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Abstract. Arctic amplification manifests as a pervasive warming trend emerging over the past century in near-
surface air temperature throughout the Arctic that is double the globally averaged temperature increase through-
out most of the year. It results from complex processes involving oceanic, atmospheric and terrestrial components
which require detailed study to discern roles of the fundamental processes involved to improve predictions of
the Arctic environment. We report on signals that are beginning to emerge, on a timescale predicted by recent
satellite remote sensing studies, from the unique 25 year record of detailed surface-based radiometer measure-
ments obtained by the US Department of Energy Atmospheric Radiation Measurement (ARM) Facility North
Slope of Alaska (NSA) site at Utqiaġvik, Alaska. Statistically significant warming trends are found at the site
in the boreal fall, while a decrease in net radiation occurs in late summer. This decrease is driven primarily by
the decrease in shortwave radiation resulting from increasing cloud liquid water path as observed by the mi-
crowave radiometer. The magnitude of the liquid water path trends is slightly larger than the root mean square
error (RMSE) due to natural variability, while the magnitude of the net radiation trends is smaller than the RMSE
natural variability, emphasizing that these signals are only just emerging. Analysis of prevailing meteorological
regimes linking NSA with the Arctic Ocean and subarctic latitudes, and atmospheric rivers, suggests that specific
changing circulation patterns are the primary driver for these summertime trends.

1 Introduction

Arctic amplification is recognized as a significant feature of
the global climate system (Smith et al., 2017; Serreze and
Barry, 2011). Its essence is a pervasive warming of near-
surface air temperature throughout the Arctic over the past
century, with warming since the start of the present cen-
tury emerging as double the globally averaged temperature
increase throughout most of the year although smaller dur-
ing summer (Wendisch et al., 2023a). Arctic amplification is
a complex process involving a wide variety of oceanic, at-

mospheric and terrestrial components. Some, including sea
ice and ice sheet retreat, involve the long-recognized ice-
albedo feedback. Others involve more recently studied land
and biosphere changes, aerosol influences on both the sur-
face ice and snow cover and cloud microphysics, and dy-
namical interaction with subarctic latitudes (Wendisch et al.,
2023). Atmospheric components also include effects such
as lapse rate and cloud optical depth feedbacks (Taylor et
al., 2022). While Arctic amplification emerges consistently
in Earth system model (ESM) simulations, large differences
still exist within the simulated components requiring state-
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of-the-art observations to improve ESM physics and chem-
istry (e.g., Shupe et al., 2022).

Satellite remote sensing has played a vital role in the study
of Arctic amplification (Esau et al., 2023). To date the most
substantial remote sensing contributions have involved sur-
face properties including trends in sea ice and ice sheet ex-
tent, and changes in land cover, while there has also been re-
cent progress with satellite mapping of tropospheric aerosols
(Swain et al., 2024). With respect to cloud properties and sur-
face radiative fluxes, satellite remote sensing offers potential
in the Arctic particularly over sea ice (Cesana et al., 2024),
and related satellite remote sensing products have substan-
tially informed Arctic climate model simulations (Tan and
Storelvmo, 2019; Taylor et al., 2024; Tan et al., 2025) but
significant retrieval uncertainties persist (e.g., Riihelä et al.,
2017). Arctic surface and aircraft-based radiometric obser-
vations are an important resource for validating and refining
satellite remote sensing retrievals (Smith et al., 2017; Di Bia-
gio et al., 2020; Barrientos-Velasco et al., 2022), and, equally
importantly, for detailed understanding of fundamental pro-
cesses (Tjernström et al., 2014; Miller et al., 2017; Wendisch
et al., 2023a).

A number of satellite remote sensing studies have focused
on surface radiative fluxes and their governing cloud prop-
erties, particularly over the Arctic Ocean and during spring
and autumn sea ice transitions (Wang and Key, 2005; Liu et
al., 2008; Wang et al., 2012, 2021; Comiso and Hall, 2014;
Huang et al., 2017; Sledd and L’Ecuyer, 2021; Lelli et al.,
2023). With the larger uncertainties in satellite-based esti-
mates of surface shortwave (SW) and longwave (LW) fluxes,
as compared with the direct observations in this work, two of
these studies have determined radiative forcing trends over
20 year periods that are not yet statistically significant, and
have therefore reported a trend time of emergence (ToE) to
95 % statistical confidence (Sledd and L’Ecuyer, 2021; Lelli
et al., 2023). Here we will show in situ observation trends
emerging at 95 % confidence that are consistent with these
satellite remote sensing projections.

One of the most advanced and comprehensive atmospheric
observatories in the high Arctic is operated by the US De-
partment of Energy (DOE) at Utqiaġvik, Alaska (71.323° N,
156.615° W), where the DOE Atmospheric Radiation Mea-
surement (ARM) Facility maintains its North Slope of
Alaska (NSA) Central Facility (Verlinde et al., 2016). Since
the late 1990s the NSA suite of radiometric, cloud radar and
lidar, and meteorological equipment has provided valuable
climatological information about the region’s cloud proper-
ties including seasonal variability (Dong and Mace, 2003)
and comparison with other high latitude sites such as the
Antarctic (Zhang et al., 2019; Desai et al., 2024). One im-
portant discovery from the modern instrumental era involv-
ing Arctic stratiform clouds is the persistence of radiatively
significant liquid water content in all seasons and to temper-
atures even below 240 K (Intrieri et al., 2002; Shupe et al.,
2013). Analysis of NSA data for mixed-phase clouds (Dong

