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ABSTRACT: Some of the largest climatic changes in the Arctic have been observed in Alaska and the surrounding mar-
ginal seas. Near-surface air temperature (T2m), precipitation (P), snowfall, and sea ice changes have been previously docu-
mented, often in disparate studies. Here, we provide an updated, long-term trend analysis (1957–2021; n 5 65 years) of
such parameters in ERA5, NOAA U.S. Climate Gridded Dataset (NClimGrid), NOAA National Centers for Envi-
ronmental Information (NCEI) Alaska climate division, and composite sea ice products preceding the upcoming Fifth
National Climate Assessment (NCA5) and other near-future climate reports. In the past half century, annual T2m has
broadly increased across Alaska, and during winter, spring, and autumn on the North Slope and North Panhandle
(T2m . 0.508C decade21). Precipitation has also increased across climate divisions and appears strongly interrelated
with temperature–sea ice feedbacks on the North Slope, specifically with increased (decreased) open water (sea ice ex-
tent). Snowfall equivalent (SFE) has decreased in autumn and spring, perhaps aligned with a regime transition of
snow to rain, while winter SFE has broadly increased across the state. Sea ice decline and melt-season lengthening
also have a pronounced signal around Alaska, with the largest trends in these parameters found in the Beaufort Sea.
Alaska’s climatic changes are also placed in context against regional and contiguous U.S. air temperature trends and
show ;50% greater warming in Alaska relative to the lower-48 states. Alaska T2m increases also exceed those of any
contiguous U.S. subregion, positioning Alaska at the forefront of U.S. climate warming.

SIGNIFICANCE STATEMENT: This study produces an updated, long-term trend analysis (1957–2021) of key
Alaska climate parameters, including air temperature, precipitation (including snowfall equivalent), and sea ice, to in-
form upcoming climate assessment reports, including the Fifth National Climate Assessment (NCA5) scheduled for
publication in 2023. Key findings include widespread annual and seasonal warming with increased precipitation across
much of the state. Winter snowfall has broadly increased, but spring and autumn snowfalls have decreased as rainfall in-
creased. Autumn warming and precipitation increases over the North Slope, in particular, appear related to decreased
sea ice coverage in the Beaufort Sea and Chukchi Seas. These trends may result from interrelated processes that accel-
erate Alaska climate changes relative to those of the contiguous United States.
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1. Introduction

The rapid rate of recent environmental changes in Alaska
warrants revisiting climate trends while assessing the current
state of Alaska’s physical system in the process (Thoman and
Walsh 2019). The physiographic variation in Alaska is substantial,

such that the variation in these trends and the impacts they are
causing should be evaluated at subregional scales when possi-
ble; the perhumid southeast Alaska coast experiences many
climate changes differently than the Arctic North Slope, but
other changes are held in common across the state.

While no single study can capture all the relevant trends and
their details, our analyses herein attempt to characterize trends
that underlie many of the serious impacts affecting the land and
seascapes, habitats, species, and people in the state, and for
which the most robust datasets exist. Such trends, including
those of surface air temperature, precipitation, and snowfall
specifically, as well as sea ice, support decision-making and pro-
vide partial foundational information for adaptation planning
and vulnerability assessments (e.g., Mizukami et al. 2022).
Quantifying changes in these parameters through time does not
substitute for near-term, multiyear forecasts. However, despite
uncertainties enmeshed in chaotic climate variability, the rates
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of such changes are important indicators of plausible near-
future trends as well.

The goal of our present study is to produce an updated anal-
ysis of trends in the physical drivers of climate impacts in
Alaska. The study is motivated by the need to provide robust
assessments of rates of change that, in turn, provide a founda-
tion in forthcoming impacts and risk statements, such as the
upcoming Fifth National Climate Assessment (NCA5) narra-
tive. Doing so requires attention to both terrestrial and marine
parameters and their means and extremes. Specifically, we up-
date and analyze long-term trends in near-surface air tempera-
ture, precipitation, snowfall water equivalent, and sea ice
extent along with melt/freeze onset, which may serve as a ref-
erence for future climate reports.

Our paper follows with a review of Alaska climate re-
search in section 2. An overview of the study area is pre-
sented in section 3. Data and methods are described in
section 4. Results are presented in section 5, and section 6
provides discussion and context to relevant findings. A brief
summary and conclusions are offered in section 7.

2. Review of Alaska climate variations and trends

Information on variations and trends of Alaska’s climate
has appeared in broader climate assessments as well as studies
specific to Alaska. Most of the earlier studies were based on
station data records or aggregations of station data. As far
back as the IPCC’s Third Assessment report in 2001, Alaska’s
temperature variations were shown to be part of a broader
pattern of Arctic amplification characterized by multidecadal
variations (IPCC 2001, their Fig. 3). A temporal pattern of
early twentieth century warming, mid-twentieth century cooling,
and late twentieth century warming has been diagnosed in terms
of internal variability, natural forcing (primarily aerosols), and
anthropogenic forcing by Fyfe et al. (2013). The Arctic Climate
Impact Assessment showed that the late twentieth century
(1966–2003) warming over Alaska spanned all seasons (Arctic
Monitoring and Assessment Programme 2005, their Fig. 2.8). A
large component of the internal variability has been shown to be
attributable to the Pacific decadal oscillation (PDO) (Hartmann
and Wendler 2005). López-de-Lacalle (2012) extended this
work, using long-term records from six Alaska stations, to show
that the phase of the PDO leads to excursions of up to 48C in
seasonal air temperature, with the strongest impacts of the PDO
occurring in winter. However, López-de-Lacalle et al. (2012)
also showed that an overall increase in temperature is superim-
posed on the excursions associated with the PDO. This finding
was confirmed by Bieniek et al. (2014) using records of Alaska
climate divisional temperatures extending back to 1920. More re-
cently, Walsh and Brettschneider (2019) diagnosed Alaska’s
temperature trends over the 1950–2017 period, showing that the
warming exceeds that attributable to the atmospheric circulation-
driven component by 2.18C in winter and spring, 1.38C in sum-
mer, and 0.5 8C in autumn. These findings are consistent with the
trends simulated by global climate models run with historical and
projected greenhouse gas concentrations for the same period.
The warming of Alaska has continued into the recent decade
based on syntheses of station-based analyses (Vose et al. 2017;

Markon et al. 2018). Bigalke and Walsh (2022) analyzed ERA5
air temperature data and showed that the Alaska warming
through 2020 is part of the broader Arctic warming during the
winter season (December–February); however, their study did
not evaluate ERA5 trends annually or for other seasons.

