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ABSTRACT
In the last three decades, rapid surface warming is observed in the land areas of northern high latitudes
during boreal summer months. Although the warming trend is thought to be driven by early snowmelt, the
exact causes, especially its relationship with atmospheric circulation changes, remain a subject of debate. By
analyzing ERA-Interim data, this study examines the possible factors for rapid subarctic warming. It is found
that more than half of the warming trend over the entire subarctic and 80% over northern Canada and eastern
Siberia (regions with maximum amplification) can be explained by enhanced downward infrared radiation
(IR). Downward IR is largely driven by horizontal atmospheric moisture flux convergence and warm-air
advection. The positive trend in geopotential height over the Greenland region is key for moisture flux
convergence over northern Canada and eastern Siberia through changes in the storm tracks. An enhanced
summertime blocking activity in the Greenland region seems responsible for the positive trend in geopotential heights.

1. Introduction
In recent decades, observational studies showed that
surface warming is strongest over the Arctic than at any
other latitudes, a phenomenon called Arctic amplification (AA) (Francis and Skific 2015; Johannessen et al.
2004; Overland et al. 2008; Polyakov et al. 2003; Screen
and Simmonds 2010a,b; Serreze and Barry 2011; Davy
et al. 2018). The recent decades have also experienced
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an exceptional number of unprecedented extreme
weather events, such as extended cold spells and extreme heat waves in the northern midlatitudes (Coumou
and Rahmstorf 2012; Lehmann and Coumou 2015;
World Meteorological Organization 2011; Peterson
et al. 2013; Sutton and Dong 2012; Tang et al. 2014,
2013). Some studies argued that AA weakens the jet
stream, increases the meridional flow, amplifies the
waves, and triggers more persistent extreme weather
events (Coumou et al. 2015, 2014; Francis and Vavrus
2012, 2015; Overland et al. 2016; Tang et al. 2013; Liu
et al. 2012). However, several other studies argued that
the warmer Arctic is a result of changes in atmospheric
circulation (Ding et al. 2014; Trenberth et al. 2014; Gong
et al. 2017; Lee et al. 2011a,b, 2017). For example, some
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FIG. 1. Linear trend (decade21) of (a) summer (JJA-averaged) surface air temperature (T2m; K), (b) snow-cover extent in June (SCE; %), and
(c) summer soil moisture (mm) during 1979–2016. The dotted areas indicate the linear trends that are statistically significant at the 95%
confidence level. The surface air temperature is from the ERA-Interim dataset, the snow cover is from NSIDC EASE Grid snow-cover
data, and the soil moisture is from NOAA CPC dataset.

studies indicated that the AA during winter months is
largely due to enhancement of the downward IR, which
is driven by horizontal atmospheric water flux and
warm-air advection into the Arctic (Gong et al. 2017;
Lee et al. 2011a,b, 2017).
In the Northern Hemisphere, Greenland often experiences frequent blocking events (Davini et al. 2012,
2014). The occurrence and intensity of Greenland
blocking can be measured using the Greenland blocking
index (GBI; Fang 2004; Hanna et al. 2013). Significant
positive trends in the summer GBI were observed in the
last few decades (McLeod and Mote 2016; Hanna et al.
2018) and some studies have attributed this positive
trend in summer GBI to the summer AA (Francis and
Vavrus 2012; Overland et al. 2012). During boreal
summer months, the most apparent AA signal can be
found over the subarctic continents (Serreze et al. 2009;
Francis and Vavrus 2012, 2015), with the largest amplitude
of the warming over eastern Siberia, Alaska, northern
Canada, and Greenland (Fig. 1a). These studies argued
that the amplified summer warming over the subarctic
continents is due to an earlier snowmelt (Francis and
Vavrus 2012; Overland et al. 2012). These changes in
snow cover may have significant influences on summer
surface temperature because of the snow–hydrological effect (Yasunari et al. 1991). An earlier snowmelt decreases
the soil moisture content, which could persist even further into the following summer season (Matsumura and
Yamazaki 2012; Matsumura et al. 2010). However, some
suggested that the recent warming in the northeastern
Canada and Greenland sector is due to stronger anticyclonic circulation over Greenland and the Arctic Ocean
(Ding et al. 2014; Hanna et al. 2013). From the above discussion, we can argue that the underlying physical mechanisms for summer AA are not yet clear.