and Mace, 2003; Zhang et al., 2019) shows that cloud liq-
uid water path (LWP) values as large as 60 gm−2 are fre-
quently observed during winter, and values > 100 gm−2 are
frequently observed throughout the sunlit part of the year,
with largest values during spring and autumn. For attenua-
tion of SW radiation at the surface, liquid water content is
the dominant component of the cloud optical depth in Arc-
tic stratiform clouds (Lubin and Vogelmann, 2011). For this
work NSA provides a nearly continuous time series of broad-
band SW and LW upwelling and downwelling surface radia-
tion starting in 1999 (Michalsky and Long, 2016), and a sim-
ilar time series of microwave radiometer (MWR) retrievals of
cloud LWP and atmospheric precipitable water vapor (PWV)
content starting in 2001 (Cadeddu et al., 2013). These data
sets’ consistency and quality control enables multidecadal
trends in surface net radiative fluxes to now emerge with
statistical significance, particularly during summer. Some of
these trends are consistent with similarly emerging trends in
MWR-measured PWV and LWP. Combining these NSA ob-
servations with ERA5 meteorological reanalysis data (Hers-
bach et al., 2020), we show that these radiation and cloud
property trends result mainly from varying moisture trans-
port between subarctic and high Arctic latitudes, as opposed
to local feedback between the surface temperature and the
column water vapor and cloud optical depth.

2 Data and Methods

Meteorological data analysis is based on ERA5 (Hersbach
et al., 2020). All radiometric quantities and cloud proper-
ties are from datasets in the DOE ARM Facility archive.
Near-surface (2 m) air temperatures are obtained from ERA5
in the single grid cell containing the NSA site, because the
ARM NSA meteorological datasets have many gaps during
the earlier years. These 2 m air temperatures are diurnally
averaged. We subdivide the year into 24 semi-monthly in-
tervals, and average the diurnal averages over each of these
intervals. This is to account for the large seasonal cycles in
lower troposphere and 2 m temperature, and insolation. Aver-
aging over these intervals, so that there is only one data point
per year in the time series for trend analysis, also avoids the
possibility of autocorrelation. This approach is also used for
the radiative flux and MWR-derived quantities, and allows us
to identify statistically significant trends and their physical
causes. In this work trends are evaluated first using ordinary
linear least squares (OLS), and second using a nonparametric
Mann-Kendall (MK) test.

The upwelling and downwelling SW and LW radiative
fluxes are obtained from the RADFLUX1LONG data prod-
uct from September 2003 through November 2024. Be-
tween April 1999 and August 2003 the radiative fluxes are
taken from the SKYRAD (downwelling) and GNDRAD (up-
welling) data products. The measurement uncertainty in the
ARM Facility broadband radiometers is relatively small, of
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order 5–10 Wm−2 (Bush et al., 2000; Wang and Dickinson,
2013). During the overlap period between these products
in September 2003 the discrepancies between the two are
at least 1 order of magnitude smaller than a pyranometer’s
standard measurement uncertainty (e.g., Bush et al., 2000)
and are therefore negligible. From these 1 min data the net
(downwelling minus upwelling) fluxes are evaluated and av-
eraged over each hour. PWV and LWP retrievals are obtained
from the MWRRET data product. Before making hourly av-
erages from the 30 s data, values of LWP > 500 gm−2 are
omitted as physically unrealistic and likely resulting from
instrumental problems such as transient riming on the mi-
crowave antenna. In addition to natural variability, these
quantities are expected to have larger uncertainty than the
radiative fluxes due to their determination by a remote sens-
ing algorithm as opposed to direct measurement. From the
MWR typical PWV retrieval uncertainties are 5 % (Cadeddu
et al., 2013) while LWP retrievals from the NSA MWR may
be in the range 25–30 gm−2 (Turner, 2007); the latter being
a large uncertainty compared with the climatological range
in Arctic cloud LWP (Dong and Mace, 2003; Zhang et al.,
2019).

The hourly averages of SW and LW fluxes, and PWV and
LWP retrievals, are diurnally averaged then averaged over
the semi-monthly interval if there are at least 5 d of data in
the interval. Intervals with fewer than 5 d are omitted from
the time series analysis. For the analysis involving single k-
means clusters, these subsets often have fewer than 5 d of
data in a semi-monthly interval. To maintain a useful sam-
ple size with these subsets while also minimizing the pos-
sibility of autocorrelation, adjacent days of data within an
interval are averaged into one data point while isolated days
are considered by themselves. The resulting variable sample
sizes for these subsets are indicated in the figures showing
k-means clustering results.

We employ k-means clustering analysis for meteorologi-
cal regime identification following Mülmenstädt et al. (2012)
using the fields: (1) 2 m air temperature anomaly, (2) surface
pressure, (3) 2 m relative humidity anomaly, (4) 10 m zonal
wind component, and (5) 10 meridional wind component. In
this work the cluster centroids are evaluated from the ARM
surface meteorology data (NSAMET) between 2004–2021.
Anomalies are used for 2 m air temperature and relative
humidity to account for the large seasonal variability. The
anomalies are calculated relative to the 18 year mean for each
month. To omit suspect data we let the ARM data ordering
tool omit quality control-flagged data. Analysis was done us-
ing days when all five fields have no quality control flags. The
k-means clustering was redone with this longer NSAMET
dataset. Following Mülmenstädt et al. (2012) the number of
clusters was determined by stability analysis against varying
random choices of the initial cluster centroids, and four clus-
ters emerges with this longer NSAMET time series as in the
earlier work. A confusion matrix between the new and old
(years 2004–2010) cluster classification results shows a con-

stinency of > 90 %. The resulting cluster centroids µjk and
their normalizations (σj ) are shown in Table 1. To make the
daily cluster identification in this work the five fields were
taken from ERA5. The cluster to which a daily data point xj
is associated is the one with minimum Euclidean distance:

dk =

√∑5
j=1

(
xj −µjk

σj

)2

, (1)

where dk is evaluated for each of k clusters using j fields
from Table 1.

