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Abstract
There is evidence for elevation-dependent warming (EDW) in many mountainous regions,
including the Alps, Rockies, and Tibetan Plateau, all of which are in mid latitudes. Most studies
finding evidence of EDW indicate that both recent decadal and future projected warming rates are
greater at higher elevations. In this study, we examine the roles of Arctic amplification and
elevation on future warming rates in winter and summer in eastern Siberia (50–70◦ N; 80–180◦ E).
This region includes four major river basins that flow into the Arctic Ocean (the Yenisei, Lena,
Indigirka, and Kolyma) and intersects with mountain ranges in northern Mongolia and eastern
Siberia. We analyze projected 21st century temperature projections using a six-member ensemble
of the National Center for Atmospheric Research (NCAR) Community Climate System Model
(CCSM4) with a radiative forcing of 8.5 W m−2. Projected warming rates in winter for the 21st
century are dominated by Arctic amplification, which leads to significantly larger warming rates at
higher latitudes, with latitudinal gradients of about 0.16 ◦C degree−1 latitude. In summer, the
latitudinal gradient is near zero (0.02 ◦C degree−1 of latitude). Within specific latitude bands, we
also find EDW. However, unlike most mid-latitude locations where warming rates are greater at
higher elevations, we find that future warming rates are smaller at higher elevations for this
high-latitude region, particularly during winter, with statistically significant rates varying between
−0.70 ◦C km−1 and−2.46 ◦C km−1 for different 5◦ latitude bands. The decrease in warming rates
with elevation in winter at the highest latitudes is primarily attributed to strong inversions and
changes in the lapse rate as free-air temperatures warm at slower rates than surface temperatures.
In summer, the elevation dependence is much weaker than in winter but still statistically significant
and negative in all but the most northern latitude band with values ranging between
−0.10 ◦C km−1 and−0.56 ◦C km−1.

1. Introduction

Temperatures in the Arctic have been increasing at
an enhanced rate relative to the global average, which
is referred to as Arctic amplification (Serreze et al
2009, Screen and Simmonds 2010). In fact, Arctic
near-surface air temperatures have risen almost twice
as much as the global average during recent decades
(Symon et al 2005, Serreze and Francis 2006, Solomon
et al 2007). High-latitude river basins are a major
component of the global hydrologic cycle, because
they provide return paths for water to the ocean from
latitudes where precipitation is typically heavy. Most
of this return flow enters the Arctic Ocean, where
it affects the stability of the water column, sea ice

formation, and ocean circulation—both within the
Arctic and in the North Atlantic—through freshwa-
ter export.

High-latitude river systems generally have their
headwaters in high-elevation regions. Several model
studies have found that projected future increases
in river flow are greatest at high northern latitudes,
a result that is consistent with more recent studies
(e.g. Miller and Russell 1992, Manabe et al 2004,
Milly et al 2005, Rawlins et al 2010). Among ques-
tions not yet resolved are how the interactions among
temperature, precipitation, and runoff will change in
these river basins as the climate warms this century.
It is also unknown how these interactions and pro-
jected changes are affected by Arctic amplification
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and elevation. Importantly, Arctic amplification is
not seasonally uniform; winter warming dominates
the annual trend. Water vapor and cloud feedbacks
are responsible for some of this winter enhancement
(Miller et al 2007, Ghatak and Miller 2013).

There is a range of elevations in high northern lat-
itudes, and based on studies primarily at lower lat-
itudes, warming rates are often elevation dependent
(Beniston et al 1997, Diaz and Bradley 1997). This
result is based on observations during the last sev-
eral decades as well as model projections for later
this century, many of which indicate that temperature
has been changing more rapidly at higher elevations
than in the surrounding lowlands (Fyfe and Flato
1999, Bradley et al 2004, Ohmura 2012, Rangwala
and Miller 2012, Scherrer et al 2012, Pepin et al 2015,
Sharma and Déry 2016). There has been much less
research on elevation-dependent warming (EDW) in
mountains at high latitudes, partly because they are in
sparsely populated or data sparse regions and because
mountain systems there are not as high as some of
the mid-latitude mountain systems more commonly
studied. AlthoughWang et al (2016) used a global set
of observations to sort out the roles of Arctic ampli-
fication and elevation on EDW, their data were sparse
at the highest latitudes. Changes there, however, are
important in terms of their interplay with the Arc-
tic climate system, particularly the Arctic Ocean. As
an example of hydrologic changes there, Rawlins et al
(2010) examined hydrology in northern Eurasia and
found that Arctic freshwater content is increasing in
response to increases in precipitation (P), evapotran-
spiration (ET), and runoff. They also found that the
changes in P–ET are different between summer and
winter.

