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Vertical structure of recent Arctic warming
Rune G. Graversen1, Thorsten Mauritsen1, Michael Tjernström1, Erland Källén1 & Gunilla Svensson1

Near-surface warming in the Arctic has been almost twice as large
as the global average over recent decades1–5—a phenomenon that
is known as the ‘Arctic amplification’. The underlying causes of
this temperature amplification remain uncertain. The reduction
in snow and ice cover that has occurred over recent decades6,7 may
have played a role5,8. Climate model experiments indicate that
when global temperature rises, Arctic snow and ice cover retreats,
causing excessive polar warming9–11. Reduction of the snow and ice
cover causes albedo changes, and increased refreezing of sea ice
during the cold season and decreases in sea-ice thickness both
increase heat flux from the ocean to the atmosphere. Changes in
oceanic and atmospheric circulation, as well as cloud cover, have
also been proposed to cause Arctic temperature amplification12–17.
Here we examine the vertical structure of temperature change in
the Arctic during the late twentieth century using reanalysis data.
We find evidence for temperature amplification well above the
surface. Snow and ice feedbacks cannot be the main cause of the
warming aloft during the greater part of the year, because these
feedbacks are expected to primarily affect temperatures in the
lowermost part of the atmosphere, resulting in a pattern of warm-
ing that we only observe in spring. A significant proportion of the
observed temperature amplification must therefore be explained
by mechanisms that induce warming above the lowermost part of
the atmosphere. We regress the Arctic temperature field on the
atmospheric energy transport into the Arctic and find that, in the
summer half-year, a significant proportion of the vertical struc-
ture of warming can be explained by changes in this variable. We
conclude that changes in atmospheric heat transport may be an
important cause of the recent Arctic temperature amplification.

The recent warming of the Earth’s surface is most probably due
to an increase of atmospheric greenhouse-gas concentrations8.
Although most greenhouse gases are fairly uniformly distributed
around the globe, the temperature response to greenhouse-gas
forcing is thought to be larger in polar than equatorial regions10.
The response depends on various feedbacks within the climate system.
In addition to snow and ice processes, the strength of the atmospheric
stratification constitutes such a feedback. The troposphere is more
stably stratified in the polar regions than closer to the Equator. An
increase in downwelling long-wave radiation at the surface (for
example, due to an altered atmospheric CO2 level) causes warming,
which at high latitudes is confined to the lower troposphere18. In the
tropics, in contrast, the warming is distributed vertically by deep
convection. It has also been proposed that the increase of polluting
materials (such as black carbon) on Arctic ice and snow have caused
albedo changes and added to the Arctic warming19. Common to all
these processes is that they are expected to induce the largest warming
in the lowermost part of the atmosphere.

The Arctic amplification can also be caused by other processes.
Idealized experiments with models that have no surface-albedo feed-
back also reveal a polar-temperature-amplification response to a
doubling of CO2 concentration12. It is found that the excessive
Arctic warming is due to an increase of the atmospheric northward

transport of heat and moisture. These results are supported by obser-
vational studies, which suggest that changes of the heat transport
have added to the recent Arctic surface warming20.

The linkage between Arctic warming and changes of atmospheric
circulation has been investigated by studying various Northern
Hemisphere circulation indices, such as that associated with the
Arctic Oscillation21. Generally, different phases of these indices are
associated with linear temperature responses characterized by east–
west heat redistribution between the mid-latitude ocean and land,
whereas the high latitudes are less affected. However, in the winter
season, high phases of the circulation indices are associated with a
warmer Arctic. This warming is particularly pronounced over the
northern rims of the continents13–16. From the 1970s through to the
mid-1990s, the indices were in their high phases, while since then,
they have relaxed towards neutral values. The Arctic warming, on the
other hand, has shown a persistently positive trend over the past
30 years. It is therefore difficult to associate changes in these indices,
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Figure 1 | Averaged temperature trends around latitude circles for
1979–2001 plotted versus latitude and height for the four seasons. Trends
are shown for winter (a, December–February), spring (b, March–May),
summer (c, June–August) and autumn (d, September–November). The
linear trends are estimated from monthly mean data using a least-squares fit.
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such as the Arctic Oscillation index, with the recent Arctic warming
trend.

The vertical structure of the Arctic warming during the 1980s and
1990s, based on the ERA-40 reanalysis (see Methods), exhibits trends
throughout large parts of the troposphere that are comparable in
magnitude to those at the surface (Fig. 1). In fact, the Arctic warming
in the reanalysis data shows clear maxima well above the surface in
winter and in summer, and the trends are almost equal at heights

below the 400 hPa level in the atmosphere during autumn. This ver-
tical structure is not consistent with the hypothesis that retreating
snow and ice cover is the main cause of the amplification. Retreating
snow and ice are associated with energy input at the surface, which—
along with the stable stratification conditions often prevailing in the
Arctic—means that this process would be expected to induce the
largest temperature response in the lowermost part of the tro-
posphere. But we only observe this vertical structure of warming in
spring. It is worth noting that this is when the trends above the
boundary layer are of comparable magnitude to those at the surface.
We note that the lack of amplification near the surface in summer is
consistent with expectations because surface air temperatures over
the Arctic Ocean are constrained to be close to the freezing point
owing to the melting of sea ice, but that the amplification aloft cannot
be explained by surface feedbacks.