Atmospheric rivers are detected over the NSA site follow-
ing the polar-adapted AR scale (Zhang et al., 2024). Using
ERA5 data with six-hourly time resolution in a 1°× 1° grid
cell over the NSA site, the IVT is evaluated from the surface
to the top of the atmosphere. IVT is calculated as follows:

IVT=

√√√√(1
g

∫ 10

1000
qudp

)2

+

(
1
g

∫ 10

1000
qvdp

)2

, (2)

where g is the gravity acceleration constant (ms−2), q is spe-
cific humidity (kgkg−1), u and v are zonal and meridional
wind (ms−1), and dp is the differential pressure (hPa). If
IVT > 100 kgm−1 s−1 for 24 h this is flagged as a Polar AR
level 1 (AR P1). Durations exceeding 48 h then up to 72 h, or
IVT increasing to 150–200 then 200–250 kgm−1 s−1, pro-
mote the precursor AR to levels AR P2 and AR P3. Fur-
ther increases in IVT into the range 250–1500 kgm−1 s−1

promote the event into the intensity strengths AR 1–5 with
thresholds 250, 500, 750, 1000, 1250 and 1500 kgm−1 s−1,
respectively. These five thresholds are the same as in the
global AR scale (Ralph et al., 2019). The three lower Polar
AR thresholds are introduced to recognize that smaller IVT
values transported in an AR frontal pattern can be associated
with substantial impacts on a local cryosphere environment
such as anomalous precipitation or surface melt.

3 Results

3.1 Observed Trends in Radiative Fluxes and Cloud
Properties

For orientation we first examine the trends in the near-surface
(2 m) air temperature at NSA. Trends for the full ERA5 time
series (1959–2024) and the period encompassing the ARM
NSA Facility data (1999–2024) are given in Fig. 1 and Ta-
ble 2. Over the full time series 20 of 24 intervals (83 %)
show statistically significant upward trends, signifying that
Arctic amplification has consistently warmed the NSA re-
gion beyond the global-mean warming trend of 0.2 °C per
decade, over recent multidecadal timescales. Over the most
recent 25 years there is less consistent statistical significance,
and some colder intervals (FEB-Early, APR-Early and JUN-
Early) show negative trends. The largest positive trends over
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Table 1. Cluster centroids µjk and normalizations σj used to identify the specific meteorological regime in each day at NSA with ERA5
data.

Cluster T2m (K) Psfc (hPa) RH2m (%) u10m (ms−1) v10m (ms−1)

1 −4.78 1025.02 −4.07 −0.89 −2.15
2 −0.66 1008.94 −2.89 +0.17 +2.39
3 +0.35 1011.53 +1.22 −2.36 −5.67
4 +5.26 1015.05 +5.34 +1.56 −0.98
σj 5.25 10.13 5.55 2.79 4.36

the most recent 25 years occur during autumn and early win-
ter, while summer positive trends are small and not statisti-
cally significant. This contrast in trend significance between
the shorter and longer time series suggests that various com-
ponents of Arctic amplification may be operating over NSA
during different seasons and may also be time-varying, or
that some trends may need more than 25 years to become
statistically significant.

The trends in net radiative fluxes in the intervals with the
most statistical significance are shown in Fig. 2, and the full
set of net radiative flux trends is shown in Table 3. Given
the measurement uncertainty in the ARM Facility broadband
radiometers (of order 5–10 Wm−2), the variability shown
throughout Fig. 2 reflects mainly the natural variability in
both cloud amount and optical depth. The most consistent
statistical significance in the trends occurs during July and
August, during which each of the intervals shows signifi-
cance in two of the three quantities, net shortwave (SW), net
longwave (LW) or their sum (Net). All four of these intervals
show a decreasing SW trend with some degree of statistical
significance. The LW trend is upward in all of these intervals,
statistically significant in July but not in August. As the SW
decreases outpace the LW increases the Net radiative flux in
all four intervals shows a statistically significant downward
trend. This is evidence of a gradual radiative surface cooling
between 1999 and 2024, which might partially explain why
the concomitant summer 2 m air temperature trends (Fig. 1)
are small and not statistically significant.

We see statistically significant Net radiative flux increases
for three colder intervals (FEB-Late, MAR-Early and MAR-
Late), also shown in Fig. 2m–o. During most of the autumn
and winter intervals there are hints of increasing LW and Net
fluxes (Table 3) but as analysed here they do not yet rise to
a level of statistical significance. In addition we notice that
during the JUN-Early interval the magnitudes of the SW and
Net flux trends are almost as large as those of the signifi-
cant July and August trends, but their statistical significance
is poor (Table 3). This is due to the wide variability in sur-
face albedo during this interval, which is a transition period
in snow cover. Outside this interval the surface albedo is con-
sistently less than 0.2 during warmer months and greater than
0.7 during colder months. Figure 3 shows that this interval
exhibits an obvious correlation between surface albedo and

SW net flux, along with wide variability in both these quan-
tities. The same is true during the opposite surface transition
interval SEP-Late.

