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1. Introduction

Recent changes in the Arctic’s climate have been large and widely reported (AMAP, 2011; IPCC, 2013).
These changes span multiple components of the climate system: sea ice, snow cover, glaciers and the
Greenland Ice Sheet, and permafrost. Changes in these various components are consistent with atmospheric
warming, which has also been well documented, especially during the past few years when the Arctic has set
new records for winter and annual temperatures (Richter-Menge and Mathis, 2017). The present paper
represents a step towards the attribution of this warming by evaluating the contribution of changes in
atmospheric circulation in a region (Alaska) for which the warming of recent decades is typical of the Arctic.

Figure 1 shows the post-1950
Arctic warming in map form for the
winter season (December-February)
and at the annual (January-
December) time scale. Alaska’s
annual mean warming, which is
slightly more than 2°C since 1950, is
typical of most of the Arctic (Fig.
1a). The Arctic’s warming is greater
than most of the rest of the Northern
Hemisphere, a manifestation of the
well-known  Arctic amplification
(e.g., Pithan and Mauritsen, 2014).
However, the Arctic’s winter

warming (Fig. 1b) shows a spatially [ — — - |

more complex pattern, with a -4.1-4.0-2.0-1.0-0.5-0.2 0.2 05 1.0 20 4.0 5.1
maximum over Alaska,  Fig. 1 Surface air temperature change (°C) from 1950 to 2017 based on
northwestern Canada and the least-squares linear fit to annual (left) and winter (Dec.-Feb.) (right)
Beaufort Sea. The greater spatial temperatures. Source: NASA Goddard Institute for Space Studies,
complexity of the winter pattern is https://data.giss.nasa.gov/gistemp/maps/

consistent with a greater role of the
atmospheric circulation in advecting into a region air that is warmer or colder than its climatological mean.

Internal variability is readily apparent in the annual temperatures at the regional scale. Figure 2 shows time
series of the annual and winter (December-February) statewide average temperatures for Alaska for the 1950-2017
period. While positive trends are apparent in both time series, interannual and multiyear variations are large, and
in some cases the year-to-year variations are larger than the overall trend for the 68-year period. The 68-year
changes based on least-squares fits to the time series in Fig. 2 are 2.1°C for the annual values and 4.1°C for the
winter values. The corresponding trend-derived changes for the other seasons (not shown) are 2.2°C for spring,
1.3°C for summer and 0.8°C for autumn, indicating that the warming has been largest in winter and smallest in
autumn.

The final two years of the winter time series in Fig. 2b provide support for the premise that the atmospheric
circulation is a key factor in interannual temperature variations over Alaska. The statewide average temperatures
for December-February ending in 2016 and 2017 were -9.8°C and -14.7°C, respectively. These temperatures
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(a) Annual, 1950-2016 (b) Dec-Feb, 1950-2017

Fig. 2 Time series of Alaska statewide temperature for 1950-2016/17 for (a) the full calendar year and (b)
winter. Temperature scales for °F and °C are shown on the left and right ordinate axes, respectively.
Source: National Centers for Environmental Information, https://www.ncdc.noaa.gov/cag/

represent departures of +4.7°C and -0.2°C from the mean for the 1980-2010 reference period. The difference of
approximately 5°C in the 3-month mean temperatures is consistent with the sea level pressure anomalies for the
same three-month periods. Figure 3 shows that the 2015-2016 winter was characterized by negative pressure
anomalies of more than 12 hPa in the Aleutian region, corresponding to an unusually deep Aleutian low with
anomalous northward airflow and warm advection into mainland Alaska. By contrast, the winter of 2016-17 had
positive sea level pressure anomalies of more than 10 hPa in the Aleutians, with even larger anomalies to the south,
contributing to the eastward advection into much of Alaska. The sensitivity of Alaskan temperatures to near-
surface atmospheric circulation, illustrated by the temperature and sea level pressure anomalies of these two recent
winters, leads to the hypothesis that much of the trend of winter (and annual) temperatures over Alaska during
recent decades is attributable to variations of the atmospheric circulation.
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Fig. 3 Departures from climatological mean (1981-2010) mean sea level pressure (hPa) for December-
February of 2015-16 (left) and 2016-17 (right). Contour interval (2 hPa) and color bar are the same for
both panels.

2. Methodology

Our diagnostic evaluation of the contribution of the atmospheric circulation to the recent warming of
Alaska is based on an analog methodology. The analog methodology was illustrated for a single year by
Walsh et al. (2017), who showed that winds accounted for a substantial portion of the anomalous warmth of
the 2015-16 winter and spring (October-April). The approach consists of a comparison of a particular year’s
sea level pressure (SLP) field over the Alaska region with the SLP fields of all other years in the 1949-2017
period, the selection of the five years with the closes match of SLP fields, and the construction of an analog-
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derived temperature by averaging 4
the temperatures of the five best
analog years. Guided by the results
in the previous study, we base our
analog-year selection on the spatial
pattern correlation over the Alaska
domain bounded by 50°N, 75°N,
180°W and 130°W, SLP as the
analog selection variable, and the
five best analogs for each year. We
perform the analog selection for the
statewide temperatures of each -2

season (winter, Dec-Feb; spring, DIF MAM JA SON Annual
Mar-May; summer, Jun-Aug;
autumn, Sep-Nov), although our
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season. Fig. 4 Excess warmth (°C) by season and quartile (17-year period),
We denote the portion of a from earliest (blue) to most recent (orange). Negative values

seasonal  temperature  anomaly indicate that actual temperature was cooler than the analog-

unexplained by the atmospheric derived, positive values indicate actual temperature was warmer

circulation as the “excess warmth”, than analog-derived. Also shown (red bars) are the total changes in

which is also referred to in the excess warmth from the first to the last quartile.