In contrast to the warming signal in Alaska’s temperatures
over the past several decades, there is little evidence for signifi-
cant trends in precipitation or extreme precipitation events over
Alaska (Bieniek and Walsh 2017; Lader et al. 2017; Bachand
and Walsh 2022). However, data limitations confound the eval-
uation of precipitation trends because (i) precipitation gauges
are known to suffer from the undercatchment of snowfall in
cold, windy environments (Yang et al. 2005); (ii) the station net-
work in Alaska is sparse and biased toward low elevations and
coastal regions; and (iii) Alaska’s topography introduces large
spatial gradients into precipitation amounts in winter, and the
spatial heterogeneity is compounded by the convective nature
of warm-season precipitation. Heterogeneities in station records
have been documented by McAfee et al. (2013), while gridded
products have also been shown to contain inconsistencies
(McAfee et al. 2014). The latter inconsistencies affect the mag-
nitude and even the sign of computed trends of precipitation
(McAfee et al. 2014).

In view of the uncertainties inherent in station-based datasets,
atmospheric reanalyses offer a potentially attractive alternative
to evaluations of variations in precipitation over Alaska. How-
ever, the model dependence of reanalysis output calls for an-
other layer of evaluation. White et al. (2021) used Bayesian
statistical methods in an attempt to distinguish discontinuities
and trends in precipitation over Alaska. This approach identified
spurious discontinuities in several station records for southeast
Alaska, associated with the change to automated observations
in the early 1990s. Discontinuities did not appear in ERA5
when satellite data assimilation increased in 1979. The results
also pointed to a general absence of a strong signal of precipita-
tion change over Alaska, consistent with previous studies. How-
ever, there were two exceptions: 1) an increase of precipitation
over Alaska’s North Slope and 2) indications of a broader
emerging signal (positive trends) when the most recent decade
was included. The ERA5 reanalysis used by White et al. (2021)
has been shown to provide a more accurate depiction of Arctic
precipitation relative to the earlier NCEP–NCAR and ERA-
Interim reanalyses (Wang et al. 2019; Cabaj et al. 2020).
McCrystall et al. (2021) also evaluated ERA5 output over the
Arctic Ocean and found that it showed better agreement with
climate model simulations than did the merged satellite and
gauge-based product of the Global Precipitation Climatology
Product (McCrystall et al. 2021, their Fig. 1).

Offshore, reductions in annual and summer sea ice have
been documented in the adjacent Beaufort and Chukchi Seas
during 1979–2012 (Frey et al. 2015), while anomalously low
winter ice extents in the Bering Sea have occurred most years
within the last decade (Ballinger and Overland 2022). Of partic-
ular relevance to surface air temperatures is the lengthening of
the open-water season along the northern and western Alaska
coasts (Rolph et al. 2018). Evidence of an association between
reduced sea ice cover, higher air temperatures, and increased
vegetative greenness has been presented by Bhatt et al. (2021).
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The increase of air temperatures during the nonsummer sea-
sons has also been implicated in the shortening of the snow sea-
son over Alaska statewide (Thoman and Walsh 2019, p. 7),
although the latter result was based on only about 20 years of
data. Another limited-duration (16-yr) study of the snow cover
in Alaska’s Arctic national parks showed a shorter duration of
snow cover by six days (Swanson 2017). One of the goals of the
present paper is to provide a more comprehensive assessment
of changes in Alaska’s sea ice and snow.

3. Study areas

As the largest state in the United States, Alaska spans a wide
range of latitude and biomes, from the Arctic (Alaska’s North
Slope) to the temperate rain forests of the Alaska Panhandle
extending southward to about 548N. The wide range of climate
conditions is captured by a classification of Alaska’s land area
into 13 climate divisions developed by Bieniek et al. (2012;
Fig. 1) that have been used operationally by the National
Oceanic and Atmospheric Administration’s National Centers
for Environmental Information (NOAA NCEI) since 2015.
While most of these divisions are larger than those in the con-
tiguous United States (one notable exception is the North Pan-
handle), they were developed by Bieniek et al. (2012) on the
basis of the spatial coherence of variations in temperature and
precipitation measurements at observing stations. It should be
noted that Alaska’s network of historical first-order observing

stations is sparse when compared to other parts of the United
States. The stations are unevenly distributed and tend to be lo-
cated proximate to population centers and research sites, with
more both in the south than in the north and near the coast
than inland, and all at low (i.e., valley level) elevations. The
low elevations are characteristic of the inland stations as well
as those along the coast.

Alaska is surrounded by seas to its north, west, and south. The
Beaufort and Chukchi Seas to the north are covered by sea ice
for much of the year, while a seasonal ice cover of several
months’ duration characterizes much of the Bering Sea west of
Alaska. The cold climate of Alaska results in an extensive snow
cover that persists for 6–7 months over much of southern Alaska
and 8–10months over the Interior andNorth Slope (Lindsay et al.
2015). The timing of the retreat of sea ice and terrestrial snow
cover is largely atmospherically driven, and these associations are
apparent in interannual variability as well as trends over time.

Alaska’s main topographic features are the coastal moun-
tains, the Alaska Range extending in an arc across south-central
Alaska, and the Brooks Range, which separates the North
Slope from the state’s interior. The coastal mountains and the
Alaska Range contain considerable glacierized area, with ice
fields, alpine glaciers, and tidewater glaciers that terminate in
the Gulf of Alaska. Approximately two-thirds of Alaska is un-
derlain by permafrost, ranging from isolated patches in the
southern regions to deep continuous permafrost on the North
Slope poleward of the Brooks Range.