Although some of the previous studies have focused
on the summer warming trend in the North American
high latitudes, no attention has been paid to the warming trend in the Eurasian high latitudes. Meanwhile, the
significant reduction in June snow cover, an effective
measure of earlier or later spring snowmelt over highlatitude land areas (Fig. 1b; Matsumura and Yamazaki
2012), is consistent with the previous findings (Brown
et al. 2010; Groisman et al. 2006). However, a significant
decreasing trend in summer soil moisture can only be
seen in some regions confined to the northeastern part
of eastern Siberia, Alaska, and southern Greenland
(Fig. 1c). A significant increasing trend in summer soil
moisture is observed over most of eastern Siberia and
northern Canada, which is inconsistent with an early
melt of snow cover. This implies that the recent
subarctic warming cannot be explained fully by the
snow–hydrological mechanism, which warrants a further
investigation to identify the underlying physical mechanisms. Therefore, this study examines the possible factors
for the rapid warming in high latitudes and the role of
large-scale circulation changes in driving the warming
trend. This study may improve our understanding of the
processes responsible for the summer AA, which is a topic
at the core of rapid climate changes in the high latitudes.

2. Data and methods
a. Data
The monthly mean downward IR and other surface heat flux datasets are obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
interim reanalysis (ERA-Interim; Dee et al. 2011). The
surface radiation data from ERA-Interim are consistent with the in situ measurements (Cox et al. 2012; Shi
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et al. 2010; Zib et al. 2012). The present study also
employs the monthly mean surface temperature at 2 m,
vertically integrated total column water, geopotential height, relative humidity, and horizontal winds from
ERA-Interim. These ERA-Interim data have a horizontal resolution of 2.58 3 2.58 and are available from 1979 to
the present. The snow-cover extent dataset used in the
present study is the Northern Hemisphere 25-km Equal
Area Special Sensor Microwave Imager (SSM/I) Earth
(EASE). Weekly Snow Cover and Sea Ice Extent, version
4, products (Brodzik and Armstrong 2013) are obtained
from the National Snow and Ice Data Center (NSIDC).
The EASE gridded snow-cover data are available after
October 1966. In the present study, monthly mean global
soil moisture datasets is available from the National
Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center (CPC) Leaky-Bucket Model
(Fan and Dool 2004). The CPC soil moisture dataset has a
0.58 resolution and is available from 1948 onward.
Monthly mean global land surface precipitation data are
derived from centennial GPCC Full Data Reanalysis
datasets (Schneider et al. 2011), and the prediction dataset has a resolution of 18 and is available from
1901 onward.

b. Methods
To identify the dominant mechanism driving the
warming trend, we estimate the contribution of different
factors to the surface temperature trend by analyzing the
changes in surface energy balance. According to Lesins
et al. (2012), the surface energy budget can be written as
Sd 1 Su 1 Id 1 Iu 1 Fsh 1 Flh 1 C 5 0,
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(1)

where S and I are the shortwave and infrared radiation,
respectively, Fsh is the surface sensible heat flux, Flh is
surface latent heat flux, and C is conduction below from
Earth’s surface. The subscript d denotes downward and
u denotes upward, and all the atmospheric energy
fluxes are defined as positive when they are directed
downward. Term Iu is expressed as 2«sTs4 , where « is
the surface emissivity, sis the Stefan–Boltzmann constant, and Ts is the skin temperature. The differential
operator D represents the trend. The equation for the
trend in the surface energy budget can be written as
DSd 1 DSu 1 DId 2 «sDTs4 1 DFsh 1 DFlh 1 DC 5 0:
(2)
Equation (2) can be rewritten as
DTs 5 (DSd 1 DSu 1 DId 1 DFsh 1 DFlh 1 DC)/4«sTs3 .
(3)

According to Eq. (3), the trend in skin temperature is
proportional to the trend in the energy fluxes. As the
surface temperature is highly correlated with the skin
temperature in all seasons over the Arctic (Chen et al.
2002), the trend in surface temperature is also proportional to the trend in the upward and downward shortwave radiation, downward IR, and the surface sensible
and latent heat fluxes. Furthermore, the change in surface temperature may also be affected by horizontal
temperature advection and adiabatic heating. Following
Gong et al. (2017), surface temperature at each data
point could be expressed as follows:
f ﬃ f (x1 , x2 , x3 , x4 , x5 ),

(4)

where f indicates surface temperature, and x1 , x2 , x3 , x4 ,
and x5 represent turbulent heat flux (THF; sum of the
surface sensible and latent heat fluxes), downward IR, net
shortwave radiation (SWR; sum of the downward and
upward shortwave radiation), horizontal temperature advection, and the adiabatic heating, respectively. The linear
trends in surface temperature can be expressed as
N

Df 5

å (›f /›xi )Dxi ,

(5)

i51

where Df and Dxi are the linear trends in surface temperature f and xi , respectively; ›f /›xi is the change in f
with respect to changes in xi , which can be estimated by
calculating a linear regression coefficient at each grid
point between f and xi ; and (›f /›xi )Dxi is the linear trend
in surface temperature f associated with each of the independent variables for i 5 1, ...,5. The contributions of
each of the variables toward the actual trend in surface
temperature Df can be expressed as
Ci 5