There are potential impacts of Arctic amplific-
ation that extend beyond the Arctic. Ghatak et al
(2012) ran a suite of climate model experiments to
isolate the role of Arctic Ocean surface conditions
on Siberian snow cover and found that they affect
Siberian snow depth, precipitation and air temper-
ature. Francis and Vavrus (2012, 2015) examined
how declining sea ice can affect mid-latitude weather.
Temperature changes will affect the annual ratio of
snowfall to rainfall as well as the timing of the snow
accumulation andmelt seasons, all of whichwill affect
local surface and groundwater runoff and river flow.
The freshwater fluxes from these river systems are
important for ocean processes in the Arctic and in the
North Atlantic (Sévellec et al 2017). Potential impacts
of climate change on some of these high-latitude
river basins has been examined (Gelfan et al 2017,
Krysanova and Hattermann 2017). Furthermore, the
continual decrease in Arctic summer sea ice extent has
implications for the nearby terrestrial land mass, and
although still controversial, may also have significant
impacts on the Northern Hemisphere mid latitudes
(Francis and Vavrus 2012, Cohen et al 2013).

In this paper, we examine projected 21st cen-
tury trends in surface air temperature for sum-
mer and winter in an eastern Siberian region that
includes four major river basins, the Yenisei, Lena,
Indigirka, and Kolyma. The focus is on the role of
Arctic amplification on the latitudinal variability of
these temperature trends. Furthermore, we investig-
ate whether projected temperature trends depend on
elevation, and if so, whether that too is related to
Arctic amplification. The National Center for Atmo-
spheric Research (NCAR) Community Climate Sys-
tem Model (CCSM4) climate model is the primary
model we use, but to investigate whether our results
are robust or model dependent, we compare the res-
ults with projections from four other climate models.

2. Methodology andmodels

The primary climate model output used in this ana-
lysis is from the NCAR CCSM4, a general circula-
tion climate model that is part of the Coupled Model
Intercomparison Project’s fifth phase (CMIP5), with
atmospheric, land, and ocean resolutions of about 1◦

(Gent et al 2011). This model is used because it is
well documented in the literature and has higher res-
olution than many of the other CMIP5 models that
have horizontal resolution closer to 2◦. de Boer et al
(2012) analyzed CCSM4 temperatures for the Arctic
region just north of our study region and concluded
that model temperatures for the present climate were
in good agreement with the 40 year European Centre
forMedium-RangeWeather Forecasts (ECMWF) Re-
Analysis (ERA-40). Since CCSM4 annual mean tem-
peratures are somewhat too warm in the more cent-
ral part of our region (Gent et al 2011) and another
study found the strength of the CCSM4 snow albedo
feedback to be somewhat too low in boreal forests
(Thackeray et al 2014), wewill compare our results for
future trends with several of the other CMIP5 mod-
els to investigate how robust our results are. We have
used the high emissionRepresentationConcentration
Pathway 8.5 (RCP8.5) scenario to ensure that trends,
if they are present, are most likely to be identified.

Our focus is on how surface air temperatures will
change during the 21st century within the region
bounded by 50◦ N–60◦ N and 80◦ E–140◦ E and 60◦

N–70◦ N and 80◦ E–180◦ E. Our analysis includes
only the land grid cells in the climate model output.
Figure 1 shows the location of the region in eastern
Siberia along with elevation.Model grid cells range in
elevation from sea level to 2374 m. As figure 1 shows,
the highest elevations are in the south, but there are
also high-elevation regions elsewhere in the study
region. We examine projected temperature changes
within this region for the end of the 21st century by
subtracting the average temperature of a six-member
model ensemble extracted from the online archive for
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Figure 1. Location of the eastern Siberia study region extending from 50◦ N–70◦ N and 80◦ E–180◦ E in the north and to 140◦ E
in the south along with elevations used in the NCAR CCSM4. Solid lines are country boundaries.

the current climate (2006–2025) from the end of cen-
tury (2081–2100) projections, consistent with the use
of these same 20 year averages in IPCC (2014). Of par-
ticular interest is how the warming rates vary with
both latitude and elevation as well as between sum-
mer (JJA) and winter (DJF).

