga-
tion is required to understand the mechanisms underlying these divergent warming

acceleration patterns between the Arctic and global scales.

t1 from t to T with that observed from to T. Although both approaches yield equivalent conclusions
regarding the presence of acceleration, approach (a) is more commonly adopted in the literature. In
this study, however, we employ approach (b), as it allows us to designate T as a fixed benchmark
reference period—such as a century or a millennium. This feature is particularly valuable for long-
term climate analyses, as it facilitates consistent comparisons between the full period and shorter
subperiods ranging from s+1 to 7.
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Finally, we directly compare the two warming processes by examining the am-

plification experienced by the Arctic.

3.1.4 Warming Amplification

In this section, we test both Polar and Global Warming amplification using a double-
slope framework. Specifically, we evaluate amplification in two contexts: (i) with
respect to an external distribution and (ii) within a distribution’s own characteris-

tics. The following hypothesis is tested:

Definition 4. (Warming Amplification with respect to the mean): We define warm-
ing amplification in a distributional characteristic Cy with respect to the mean as
occurring when, in the following regression:

Cy = Bo + B1 * mean; + ¢, (6)
the slope associated with the mean is greater than one: B1 > 1.

When the average, mean;, and C; are derived from the same distribution, we
refer to this as “local” or “internal” warming amplification. Conversely, if the mean
originates from an external distribution, it is termed “external” warming amplifica-
tion. This approach is asymptotically equivalent to the tests commonly employed
in the literature (e.g., Rantanen et al., 2022), though slight differences may emerge
in small samples. The equivalence and advantages of this regression-based test are
detailed in the Appendix.

We apply this framework to three cases: (i) Arctic temperatures relative to global
temperatures (Arctic-Global, or external amplification), (ii) Arctic temperatures
within their own distribution (Arctic-Arctic, or local amplification), and (iii) global
temperatures within their own distribution (Global-Global). Results are presented
in Tables 5, 6, and 7, respectively.

The results for land Arctic amplification can be summarized as follows:

e AA has remained stable throughout most of the twentieth century, only begin-
ning to intensify towards its end (Table 5). This finding contrasts with Davy
and Griewank (2023), who argue that AA peaked in the early 2000s, and with

England et al. (2021), who suggest it is a recent phenomenon.

e Notably, this amplification is not uniform across the entire Arctic temperature

distribution. It is most pronounced in the average and in all quantiles below
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the median. Lower quantiles (below the median) exhibit stronger amplification
across all analyzed periods, always surpassing mean amplification. From an-
other perspective, these findings are also consistent with those of Johannessen
et al. (2016) and Chylek et al. (2022), who observed that AA exhibits seasonal
variability, with its maximum values occurring in winter and minimum values

in summer.

e During the latter half of the twentieth century, the amplification becomes
evident in more of the upper quantiles, and by century’s end, it is present in

all quantiles except for the very highest (¢90 and ¢95).

e The values calculated for AA in this study are slightly below 2, which aligns
closely with the results produced by climate models but is lower than some
recent observational estimates that approach 4. This discrepancy is primarily
due to the higher Global Warming trend assumed in this analysis—greater
than 0.3°C per decade—whereas recent studies typically use a global trend just
under 0.2°C per decade. Amplification estimates in this study are lower than
those in some observational studies. However, they align more closely with
climate model projections (e.g., Rantanen et al., 2022; Davy and Griewank,
2023; Chylek et al., 2022, 2023).

e A closer examination of the internal structure of AA (Table 6) reveals that it
is largely driven by the lower quantiles of the temperature distribution. These
lower quantiles correspond to winter temperatures in the high latitudes, which

are crucial for processes such as sea ice formation.

e Thus, the study highlights the significant role that cold-season extremes play
in shaping the overall pattern of Arctic Warming and its amplification relative
to the rest of the Globe.

e At the global level (Table 7), our results reveal that amplification is not an
Arctic-exclusive phenomenon. Instead, it extends from the 5th percentile,
prominently observed in the Arctic, to the 20th percentile (Northern Europe)

in global temperature distributions.