(›f /›xi )Dxi
3 100%.
Dfi

(6)

Because of the offset effect, contribution of the linear
trends over some regions exceeds 100%, and therefore,
we set the value to 100% when this condition occurred.
We constructed the projection time series of trend
pattern using the method mentioned in Feldstein (2003).
The projection time series is defined as

P(t) 5

å x(l, u, t)X(l, u)
i,j

åX(l, u)2 cos u

,

(7)

i,j

where i and j correspond to the longitudinal and latitudinal grid points, respectively; x(l, u, t) is the variable of interest; X(l, u) is the linear trend pattern
of the variable; and t, u, and l stand for time, latitude,

Unauthenticated | Downloaded 01/09/23 08:38 AM UTC

3266

JOURNAL OF CLIMATE

VOLUME 32

FIG. 2. (top) Linear trends (decade21) of summer-mean surface air temperature (K) during 1979–2016 obtained by linear regression
against (a) turbulent heat flux (THF), (b) downward IR, (c) net shortwave radiation (SWR), (d) horizontal temperature advection (Tadv),
and (e) adiabatic heating (ADB). (bottom) The contribution (%) of summer-mean (f) THF, (g) downward IR, (h) SWR, (i) Tadv, and
(j) ADB to the surface temperature trends.

and longitude, respectively. The nonparametric Mann–
Kendall technique (Mann 1945) is used to estimate
the significance of the linear trend. To detect the
blocking event, a two-dimensional (2D) blocking index, which is an extension of the Tibaldi and Molteni
(1990) index developed by Davini et al. (2012), is used
in this study.

3. Results
a. Attribution of the surface temperature trend
In this section, we evaluate the contribution of different processes in the warming trend by analyzing the
relationship between surface temperature and changes
in surface energy fluxes. Since warming has occurred
predominantly over the subarctic landmasses [e.g.,
extended data Fig. 2c of Ding et al. (2014)], we mask
the observations over ocean and emphasize our analysis over land only. Figures 2a–d show the linear trend
in surface temperature from 1979 to 2016, which is
obtained by linear regression with turbulent heat flux,
downward IR, net shortwave radiation, horizontal
temperature advection, and adiabatic heating, respectively. The resulting calculations suggest that the trend in
surface temperature explained by the changes in turbulent heat flux can only be seen in a small region and

are less organized over high-latitude Northern Hemisphere land areas (Fig. 2a). It implies that the recent
Arctic warming during summer cannot be fully explained by the changes in local turbulent heat fluxes.
Second, the magnitude and structure of the surface
temperature trend explained by downward IR bears a
close resemblance to that of the surface temperature trend (Figs. 1a, 2b). It indicates the relative significance of downward IR on other factors in driving
the summer AA, particularly over northern Canada
and eastern Siberia. As far as net shortwave radiation is concerned, the trend is negative over eastern
Siberia, northwestern Canada, and southern Greenland (Fig. 2c). It is indicative of the fact that the
changes in net shortwave radiation have a negative
contribution to the warming trend over these regions.
Although the regressed trend with horizontal temperature advection is positive in some regions (Fig. 2d),
such as eastern Siberia and northeastern Canada, its
magnitude is much smaller than the downward IR.
Last, the adiabatic heating appears to have no significant contribution to the trend in summer surface temperature (Fig. 2e).
To further quantify the contributions of each of the
variables in actual surface temperature trend, we
calculate the ratio of the observed linear trend in

Unauthenticated | Downloaded 01/09/23 08:38 AM UTC

1 JUNE 2019

WANG ET AL.

3267

FIG. 3. (top) The correlation coefficients between summer-mean surface air temperature and (a) THF, (b) downward IR, (c) SWR,
(d) Tadv, and (e) ADB. (bottom) The linear trend (decade21) of summer-mean (f) THF (W m22), (g) downward IR (W m22), (h) SWR
(W m22), (i) Tadv (1024 K s21), and (j) ADB (1024 K s21) during 1979–2016. The dotted areas indicate the values that are statistical
significant at the 95% confidence level.

surface temperature to the trend explained by each of the
variables (methods). Figures 2f–j show the spatial pattern
of contribution of turbulent heat flux, downward IR, net
shortwave radiation, horizontal temperature advection,
and adiabatic heating to the linear trend in surface temperature during 1979–2016, respectively. It reveals that
the contribution of downward IR (Fig. 2g) often exceeds
50%, whereas each of the other four variables contribute weakly to the total trend. Furthermore, the contribution of downward IR even exceeds 80% over eastern
Siberia and northern Canada. However, it is noteworthy
that over northwestern Canada the net shortwave radiation counteracts the strong warming trend (Fig. 2h),
and therefore it displays a relatively weaker warming
trend over there. The contribution of horizontal temperature advection though accounts for a substantial
fraction of the surface temperature trend over eastern
Siberia and northeastern Canada (Fig. 2i), yet its contribution is much weaker than the downward IR.
The corresponding trends in Figs. 2f–j are the product
of the regression coefficient and the trend. Therefore, in
Figs. 2f–j, a larger contribution of any variable signifies
its stronger covariability with surface temperature and
a stronger trend in the corresponding variable as well.
To illustrate the covariability of surface temperature with
the individual variables xi and their individual trends
separately, we plotted the correlation map and linear