3. Latitudinal variability of projected
temperature changes

In this section, we focus on the role of Arctic ampli-
fication by examining how temperature changes with
latitude in both summer and winter. Figures 2(a),
(b) show a three-dimensional view of the CCSM4
projected temperature changes for the 21st century
during both winter and summer. The view is look-
ing southeastward, and the highest elevation regions
can be seen in the southwest, although there are
also smallermountains at the northernmost latitudes.
In winter, the warming rates clearly increase from
south to north although not uniformly across latit-
ude bands. The winter warming rates are also con-
siderably higher than in summer, and there does not
appear to be a significant latitudinal dependence on
warming rates in summer. The two figures indicate
that some of the smaller rates of warming tend to
occur at the higher elevations. We next quantify the
variability in the temperature changes with latitude,
and in the following section we quantify the variabil-
ity in the temperature changes with elevation.

Figure 3(a) shows the CCSM4 projected 21st cen-
tury warming rates as a function of latitude for winter
and summer. There is a statistically significant posit-
ive latitudinal gradient of 0.16 ◦Cdegree−1 of latitude
in winter as shown in figure 3(a), which amounts to
an increase of about 3 ◦C in warming rates from the
southern to northern borders of our region. Although

there is a positive gradient in summer, it is much
smaller with a rate of about 0.02 ◦Cdegree−1 latitude.
This is consistent with Arctic amplification, because it
indicates that the strongest north/south gradients of
warming rates occur in winter when Arctic amplific-
ation is most pronounced.

To investigate whether these results are model
dependent, we performed the same analysis using
averaged ensembles from four other global climate
models, and the results are shown in table 1. In
winter, all of the models show strong and statist-
ically significant increases in the rates of warming
moving northward, although the specific rates vary
between 0.11 ◦C degree−1 and 0.30 ◦C degree−1 of
latitude among the models. In summer, the latitud-
inal trends are much smaller with both positive and
negative values ranging from −0.08 ◦C degree−1 to
+0.02 ◦C degree−1 of latitude. Four of the sum-
mer latitudinal trends are statistically significant. As
table 1 indicates, the winter results are robust among
all of the models, with statistically significant increas-
ing warming rates moving poleward, while in sum-
mer, the latitudinal changes are much smaller.

4. Elevation-dependent temperature
changes

Next, we focus on how elevation affects future warm-
ing rates within the region. To investigate whether any
elevation dependence might be overwhelmed by the
strong influence of Arctic amplification as noted by
the large latitudinal temperature gradients shown in
figures 2 and 3(a), we examine the dependence of the
temperature changes for 5◦ zonally averaged bands
across the entire region.

Table 2 shows themagnitude of the warming rates
for each 5◦ latitude band as a function of elevation
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Figure 2. Three-dimensional view of the six-member ensemble average of CCSM4 projected surface air temperature changes at
the end of the 21st century viewing southeastward from the northwest corner of the study area for (a) winter and (b) summer.
The highest peaks are in the southwest with model grid cells there up to 2374 m. Two-dimensional view (oriented northward) for
(c) winter and (d) summer.

Figure 3. (a) Projected CCSM4 21st century warming rates as a function of latitude in the study area for land points only for
winter and summer and as a function of elevation for 5◦ latitude bands (b) summer (points for 65◦ N–70◦ N latitude band are
not shown because they are not statistically significant). Projected winter warming rates as a function of elevation for (c) southern
and (d) northern parts of study region with northern region split into an eastern and western half. Warming rates are the
difference between the 20 year periods 2081–2100 and 2006–2025. Slopes of the regressions with latitude are given in table 1 and
slopes of the regressions with elevation in table 2 for CCSM4 and four additional climate models for comparison.
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Table 1. Changes in future warming rates as a function of latitude (◦C degree−1 latitude) for summer and winter within the latitude
band 50◦N–70 ◦N for the ensemble averages of five climate models in the CMIP5. These models and their latitude–longitude
resolutions are the NCAR Community Climate SystemModel (CCSM4, 0.9◦ by 1.25◦), Centre National de Recherches Mét́eorologiques
(CNRM-CM5, 1.4◦ by 1.4◦), Commonwealth Scientific and Industrial Research Organization (CSIRO-MK360, 1.85◦ by 1.85◦), Met
Office Hadley Centre (HADGEM2-CC, 1.25◦ by 1.85◦) and Max Planck Institute for Meteorology (MPI, 1.85◦ by 1.85◦). Regressions
that are significant at the 95% level are shown in bold. The number of members in the ensemble average is shown in parenthesis after
the model name.