In summary, the amplification of temperature quantiles, particularly in colder
regions and seasons, highlights the nuanced and multifaceted impacts of climate

change. These effects are often obscured when focusing solely on changes in mean
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temperatures. This underscores the importance of analyzing the full distribution
of temperatures in climate change assessments and adaptation strategies. For a
comprehensive review of AA mechanisms, see Previdi et al. (2021). Studies on its
effects are discussed by Screen (2013), Cohen et al. (2019), Blackport and Screen
(2020), and Isaksen and Ivanov (2022).

3.2 The opposite pole: the Antarctic

The strategy for station selection is consistent with previous approaches; however,
data scarcity in Antarctica restricts the sample to the period 1960-2022, during
which 67 units and 7 stations were selected. For a second analysis period, 1990-2022,
focused on examining acceleration and robustness, the sample was expanded to 114
units and 11 stations. To establish a comparative framework, similar samples were
drawn for the Arctic and the Globe. The geographical distribution of these areas is
illustrated in Figure 12, while the selection process is detailed in Figure A2.

Antarctica presents significant challenges due to the limited availability of long-
term meteorological observations and their uneven spatial distribution. Fewer than
twenty permanent stations exist, with only two located in the interior, both of which
lack consistent data continuity. As a result, analyzing long-term station-based trends
in Antarctic temperatures remains infeasible.

Table 8 highlights the stark contrast in temperature trends between the two
poles over the period 1960-2022. For the South Pole, all trends are statistically
non significant at 1%. In contrast, Arctic stations display trends that are both
stronger in magnitude and statistically significant. Given the absence of warming
across the analyzed Antarctic periods, further testing for acceleration or amplifica-
tion phenomena is not warranted. Figures 13 and 14 present a comparative overview
of temperature trends in Antarctica, the Arctic, and the Globe, underscoring the
pronounced asymmetry between the poles —a phenomenon widely documented in
the literature (e.g., Salzmann, 2017).

The scarcity and uneven geographical distribution of observational data largely
account for these results. Figure 15 offers a detailed analysis of temperature data
from candidate stations during 1960-1990. The upper panel shows greater data
discontinuity among western stations compared to eastern ones, while the lower
panel reveals that temperature increases (normalized by longitude) are higher in the
west than in the east, averaging 0.16 and -0.068, respectively. Most selected stations,

chosen for data continuity, are located on the eastern slope of Antarctica, a region
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characterized by less warming —or even cooling. These findings are consistent with
previous research suggesting that relatively milder areas, such as western Antarctica
and regions closer to South America, are experiencing warming, whereas the eastern
zone has shown no significant temperature changes over the past 50 years and,
in some cases, evidence of cooling. Recent studies, including one based on aerial
photography, even indicate a long period of glacier stability and growth in East
Antarctica (Dgmgaard et al., 2024).

These observations complicate drawing definitive conclusions about the impact
of greenhouse gases. Antarctica appears to be warming along its edges while si-
multaneously cooling in its interior. Reflecting this complexity, the IPCC’s Fourth
Assessment concluded that anthropogenic temperature changes had not been de-
tected on the continent, primarily due to limited data collection. Similarly, the
Sixth Assessment (2021) reported no significant trend in Antarctic sea ice area be-
tween 1979 and 2020, attributing this to regionally opposing trends and high internal
variability. The report also underscored the importance of Southern Ocean processes
in regulating deep ocean temperatures.