trend in Fig. 3. Figures 3a–e show the correlation coefficient map of surface temperature with the turbulent
heat flux, downward IR, net shortwave radiation, horizontal temperature advection, and adiabatic heating, respectively. The correlation coefficients between the
surface temperature and turbulent flux are negative at all
grid points, except over Greenland (Fig. 3a), which corresponds to an increase in surface temperature and upward turbulent flux (Gong et al. 2017). Second, for
downward IR, it is positively correlated with surface
temperature at all grid points (Fig. 3b), implying its strong
covariability with summer surface temperature over the
subarctic. Third, the correlation of surface temperature
with net shortwave radiation is positive almost at all the
grid points, except over Greenland, where it is negative
(Fig. 3c). Over Greenland, the air temperature is strongly
affected by downward IR from the atmosphere (Fig. 3b),
and an increasing cloud cover corresponding to an enhancement in downward IR decreases the downward
shortwave radiation. Fourth, the correlation pattern with
near-surface horizontal temperature advection is positive
at most of the places (Fig. 3d) over Arctic, while the covariability with adiabatic heating exhibits a complex
pattern, with a positive coefficient in some regions and a
negative coefficient in others (Fig. 3e).
Figures 3f–j show the linear trend in turbulent heat
flux, downward IR, net shortwave radiation, horizontal
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temperature advection, and adiabatic heating, respectively. There is almost no significant trend in turbulent
heat flux over the land areas except for northwestern
Canada (Fig. 3f), whereas a strong trend in the downward IR appears over a large part of the land region
(Fig. 3g), particularly over northern Canada and eastern
Siberia. Therefore, the dominance of the downward IR
contribution to the linear trend in surface temperature
in Fig. 2g can be understood from its covariability with
surface temperature change (Fig. 3b) and large positive
linear trend (Fig. 3g) in the downward IR. For the net
shortwave radiation, the negative trends over the land
areas (Fig. 3h) imply a cooling contribution to the surface temperature trend in some regions. The changes
in the net shortwave radiation are mainly due to the
changes in the cloud cover (supplementary Figs. 1a–c),
whereas the negative trend in the net shortwave radiation is mainly due to an increasing trend in the high
cloud cover (supplementary Fig. 1a). However, the
positive trend in the net shortwave radiation has occurred over eastern Europe (Fig. 3h), which is due to the
decreasing trend in the cloud cover at all pressure levels
(supplementary Figs. 1a–c). In addition, trends in surface albedo is insignificant and less organized over the
subarctic regions (supplementary Fig. 1d), indicating its
weaker contributions to the changes in net shortwave
radiation. The horizontal temperature advection trend,
though, appears over the downward-IR-dominated region (Fig. 3i), but it is confined to a very small region and
cannot be attributed to the widespread warming over
northern Canada and eastern Siberia. Though its covariability with surface warming is strong, the weaker
contribution might have arisen because of the smaller
magnitude of the trend. Finally, an increase in adiabatic
heating trend appears over the Greenland region and
northeastern part of eastern Siberia (Fig. 3j); however, it
contributes weakly to the surface temperature warming.
Therefore, by analyzing Fig. 3, we find that only downward IR can explain the warming trend over northern
Canada and eastern Siberia satisfactorily; it contributes
the most to the summer warming over the subarctic. We
should note that none of the above processes could explain the warming trend that occurred over southern
Greenland even though there are stronger trends in the
adiabatic heating term. Our methodology is based on the
presumption that the same process is driving the interannual and long-term variability in the surface temperature trend. This assumption may not be valid over
Greenland, and the physical mechanism driving the
warming trend over Greenland needs further investigation.
The above analyses showed that the changes in local
turbulent heat fluxes are less important in contributing to
the warming trend, and therefore we are curious about
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the role of ground conduction term. Although gridded
data are not available, we can estimate the conductive
flux based on Eq. (1). The conductive flux term can be
expressed as 2(Sd 1 Su 1 Id 1 Iu 1 Fsh 1 Flh ). Although
there are significant positive trends in the conductive flux
across the Arctic coastline (supplementary Fig. 2d), it
contributes weakly to the surface temperature trend
(supplementary Figs. 2a,b) because of its weak covariability with surface temperature (supplementary Fig. 2c).
In most of the regions, the correlation between the surface temperature and conductive flux is negative, which
implies that an increase in surface temperature inhibits
the increase in the upward heat conduction.