Slope
(◦C degree−1 latitude)

CCSM4 (6) CNRM-CM5 (4) CSIRO-MK360 (6) HADGEM2-CC (3) MPI (3) Mean

Winter 0.16 0.30 0.11 0.30 0.16 0.21
Summer 0.02 −0.04 −0.02 −0.08 0.02 −0.02

Table 2. Future warming rate in winter and summer as a function of elevation for the 5◦-latitude bands spanning 50◦ N–70◦ N (with
regressions that are significant at the 95% level shown in bold) for five climate models in the CMIP5.

Slopes
(◦C km−1) CCSM4 CNRM-CM5 CSIRO-MK360 HADGEM2-CC MPI Mean (Std)

Mean (Std)
(without CNRM)

Winter
50◦ N–55◦ N −1.74 −1.75 −0.36 −2.20 −0.53 −1.32 (0.73) −1.21 (0.78)
55◦ N–60◦ N −0.93 0.42 −3.23 −0.84 −0.36 −0.99 (1.22) −1.34 (1.11)
60◦ N–65◦ N −0.70 0.30 −3.33 −0.23 −1.11 −1.01 (1.25) −1.34 (1.19)
65◦ N–70◦ N −2.46 −2.11 −1.97 −3.30 −2.09 −2.39 (0.49) −2.46 (0.52)
Summer
50◦ N–55◦ N −0.24 0.07 0.47 −0.51 0.25 0.01 (0.35) −0.01 (0.39)
55◦ N–60◦ N −0.48 −0.67 −1.49 −1.91 −0.69 −1.05 (0.55) −1.14 (0.58)
60◦ N–65◦ N −0.56 −0.14 −0.78 −1.14 0.05 −0.51 (0.43) −0.61 (0.43)
65◦ N–70◦ N −0.10 −0.14 −0.22 −0.27 0.04 −0.14 (0.11) −0.14 (0.12)

(◦C km−1 ) with numbers in bold being statistically
significant at the 5% level. The table shows that all
of these values are statistically significant except the
highest latitude band in summer. However, although
there is EDW, temperatures are increasing at slower
rates at higher elevations than they are at their sur-
rounding lower elevation counterparts. This result is
in contrast to the majority of studies for mid latitudes
that generally show faster warming rates at higher
elevations (e.g. Rangwala and Miller 2012, Pepin et al
2015).

For winter, the elevation dependence of the
CCSM4 projected warming rates is presented in
figure 3(b). These rates are statistically significant
at all latitudes with negative values ranging between
−0.70 ◦C km−1 and −2.46 ◦C km−1 between 50
and 70◦ N (table 2). The linear regression lines
are shown; we did not investigate whether a non-
linear fit to the points would be better since the
main point is related to the sign of the relation-
ship. Additionally, elevation and latitude are likely
not the only factors affecting the data, as it has been
observed that most of the greater and more scattered
changes in temperature presented in figure 3(b) in
the 60◦ N–65◦ N and 65◦ N–70◦ N latitude bands
are from the Kamchatka Peninsula and its surround-
ing area, which may be a result of its particularly
close proximity to both the Pacific and Arctic oceans.
The relationship between temperature change and
elevation is statistically significant though, with the
elevation dependence appearing strongest for the

southern and northern bands and weaker in the cent-
ral latitude bands. For summer, the elevation depend-
ence is statistically significant at all but the most
northern latitude band and negative at all latitudes
with values from−0.10 ◦C km−1 to−0.56 ◦C km−1.
Overall, our results for the 50◦ N–70◦ N latitude
band indicate that where EDW occurs, it is negative
in both summer and winter, with much higher and
more statistically significant values in winter than in
summer.