FIG. 1. Map showing the 13 Alaska climate divisions, and the masked sea ice regions, Bering Sea, Beaufort Sea, and
Chukchi Sea, analyzed in this study. Locations mentioned in the manuscript are also marked for reference. The base
map is from Natural Earth (https://www.naturalearthdata.com/; Earth Resources Observation and Science Center/U.S.
Geological Survey/U.S. Department of the Interior 1997; Farr et al. 2007).
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4. Data and methods

a. Spatiotemporal scales

Terrestrial 2-m air temperature (T2m); precipitation (P),
defined as the sum of rain plus water equivalent of frozen pre-
cipitation (e.g., melted snow); and snowfall water equivalent
(SFE) statistics, as described in section 4b, are calculated for
the 13 standard Alaska climate divisions shown in Fig. 1. Cli-
mate division names and codes are used interchangeably as
shown and defined in the figure. The sea ice region masks of
Meier et al. (2022) are used in calculating Bering Sea, Beaufort
Sea, and Chukchi Sea ice cover statistics. The sea ice regions
are also shown in Fig. 1.

We constrain analyses to the beginning of the International
Geophysical Year (IGY; 1957), which marked the time when
global radiosondes measurements were standardized to 0000
and 1200 UTC (Grant et al. 2009). Consistency of the radio-
sonde network is especially important for atmospheric reanal-
yses that assimilate available observations; as described in
section 4b, atmospheric reanalysis products are key sources of
information in the present study. In addition, there was a gen-
eral increase in the number of Arctic weather observations
during the IGY period (Walsh et al. 2018). Some potentially
erroneous surface air temperature values in the Bering Sea
region pre-IGY (e.g., St. Lawrence Island during summers
1950–52; Fig. S1 in the online supplemental material) further
supports the choice of the IGY period as a starting point for a
consistent historical analysis. The one exception is satellite-
derived melt/freeze onset data, which are constrained to
1979–2021. Given the sensitivity of trends to the starting and
ending dates, we address the dependence on starting date in
section 5.

b. Data

For terrestrial analyses, daily T2m (8C), P (cm or mm), and
SFE (mm) for Alaska are obtained from ERA5 global reanal-
ysis at 31-km spatial and hourly temporal resolution, for
1957–2021 (Hersbach et al. 2020). ERA5 SFE represents the
sum of large-scale and convective snowfall, in mm water
equivalent. Unless otherwise indicated, grid cells within each
climate division are averaged prior to statistics being calcu-
lated. ERA5 offers numerous improvements relative to its
predecessor, ERA-Interim, including but not limited to the
model cycle (Cy41r2 vs Cy31r2), horizontal [31 km (TL639)
vs 79 km (TL255)] and vertical resolution (137 vs 60 levels),
and time stepping (hourly analysis fields vs 6-hourly).
ERA5 is also characterized by an increase in data volume
with time, especially from satellite radiances, and recent de-
velopments in terrestrial, oceanic, and atmospheric data as-
similation methods; such improvements and an overview of
newly added data are chronicled in detail in Hersbach et al.
(2020).

The ERA5 reanalysis has been used in recent interannual
Arctic climate assessments (Moon et al. 2021) and has been
shown to compare well against observations over Arctic land
and marine areas with reduced air temperature biases relative
to other modern atmospheric reanalyses (Graham et al. 2019;

Avila-Diaz et al. 2021). ERA5 has also been shown to be ef-
fective in capturing boreal high-latitude trends of T2m and P,
including rainfall and snowfall (Barrett et al. 2020; Räisänen
2021; Dou et al. 2021; McCrystall et al. 2021). However,
ERA5 SFE trends should be interpreted with caution at high
elevations, as accumulated snow tends to be overestimated
above 1500 m (Hersbach et al. 2020). More specific to Alaska
analyses herein, recent studies have shown that ERA5 is also
robust against observations and, therefore, represents a valid
gridded product for the assessment of statewide precipitation
trends (White et al. 2021) and extremes (Bachand and Walsh
2022). It should be noted that ERA5 does not assimilate pre-
cipitation data over Alaska (H. Hersbach, ECMWF, 2022,
personal communication).

ERA5’s hourly analysis fields, periodically supplemented
with short-range forecasts (Hersbach et al. 2020), provide an
improved depiction of regional climate variables over, for ex-
ample, those derived from the 5-km NOAA monthly climate
gridded dataset (NClimGrid) derived from Global Historical
Climatology Network daily data (Vose et al. 2014). This point
is illustrated in Fig. 2, where 65-yr annual trends derived from

FIG. 2. NOAA NClimGrid 4-km gridded annual Theil–Sen
trends, 1957–2021, for (a) T2m (8C decade21) and (b) precipitation
(% decade21). Significant trends, where p# 0.10, are hatched.
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NClimGrid show unrealistic patterns evidenced as “bullseyes”
in the trends and significance fields. These patterns result from
data quality and procedural issues that degrade the division-
wide T2m and P monthly series when examined over multide-
cade time scales. A multitude of factors contribute to these
issues, including very low data density (especially in northern
and western Alaska), low elevation bias, missing and incorrect
data values, variable reporting intervals, station relocation,
and period of record. While the problems are most obvious
for P trends (Fig. 2b), station-based artifacts are also readily
identifiable in the T2m trend (Fig. 2a). Additional compari-
sons between ERA5 and the NOAA NCEI Alaska climate
division (hereafter abbreviated as NCEI ACD) T2m and P
time series are also discussed in section 4c(3). The weather
station data and statistical methods used to construct these
NCEI datasets are described in Bieniek et al. (2014) and
Vose et al. (2017).

With regard to trends of precipitation, we note here that
the use of ERA5 for precipitation variables offers a frame-
work of consistent precipitation-product generation, subject
to the constraint that the assimilated observational data can
change over time. Alternative gridded precipitation prod-
ucts (e.g., the Global Precipitation Climatology reanalysis,
the University of Delaware precipitation product, the U.K.
Climate Research Unit’s precipitation database) have been
shown to contain heterogeneities that largely preclude their
use in trend analyses for Alaska (McAfee et al. 2014).