b. Factors for the downward IR enhancement
Considering the importance of downward IR change
on surface temperature trend in the subarctic continent,
here we investigate the factors related to the enhancement of downward IR. Previous studies showed that the
midlatitude winter circulation contributes the most to
the increase in downward IR over Arctic Ocean on the
intraseasonal time scale (Woods et al. 2013; Gong and
Luo 2017; Gong et al. 2017). In the recent decades, the
long-term increasing trend in intraseasonal moisture
intrusions accounts for the positive trend in winter-mean
downward IR over the Arctic Ocean (Doyle et al. 2011;
Gong et al. 2017; Park et al. 2015; Woods et al. 2013).
Therefore, an obvious question is whether a similar
mechanism is responsible for the positive trend in
summer-mean downward IR over the subarctic continent. To answer this question, we employ the Gong et al.
(2017) methodology to compute the daily IR index
by projecting the daily downward IR field onto the
downward IR trend pattern in Fig. 3 (see section 2b). As
shown in Fig. 3, an increase in downward IR over
eastern Siberia and northern Canada contributes the
most to the warming trend in those regions. Therefore,
two daily IR indices are computed, one for northern
Canada (558–72.58N, 2508–3008E; region 1) and other
for eastern Siberia (608–708N, 1208–1708E; region 2).
The IR indices measure the day-to-day variations in the
amplitude of downward IR trend pattern. Figure 4
displays the time series of daily IR1 (northern Canada)
and daily IR2 indices (eastern Siberia) from 1979 to
2016 (JJA). It can be seen that both the time series are
dominated by the intraseasonal variability and display an obvious upward trend for the analyzed period
(Fig. 4). Figure 5 display the trends of downward IR
and total column water (TCW) during 1979–2016
(JJA), which is obtained by regressing the variables
against the IR1 and IR2 indices, respectively. An increase in the IR1 (IR2) index corresponds to an increase
in downward IR over northern Canada (eastern Siberia)
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FIG. 4. The projection time series of downward IR over
(a) northern Canada (IR1; 558–72.58N, 608–1108W) and (b) east
Siberia (IR2; 608–708N, 1208–1708E) for the 1979–2016 JJA time
period. Amplitudes are scaled by one standard deviation of the
corresponding time series.

(Figs. 5a,c). It should be noted that the magnitudes of
the downward IR trend that are calculated using the IR
indices are different from the downward IR trend shown
in Fig. 3g. Being an excellent emitter of downward IR
(Walsh and Chapman 1998; Lee et al. 2011b, Park et al.
2015; Gong et al. 2017), an increase in TCW is observed
over northern Canada (eastern Siberia), which corresponds to an increase in downward IR over northern
Canada (eastern Siberia) (Figs. 5b,d). Moreover, the
spatial patterns of the TCW trend are consistent with
the downward IR (Fig. 5), which implies that an increase in TCW is crucial for the enhancement of the
downward IR.
Insight into the moisture source for TCW can be
gained by examining the lagged linear regression
analysis of moisture flux convergence and evaporation.
Figure 6 shows the trend of vertically integrated moisture flux vector, its convergence (multiplied by the latent heat of vaporization L), and evaporation during
1979–2016 (JJA), which is obtained by regressing the
variables with IR1 index. From lag 26 (Fig. 6, top row)
to lag 0 days (Fig. 6, fourth row), a quasi-stationary anticyclonic trend pattern of vertically integrated moisture
flux can be seen around the Greenland region. A weak
positive trend in moisture flux convergence can be seen
over northern Canada that is accompanied by an increase in the southeasterly flux vector at lag 26 day. In
addition, from lag 26 to lag 2 days (Fig. 6, bottom
row), a negative trend in moisture flux convergence is
centered over the anticyclonic pattern in Greenland.
From lag 26 to lag 0 days, the moisture flux convergence
over northern Canada has intensified and widened and
finally extends to the inland of Canada. This feature is
accompanied by the development of a cyclonic trend
pattern, west of the anticyclonic trend pattern. In the