As in the previous section, we again investigate
how these results compare with the other four global
climate models. The winter results are quite robust,
with less warming at higher elevations for 18 of the 20
values (5 models and 4 latitude bands) and 17 of the
18 values are statistically significant. Only one model,
the CNRM-CM5model for the 55◦ N–60◦ N and 60◦

N–65◦ N latitude bands, obtained positive warming
with elevation, but neither of those were statistically
significant.

As in the previous section, the results are more
mixed in summer. There are still negative trends of
warming rates with elevation for 15 of the 20 val-
ues, but only 11 of them are statistically significant.
The summer rates are also much smaller than the
winter values at all latitudes for CCSM4, but this
picture is more mixed for the other models. Over-
all the winter results are much more robust than in
summer, with much lower rates of future warming
at higher elevations than in the lower surrounding
regions.

5



Environ. Res. Lett. 16 (2021) 024044 J R Miller et al

Figure 4. Three-dimensional view of CCSM4 projected 21st century surface air temperature change (same view as in figure 2) with
free-air temperature change at 925, 850, and 700 hPa superimposed for (a) winter and (b) summer. Pressure levels are plotted at
their correct elevation so that the range of elevations for a specific pressure level varies by about 70 m in summer and about 300 m
in winter. Vertical temperature profiles for present climate (left) and projected 21st century change for a high (solid line, 95◦ E)
and low (dashed line, 102.5◦ E) model grid cell in the 69◦ N–70◦ N degree latitude zone for (c) winter and (d) summer. Panels
(e), (f) are the same as (c), (d) except for latitude band 50◦ N–51◦ N for high (solid line, 88.8◦ E) and low (dashed line, 81.8◦ E)
model grid cells for winter and summer, respectively. LP and HP in the figure legends refer to the low- and high-elevation points.

5. Free-air temperatures and lapse rate
changes

Many different mechanisms have been mentioned as
reasons for EDW in other regions including the effects
of changes in snow/albedo, water vapor, free-air tem-
peratures, and Planck black body radiation (Ohmura
2012, Rangwala andMiller 2012, Pepin et al 2015). In
this section, we focus primarily on changes in free-
air temperatures, winter inversions, and vertical lapse
rates. We briefly discuss the other mechanisms in the
next section.

Figures 4(a) and (b) show the same three-
dimensional view of the projected 21st century
changes in surface air temperatures as in figures 2(a),
(b), but with projected temperature changes at three
additional elevations (925 hPa, 850 hPa, 700 hPa)
superimposed. Figure 4(a) shows that, in winter, the
free-air temperatures are projected to increase dur-
ing the 21st century but that the upper level tem-
peratures are generally increasing less than many of
the surface temperatures. In addition, it is clear from

figure 4(a) that there is much greater variability in
surface air temperature trends than free-air temper-
atures throughout the region. Although there is some
variability in the free-air temperatures, they appear
to be only modestly affected by the presence of peaks
that reach up to those levels with free-air temperat-
ure trends tending to be somewhat larger near those
peaks.

To quantify the above, we calculate the mean
temperature trends and standard deviations of the
trends over the entire study area for each of the elev-
ations shown in figure 4. In winter, the mean 21st
century change in surface air temperature is 6.7 ◦C
and decreases upward to 3.3 ◦C at 700 hPa; similarly,
the standard deviation decreases upward from 1.8 ◦C
to 0.4 ◦C. In summer, the mean surface temperature
increases are smaller (4.7 ◦C) than in winter and
decrease upward to 4.0 ◦C at 700 hPa, but the stand-
ard deviations decrease upward from 0.66 ◦C at the
surface to 0.34 ◦C at 700 hPa. Figure 4(b) shows that
there is a much smaller range of temperature change
in summer than in winter for both the surface air
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temperature as well as the free-air temperature. One
interesting difference is that the free-air temperature
trends at 850 hPa decrease toward the continental
interior (toward southwest) in winter but increase
toward the continental interior in summer.