To explain the trends in summertime radiative fluxes, we
examine the MWR retrievals of PWV and LWP. Statistically
significant trends in MWR-retrieved quantities thus appear in
fewer intervals than for the radiative flux measurements, but
some trends emerge during summer that correspond to the ra-
diative flux trends (Fig. 4, Table 4). Increasing PWV trends
appear in all JUN-Late and all July and August intervals, and
appear statistically significant during July corresponding to
the statistically significant upward LW flux trends (Fig. 2b
and e). This is consistent with a steadily warming lower tro-
posphere. LWP shows no trend in JUL-Early or AUG-Early,
but shows statistically significant increasing trends in JUL-
Late and AUG-Late. Thus the summer SW and Net flux
trends are not yet entirely explained by the present MWR
data time series, but a relationship with increasing LWP is
emerging for two intervals. We also see statistically signifi-
cant upward LWP trends during two spring intervals (Fig. 4i
and j) that correspond to significant upward LW flux trends
(Table 3), and also a significant upward Net flux trend in
MAR-Early (Fig. 2n). A significant upward LWP trend in
NOV-Early is associated with increasing LW and Net fluxes
but these are not yet showing as significant (Table 3). This
hints at the same mechanism as in summer of increasing
LWP contributing to fall surface warming trends (Table 2),
but it is likely that several more years of fall data will be re-
quired for a conclusive demonstration. The same is true for a
significant upward PWV in JAN-Late (Fig. 4l).

3.2 Synoptic-Scale Meteorological Influences

The NSA region is influenced by climatologically persistent
cyclonic activity in the northwestern Pacific Ocean and anti-
cyclones in the Beaufort/Chukchi Seas (Serreze et al., 1993;
Serreze and Barry, 2014). Analysis of NSA meteorological
data using k-means clustering (Mülmenstädt et al., 2012)
has shown that these influences lead to four meteorologi-
cal regimes (clusters) that manifest in all seasons. Cluster 1
describes the coldest regime dominated by the Beaufort Sea
High (Serreze and Barry, 2014) and features mainly easterly
to northeasterly near-surface winds at NSA. Under Cluster 1
conditions at NSA are closest to a “polar desert.” Cluster 2
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Figure 1. Trends in the semi-monthly interval-averaged 2 m near-surface air temperature at the NSA site from ERA5 data, organized by
month (a–l) and semi-monthly intervals (light blue for the first 2 weeks, orange for the second). For each interval two linear trend lines are
shown, one for the full time series (1959–2024) and one for the period overlapping the NSA data (1999–2024). Trends that are statistically
significant with two-tailed confidence are shown as solid lines, while trends with less statistical significance are shown as dotted lines.

describes the second coldest regime, characterized by strong
low pressure in the Arctic Ocean and Beaufort Sea connected
to low pressure of average strength in the Gulf of Alaska. As
the cyclonic flow will carry moisture to NSA from over the
open Arctic Ocean even in the colder conditions, cloud cover
under Cluster 2 is more extensive than under Cluster 1 but
is limited in vertical extent. Cluster 3 describes a mixture of
weak high pressure over the Arctic Ocean and strong low
pressure over the Aleutian Islands and Bering Sea, thus ad-
vecting moisture to NSA from the Gulf of Alaska. This cy-
clonic flow from the Gulf of Alaska is impeded by coastal
mountain ranges at lower altitudes, but at higher altitudes
moisture traverses the Alaskan peninsula and the Yukon and
arrives at NSA mainly in easterly winds across the Beaufort
Sea. Cluster 4 is the warmest and moistest cluster, and is dis-
tinct from Cluster 3 by relative westward displacement of the

strong low pressure over the Aleutian and Bering Seas. This
results in a direct and unimpeded path for warm and moist air
through the Bering Strait to NSA. The multiyear time series
of NSA data enable us to investigate the contrasting influ-
ences of these four clusters on the trends in radiative flux
and MWR cloud properties during summer. Using ERA5 re-
analysis data over the NSA region, every day between 1999
and 2024 can be identified with one of these four clusters.

Another important meteorological consideration involves
atmospheric rivers (ARs). An AR is a narrow region of in-
tense horizontal and vertically integrated water vapor trans-
port (IVT) within a low-level jet most typically generated
at the cold front of an extratropical cyclone (Ralph et al.,
2018). ARs are now recognized as a major source of moisture
transport between midlatitudes and both northern and south-
ern high latitudes (Newman et al., 2012; Guan and Waliser,
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Figure 2. Time series of the semi-monthly interval-average net radiative flux components (shortwave SW and longwave LW) and their sum
(Net); for the four intervals in July and August (a–l), and for net radiative flux in three other intervals that show some degree of statistical
significance in the trend from 1999–2024 (m–o). The mean value in each interval is shown as a dot and the error bars are plus and minus
1 standard deviation about the mean. The linear least-squares trend is shown as a dotted line. The three numbers in each panel are the
linear change in the radiative flux between 1999 and 2024 (top), the Pearson correlation coefficient from ordinary least squares (middle)
and the percent confidence level in trend detection from a Mann–Kendall test (bottom). For the latter two numbers, values having statistical
significance of 95 % or greater are shown in blue, values with one-tailed confidence (90 %–95 %) are shown in orange, and values with less
statistical confidence are left in black.
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Table 2. Summary of ERA5 surface temperature trends at the NSA site. Shown for each timespan are the linear temperature change over the
timespan and the Pearson correlation coefficient. Two-tailed (one-tailed) significant correlations are indicated in bold (italic).