positive lag period (from lag 0 to 2 days) the moisture
flux convergence weakens rapidly because of weakening
of the anticyclonic trend pattern and the associated
southeasterly fluxes. Therefore, this anticyclonic trend
pattern around the Greenland region and increase in the
southeasterly fluxes over northern Canada are vital to
the increase in moisture flux convergences over northern Canada. From lag 26 to lag 2 days, an increase in
evaporation can be seen in the region between northeastern Canada and Greenland (Fig. 6, bottom row).
However, the increase in evaporation is accompanied by
the development of moisture flux convergence (Fig. 6),
which implies that the changes in evaporation are
mainly due to the increase in moisture flux convergence.
This increase in evaporation is limited over the ocean,
while the negative trend in evaporation is prominent
over the land from lag 26 to lag 2 days. Furthermore, the
magnitude of the moisture flux convergence (multiplied
by L) trend is comparable to the downward IR trend
(Fig. 4a), which suggests that the enhanced downward
IR over northern Canada is mainly due to the increase of
moisture flux convergence. Figure 7 shows the trend of
the vertically integrated moisture flux vector, its convergence (multiplied by L), and evaporation during
1979–2016 (JJA), which is obtained by regressing the
variables with the IR2 index. Over Siberia to the marginal seas in the north of Siberia, a quasi-stationary cyclonic trend pattern of moisture flux develops from
lag 26 to lag 0 days (Fig. 7, top row). Along with the
increase in the southwesterly flux vectors, an increasing
trend in moisture flux convergence is found over eastern
Siberia, which is consistent with the increasing trend
in TCW (Fig. 5d). The moisture flux convergence over
eastern Siberia has intensified with the development of
the anticyclonic trend pattern downstream of the convergent region. Thereafter the moisture flux convergence weakens rapidly (from lag 0 to 2 days) because of
the disappearance of the cyclonic trend pattern. On the
other hand, decrease in evaporation can be seen over
eastern Siberia (Fig. 7, bottom row), which implies that
local processes cannot explain the increase in TCW over
eastern Siberia. But the magnitude of the moisture flux
convergence (multiplied by L) trend is comparable to
the downward IR trend, which suggests that moisture
flux convergence is a key factor controlling the trend in
TCW over eastern Siberia. Therefore, we may conclude
that the increase in TCW is mainly due to the moisture
flux convergence, which contributes the most to the increase in downward IR through latent heat release.

c. Possible causes of the circulation change
The above results prove that the anticyclonic pattern
around the Greenland region and the cyclonic pattern
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FIG. 5. Linear trends (decade21) of (a) downward IR (W m22) and (b) TCW (kg m22) for the 1979–2016 JJA time
period obtained by regressing these fields against the IR1 index. (c),(d) same as (a) and (b), respectively, but for the
IR2 index. The lag chosen in each panel is lag 0 days. The dotted areas indicate the values that are statistical
significant at the 95% confidence level.

from Siberia to the marginal seas in northern Siberia are
closely associated with the changes in moisture flux
convergence, TCW, and downward IR over northern
Canada and eastern Siberia, respectively. The increase
in strength of the anticyclonic and cyclonic pattern intensifies the moisture flux convergence, TCW, and
downward IR over northern Canada and eastern Siberia, respectively. Now, we will investigate the spatial
characteristics and possible mechanisms for the changes
in atmospheric circulation pattern. Figure 8 shows the
linear trend in summer-mean sea level pressure (SLP)
and 200-hPa geopotential height (Z200) during 1979–
2016. A decreasing trend in summer-mean SLP was

observed from Siberia to the marginal seas in northern
Siberia (Fig. 8a). The spatial pattern in SLP trend indicates a significant strengthening in westerly moisture
flux and an increasing trend in moisture flux convergence
over eastern Siberia. Summer-mean SLP increases over
and around the Greenland ice sheet (Hanna et al. 2009),
and it is accompanied by a significant strengthening in the
southeasterly flux over northern Canada. To understand
the physical mechanism causing the changes in SLP pattern, we focus on the changes in summer-mean 200-hPa
geopotential height. There are little changes in 200-hPa
geopotential height on the Siberian side of the Arctic
basin; however, the trend of the geopotential height is
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FIG. 6. Linear trends (decade21) of (left) the vertically integrated moisture flux vectors and
moisture flux convergence multiplied by L (color shading; W m22) and (right) evaporation (mg m22)
for the 1979–2016 JJA time period obtained by regressing these fields against the IR1 index. (top to
bottom) The trends are shown from lag 26 through lag 2 days. The dotted areas indicate the values
that are statistical significant at the 95% confidence level.
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FIG. 7. As in Fig. 6, but for the IR2 index.
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FIG. 8. Linear trends (decade21) of summer-mean (a) sea level pressure (SLP; hPa) and 850-hPa wind (vectors;
m s21) and (b) 200-hPa geopotential height (Z200; m) during 1979–2016. The dotted areas indicate the linear trends
that are statistically significant at the 95% confidence level.