Sea ice extent (SIE) data for the Alaska region from 1957 to
1978 is based on the historical sea ice atlas of Walsh et al. (2017;
see also https://www.snap.uaf.edu/tools/sea-ice-atlas) and the
monthly National Snow and Ice Data Center (NSIDC) Sea Ice
Index, version 3, for Arctic regions (Fetterer et al. 2017) from
1979 to 2021. The earlier and later time series were homoge-
nized by adjusting the sea ice atlas by the offsets of the March
and September monthly means for the overlap period of 1979–
90. The bias adjustments of the earlier data were calculated sep-
arately for the Chukchi, Beaufort, and Bering Seas. The result-
ing SIE time series are shown for September in the Chukchi
Sea and Beaufort Sea and March in the Bering Sea, which rep-
resent the respective months of climatological minimum and
maximum SIE. Sea ice melt and freeze onset dates, derived
from passive microwave brightness temperatures (Markus et al.
2009), were also used to evaluate the long-term changes in melt

onset, freeze onset, and melt-season duration in these three
marginal seas.

c. Methods

1) MEAN AND EXTREME CALCULATIONS

ERA5 hourly data (Hersbach et al. 2020) for the full time
period, 1957–2021, are aggregated to standard seasonal means
(DJF, MAM, JJA, and SON) and annual (i.e., January–
December) averages for T2m, precipitation, and SFE. For
analyses of T2m and P extremes, the ERA5 data are averaged
to a daily time step and used to calculate climatological mean
values of the 1st (T01) and 99th percentiles (T99) of T2m, and
maximum 1-day (RX1) and 5-day (RX5) P amounts. The con-
sideration of other seasonal definitions and the associated
sensitivity of results to these definitions (i.e., snow and sea
ice) are described in the context of the data and methods.
Trends of the annual time series for each index were com-
puted using methods described in the following section.

2) HOMOGENEITY TESTING

Unlike P, T2m from Alaska surface weather stations is as-
similated into ERA5 (H. Hersbach, ECMWF, 2022, personal
communication). We applied the Pettitt changepoint technique

TABLE 1. Annual Alaska statewide T2m OLS and Theil–Sen
trends (8C decade21) based on NCEI ACD data described by
Vose et al. (2017).

Period
OLS trend

(8C decade21)
Theil–Sen trend
(8C decade21)

1957–2021 0.34 0.35
1951–2021 0.35 0.34
1961–2021 0.40 0.43
1971–2021 0.45 0.50
1981–2021 0.37 0.43
1991–2021 0.44 0.53

FIG. 3. Annual T2m Theil–Sen climate division trends
(8C decade21) for (a) ERA5 and (b) NCEI ACD. All values
shown are statistically significant at p # 0.10.
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(Pettitt 1979) to assess whether potential inhomogeneities in
T2m arise through time as a result of the number of assimilated
weather stations and/or total observations from those stations.
This approach is designed to isolate mean or variance changes
between two segments within a time series. We find that breaks
in the ERA5 climate division T2m (Fig. S2) generally do not
match analogous temporal changes in total station observations
or singular weather station counts from mainland or southeast
Alaska that are assimilated into ERA5 (Fig. S3). It should be
noted that the identification of climate division temporal
changes is generally consistent between different changepoint
techniques (e.g., Buishand range test, standard normal homoge-
neity test; results not shown). As we might expect, T2m changes
over some Alaska climate divisions (e.g., Northeast Gulf,
Northwest Gulf, North Panhandle) are aligned with the docu-
mented PDO shift in 1976 (Hartmann and Wendler 2005).

3) TREND ESTIMATION AND COMPARISONS

Seasonal and annual precipitation trends over 1957–2021
from ERA5, and additionally the NCEI ACD data where ap-
propriate, were analyzed by three different methods: ordinary
least squares regression (OLS), Theil–Sen regression (Theil
1950; Sen 1968) and gamma regression (generalized linear
model with a specified gamma distribution; e.g., Nelder and
Wedderburn 1972). The P and SFE trends are much more
heterogeneous than T2m trends, and their results differ de-
pending on the datasets and analysis techniques used. This is
due, in part, to spatial variability of precipitation, modeling of
precipitation (i.e., in ERA5), variable availability, and the

reliability of extremely sparse in situ networks in Alaska from
which to construct a dense grid.

We aggregated hourly T2m and P data at the divisional
level to annual and seasonal means or totals, but for SFE, we
considered DJF, MAM, and SON, and additional snow sea-
sons that characterize the range of snow-accumulation sea-
sons in Alaska: September to the following August (ANN),
NDJFM, and October–April (ONDJFMA). We did not eval-
uate JJA SFE because, at the scale of climate divisions, the
preponderance of zero values limits estimation. Theil–Sen
slope and p estimates were extracted from regressions run us-
ing the R package “trend” (Pohlert 2020). Gamma regres-
sions were computed as generalized linear models (glm) with
a gamma family distribution and a log link. We considered
trends significant if tests met the criteria for the 90% confi-
dence level where p (|t| for OLS and gamma, or |t| for Theil–
Sen) is #0.10. In the analyses below, we mainly present
Theil–Sen trend estimates and associated Mann–Kendall esti-
mates of p values, but we refer to other tests as necessary.

5. Results

a. Temperature

Our evaluation of trends will focus on the period 1957–2021
for the reasons presented in section 4. However, this choice of
the time frame must be accompanied by an acknowledgment
that the trends are sensitive to the start date (as well as the
end date). To illustrate this sensitivity, Table 1 shows OLS
and Theil–Sen trends of the annual statewide Alaska temper-
ature for various start dates, including 1957 as well as other

FIG. 4. Seasonal ERA5 T2m Theil–Sen climate division trends (8C decade21), 1957–2021, for (a) winter (DJF),
(b) spring (MAM), (c) summer (JJA), and (d) autumn (SON). All values shown are statistically significant (p# 0.10).
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start-of-decade alternatives. Trend magnitudes tend to be
slightly greater in Theil–Sen than OLS, especially for periods
starting in or after 1961, which may be due to the aforemen-
tioned methodological differences. In general, magnitude dif-
ferences among time periods arise from internal variations of
the annual temperatures; for example, a series of cold years in
the 1970s followed by warm years in the early 1980s (associ-
ated with a shift in the PDO) account for the weaker trend
when the start date shifts from 1971 to 1981. Nevertheless, sev-
eral conclusions emerge from Table 1. First, despite some in-
ternal variability, the general magnitude of the trend does not
vary substantially with the choice of start dates. Second, the
trend for the 1957–2021 period utilized in this study is at the
low end of the range of values. With these conclusions and
caveats in mind, we proceed to a more detailed presentation
of the temperature trends.

Annually, the ERA5-based T2m trend is positive and statisti-
cally significant (i.e., p# 0.10) for all climate divisions (Fig. 3a).
The largest Theil–Sen trends, T2m . 0.508C decade21, are ob-
served for the North Slope and North Panhandle divisions.