It is also notable that during the same period observations solely
from Arctic land stations reveal an amplification of the temperature
trend during the dark months, November–February (Fig. 2). This
amplification cannot be explained by snow-cover changes, as
the albedo effect is practically absent during this dark period.
Moreover, the heat flux from the ground is very small. This is con-
trary to conditions in the ice-free parts of the Arctic oceans during
winter, where convection ensures that cold water at the surface is
replaced by warmer water from below; this process maintains a large
vertical temperature gradient between the ocean surface and the cold
atmosphere. In addition, reduction of sea-ice cover during summer
results in increased sea-ice formation during autumn and winter,
such that latent heat is stored during the warm season and released
into the atmosphere during the subsequent months.

So what are the mechanisms giving rise to the vertical structure of
the Arctic warming? Changes in the advection of atmospheric energy
into the Arctic region might imply Arctic warming with a maximum
not necessarily located at the surface. Mid-tropospheric tempera-
tures in the Arctic are sensitive to advection of energy across the
Arctic boundary: this is evident from linear regressions of the
Arctic 500 hPa temperature field on the atmospheric northward
energy transport (ANET) across 60uN (Fig. 3). Positive (negative)
anomalies of the ANET at 60uN are followed by positive (negative)
temperature anomalies over the Arctic area, where the anomalies of

Northern Hemisphere

North of 65º N

Te
m

p
er

at
ur

e 
an

om
al

ie
s 

(º
C

)

1960 1970 1980 1990 2000 2010
−1

0

1

2

3

4

Year

1850 1900 1950 2000
–2

0

2

4

Figure 2 | Dark-month (November–February) anomalies of mean
temperature relative to the 1850–1900 average as function of year. Data
were obtained from land-station observations. In the main figure, the
symbols represent means from individual years, whereas the lines show the
temporal evolution when variability over timescales smaller than 20 years
has been removed using a wavelet filter. Solid line and open circles are based
on observations north of 65uN, while the dashed line and dots are for the
entire Northern Hemisphere. Inset shows the smoothed temperature time
series for the full instrumental period. The data were provided by the
Climate Research Unit (CRU) as a 5u3 5u gridded data set24.
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Figure 3 | Regressions of the 500 hPa temperature field on the
atmospheric northward energy transport (ANET) across 60uN. a,
Regressions averaged around latitude circles as a function of latitude and
time lag; b, regressions for 5-day lag as a function of longitude and latitude.
Solid and dotted contours indicate positive and negative regressions,
respectively. In each point the regression has been scaled by the spatial

standard deviation of all regressions. Light- and dark-grey shading shows
areas where regressions differ significantly from zero at the 99% and 99.9%
level, respectively. The regressions indicate temperature anomalies
associated with an ANET anomaly at lag zero. For instance, a positive ANET
anomaly is followed 5 days later by warming and cooling north and south of
60uN, respectively.
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the temperatures lag those of the ANET by about 5 days (Fig. 3a).
Positive regressions are found for positive time lag north of 60uN and
for negative time lag south of 60uN, whereas the opposite distri-
bution is found for negative regressions. In a statistical sense, this
indicates that large energy transport follows conditions where a lar-
ger-than-usual north–south temperature gradient at 60uN has pre-
vailed. This transport, in turn, is succeeded by warming of areas
north of 60uN and cooling south of this latitude—a signature of
energy convergence and divergence north and south of 60uN,
respectively. The warming evaluated at five-day lag (Fig. 3b) is dis-
tributed over the major part of the Arctic area, whereas the cooling in
the mid-latitudes is found over large parts of the continents. This
linkage between the ANET across 60uN and the temperature field is
found through the entire vertical extent of the troposphere (not
shown), and is similar to that found from regressions of the surface
temperatures on the ANET20.

The ANET across 60uN has increased during recent decades,
except in January and February. For the summer half-year, April
through to October, the ANET can explain a substantial part of the
Arctic temperature trends (Fig. 4). The part of the temperature trends
that can be linked to the ANET (Fig. 4b) shows roughly the same
vertical distribution as the total temperature trends (Fig. 4a), with a
maximum at around 700 hPa. At 60uN, the ANET is mainly accomp-
lished by atmospheric waves, such as Rossby waves and cyclone sys-
tems. Hence, the ANET at mid-latitudes can be viewed as an index of
atmospheric circulation patterns. This index appears to be an effi-
cient indicator of a linkage between circulation changes and Arctic
temperature trends.