anticyclonic extending from Greenland northwestward
to the Beaufort Sea (Fig. 8b). The SLP trend displays a
dipole structure over Arctic, resembling the well-known
Arctic dipole pattern (Wang et al. 2009; Overland et al.
2012; Overland and Wang 2010). The anticyclonic trend
pattern generates relatively high pressure conditions and
leads to more warm and wet air over the region between
northeastern Canada and Greenland (Ding et al. 2014).
Moreover, the high pressure around the Greenland region is also suggested to be responsible for the variability
of the Arctic dipole pattern on the interannual and interdecadal time scales (Overland et al. 2012). The tendency toward a stronger anticyclonic circulation can lead
to the changes in the shape and strength of the summer
circumpolar vortex and relevant changes in the migration
of storms (Serreze and Barrett 2008, 2011). The negative
trend in SLP from Siberia to the marginal seas north of
Siberia likely reflects more storms tracks over this region
(Fujinami et al. 2016). This result indicates that the positive trend in the geopotential height over and around
Greenland is the key factor causing the trend in SLP and
the associated moisture flux transport.
The time evolution of the geopotential height around
Greenland can be described by the GBI, which is defined by Fang (2004) and Hanna et al. (2013, 2015, 2016).
We construct the GBI as domain-averaged geopotential
height at 200 hPa over the region 658–758N, 608–908W.
To illustrate the processes that link the changes in circulation due to surface temperature change, we display
the linear trends in summer-mean surface temperature
and downward IR that are linked to the trend in GBI in
Figs. 9a and 9b. They show that both the geographic

distribution and magnitude of the trend in these variables that are calculated by regressing them on GBI
resemble the trends in these variables. We also display
the time series of GBI and surface temperature change
over eastern Siberia and northern Canada in Fig. 9c. The
surface temperature changes over eastern Siberia and
northern Canada are highly correlated with summer
mean GBI, and the coefficients are 0.68 (0.47 after detrending) and 0.78 (0.61 after detrending), respectively.
These statistical links between atmospheric circulation and temperature over eastern Siberia and northern
Canada are robust both at interannual and decadal time
scales, which confirms that the positive trend in the geopotential height around the Greenland region leads to
an amplified warming over northern Canada and eastern
Siberia.
Furthermore, an inspection of geopotential height
field indicates that the high pressure center around the
Greenland region is consistent throughout the troposphere (Figs. 9a,b), displaying a barotropic vertical structure around the Greenland region. Therefore, the
enhanced blocking events might be the key factor for
the positive trend in the geopotential height around the
Greenland region. Previous studies have found that,
since 2000, extremely high GBI events are clustered
during the summer months (McLeod and Mote 2016;
Hanna et al. 2018). However, the episodes of extremely
high events are detected based on daily GBI values
may not satisfy all of the established criteria for atmospheric blocking outlined in previous research
(Tibaldi and Molteni 1990; Davini et al. 2012, 2014).
Therefore, we use an index developed by Davini et al.
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FIG. 9. Linear trends (decade21) of (a) summer (JJA-averaged) surface air temperature (K) and (b) downward
IR (W m22) during 1979–2016 obtained by regressing these fields against the GBI. (c) Time series of GBI and
summer-mean surface temperature averaged over eastern Siberia (608–708N, 1208–1708E) and northern Canada
(558–72.58N, 608–1108W) for the period 1979–2016. Definition of the GBI is provided in the text. Amplitudes in
(c) are scaled by one standard deviation of the corresponding time series.

(2012) to detect the blocking event, which is computed from meridional height gradients at midtroposphere. For comparison, we also employ a methodology
to detect the blocking events as positive height anomalies
in the midtroposphere and its persistence for five consecutive days (Tang et al. 2013; Liu et al. 2012). At first,
we defined the Greenland region within a box bounded
by 658–758N, 308–608W. For each day, if at least a single
grid point in the Greenland region is blocked, then the
whole sector is considered to be blocked. Based on these
two criteria, we construct the time series of the total
number of blocking days and the average duration of
blocking events from the daily blocking index for each

summer season. Figure 10 shows the time series of the
frequency and average duration of Greenland blocking
based on positive height anomalies and meridional height
gradients, respectively. In agreement with the previous
studies, significant increase in the frequency of Greenland blocking are noted for summer months by applying the two different blocking identification methods
(Figs. 10a,b). Using the method based on positive height
anomalies, the time series of blocking frequencies over
the Greenland region shows an increasing linear trend
at a rate of 0.81 days per summer over 1979–2016, which
is significant at the 99% confidence level. The time series
of Greenland blocking frequency computed according
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FIG. 10. Time series of summer-mean blocking frequency (days per summer) over the Greenland region using the
method of (a) positive height and (b) meridional height gradients for the period 1979–2016. (c),(d) As in (a) and (b),
respectively, but for the average duration (days) of event.