Whole Time Series 1959–1998 1999–2024

Interval d59−24 (K) r d59−98 (K) r d99−24 (K) r

JAN Early 5.6 0.2899 5.0 0.2385 4.2 0.2665
JAN Late 2.4 0.1614 −2.3 −0.1402 4.2 0.4119
FEB Early 6.2 0.3141 6.9 0.3462 −0.1 −0.0038
FEB Late 6.3 0.3457 0.7 0.0389 2.6 0.1528
MAR Early 6.8 0.4422 6.6 0.4245 3.2 0.2378
MAR Late 6.4 0.4652 2.8 0.2243 5.8 0.4372
APR Early 5.1 0.3608 5.0 0.3251 −0.6 −0.0643
APR Late 5.4 0.4281 4.3 0.3236 2.0 0.2112
MAY Early 2.1 0.2491 1.1 0.1211 2.1 0.2810
MAY Late 3.0 0.4419 2.1 0.3227 1.4 0.2317
JUN Early 0.6 0.1577 1.9 0.4547 −1.6 −0.4413
JUN Late 1.6 0.3373 1.2 0.3219 0.9 0.1562
JUL Early 0.8 0.1536 1.9 0.3573 1.3 0.2201
JUL Late 1.7 0.2725 1.5 0.2558 1.7 0.2696
AUG Early 2.7 0.3646 2.0 0.2703 1.0 0.1560
AUG Late 0.9 0.1566 0.1 0.0090 1.2 0.2158
SEP Early 4.1 0.5894 0.9 0.1591 1.4 0.2660
SEP Late 4.1 0.4822 1.2 0.1338 2.0 0.4174
OCT Early 7.1 0.5961 1.2 0.1118 4.4 0.6326
OCT Late 9.9 0.6218 0.8 0.0608 5.5 0.5798
NOV Early 9.1 0.5283 2.1 0.1354 11.6 0.7751
NOV Late 8.2 0.4592 −0.1 −0.0066 5.0 0.3749
DEC Early 6.0 0.5587 2.9 0.1963 5.4 0.3421
DEC Late 5.4 0.3478 2.8 0.1750 2.6 0.2185

Figure 3. Shortwave net flux versus surface albedo during the transitional semi-monthly intervals (a) early June and (b) late September.
Error bars on both quantities are 1 standard deviation in the observations.

2015; Wille et al., 2019; Mattingly et al., 2020). The stan-
dard reference scale to characterize the impact of an AR in-
volves a combination of IVT magnitude and duration in a
specific region as detected in satellite meteorological data, or
weather forecast modelling including reanalysis data (Ralph
et al., 2019). This AR scale has been modified for polar re-
gions (Zhang et al., 2024) and tested during the Year of Polar
Prediction (Bromwich et al., 2024). In polar regions the po-
tential IVT range is smaller than over midlatitudes but where
the AR can nevertheless bring significant climatological im-

pacts including extensive cloud cover and cryosphere surface
melt (Wille et al., 2019).

Between 1999–2024 we find using ERA5 an increasing
trend in AR occurrence over the NSA site (Fig. 5a). Addi-
tionally the seasonal cycle in ARs over the NSA site peaks
in July and August, sometimes with as many ARs occurring
during these months as for all other months combined. Anal-
ysis of AR influences helps to explain the PWV, LWP, and
associated radiative flux trends in terms of moisture trans-
port from lower latitudes and the adjacent Arctic Ocean.
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Figure 4. Time series of the semi-monthly interval-average microwave radiometer-derived precipitable water vapor (PWV) and cloud liquid
water path (LWP) for the four intervals in July and August (a–h), and for four other intervals that show some degree of statistical significance
in the trend from 2001–2024 (i–l). Symbols and numbers on each panel are as in Fig. 2.
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Table 3. Summary of the NSA surface radiation trends.N is the number of years having available data in each semi-monthly interval. Shown
for each net radiative flux component are the linear change from 1999–2024, the Pearson correlation coefficient and the percent confidence
in trend detection from a Mann-Kendall test. Two-tailed (one-tailed) significant correlations are indicated in bold (italic).

Net Fluxes (Wm−2) Shortwave Longwave Net Radiation

Interval N d99−24 r M-K (%) d99−24 r M-K (%) d99−24 r M-K (%)

JAN Early 24 −2.0 −0.0744 61 −1.9 −0.0704 61
JAN Late 24 3.2 0.0983 61 4.2 0.1285 66
FEB Early 24 −0.5 −0.0155 59 −0.1 −0.0036 57
FEB Late 24 7.8 0.3258 89 8.2 0.3370 95
MAR Early 23 0.6 0.0587 50 15.4 0.5067 99 16.0 0.6158 >99
MAR Late 25 1.8 0.1630 85 5.6 0.2490 88 7.4 0.3836 96
APR Early 26 3.1 0.1861 84 −4.6 −0.1836 81 −1.5 −0.0715 59
APR Late 26 1.9 0.0850 66 −3.3 −0.1015 68 −1.4 −0.0560 54
MAY Early 26 −7.1 −0.2786 93 11.9 0.4670 98 4.8 0.1940 92
MAY Late 26 −0.9 −0.0126 69 −1.1 −0.0396 52 −2.1 −0.0331 72
JUN Early 26 −13.9 −0.0964 57 4.0 0.1009 59 −9.7 −0.0852 54
JUN Late 26 −8.3 −0.1235 67 5.3 0.2050 82 −3.0 −0.0647 54
JUL Early 26 −28.0 −0.3524 98 12.5 0.3561 97 −15.5 −0.3164 97
JUL Late 26 −45.9 −0.5001 99 19.7 0.5273 >99 −26.3 −0.4541 99
AUG Early 26 −16.8 −0.4061 93 4.9 0.2427 90 −11.9 −0.4112 97
AUG Late 26 −15.1 −0.4605 99 5.1 0.2012 89 −10.0 −0.4529 97
SEP Early 23 −1.8 −0.0775 70 5.0 0.2452 92 3.2 0.1662 89
SEP Late 25 0.8 0.0234 64 0.0 0.0007 60 −4.5 −0.1273 51
OCT Early 24 2.3 0.1365 65 −2.0 −0.0708 53 0.3 0.0129 55
OCT Late 24 −0.7 −0.1734 81 2.2 0.0924 51 1.4 0.0697 55
NOV Early 24 4.1 0.1845 81 4.2 0.1958 79
NOV Late 24 10.5 0.3171 92 10.9 0.3307 93
DEC Early 23 1.5 0.0528 54 1.6 0.0543 54
DEC Late 23 4.4 0.1498 70 4.4 0.1498 70

The JUL-Late interval has been strongly influenced by ARs
over NSA during the past 2 decades. The statistically signif-
icant trends in SW, LW and Net fluxes, and PWV and LWP
(Figs. 2d–f and 4c, d), nearly all lose statistical significance
when we omit the AR days, which are ∼ 40 % of the total
number of days (Fig. 5b–f). This result does not apply to the
other July and August intervals, whose radiative flux trends
largely remain significant when we omit the AR days (Ta-
ble 5).