Other processes that might be important contributors to the
warming above the surface include changes in cloud cover and the
atmospheric water vapour content. In the Arctic, except possibly for a
short summer period, persistent low clouds are believed to induce
surface warming22. Often the greenhouse effect of clouds dominates
over the albedo effect, as the clouds cover an already highly reflecting
surface. By absorbing radiation, clouds may furthermore warm the
atmosphere at the height where they are present. As a result, it is
possible that an increase in cloud cover at a given atmospheric height
may cause warming there. Observations from satellites indeed sug-
gest an increase of Arctic cloud fraction in summer during the 1980s
and 1990s17. Warming of the Arctic middle troposphere might also
partly be an effect of changes in the atmospheric radiative properties.
These changes could be associated with the above-mentioned
increase in advection of energy, which is basically a transport of warm
and/or moist air into the Arctic. The advection in itself accounts for a
considerable part of the maximum warming at 700 hPa, but addi-
tional warming at this height would occur if the advected air is more
humid than the ambient air and hence absorbs long-wave radiation
more efficiently; water vapour is an efficient greenhouse gas8.

Our results do not imply that studies based on models forced by
anticipated future CO2 levels are misleading when they point to the
importance of the snow and ice feedbacks. It is likely that a further
substantial reduction of the summer ice-cover would strengthen
these feedbacks and they could become the dominant mechanism
underlying a future Arctic temperature amplification. Much of the
present warming, however, appears to be linked to other processes,
such as atmospheric energy transports.

METHODS SUMMARY

The ERA-40 reanalysis23 data are used for Figs 1, 3 and 4. A discussion of the data

quality and a comparison with two other reanalysis data sets are given in the

Supplementary Discussion. The ANET at a given latitude is defined as the total

energy flux across this particular latitude. Hence, this quantity constitutes one

time series. Using daily data, the temperature field has been regressed on the

ANET at 60uN for different time lags of the temperature field relative to the

ANET (Fig. 3). When these regressions are multiplied by the ANET time series,

projections of the temperature field on the ANET are obtained. On the basis of

monthly mean data, linear trends of these projections have been estimated

(Fig. 4) using a least squares fit. A Monte Carlo approach with a large number

of artificial ANET time series has been used in order to estimate the significance

of the results in Figs 3 and 4.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Energy transport. The atmospheric energy can be divided into four compo-

nents25: potential, gz; internal, cvT; kinetic, 1
2
u:u; and latent, Lq. Here g is gravity, z

is height, cv is specific heat capacity for constant volume, T is absolute temper-

ature, u is the three-dimensional wind vector, L is the specific heat of condensa-

tion or sublimation, and q is specific humidity. The ANET across latitude wo is

defined by: þ
w~w0

1

g

ð1

0

1

2
u:uzcpTzgzzLq

� �
v
Lp

Lg
dgdx ð1Þ

where w is latitude, cp is specific heat capacity for constant pressure, v is the

northward wind component, p is pressure, g is the vertical hybrid coordinate

used within the ERA-40 framework, and x is the east–west coordinate.

Linear regression. The sensitivity of the Arctic temperature field to the ANET

across 60uN is estimated as follows: first, the ANET across 60uN based on

6-hourly data is determined using equation (1). Then a barotropic mass correc-

tion20,26 is applied to daily averages of the ANET. At each grid point and based on

the daily data, the temperature time series have been regressed on the mass-

corrected ANET time series for different time lags of the temperature relative to

the ANET. The annual cycle was removed and a 7-day running mean applied to

all data before performing the regressions. Normalized regressions at the 500 hPa

level are shown in Fig. 3.

For estimations of the Arctic temperature trends, which are linked to the

ANET across 60uN, monthly mean rather than daily data are used as the warm-

ing response lags the ANET by around 5 days (Fig. 4b). The regressions mul-
tiplied by the ANET time series constitute the projection of the temperature field

on the ANET. Linear trends of these projections are shown in Fig. 4b.

Significance test. The shading in Fig. 3 and the white contours in Fig. 4b show

the results of a statistical significance test based on a Monte Carlo approach20.

The temperature field is regressed on artificial time series with the same power

spectrum as the ANET, but with arbitrary phases of the modes. These regressions

are compared to the original regression at each spatial grid point. At a given grid

point, the temperature trend linked to the ANET (Fig. 4b) is taken to differ

significantly from zero on, say, a 99% level, if less than 1% of the artificial

regressions show trends that are numerically larger than the one from the ori-

ginal regression. A corresponding procedure is used when estimating signifi-

cance of the lagged regressions (Fig. 3). We have compared with at least 10,000

artificial projections.

25. Oort, A. H. & Peixóto, J. P. Global angular momentum and energy balance
requirements from observations. Adv. Geophys. 25, 355–490 (1983).

26. Trenberth, K. E. Climate diagnostics from global analysis: Conservation of mass in
ECMWF analysis. J. Clim. 4, 707–721 (1991).
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