To investigate this effect further, we next exam-
ine for winter and summer two sets of changes in ver-
tical temperature profiles, one set for a high- and low-
elevation site for a lower latitude and another set for
a higher latitude (figures 4(c)–(f)). Figure 4(c) shows
winter temperature profiles at the beginning of the
21st century and how they are projected to change at
the end of the century as a function of elevation for
the highest elevation model grid cell and for one of
the lowest elevations in the latitude band between 65
and 70◦ N. For the low-elevation site, there is a very
strong temperature inversion that tends to stabilize
the atmosphere. This leads to much greater changes
in surface temperature (about 8 ◦C) than in temper-
atures at 925 hPa (∼5.5 ◦C). For the high-elevation
site, the surface is at 890 hPa, and the change in tem-
perature there is the same as the temperature change
at the low-elevation site at the same latitude at that
level. Figures 4(e) and (f) shows the same changes as
in figures 4(c) and (d) but for high- and low-elevation
grid cells in a latitude band on the southern side of
our study region (50◦ N–55◦ N). The winter res-
ults are similar to the higher latitude band, although
the absolute temperature changes are smaller. The air
temperatures warm more at the surface than in the
layers above at the low-elevation site, and the tem-
perature changes at 850 hPa are within a degree of
each other for both sites, again indicating that the
changes in surface temperature at the high-elevation
sites are strongly connected to changes in free-air
temperatures.

The 50◦ N–55◦ N band is a bit different from
the other latitude bands because some of the largest
temperature changes with elevation in winter occur
in that band. However, the inversion in this band
(see figure 4(e)) is much smaller than for the highest
latitude band. This band is in the transition region
between the lower latitudes where we have previously
found enhanced projected warming at higher eleva-
tions in the Tibetan Plateau (Rangwala et al 2010) and
the higher latitudes in this paper where the reverse
is occurring. Other processes, such as snow albedo,
are involved here. In particular, we find that in the
southwest corner of the 50◦ N–55◦ N band the snow
cover decreases the most at the lowest elevations
(not shown) where temperatures (see figure 2(a)) are
increasing the most.

Figure 4(d) shows that the temperature changes
in summer in the highest latitude band are smaller
than in winter at both the high- and low-elevation
sites. Figure 4(f) shows the same result for the low-
est latitude band. There is very little variation with
height at the low-elevation site. However, consistent
with the winter case, free-air temperature increases

less than surface temperature throughout the study
region. However, as previously noted in this section,
the area-wide averaged summertime surface temper-
ature increases are only 0.7 ◦C greater than at 700 hPa
as compared to 3.4 ◦C greater in winter. This explains
much of our significantly more robust result that
future projected winter warming rates will be smaller
at higher elevations but generally similar to or some-
what smaller in summer at high latitudes.

6. Summary and conclusions

The focus of this paper is on the effects of eleva-
tion and Arctic amplification on projected climate
change in eastern Siberia. The future projections
are based on the differences between two 20 year
periods (2081–2100 minus 2006–2025) of climate
model simulations from the CCSM4 and four other
RCP8.5 experiments in the CMIP5 archives. The pro-
jected temperature changes are strongly dependent
on latitude, with annual warming rates increasing
northward by 0.16 ◦C degree−1 of latitude in winter
and 0.02 ◦C degree−1 of latitude in summer for
the CCSM4. These latitudinal gradients are much
stronger in winter, as one might expect, because Arc-
tic amplification is much stronger in winter than in
summer.

A study by Wang et al (2016) used a set of global
observations to examine the relative roles of Arctic
amplification and elevation on warming rates dur-
ing the 1961–2010 period. They found that glob-
ally higher elevation regions have been warming at
faster rates than lower elevations. They also found
that temperatures were increasing faster at higher lat-
itudes. Unlike their observational study, which was
global, our analysis of future projections from climate
models are for north of 50◦N in eastern Russia, a
region for which Wang et al (2016) had relatively few
observations.

To investigate the role of elevation in future cli-
mate change in this region, we first removed the lat-
itudinal influence of Arctic amplification by examin-
ing the land mass in 5◦ latitude bands between 50◦