Analogous NCEI ACD (Bieniek et al. 2014) annual T2m
trends likewise indicate positive and statistically significant de-
cadal changes across divisions (Fig. 3b). Trend magnitudes are
roughly similar between products across interior Alaska, includ-
ing for the largest trends at the North Slope division. However,
there are large deviations in ERA5 versus NCEI ACD trends
($0.288C decade21) at the three panhandle divisions where to-
pographic complexity presents challenges for regional trend
estimates.

Similar to the annual ERA5 trends, seasonal trends are posi-
tive and statistically significant across all divisions and during all
seasons (Fig. 4). The largest trends by season are found either
for the North Slope [T2m $ 0.698C decade21 in spring and au-
tumn (Figs. 4b,d)] or North Panhandle [T2m$ 0.788C decade21

in winter and spring (Figs. 4a,c)]. Winter has the largest trends
across divisions, most notably in ERA5 in the divisions flanking
the northeastern Gulf of Alaska (T2m$ 0.588C decade21 at the
Northeast Gulf, North Panhandle, Central Panhandle, and South
Panhandle). The North Slope and West Coast divisions during
spring and autumn, near regions of early sea ice retreat and

a) b)

c) d)

FIG. 5. (left) Mean values (8C) and (right) Theil–Sen trends (8C decade21) of annual (a),(b) 1st percentile of T2m and
(c),(d) 99th percentile of T2m. Significant trends, where p# 0.10, are stippled.
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extended periods of open water, respectively, have the largest
trends, while summer trends are largest at divisions near the
Gulf of Alaska.

Extreme temperatures from ERA5 showed widespread,
significant, and increasing trends at both the 1st (T01) and
99th (T99) percentiles, indicating cold and warm extremes,
respectively (Fig. 5). To highlight the aforementioned oro-
graphic dependence on extremes across the state, spatial
plots of extremes are shown and supplemented by climate
division–aggregated means and extremes listed in Table 2
and described here. Mean climatological values of T01
ranged from 240.388C in the Northeast Interior to 28.668C
in the Aleutians. All T01 trends were statistically significant
at the 90% confidence level, with the largest trend in South
Panhandle (1.278C decade21) and the smallest in the Aleutians
(0.348C decade21). Historical mean values of T99 ranged from
11.508C in the Northeast Gulf to 18.608C in the Northeast Inte-
rior. All trends of T99 were positive; however, they were only
significant across southern and western Alaska mainland divi-
sions, but not in the Central Interior, North Slope, and North-
east Interior divisions.

b. Precipitation

Precipitation in Alaska is extraordinarily variable due to the
diversity of climates and dramatic impact of complex terrain.
For climate stations with NOAA-published, 1991–2020 average
annual total precipitation, totals vary from less than 120 mm at
Kuparuk (coastal North Slope) to more than 6200 mm at Little
Port Walter (Baranof Island) (data available at https://www.
ncei.noaa.gov/products/land-based-station/us-climate-normals;
for methodology see Arguez et al. 2012). Even within compara-
tively compact regions, precipitation can vary enormously. For
example, within the Municipality of Anchorage, home to;40%
of Alaska’s population and near sea level, the average annual to-
tal precipitation ranges from near 400 mm (Anchorage Interna-
tional Airport) to more than 4000 mm (Portage Glacier Visitors
Center; see Fig. 1).

Annual precipitation trends from ERA5 at the climate divi-
sion level are much more heterogeneous than temperature
(Fig. 6a). Annual total precipitation trends over 1957–2021

are positive in all climate divisions but are significant only for
the North Slope (3.22% decade21) and Southeast Interior
(1.16% decade21). Of note, Bristol Bay and the adjacent
Northeast Gulf divisions exhibit trends that are significant in
both OLS and gamma regression but not via the Theil–Sen
method. Comparatively, while the ERA5 and NCEI ACD data
show trends of similar sign across divisions, the NCEI ACD
magnitudes are generally larger (Fig. 6b). This difference is

FIG. 6. Annual precipitation Theil–Sen climate division trends
(% decade21) for (a) ERA5 and (b) NCEI ACD. Blue, bolded val-
ues indicate trends that are statistically significant at p# 0.10.

TABLE 2. ERA5 mean values and Theil–Sen trends of annual 1st percentile of T2m temperature (T01) and 99th percentile of T2m
temperature (T99) from 1957 to 2021. Significant trends that met the 90% confidence level are in bold.

Climate division Code T01 mean (8C) T01 trend (8C decade21) T99 mean (8C) T99 trend (8C decade21)

North Slope CD01 239.77 0.81 15.28 0.15
West Coast CD02 232.94 0.38 16.10 0.18
Central Interior CD03 236.78 0.66 18.27 0.10
Northeast Interior CD04 240.38 0.81 18.60 0.13
Southeast Interior CD05 233.94 0.86 15.05 0.15
Cook Inlet CD06 224.02 0.55 14.37 0.34
Bristol Bay CD07 226.29 0.41 14.90 0.22
Northwest Gulf CD08 215.99 0.36 13.18 0.34
Northeast Gulf CD09 218.68 0.87 11.50 0.50
North Panhandle CD10 225.97 1.32 12.72 0.97
Central Panhandle CD11 218.95 1.26 13.08 0.34
South Panhandle CD12 214.31 1.27 15.05 0.41
Aleutians CD13 28.66 0.34 11.61 0.12
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especially apparent for the West Coast, Central Interior, North-
east Interior, and the Panhandle climate divisions.

Seasonally, positive trends are most widespread in winter
(Fig. 7a) and summer (Fig. 7c), while precipitation in the transi-
tion seasons tends to have very little trend (Figs. 7b,d). Trends
are significant at the 90% confidence level in six (five) divisions
in winter (summer). However, only the Northeast Gulf division
has a significant trend in both winter (3.70% decade21) and
summer (5.32% decade21). Autumn shows no significant trend
in any division and spring only in the North Slope division. Al-
though not individually statistically significant, it is notable that
in spring, every division except for the North Slope and West
Coast has zero or slightly negative precipitation trends. In au-
tumn, the negative trends are mostly confined to the Northeast
Gulf coast and three Panhandle divisions.