Although variability in temperature patterns complicates scientific assessments,
studies by Thompson and Solomon (2002) and Shindell and Schmidt (2004) provide
explanations for observed cooling trends between the 1970s and 2000. Long-term
analyses, such as those by Mayewski et al. (2009) and Convey et al. (2009), ex-
amine the broader Antarctic climate system and offer comparisons with the Arctic.
O‘Donnell et al. (2011) and Easterbrook et al. (2016) demonstrate cooling domi-
nance across much of East Antarctica and refute the findings of Steig et al. (2009),
who reported warming across the entire continent. Similarly, Turner et al. (2016)
argue that the absence of warming in Antarctica during the 21st century aligns with
natural variability, while Singh and Polvani (2020) attribute the continent’s low cli-
mate sensitivity to the influence of its ice sheet topography. More recently, Casado
et al. (2023) reaffirmed West Antarctica’s vulnerability to warming and found ev-
idence of a stronger amplification effect than predicted by climate models. These
findings contrast with Monaghan et al. (2008), who claimed that climate models
often overestimate warming in Antarctica by a factor of three, despite accurately
simulating climate trends on other continents.

In conclusion, while there is no consensus on the extent of climate change (warm-
ing) in Antarctica, many studies suggest that its impact is smaller compared to the

rest of the planet. our analysis of Antarctica, based on the available data, reveals
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no significant evidence of warming or related phenomena such as acceleration or
amplification. The limited availability of observational data necessitates reliance on
indirect methods, such as ice core analysis and aerial photography, alongside climate
models and observational records. Consequently, understanding climate change on

this continent remains a significant challenge for climate scientists.

4 Concluding remarks

This paper has a strong methodological orientation, offering quantitative tools to
analyze the dynamics of climate change. Our findings provide a robust description
of the warming processes affecting the polar regions, with all results subjected to
robust testing. By shifting focus from averages to distributional trends, this work
provides a more precise tool for diagnosing climate change impacts, particularly in
regions like the Arctic where extremes drive systemic shifts.

Regarding the land Arctic, our key conclusions are as follows:

e Positive station-based Trends Across Distributional Characteristics: There is
a clear positive trend across all distributional characteristics of temperature,

not only the average, indicating consistent warming.
e Singular Warming Processes: There are clear differences with the Globe.

e Stronger Trends in Lower Quantiles: The lower quantiles exhibit larger trends
than both the mean and upper quantiles, suggesting that the coldest temper-

atures are warming faster than the rest of the distribution.

e Decreasing Variability: igr has a negative trend, as lower temperatures are

converging toward the median more rapidly than higher temperatures.

These findings are consistent with the temperature trends observed in the Globe,
though the magnitude is notably different. The Arctic is warming at a rate several
times higher than the Globe average, and we find strong evidence that this warming
is accelerating, more so than at the global scale. However, there is a key distinction:
while all Globe temperature quantiles show signs of accelerated warming, in the
Arctic, the upper quantiles (¢90 and ¢95) do not display this acceleration. Moreover,
in contrast to the pattern observed in the Arctic, temperature variability in the
Globe remains stable over the study period, with no significant trend detected in

the interquartile range (igr). Our analysis also highlights unique local and external
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amplification effects within the Arctic. Notably, our results on Arctic amplification
are in agreement with results from climate model simulations.

The Arctic is a highly complex and sensitive system, responding significantly
even to minor temperature changes. This sensitivity has profound implications due
to the system’s reliance on the freezing point of water. Each summer, temperatures
push the system toward the liquid phase, and each winter, it returns to the solid
phase. While a degree or two of warming may have minimal perceptible effects in
tropical regions, a similar increase in the Arctic can lead to transformative changes,
particularly when temperatures shift from just below to just above the freezing
point.

In contrast, our analysis of Antarctica, based on the available data, reveals
no significant evidence of warming or related phenomena such as acceleration or
amplification. These findings contribute to the ongoing scientific debate regarding
Antarctica’s temperature trends and underscore the stark differences in how the
two poles respond to climate change. This highlights not only the geographical
opposition of the poles but also their contrasting climatic responses.