We examine the influence of individual meteorological
regimes by comparing the trends evaluated for just one clus-
ter with those using all the data. The coldest Cluster 1 occurs
infrequently during summer while the second coldest Cluster
2 occurs most frequently (Fig. 6a). We find a consistent influ-
ence of the warmer but relatively infrequent Cluster 3. Dur-
ing JUL-Early the SW and LW flux trends which had modest
significance (detected with MK but only one-tailed signifi-
cance with OLS) become more significant with OLS in only
the Cluster 3 data (Fig. 6b and c). Similarly in AUG-Early
we see much larger changes in SW, LW and Net fluxes in the
Cluster 3 data compared with all the data, and under Clus-
ter 3 a significant upward LW trend is detected that does not
appear using all the data (Fig. 6g–i). In AUG-Late (Fig. 6k

and l) the upward trend in LWP under Cluster 3 is more pro-
nounced than in all the data, and the upward trend in PWV
that is negligible in all the data becomes statistically signifi-
cant under just Cluster 3. We do not detect similar influences
of the warmest and more frequent Cluster 4. We do find a
role for Cluster 2 during JUL-Late. Here the trends in SW,
LW, and Net fluxes (Fig. 6d–f) and LWP (Fig. 6j) all increase
in statistical significance under just Cluster 2 compared with
all the data. This is also the interval strongly influenced by
ARs, and Cluster 2 occurs 53 % of the time, more frequently
than in the other July and August intervals.

3.3 Natural Variability

A climatic time series may generally involve a long-term
trend, seasonal variability and natural interannual variabil-
ity. Quantifying the magnitude of natural variability can help
elucidate why trends are detected in some seasons for some
variables but not others. We have effectively removed the im-
pact of seasonal cycles by subdividing the year into 24 semi-
monthly intervals. We quantify the interannual variability by
detrending each of these 24 time series and then evaluating
the root mean square error (RMSE). Results for Net fluxes,
LWP and PWV are summarized in Table 6, which gives the
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Table 4. Summary of the trends in NSA MWR-retrieved precipitable water vapor and cloud liquid water path. N is the number of years
having available data in each semi-monthly interval. Shown for each quantity are the linear change from 2001–2024, the Pearson correla-
tion coefficient and the percent confidence in trend detection from a Mann-Kendall test. Two-tailed (one-tailed) significant correlations are
indicated in bold (italic).

PWV (mm) LWP (gm−2)

Interval N d01−24 r M-K (%) d01−24 r M-K (%)

JAN Early 23 −0.05 −0.1078 65 −0.8 −0.0145 54
JAN Late 23 0.14 0.3643 97 8.0 0.3123 85
FEB Early 21 0.00 −0.0033 51 6.3 0.2292 84
FEB Late 21 0.10 0.1883 76 3.8 0.1307 70
MAR Early 22 0.08 0.2212 84 10.5 0.3835 96
MAR Late 23 0.12 0.2665 79 −1.5 −0.0485 50
APR Early 24 0.15 0.1999 88 3.9 0.1537 51
APR Late 24 0.03 0.0631 50 3.0 0.0480 78
MAY Early 23 0.09 0.1963 79 32.9 0.6068 >99
MAY Late 23 0.05 0.0796 52 0.9 0.0165 70
JUN Early 24 −0.16 −0.2525 83 8.9 0.1290 65
JUN Late 24 0.25 0.2586 95 0.6 0.0069 68
JUL Early 24 0.58 0.6084 >99 0.5 0.0071 61
JUL Late 24 0.51 0.4475 96 49.1 0.3931 97
AUG Early 23 0.19 0.2095 84 8.8 0.1091 77
AUG Late 23 0.11 0.1800 75 54.3 0.6051 >99
SEP Early 24 0.09 0.1072 78 −13.8 −0.2131 78
SEP Late 24 0.24 0.3343 88 1.5 0.0165 59
OCT Early 23 0.03 0.0487 70 −25.1 −0.2616 89
OCT Late 21 0.16 0.3459 84 −14.1 −0.1134 63
NOV Early 22 0.14 0.3494 94 33.0 0.4361 98
NOV Late 22 0.03 0.0614 75 29.5 0.3888 90
DEC Early 22 0.04 0.0865 59 15.1 0.2947 79
DEC Late 22 −0.02 −0.770 50 −0.4 −0.0123 50

Figure 5. Results involving the role of atmospheric rivers (ARs); (a) the total AR count over NSA in each year, with the linear trend shown
as a dotted line; (b–f) time series for the Late July interval showing the net radiation flux components and MWR-measured quantities for all
data in light blue and with the AR days removed in orange. Symbols and trend lines are as in Fig. 2. The three numbers in each panel are
also as in Fig. 2, but are for the trends with the ARs removed.
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Table 5. Summary of trends in the net radiative flux components and the MWR-retrieved quantities when all days containing atmospheric
rivers are removed, presented as in Tables 2 and 3.