Trends of RX1 and RX5 precipitation from ERA5 were
mixed across Alaska (Fig. 8). At the climate-division scale, mean
climatological values of RX1 ranged from 1.73 cm in the North
Slope to 7.81 cm in the Northeast Gulf; for RX5, these values
ranged from 3.64 cm in the Northeast Interior to 19.36 cm in the
Northeast Gulf (Table 3). The only divisions with significant
trends at the 90% confidence level were the North Slope and the
Southeast Interior. Trends of RX1 and RX5 in the North Slope
were 2.34% and 2.17% decade21, respectively; in the Southeast
Interior these were 1.42%and 1.74%decade21, respectively.

c. Snowfall

Across 12 divisions, MAM (mean, 23.4% decade21), SON
(mean, 22.9% decade21), and annual (September–August:

mean, 21.1% decade21) SFE slopes were negative, but not all
were statistically significant. The lone exception was the North
Slope, where positive (if not significant) SFE trends were found
in all seasons. Meanwhile, a significant trend in annual SFE was
only detected in the South Panhandle (23.29% decade21;
Table 4). However, significantly decreasing spring (MAM) and
autumn (SON) trends were evident, primarily but not exclu-
sively in southern Alaska. Spring SFE decreased signifi-
cantly in the Southeast Interior (23.32% decade21), Cook
Inlet (23.72% decade21), Bristol Bay (24.95% decade21),
Central Panhandle (23.13% decade21), and Aleutians
(24.46% decade21). For the Central Interior (23.62% decade21)
and Northeast Interior (23.14% decade21), the evaluated
negative MAM trend was not significant for Theil–Sen at the
90% confidence level, but both OLS regression and gamma
regression returned significant model fits at 90% confidence,
and gamma fits were superior [according to Akaike informa-
tion criterion (AIC)] regression fits. Significant decreases
in autumn (SON) SFE were evident in the West Coast
(24.31% decade21), Northwest Gulf (23.62% decade21),
North Panhandle (23.24% decade21), and Aleutians
(26.87% decade21). In contrast, winter (DJF) trends were
positive for all divisions except the Central Panhandle and
South Panhandle, with significant increases in the West
Coast (3.37% decade21), Cook Inlet (3.64% decade21), Bris-
tol Bay (3.59% decade21), Northwest Gulf (3.15% decade21),
and Northeast Gulf (2.53% decade21). The SFE trend in the
Southeast Interior was positive, but only significant in the OLS
and gamma regressions.

FIG. 7. Seasonal ERA5 precipitation Theil–Sen climate division trends (% decade21), 1957–2021, for (a) winter
(DJF), (b) spring (MAM), (c) summer (JJA), and (d) autumn (SON). Blue, bolded values indicate trends that are sta-
tistically significant at p# 0.10.
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ONDJFMA and November–April (NDJFMA) SFE trends
reflect this combination of negative and positive trends for
different parts of the snow season and were rarely significant.
ONDJFMA SFE decreased significantly in the South Panhan-
dle (22.80% decade21), and such trends were positive solely
for the North Slope (1.75% decade21) and only for gamma
regression. For NDJFMA, the North Slope (3.42% decade21)
and Bristol Bay (2.50% decade21) trends were significant. The
Central Interior had few significant trends, though a MAM de-
crease was significant for OLS and gamma regressions.

d. Sea ice

SIE surrounding Alaska has declined significantly over the
passive microwave satellite record in the Bering, Chukchi,
and Beaufort Seas (Fig. 9). The March SIE, the month of maxi-
mum coverage, decreased by ;50000 km2 decade21 in the Be-
ring Sea from 1957 to 2021. Over the past decade, the March SIE
in the Bering Sea has exhibited markedly low coverage, with two
record minimums in 2018 and 2019 (Perovich et al. 2019) that
were associated with anomalously warm ocean temperatures

(Thoman et al. 2020). For September, the month of mini-
mum coverage, SIE declined by ;70 000 km2 decade21 in
the Chukchi Sea and ;80 000 km2 decade21 in the Beaufort
Sea from 1957 to 2021. Starting in the mid-1990s, the
September sea ice loss accelerated in the Chukchi and
Beaufort Seas. In the Bering Sea, September SIE is negligi-
ble. Sea ice reduction has a notable impact on terrestrial
air temperatures over northern Alaska, as discussed in
section 6.

The melt season has significantly lengthened in the Bering,
Chukchi, and Beaufort Seas over 1979–2021 (Fig. 10). Based
on Theil–Sen trends with 90% statistical significance, the
date of continuous melt onset in the Bering Sea is occurring
;3.0 days decade21 earlier, whereas continuous freeze onset
is occurring ;3.0 days decade21 later. The Chukchi Sea has a
similar earlier trend in continuous melt onset (2.9 days decade21)
but a larger delay in continuous freezing (5.0 days decade21)
than in the Bering Sea. Changes in the Beaufort Sea’s melt sea-
son are most striking of the three regions: continuous melt is oc-
curring 6.0 days decade21 earlier, while the date of continuous

a) b)

c) d)

FIG. 8. (left) Mean values (cm) and (right) Theil–Sen trends (% decade21) of annual (a),(b) maximum 1-day precipi-
tation and (c),(d) maximum 5-day precipitation. Significant trends, where p# 0.10, are stippled.
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freezing is 13.0 days decade21 later, yielding a total lengthening
of the melt season by 19.0 days decade21 over 1979–2021.

6. Discussion

The trends obtained here for Alaska are occurring against a
broader backdrop of Arctic change. In some cases, the trends
align closely with larger-scale changes, while in other cases
Alaska’s terrestrial and marine climate are relatively anoma-
lous. The broader-scale Arctic changes have been recently
synthesized into a series of indicators by Box et al. (2019) and
updated by Box et al. (2021). The Box et al. (2021) results for
air temperature and precipitation are based primarily on the
NCEP–NCAR reanalysis and generally for the 1971–2020 pe-
riod, precluding precise alignment with the results reported
here. However, general consistency is apparent in the key var-
iables. For the Arctic land and ocean areas, Box et al. report
positive temperature trends of 0.538 and 1.018C decade21 over
1971–2020. These values are larger than the 0.348C decade21

for Alaska over 1957–2021, but Box et al.’s Arctic land value is
close to the statewide Alaska value of 0.458C decade21 for the
1971–2021 period (Table 1). As noted in section 5, however,

the Alaska trend for the period beginning in 1971 is larger
than the trend for earlier and later start years (1951, 1961,
1981, and 1991).