literature as the “dynamically

adjusted temperature anomaly” (e.g., Deser et al. 2014). The “excess warmth” can be attributable to (1) local
effects that aggregate systematically in a statewide average, (2) anomalous surface states (anomalies of ocean
temperature, sea ice, snow cover), or (3) external forcing such as the effects of increasing greenhouse gas
concentrations. A clean separation of the second and third potential attribution sources is not possible from
the observational data because increasing greenhouse gas forcing can result in changes in ocean temperature,
sea ice and/or snow cover, thereby augmenting direct radiative effects on air temperature. The direct radiative
effects of increasing greenhouse gas concentrations may be further partitioned into increased downwelling
radiation from anthropogenic sources (CO2, CH4, etc.) and from water vapor, as atmospheric warming is
expected to be accompanied by an increase of specific humidity (Serreze et al., 2012; Cullather et al., 2016).
However, if the temperature anomaly unexplained by the atmospheric circulation shows a systematic
warming over time, then one can point to a trend of “excess warmth” that is consistent with the direct and
indirect effects of increasing greenhouse gas concentrations.

3. Results

The “excess warmth” will be negative if the actual temperature is colder than the mean value of the five
best circulation analog years, and it will be positive if the actual temperature is warmer than the analog-
derived value. Figure 4 shows the excess warmth as a function of season and subperiod (quartile) of the 68-
year period of record. In all seasons except autumn, the excess warmth increases monotonically from the
earliest to the most recent 17-year quartile. In all seasons except autumn, it is negative in the first two
quartiles and positive in the two most recent quartiles. Even in autumn, the most recent quartile has the most
positive value of excess warmth. The increase from the first to the final quartile ranges from 1.2°C in autumn
to 3.0°C in winter, with an annual mean increase of 1.5°C. As an indication of the sensitivity to the metric
used in analog selection, we note that the winter-season increase of excess warmth is 3.0°C when analogs
selection is based on the spatial pattern correlation, while it is 4.1°C when based on the root-mean-square
difference of the gridded pressures.

Least-squares linear fits to the time series of excess warmth for each season enable estimates of changes
from 1949/50 to 2016/17. These changes are shown in Fig. 5, together with the corresponding total changes
in temperature (trends including the circulation-driven component) and the percentages of the total trend that
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the excess warmth represents in 5 100
each season. During winter the - 90
linear-trend increase of excess 80
warmth is approximately 2.1°C, I ég -
which is 51% of the total linear- 59 8
trend-derived change of 4.2°C. L 40 E
During autumn, the 0.5°C increase - 30

of excess warmth represents 64% of - 20

the total warming. During spring - 10
and summer, essentially all the total a - w0 S - -0
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warmth”, as there is essentially no o 5 S 2

trend in the circulation-derived e = - <

component of the temperatures. _

Alternatively, one may say that the W Change in excess warmth

atmospheric circulation has not mmmm Total temperature change

made a detectable contribution to

changes of temperature over Alaska Excess warmth as % of total change

during spring and summer, while it Fijg 5 Change in excess warmth by season based on least-squares
has made a substantial contribution linear fit to yearly values, 1949/50 through 2016/17 (blue bars).
in winter and autumn. If the values Also shown are total changes of temperature (red bars) and change
for the four seasons are averaged in excess warmth as a percentage of the total change of
into annual values, the increase of temperature (green line). The latter is the same as the ratio of the
excess warmth is 1.5°C, which is trends.

approximately 75% of the overall

2.1°C increase of annual mean temperature from 1949 to 2017. However, it should be emphasized that this
percentage has a strong seasonal variation, with winter and autumn being the seasons in which the
atmospheric circulation has been a major contributor (49% in winter, 36% in autumn) to the overall
temperature trend.

4., Conclusion

The results show that (1) the atmospheric circulation explains a substantial portion of the winter and
autumn variability and trends of temperature over Alaska, and (2) the portion of the temperature variations
unexplained by the atmospheric circulation exhibits a systematic trend in all seasons over the 1949-2017
period. The “excess warmth” (the portion of the temperature variations unexplained by the circulation)
accounts for about 1.5°C of the total 2.1°C warming of the annual mean temperature since 1949. This
contribution is largest (2.1°C) in winter and spring, the two seasons in which the observed warming has been
largest, and it compares favorably with the model-simulated warming attributable to increased greenhouse gas
forcing.

As noted in Section 2, the approach used in this study cannot distinguish the direct radiative effect of
increasing GHG concentrations from the effects of varying surface conditions (ocean temperatures, sea ice,
snow cover), for which changes may be driven at least in part by increasing GHG concentrations. Nor can the
analog methodology address the possibility that GHG forcing may be contributing to changes in the
atmospheric circulation, although there is an emerging consensus that systematic changes of the atmospheric
circulation in middle and high latitudes are presently obscured by internal variability (Shepherd, 2014; Screen
et al., 2014; Overland, 2016). Variations in the atmospheric circulation, in turn, play a role in the cloud
cover, which can affect surface air temperatures in all seasons. Controlled model experiments are required to
sort out the effects of these various components of anthropogenic forcing. However, the results reported here
do point to the importance of the atmospheric circulation in explaining the recent warming of Alaska during
winter and autumn.
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