Net Fluxes (Wm−2) Shortwave Longwave Net Radiation

Interval N d99−24 r M-K (%) d99−24 r M-K (%) d99−24 r M-K (%)

JUL Early 26 −37.5 −0.4793 99 14.6 0.3917 94 −22.9 −0.4826 >99
JUL Late 25 −30.7 −0.3287 94 15.4 0.3638 92 −15.3 −0.2715 93
AUG Early 25 −24.8 −0.3764 95 11.4 0.3212 96 −13.4 −0.3608 95
AUG Late 26 −18.3 −0.4599 98 6.0 0.2338 94 −12.4 −0.4284 98

MWR Retrievals PWV (mm) LWP (gm−2)

Interval N d01−24 r M-K (%) d01−24 r M-K (%)

JUL Early 24 0.61 0.5976 >99 −6.2 −0.1100 55
JUL Late 23 0.21 0.1788 65 40.6 0.3227 92
AUG Early 22 0.14 0.1365 77 14.1 0.1102 84
AUG Late 24 0.15 0.2116 60 46.2 0.5435 98

RMSE and average value for each entire time series. During
the colder months the Net flux RMSE is 1–2 times that of
the typical measurement uncertainty. During late spring and
early summer the Net flux RMSE is ∼ 3–4 times the typi-
cal measurement uncertainty. The RMSE for LWP during the
colder months is within the typical measurement uncertainty,
and up to twice that uncertainty during summer. The RMSE
for PWV during the colder months is ∼ 8–10 times larger
than the typical measurement uncertainty, and ∼ 5–7 times
larger than the measurement uncertainty during summer. For
LWP the RMSE is a larger fraction of the annual value than
for the other variables, which illustrates why fewer trends ap-
pear for LWP.

4 Conclusions

After two and a half decades of data acquisition by the ARM
NSA Facility the broadband radiometric data are beginning
to show statistically significant trends consistent with Arc-
tic amplification. These are supported by emerging trends in
MWR-retrieved PWV and LWP. These results pertain mainly
to summer but significant trends appear in some intervals in
all seasons. During summer the trends manifest as increas-
ing LW net flux consistent with both a warming lower tro-
posphere and increasing cloud LWP, with this increase being
offset by a larger SW net flux decrease also due to increas-
ing LWP. The result is a statistically significant decrease in
Net surface flux throughout July and August between 1999
and 2024.

Although the summertime increases in PWV are consis-
tent with a gradually warming lower troposphere, there is ev-
idence that two synoptic-scale drivers play a larger role in
these trends. The warm Cluster 3, associated with low pres-
sure in the Gulf of Alaska, exerts increasing influence on the
LWP and surface radiative fluxes over NSA. In addition, the

frequent low pressure over the Arctic Ocean (Cluster 2) is
associated with increasing AR activity that also brings in-
creasing PWV and LWP over NSA with concomitant trends
in surface radiative fluxes. These effects may explain the rel-
atively small surface warming trend at NSA during summer
compared with other seasons and many other Arctic loca-
tions.

Satellite remote sensing studies covering earlier time pe-
riods (1982–2004) have shown radiative cooling effects in
summer consistent with increasing cloud amount or opti-
cal depth (Wang and Key, 2005; Liu et al., 2008; Wang et
al., 2012), but also report trends of different magnitudes and
signs than in our more contemporary NSA observations. A
recent satellite remote sensing study using NASA Clouds and
Earth’s Radiant Energy System (CERES) data from 2000–
2020 projected that the ToE to 95 % confidence in net sur-
face radiative fluxes under all sky conditions for the Beaufort
and Chukchi Seas are 26 and 22 years, respectively (Sledd
and L’Ecuyer, 2021). Our summertime NSA trend detections
after 26 years observed in situ are consistent with this projec-
tion. Another more recent multisensor satellite remote sens-
ing study spanning 1996–2016 reports that over the Beaufort
and Chukchi Seas during late spring (AMJ) the ToE to 95 %
confidence in surface cloud radiative forcing (CRF) are 29
and 24 years, respectively (Lelli et al., 2023). For their sum-
mer period (JAS) the same ToE is 24 years for both the Beau-
fort and Chukchi Seas. Also during their late spring (AMJ)
over the Beaufort and Chukchi Seas they find negative SW
CRF trends and smaller positive LW CRF trends, for a nega-
tive Net CRF trend, which is qualitatively consistent with our
results. Thus the NSA surface radiative flux measurements
support these recent satellite remote sensing approaches.

Limitations with this study include the fact that the sta-
tistically significant trends are only starting to emerge. This
is evident in the RMSE values presented in Table 6, which
are large compared to the linear changes over the observed
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Figure 6. Results involving the role of prevailing meteorological regimes identified by k-means clustering; (a) summary bar chart showing
how the daily occurrences of ARs over the NSA site, summed over 1999–2024, are sorted into each of the four k-means clusters and each
of the four bimonthly intervals for July and August; (b–l) time series of net radiative fluxes and microwave radiometer-derived quantities
for all data (black) and for only data from Cluster 2 (light blue) or Cluster 3 (green). Symbols and trend lines are as in Fig. 2, but with
the linear trend from the single-cluster data shown as a coloured solid line. The three numbers in each panel are the linear change between
1999 and 2024 (top), the Pearson correlation coefficient from ordinary least squares (middle) and the sample size for the single-cluster data
(bottom).