Box et al. (2021) report pan-Arctic precipitation trends of ap-
proximately 1.4% and 2.4% decade21 for Arctic land and ocean
areas, respectively. These changes are very similar to those ob-
tained here for terrestrial Alaska over the 1957–2021 period, as
shown in Fig. 6. Box et al. report a trend of 20.9% decade21 in
annual snowfall over Arctic land areas, again consistent with the
findings of this study. However, Box et al.’s snowfall trend for
the Arctic ocean areas is positive: 11.5% decade21, consistent
with enhanced moisture availability from increasing areas of
open water as sea ice retreats. The generally subfreezing air tem-
peratures over the Arctic ocean areas favor a smaller increase of
rain to snow ratios in comparison with Arctic land areas. Finally,
Box et al. (2021) present data on recent changes in sea ice area
over 1979–2020. The sea ice trends are based on the same passive
microwave data sources used here for the 1979–2020 period,
suggesting that quantitative differences relative to our results in
section 5 could arise from our use of a longer time period for
trend evaluation, the inclusion of presatellite observations, or
other factors.

TABLE 4. Theil–Sen SFE trends (% decade21) by climate division for 1957–2021. Trends significant at 90% confidence are bolded.
Significant trends at 90% confidence for OLS and/or gamma regression, but not Theil–Sen, are labeled with an asterisk.

Climate division Code September–August DJF MAM SON October–April November–March

North Slope CD01 0.12 2.85 0.97 0.30 1.75* 3.42
West Coast CD02 21.12 3.37 23.32 24.31 0.07 1.63
Central Interior CD03 20.69 2.70 23.62* 21.90 0.04 1.83
Northeast Interior CD04 20.82 2.90 23.14* 22.31 20.03 2.26
Southeast Interior CD05 21.09 2.43* 23.32 21.11 20.18 1.89
Cook Inlet CD06 20.26 3.64 23.72 21.84 0.98 1.91
Bristol Bay CD07 20.15 3.59 24.95 22.58 0.69 2.50
Northwest Gulf CD08 20.41 3.15 22.88 23.62 0.33 1.14
Northeast Gulf CD09 20.65 2.53 22.48 22.32 20.21 0.96
North Panhandle CD10 21.55 1.46 22.40 23.24 20.70 0.71
Central Panhandle CD11 22.01 20.16 23.13 21.43 21.15 20.17
South Panhandle CD12 23.29 22.22 23.55 22.88 22.80 21.80
Aleutians CD13 21.45 1.07 24.46 26.87 20.71 0.51

TABLE 3. ERA5 mean values and Theil–Sen trends of annual RX1, maximum RX5 from 1957 to 2021. Significant trends that met the
90% confidence level are in bold.

Climate division Code RX1 mean (cm) RX1 trend (% decade21) RX5 mean (cm) RX5 trend (% decade21)

North Slope CD01 1.73 2.34 3.66 2.17
West Coast CD02 2.21 0.20 4.81 20.25
Central Interior CD03 2.38 0.55 5.16 1.29
Northeast Interior CD04 1.77 20.35 3.64 0.55
Southeast Interior CD05 2.81 1.42 6.05 1.74
Cook Inlet CD06 4.45 1.32 10.35 0.74
Bristol Bay CD07 3.27 0.27 7.14 0.60
Northwest Gulf CD08 6.04 0.25 14.47 0.95
Northeast Gulf CD09 7.81 1.00 19.36 0.76
North Panhandle CD10 6.21 20.83 15.76 21.56
Central Panhandle CD11 6.81 0.73 17.48 21.03
South Panhandle CD12 7.16 21.22 17.69 21.26
Aleutians CD13 3.24 20.69 6.76 0.34
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Relationships among trends shown here are physically plausi-
ble. A striking example is the correspondence between sea ice
loss (Fig. 9) and the increase of air temperature in northern
Alaska, particularly in autumn (Wendler et al. 2014). Figure 4
shows that Alaska’s North Slope, in closest proximity to the
ice-diminished Beaufort and Chukchi Seas, has undergone sub-
stantially greater warming than the other Alaska climate divi-
sions in all seasons except summer. However, the nature of the
ice–temperature coupling is most apparent at coastal sites. Fig-
ure 11 shows the dramatic increase of October temperatures at
Utqiaġvik, which is located on the Chukchi coast. The warming
occurred rather abruptly in the early 2000s, when there was an
acceleration of September sea ice loss in the Chukchi Sea (Fig.
9b). The increased areas of open water have allowed for in-
creased solar heating of the upper ocean in summer, with a
release of that heat to the atmosphere during autumn (Pero-
vich and Richter-Menge 2009). In this respect, Utqiaġvik’s Oc-
tober temperature history is a manifestation of the ice–
albedo feedback, which is a key contributor to Arctic amplifi-
cation. Figure 11 shows that this “climate shift” has been
accompanied by a remarkable decrease in interannual vari-
ability, which is attributable to the moderating influence of
the open water that is now widespread in October. While the
10 warmest Octobers in the 102-yr record are clustered in the
most recent two decades, there has been a complete loss of
monthly temperatures below the historical mean. Not only

have none of the 10 coldest Octobers occurred in the past
20 years, the 20 most recent Octobers have fallen into the
warmest tercile of the 102-yr distribution.

Precipitation and temperature provide a second example of
interrelated trends. The recent increase of precipitation over
Alaska is consistent with the increase of saturation vapor pres-
sure associated with the warming atmosphere. This relation-
ship is not unique to Alaska and is widely acknowledged as a
factor in the increased intensity of heavy precipitation events
worldwide (National Academies of Sciences, Engineering, and
Medicine 2016). On the other hand, the increase of Alaska
(and Arctic) precipitation has likely been further enhanced by
the loss of sea ice and the increase of open water, as noted
above. Climate modeling experiments have provided further
support for the role of sea ice loss in the increase of Arctic pre-
cipitation (Higgins and Cassano 2009; Bintanja and Selten
2014). Conversely, the atmosphere is a driver of sea ice loss
via warming over interannual to multidecadal time scales and
by shifts in storm activity and their associated wind-forcing
and thermal advection over shorter time scales (Cohen et al.
2020). Recent variations of sea ice in the Bering Sea provide
striking examples of the importance of atmospheric forcing on
subseasonal to seasonal time scales (Thoman et al. 2020).