N and 70◦ N. Within these latitude zones, we do
find EDW in the CCSM4 simulation; however, unlike
most mid-latitude locations where warming rates
are greater at higher elevations, we find that future
warming rates are smaller at higher elevations in
this high-latitude region with values ranging between
−0.70 ◦C km−1 and −2.46 ◦C km−1 in winter,
when the elevation-dependent gradients are largest.
This elevation dependence is statistically significant
at all latitudes. The summer season is more complex,
with elevational warming gradients ranging between
−0.10 ◦C km−1 to −0.56 ◦C km−1 and statistic-
ally significant at most latitudes. We found that the
EDW results are generally consistent with those based
on four other climate model simulations from the
CMIP5 archives.
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We have shown that much of the elevation
dependence on warming rates can be attributed
to changes in free-air temperatures, particularly in
winter. At the highest latitudes, there are very strong
temperature inversions in winter, and these strong
inversions prevent the strong Arctic amplification of
surface air temperature to penetrate too high into the
atmosphere. This means that free-air temperatures
are projected to warm less than surface temperatures
throughout much of our region, but these differences
aremost pronounced at the highest latitudes. As a res-
ult, temperature changes in mountains that penetrate
higher into the atmosphere are responding primarily
to changes in free-air temperatures at those levels.

These results are consistent with other studies that
have shown very strong inversions in the northern
part of our study region. Both Serreze et al (1992)
and Zhang et al (2011) found the frequency of inver-
sions, the inversion depth, and the temperature dif-
ference across the inversion layer increase from the
Norwegian Sea eastward toward the Laptev and East
Siberian seas, most likely because of the proximity to
the Arctic Ocean. In fact, there is evidence that the
Arctic wintertime temperature inversion provides a
positive feedback by enhancing Arctic amplification,
which is primarily manifested at the surface (Bintanja
2011). Although the qualitative nature of our results
appears to be quite robust, namely greater projected
warming near the surface than at the top of the plan-
etary boundary layer, the exact magnitude of these
differences requires further research. Medeiros et al
(2011) did a multi-model study and found that mod-
els often overestimated the strength of the inversion
but they did find that low-level inversions are a stable
primary mode over the interior Arctic Ocean and
adjacent continents. Similarly, Pavelsky et al (2011)
found that although global climate models do obtain
Arctic inversions, they often do less well in character-
izing the strength of the inversions.

Among the other processes that have been attrib-
uted to causing EDW, changes in snow cover and
surface albedo have some impact on our results but
more so in transition seasons because changes in
snow cover are not that large in our study. Con-
sidering that snow cover was small at the begin-
ning of summer, any decreases were also small. Snow
cover was initially high in winter and stayed rel-
atively high. In the highest elevation region in the
southwestern portion of our study region, the snow
albedo effect does appear to account for some of
the elevation-dependent trends there as more snow
melts at the lower elevations, which is consistent
with greater warming at lower elevations there. The
Planck black bodymechanismprobably does contrib-
ute somewhat to the north–south gradients of warm-
ing rates in winter because the argument is based
on the assumption that for a given change in long-
wave radiation, the temperature change attributed to
it will be greater at lower temperatures. However, this

goes in the wrong direction for explaining the negat-
ive change in warming rates with elevation.We found
that water vapor does increase in the future but tends
to increase less at higher latitudes in winter. How-
ever, since the sensitivity of downward longwave radi-
ation to increases in water vapor is greater at higher
latitudes where the atmosphere is drier, the changes
in water vapor do affect the future temperature
changes.

Our overall finding here is that the free-air tem-
perature changes are the primary reason why tem-
peratures are changing more slowly at the higher
elevations in this high-latitude region, particularly
in winter. Arctic amplification itself is dependent on
multiple feedbacks, including the snow/ice albedo
and water vapor feedbacks, but the primary reason
for the elevation-dependent cooling in winter is that
the strong temperature inversion keeps the impact of
these feedbacks near the surface so that future tem-
perature changes are greater at the surface than at
higher levels. This result is consistent with Bintanja
et al (2011) who found that the strong Arctic winter-
time surface inversion increases Arctic amplification
because it confines the surface warming to close to the
surface so that this warming contributes little to out-
going infrared radiation.

Understanding climate change in high northern
latitudes is important because one key dynamic pro-
cess in the region is the relationship between decreas-
ing Arctic sea ice and its impact on weather and
climate over the nearby land mass. In fact, Ghatak
et al (2012) and Cohen et al (2013) found that
loss of Arctic sea ice may result in Siberian snow;
Francis and Vavrus (2012, 2015) suggest that loss
of sea ice may affect mid-latitude regions. Research
efforts to understand these dynamics should be pri-
oritized given the rapid and widespread changes in
sea ice and their potentially large impacts on regional
climate.
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