However, it is essential to qualify this conclusion by acknowledging the disparities
in data quality and coverage between the Arctic and Antarctic. The scarcity and
heterogeneity of Antarctic observations limit the robustness of analyses, emphasizing
the need for improved data collection in this region.

Our analysis is based on instrumental monthly observations from stations ex-
hibiting stable behavior throughout the sample period. In future research, we plan
to apply the same methodology to climate model outputs. This will allow us to
assess how the spatio-temporal sparsity of weather stations in the historical record
may influence model results. Additionally, it will be interesting to examine whether
the findings differ across climate models and, consequently, which models most ac-

curately reproduce real-world phenomena.
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Table 8
OLS slope linear trend estimates (CRU monthly station data, Antarctic, 1960-2022)

Trend test by periods
names/periods 1960-2022 1990-2022

mean 0.0025 0.0111
(0.4554) (0.2227)
iqr 0.0110 0.0186
(0.3061) (0.2646)
q05 -0.0001 0.0520
(0.9931) (0.0233)
qlO 0.0126 -0.0051
(0.0960) (0.8862)
q20 -0.0043 0.0159
(0.6813) (0.3623)
q30 0.0069 0.0022
(0.3592) (0.8992)
q40 0.0010 0.0125
(0.8970) (0.4587)
50 0.0007 0.0017
(0.9168) (0.9077)
q60 0.0039 0.0122
(0.5857) (0.3691)
q70 0.0052 0.0136
(0.3181) (0.1160)
q80 0.0057 0.0024
(0.1453) (0.7794)
q90 0.0074 0.0092
(0.0308) (0.2812)
q95 -0.0011 -0.0053

(0.8486)  (0.5603)

Notes: OLS estimates and HAC tg—o p-values in brackets, from regression: Cy = a + (%t + uy.
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Notes: Characteristics are calculated from month-station units that provide data for the whole sample in the period 1950-2019. The total

number of units is 408. Temperatures are in degree Celsius.

Figure 3
Temperature characteristics of the Arctic polar circle (CRU data)
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Characteristics are calculated from month-station units that provide data for the whole
Figure 6
Temperature characteristics of the Global temperatures (CRU data)

sample in the period 1950-2019. The total number of units is 9402. Temperatures are in degree

Notes:
Celsius.
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Notes: Characteristics are calculated from month-station units that provide data for the whole
sample in the period 1950-2019. The X axis shows the slope coefficients representing degrees
Celsius per year.

Figure 7
Globe and Arctic trend slope comparison (CRU Global and Arctic Polar Circle
stations)
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per year

Slope coeffent (degraes Cersius

Notes: Characteristics are calculated from month-station units that provide data for the whole
sample in the period 1950-2019. The total number of units is 408.

Figure 8
Evolution of trend slopes of selected quantiles in the Arctic polar circle (CRU data)
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1900-2019
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Notes: Y axis: trend coefficients of the different quantiles. X axis time intervals from 1900-
1950,1900-1951,...,1900-2019. The scale of colors represents sign and intensity.

Figure 9
Evolution of the trend slopes of temperature characteristics of the Arctic
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Notes: Characteristics are calculated from month-station units that provide data for the whole

sample in the period 1950-2019.

Figure 10

Evolution trend slopes of selected quantiles by periods of the Globe
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1900-2019
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Notes: Y axis: trend coefficients of the different quantiles. X axis time intervals from 1900-
1950,1900-1951,...,1900-2019. The scale of colors represents sign and intensity.

Figure 11
Evolution of the trend slopes of temperature characteristics of the Globe
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(b) Antarctic

Notes: Stations have been selected from month-station units of Arctic and Antarctic polar circle
(latitude hither than 60°N and lower than -60°S) that provide data for the whole sample 1960-2019.
The total number is 477 and 114, respectively.