The present study has focused on air temperature, precipita-
tion, sea ice, and snowfall, which are key drivers of other parts
of the Arctic system. As noted in section 1, Alaska contains

FIG. 9. Monthly SIE (million km2) for (a) September Beaufort Sea, (b) September Chukchi Sea, and (c) March
Bering Sea. Theil–Sen trends (million km2 decade21) are shown in each panel. Significance is indicated in bold type at
the 90% level or greater. The same colors associated with each marginal sea are carried over to Fig. 10.
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extensive areas of permafrost and numerous glaciers. Both of
these cryospheric variables are responding to a warmer cli-
mate (Arctic Monitoring and Assessment Programme 2017,
2021), although changes in snowfall can complicate the ther-
mal response of glaciers as well as permafrost. Warming tem-
peratures are also associated with summer drying unless the
increased evapotranspiration is offset by an increase of precip-
itation. The recent increase in the frequency of severe wildfire
years in Alaska suggests that the increased evapotranspiration
is not being offset by increased precipitation (Partain et al.
2016; Bhatt et al. 2021). However, changes in vegetation in
Alaska are also consistent with increased temperature and
precipitation (Rees et al. 2020; Parker et al. 2021). These vari-
ous changes are almost certainly impacting terrestrial and ma-
rine ecosystems in the Alaska region, although such impacts
are beyond the scope of this paper.

Finally, Alaska’s warming of the past 70 years can be com-
pared to the warming over the same period in other parts of
the United States, including the entire contiguous United States
and its various climatic regions. Table 5 provides such a com-
parison with NCEI ACD data. Subject to the constraint of the
choice of 1957–2021 as the reference period, Table 5 shows that
Alaska’s rate of warming during this period exceeded the rate
for the contiguous United States by more than 50%. Alaska’s
rate of warming (0.348C decade21) was also greater than that of
any of the U.S. climate regions, for which the rates ranged from
0.178C decade21 in the Northwest region to 0.278C decade21 in

the Northeast region. In this respect, Alaska is indeed at the
forefront of climate warming in the United States.

7. Conclusions

The main conclusions of our study on Alaska climate trends
are summarized below by the four main parameters that were
examined, with an emphasis (except for sea ice characteris-
tics) on ERA5 results for the full 1957–2021 period.

• Temperature: Annual T2m trends are positive and statistically
significant (p # 0.10) across all climate divisions, with the larg-
est Theil–Sen trends found on the North Slope and North Pan-
handle division (.0.508C decade21). Similarly, at the seasonal
scale these divisions showed the largest trends in winter, spring,
or autumn with the North Slope ($0.698C decade21 in spring
and autumn) and North Panhandle ($0.788C decade21 in
winter and spring) changes being nearly ;3.58C over the
analysis period. Extreme temperature trends (i.e., 99th per-
centile) were largely positive but significant mainly in south-
ern and western mainland Alaska.

• Precipitation: While spatially heterogeneous, all climate
divisions showed positive annual total precipitation trends
but were only significant for the North Slope and Southeast
Interior. At the seasonal scale, winter and summer saw the
most divisions with significant trends, but only the Northeast
Gulf had a significant trend in both seasons (winter, 3.70%
decade21; summer, 5.32% decade21). The aforementioned

FIG. 10. Anomalies (relative to 1981–2010), in days, for the Bering, Chukchi, and Beaufort Seas for dates of (a) first
melt onset (1979–2021), (b) continuous melt onset (1979–2021), (c) first freeze onset (1979–2020), and (d) continuous
freeze onset (1979–2020). Theil–Sen melt season trends are shown in each panel with statistical significance, at the
90% level or greater, indicated by bold type. Statistically significant melt season duration trends (not shown) are 6.0,
7.9, and 19.0 days decade21 for the Bering, Chukchi, and Beaufort Seas, respectively.
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North Slope and Southeast Interior divisions also saw the
only significant 1- and 5-day precipitation trends. At the
North Slope, the change in precipitation and extremes sug-
gests an accelerating hydrological response to Arctic warming
is ongoing.

• Snowfall: Several of the southerly divisions (e.g., Bristol
Bay, Northwest Gulf, South Panhandle, the Aleutians) have
significant negative trends for multiple seasons, including
spring and autumn, with Bristol Bay and the Aleutians hav-
ing strong evidence for changes in all seasons. Winter SFE
is generally increasing across divisions, but spring and au-
tumn have a wider expression of SFE decreases, showing
clear erosion of the snowfall season further north (e.g.,
North Slope, West Coast, Northeast Interior) in addition to
the more southerly divisions.

• Sea ice: During March, the month of maximum Arctic ice cov-
erage, Bering SIE has declined by ;50000 km2 decade21

since 1957. During the September minimum, Beaufort and

Chukchi SIE has declined by 80000 and 70000 km2 decade21,
respectively. In addition to the Beaufort Sea’s striking SIE re-
duction, melt onset is earlier (6.05 days decade21), and the
date of continuous freeze is much later (12.76 days decade21),
yielding a total lengthening of the melt season by almost three
weeks since 1979. Compared to the initial study of Markus
et al. (2009), our results suggest an approximate Beaufort and
Chukchi melt season lengthening of nearly one week in the
last decade alone.

Future work will further compare and expand upon Alaska
trends versus those of Arctic terrestrial subregions using
ERA5 reanalysis and, in the case of snow and sea ice, lever-
age new satellite products (e.g., Sentinel-3 and ICESat-2).
Such rate-of-change analyses and the creation of benchmarks
in new parameters (i.e., snow depth on land and sea ice thick-
ness) will be informative for future climate assessments and
annual reports (e.g., NOAA Arctic Report Card and
Bulletin of the American Meteorological Society special section
State of the Climate), while continuing to place Alaska climate
change in context of other Arctic rapid-change regions. Fur-
ther work is also needed to quantify the linkages between
trends of the variables described in this paper and ecosystem
changes in Alaska and its coastal seas.
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NCEI U.S. Climate Regions during 1957–2021.

Region
OLS trend

(8C decade21)
Theil–Sen trend
(8C decade21)

Alaska 0.34 0.35
Contiguous United States 0.22 0.22
Ohio Valley 0.22 0.23
Upper Midwest 0.24 0.25
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