to meridional height gradients are computed according
to meridional height gradients which are increasing at a
rate of 0.35 days per summer (significant at the 99%
confidence level) during 1979–2016. Furthermore, the
blocking frequency time series based on positive height
anomalies and summer mean GBI are highly correlated
and the coefficient is 0.88 (0.81 after detrending), which
implies the importance of Greenland blocking in driving
the trend and interannual variability of GBI. Using
meridional height gradient method, the actual Greenland blocking frequency is significantly correlated with
summer mean GBI and the coefficient is 0.44. However,
when the linear trend is removed, the correlation coefficient between the two time series decreases to 0.23.
One possible explanation for the difference is that the
blocking events identified by persistent geopotential
height anomalies are influenced by large-scale changes
in the geopotential height field, and this issue can be
avoided by using the meridional height gradients
method (Barnes et al. 2014). According to Davini et al.
(2012), the Greenland blocking events lasts for ;6–9 days.
As we can see in Fig. 10c, the average duration of positive
geopotential height anomalies is 10.7 days, a bit longer
than the average Greenland blocking duration. Furthermore, in the recent decade the duration of positive geopotential height anomalies has increased sharply at a rate
of 0.19 days per summer during 1979–2016, which contributes significantly to the increase in the frequency of
persistent geopotential height anomalies (Fig. 10c).
Based on the meridional height gradients method, the

average duration of the Greenland blocking event is
6.2 days, which matches well with the result of Davini
et al. (2012). The linear trend in the duration of
Greenland blocking event is 0.12 days per summer,
which is significant at the 99% confidence level
(Fig. 10d). Therefore, the increase in the average duration of Greenland blocking event plays an important role in the increase in the frequency of Greenland
blocking events. Therefore, by applying two different
blocking identification methods, the frequency
of blocking events over Greenland during summer exhibits robust trends since 1979, which might have contributed partly to the tendency toward a stronger
anticyclonic circulation over Greenland.

4. Summary and discussion
Previous studies have demonstrated that rapid surface
warming events are pronounced over the Northern
Hemisphere high-latitude land regions in summer. The
warming trend that exceeds 0.58C decade21 was mainly
located over eastern Siberia, northern Canada, and
Greenland. An enhanced downward IR is found to be
the main driver for the stronger warming, which accounts for more than half of the warming trend over
whole Arctic and 80% over northern Canada and eastern Siberia. The changes in the atmospheric circulation
pattern play an important role, which enhances the
downward IR over these regions. Summer-mean SLP
decreases over and around Siberia, while it increases
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over the Greenland ice sheet regions. This configuration
leads to the changes in moisture flux transport and abnormal moisture flux convergence over eastern Siberia
and northern Canada. Furthermore, our analysis indicates that the changes in the configuration of SLP trends
are resulting from an enhanced blocking activity and an
associated positive trend in the geopotential height
around the Greenland region, which is in agreement
with previous studies.
This configuration of SLP trends caused by the positive trend in geopotential height around the Greenland
region not only affects the land warming by transport of
warmer and moister air but also accelerates the sea ice
loss in summer through ice transport out of the central
Arctic Ocean through the Fram Strait (Wang et al. 2009;
B. Wu et al. 2016). However, we still do not know the
exact causes underlying the enhanced blocking events
over Greenland. Apart from the enhanced blocking
activity, changes in external forcing are also responsible for stronger anticyclonic circulation. For example,
regional warming over Greenland and the associated
feedbacks due to ice melt are also enhancing the
Greenland blocking events (Hanna et al. 2018). North
Atlantic SSTs can strongly influence the circulation
patterns in Greenland (Chylek et al. 2009; Häkkinen
and Worthen 2011; Hanna et al. 2009) through the
modification of the North Atlantic polar jet stream.
Previous work identified that annual-mean atmospheric circulation around Greenland is closely associated with tropical SST variability (Ding et al. 2014).
Ding et al. (2017) made an assumption that the SST
trends across the tropical Pacific Ocean may contribute
to the summer-mean high-latitude circulation variability.
In recent decades, the Arctic sea ice during summer has
experienced an accelerated decline (Comiso et al. 2008).
Some observational studies show that the Arctic sea ice
loss can induce circulation changes, reduce the zonal
winds, and increase wave amplitudes in the summer
season (Overland 2014; Tang et al. 2014). This hypothesis is based on strong covariability between the changes
in circulation patterns and the sea ice; however, they did
not prove the causality of the event. Alternatively, this
covariability can be explained as a response of sea ice
extent anomalies on the changes in temperature and atmospheric circulation instead of feedbacks of sea ice retreat onto the atmospheric circulation pattern. Some
studies indicate that the changes in summer sea ice conditions have no significant impact on surface temperature,
atmospheric humidity, and downward IR (Ding et al.
2017; Wu and Zhang 2010; Q. Wu et al. 2016).
However, despite strong observational evidence that
atmospheric circulation plays the most significant role
in driving the Arctic climate change during summer,

VOLUME 32

summer AA can also lead to the changes in atmospheric
circulation through weakening of meridional temperature gradients and increasing geopotential heights
(Cohen et al. 2014; Francis and Vavrus 2012). Furthermore, additional research is necessary to elucidate
whether these changes are anthropogenically forced or
result from natural variations within the climate system.
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