Figure 12
Selected stations in both poles (1960-2022)
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nis (degraes Celsius per year)

lope coefiier

;;;;;;

Notes: Stations have been selected from month-station units of Arctic and Antarctic polar circle
(latitude hither than 60°N and lower than -60°S) that provide data for the whole sample 1960-2019.
The total number is 477 and 114, respectively. The total number of units for the Globe is 9402.

Figure 13
Comparing slope trend coefficients (1960-2022)
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Figure 14
Evolution of trend slope for selected quantiles
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Figure 15
Analysis of the Antarctic



HETEROGENEOUS POLAR AMPLIFICATION

54

7 Appendix

7.1 Additional results

Notes: Dickey-Fuller (1979) unit root tests.

(SBIC).

Notes: Dickey-Fuller (1979) unit root tests.

(SBIC).

Table A1l
Unit root tests (Arctic)

Characteristic ADF-SBIC p-value lags
mean -2.80 0.204 4
iqr -9.62 0.000 0
q05 -9.41 0.000 0
qlO -8.65 0.000 0
q20 -6.38 0.000 0
q30 -3.15 0.104 4
q40 -5.72 0.000 0
50 -5.62 0.000 0
q60 -5.77 0.000 0
q70 -5.45 0.000 0
q80 -3.92 0.017 1
q90 -7.03 0.000 0
q95 -6.87 0.000 0

Lag selection according to Schwarz Bayesian criteria

Table A2
Unit root tests (Antarctic)

Characteristic = ADF-SBIC p-value lags
mean -6.75 0.000 0
iqr -8.47 0.000 0
q05 -8.84 0.000 0
qlO -8.35 0.000 0
q20 -7.79 0.000 0
q30 -5.02 0.000 1
q40 -7.52 0.000 0
q50 -7.33 0.000 0
q60 -6.59 0.000 0
q70 -4.84 0.002 3
q80 -7.47 0.000 0
q90 -8.03 0.000 0
q95 -5.88 0.000 0

Lag selection according to Schwarz Bayesian criteria
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Temperatures of stations in the Arctic polar circle
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Notes: Stations have been selected from month-station units of Arctic polar circle (latitude hither
than 66.5°N) that provide data for the whole sample 1850-2019. The total number is 340.

Figure Al
Selection process of stations and time period of the Arctic polar circle (CRU data)
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Temperatures of stations in the Antarctic polar circle
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Notes: Stations have been selected from month-station units of Antarctic polar circle (latitude
lower than -66.5°S) that provide data for the whole sample 1850-2019. The total number is 32.

Figure A2
Selection process of stations and time period of the Antarctic polar circle (CRU data)
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Figure A3
Evolution of the position of the stations by quantiles and time
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7.2 Two asymptotically equivalent methods to calculate Arctic Am-
plification, AA;

Let’s assume:

P, =ap + fpt + € (7)

and

Gy =ag + Bat + & (8)

where P,=temperature in the Arctic at time “t”; Gy=temperature in the Globe
at time “t”; t=1,2,3,...is a deterministic trend; ¢ and &; are I(0) processes (see

footnote...).

1. Rantannen et al. (2022)

AP, B
AAy = =2 9
"TAG Ba ©)
It can be estimated by 57” but it is no easy to construct confidence intervals.
G
2. Our way
P=a+ PG+ & (10)

AA; = E easy to test and construct confidence intervals.

The equivalence (asymptotically):

ap + Bt + & = a+ Blag + Bat) + & (11)

dividing by ¢ and making ¢t — oo
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(7 € (0% (% 3
LAt o= +BTG+/J’BG+ 7 (12)
~—~ ~—~ ~ =~ ~—~—
—0 —0 —0 —0 —0
By
B=-r 13
Ba (13)

This method has the advantage of being able to estimate AA; directly from a
regression, where other control variables could be included. Testing significance
and constructing confidence intervals is straightforward, while in the method of
Rantannen et al. (2022) one would have to resort to bootstrap methods designed

specifically for the case.