time series. Comparing Table 6 with the trends in the MWR-
derived quantities in Table 4, most of the significant linear
changes over 24 years are comparable in magnitude to or
slightly larger than the RMSE values. Comparing Table 6
with Table 3, the significant linear changes in net radiative
flux over 26 years are mostly smaller than the RMSE values.
Therefore, while the radiative flux trends in six of the time
intervals are statistically significant, they may not yet rep-
resent a climatic shift at this location. In all seasons there
are similar hints of trends that may be explained by Arc-

tic amplification (Tables 2 and 3), but it remains uncertain
whether a few more years of data will bolster or diminish
the significance of these patterns. Nor is there any evidence
that they will remain insignificant. Another limitation is that
aerosol effects on LWP, as demonstrated by Stauffer et al.
(2025), could not be addressed in this study based solely on
the ground-based NSA measurements. Multidecadal trends
in aerosol abundance, possibly involving decreasing Arctic
haze in winter and spring (e.g., Schmale et al., 2022) or in-
creasing wildfire-driven aerosol during summer (e.g., Lee et

Atmos. Chem. Phys., 26, 295–311, 2026 https://doi.org/10.5194/acp-26-295-2026



D. Lubin et al.: Surface radiation trends at North Slope of Alaska 307

Table 6. Summary of root mean square errors (RMSE) and average values over the entire detrended time series.

Net Radiation (Wm−2) LWP (gm−2) PWV (mm)

Interval RSME < Fnet > RSME < LWP> RSME < PWV>

JAN Early 18.4 −31.6 23.7 18.3 0.19 0.32
JAN Late 17.8 −27.3 14.3 15.5 0.15 0.32
FEB Early 14.4 −25.5 13.2 14.4 0.17 0.32
FEB Late 16.6 −23.6 16.1 14.9 0.16 0.35
MAR Early 14.2 −18.7 10.9 12.9 0.16 0.31
MAR Late 11.8 −16.5 18.1 10.0 0.14 0.34
APR Early 8.4 −7.0 13.3 11.9 0.17 0.42
APR Late 13.0 4.0 27.7 27.7 0.22 0.53
MAY Early 8.2 17.0 24.4 48.5 0.23 0.66
MAY Late 17.0 38.9 39.1 58.5 0.29 0.94
JUN Early 45.0 96.0 35.8 49.7 0.39 1.12
JUN Late 38.8 151.2 52.0 55.3 0.39 1.54
JUL Early 35.1 135.2 53.1 58.0 0.39 1.69
JUL Late 31.6 101.8 47.3 88.6 0.44 1.84
AUG Early 25.0 74.0 60.7 99.0 0.49 1.76
AUG Late 18.3 52.5 40.2 96.0 0.44 1.44
SEP Early 11.4 30.9 62.6 100.1 0.43 1.40
SEP Late 15.7 6.8 58.1 92.8 0.34 1.00
OCT Early 9.5 −12.5 55.8 80.6 0.29 0.76
OCT Late 9.2 −15.9 56.9 82.4 0.20 0.63
NOV Early 13.1 −22.6 24.2 50.4 0.20 0.49
NOV Late 16.3 −27.9 17.9 30.7 0.20 0.41
DEC Early 16.8 −28.5 17.6 24.5 0.19 0.37
DEC Late 16.4 −27.3 20.2 18.5 0.16 0.32

al., 2024) may be a part of the trend detection or lack thereof
presented here.

It is important to realize that the statistically significant
results here pertain to only one location. They do not sig-
nify that the entire Arctic will uniformly experience a sur-
face radiative cooling effect in response to moisture advec-
tion from subarctic latitudes. For example, the Greenland Ice
Sheet (GIS) is subject to very different synoptic-scale mete-
orology influenced by the North Atlantic Oscillation (NAO)
(e.g., Ding et al., 2014; Pettersen et al., 2018) and the Ice-
landic Low (Serreze and Barry, 2014). Clustering analysis in
that region conceptually similar to this work reveals several
regimes that identify with various phases of the NAO and
El Niño Southern Oscillation in that North Atlantic – Euro-
pean region (Fereday et al., 2008). Over the GIS, optically
thin clouds having LWP< 40 gm−2 exert a unique Net ra-
diative surface warming effect that can also inhibit refreeze
of surface meltwater (Bennartz et al., 2013; Van Tricht et al.,
2016). Other multidecadal surface radiation measurements in
the high Arctic show contrasting trends from this work. Sur-
face radiation measurements from western high Arctic land
sites covering an earlier time period (1960s until 2004) show
negative trends in downwelling SW flux that are qualitatively
consistent with this work but that do not reach a thresh-
old of statistical significance (Shi et al., 2010). Surface ra-

diative flux measurements from Alert and Resolute Bay in
the Canadian high Arctic, spanning 45–47 years up to 2004,
show consistent positive annual net radiative flux trends and a
correlation with the Arctic Oscillation (Weston et al., 2007).
Baseline Surface Radiation Network (BSRN) measurements
spanning 1992–2013 at Ny-Ålesund (Svalbard) show sum-
mertime increases in net radiation at the rate of∼ 8.4 Wm−2

per decade (Maturilli et al., 2015). More generally, the satel-
lite remote sensing studies cited above show considerable
spatial variability in surface radiative flux trends.

Nevertheless the results reported here are unique in show-
ing the detection of statistically significant surface net ra-
diative flux trends in direct measurements at a high Arctic
coastal site, along with well characterized surface-based ob-
servations of trends in PWV and LWP that help explain the
radiative flux trends in terms of the local atmospheric mois-
ture content and its transport from both lower latitudes and
the adjacent Arctic Ocean. These results highlight the value
in establishing and maintaining well-equipped atmospheric
observatories at remote high latitude sites capable of mea-
suring the surface energy fluxes, tropospheric moisture and
cloud properties, and explaining their atmospheric driving
mechanisms.
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