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Extreme summer temperature anomalies
over Greenland largely result from clear-
sky radiation and circulation anomalies

Check for updates

Manuel Tobias Blau 1,2, Kyung-Ja Ha 1,2,3,4 & Eui-Seok Chung 5

The polar regions have been undergoing amplified warming in recent years. In particular, Greenland
has experienced anomalously warm summers with intense melt rates. We employ a surface radiation
budget framework to examine the causes for positive and negative summer temperature anomaly
events over Greenland from 1979 to 2021. We found a dominant contribution of the clear-sky
downwelling longwave radiation and the surface albedo feedback to temperature anomalies.
Atmospheric temperature perturbations dominate the effect of anomalous emissivity on clear-sky
downwelling longwave radiation. In warm years, enhanced turbulent heat exchange due to increased
surface temperature and diabatic warming in the troposphere induces adiabatic heating of the
atmosphere, enhanced moisture advection, and a high-pressure anomaly with a blocking-like anti-
cyclonic circulation anomaly following peak temperature days. Different modes of natural climate
variability, in particular, related to blocking over Greenland, can further amplify or dampen the ongoing
warming trend, causing extreme temperature events.

Arctic temperatures exhibit a distinct seasonality due to the annual
migration of solar zenith position characterized by polar night during boreal
winter and polar day during boreal summer. Only during summer, does the
mean temperature exceed the freezing point and result in snow, ice sheet,
and glaciermeltingof varying intensity1–4. Previous studies related enhanced
snow and ice sheet melting over Greenland to anomalous warm air
advection associatedwithhigh-pressure blocking conditions and intensified
anticyclonic circulation4–10. For instance, themost recentmelt events in 2012
were linked to above-normal temperatures near the surface and in the
troposphere, resulting in intense melting, while in 2019, a below-normal
snowfall resulted in a negative surface mass balance9. Also, ocean heat
transport and stratification can enhance melting in the ablation zone. For
instance, ocean water from the Atlantic can submerge the Polar water,
reducing the stratification and enhancing heat transport towards the ice and
glacier margins11. The ocean contribution was most distinct in the south of
Greenland, while in the north of Greenland, the glacier melting was more
sensitive to atmosphericwarming12. For instance,Mattingly et al.13 discussed
the role of foehnwind-fashiondownslopewinds in enhancing the icemelt of
northeast Greenland via surface and atmospheric warming. These foehn
winds were related to atmospheric rivers embedded in southerly anomalies
descending towards the coast, warming the surface and the lower- andmid-
troposphere13.

Over the past several decades, significant trends have been observed in
the Arctic. The ice sheet has undergone a significant negative trend in terms
of mass balance14,15. Further, there is a significant warming that exceeds the
corresponding global average affecting the Arctic, including Greenland.
This enhancedwarming in the northernpolar regions is referred to asArctic
Amplification10,15–25. This warming trend was attributed to local feedback
processes26–30, especially lapse-rate feedback, the heat release from theArctic
Ocean16,18,26,31, and energy transport from lower latitudes17,27. Previous stu-
dies also indicated that melting sea ice during summer has increased the
ocean heat storage via surface albedo feedback, which has been released to
the atmosphere during the cold season17,18,21,27. Further, the decreasing trend
of sea ice and the Greenland ice sheet resulted in a growing importance of
cloud feedback processes, as clouds acted as the primary reflector for
incoming solar radiation with decreasing ice22. Another study pointed out
that the latent heat exchange between the surface and the atmosphere
contributed to Arctic amplification on a timescale of less than a month,
while the surface albedo feedback played an important role on longer
timescales23.

The Greenland region has experienced substantial year-to-year
variability in association with climate modes. First, the North Atlantic
oscillation, which describes changes in the pressure gradient over the North
Atlanticwith Iceland in the north (lowpressure) and theAzores in the south
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(high pressure)32,33, was negatively correlated with Greenland temperature
and precipitation32,34–36. The Greenland blocking index is a second mode,
which is anti-correlated with the North Atlantic oscillation. The Greenland
blocking index, which indicates the strength and frequency of high-pressure
blocking conditions over Greenland, was positively correlated with
Greenland temperature10,33,35,37–41. Both modes have exerted a substantial
impact on the strength and position of the jet stream by increasing the
westerly component, reducing the advection of warm andmoist air towards
Greenland in a positive phase of the North Atlantic oscillation (negative
Greenland blocking index)19,32,33. Also, the East Atlantic pattern has shown a
positive correlation with Greenland temperature35,42–44. Other indices of
climate variability that exerted teleconnections to Greenland climate con-
ditions include the Scandinavian pattern43, the Arctic oscillation45, the East
Atlantic/West Russia pattern42, the East Pacific/North Pacific pattern42, the
Pacific North America pattern46, the Quasi-biennial oscillation47, the El
Niño-Southern Oscillation48, and the Atlantic multi-decadal oscillation49.

The Greenland blocking index is an indicator for the frequency and
intensity of blocking over Greenland10,37,40,50. Blocking events, character-
ized by anomalous anti-cyclonic circulation, wave breaking at the jet
stream, and subsidence10,41,51–53, are an important factor affecting regional
weather and climate extremes, such as droughts and extreme rainfalls50,51.
Also, extreme hot and cold temperature anomalies can occur due to
blocking and associated cut-off anti-cyclones4,40,50,53. Further, Preece et al.
41 elaborated that heat extremes associated with omega-blocking systems
favor the decline of the Greenland ice sheet; for instance, a cut-off anti-
cyclone over Greenland was identified as the driving force for enhanced
ice sheet melting in 20154. Also, climate variability on interannual or
decadal timescale can, to some extent, be related to blocking, with
regional effects depending on the location of the blocking system along
with the jet stream54. Previous studies showed that blocking systems can
develop over various regions in the North Atlantic and Europe, including
east Greenland. For instance, snow cover anomalies in North America
can cause a wavier jet stream and blocking, as a stationary Rossby wave

response10. The blocking anti-cyclones over east Greenland have been
most relevant for warm anomalies over Greenland10,41,50,55.

In this study, we elucidate processes causing extreme temperature
anomalies from the perspective of the atmosphere, energy balance pro-
cesses, and natural variability. Previously, various energy balance decom-
position methods have been employed to attribute Arctic and Greenland
warming to different radiative processes16–18,26–30. However, a detailed
decomposition has rarely been applied to extreme temperature events on
inter-annual time scales. Therefore, in this study, we focus on year-to-year
perturbations of the surface energy budget to explain Greenland’s extreme
temperature from 1979 to 2021.

Our target is to elaborate on the effects of radiative and non-radiative
energy perturbations on temperature overGreenland in terms of trends and
inter-annual extremes. Further, we explore atmospheric anomalies leading
to extreme temperatures and how they explain the deviations of the
radiation budget at the surface. Finally, we aim to create a global context by
elaborating on the effect of different modes of variability influencing
regional climate over Greenland.

Results
Greenland surface temperature anomalies
We used a surface energy budget framework to attribute anomalies relative
to the 1979–2021 period and trends in the surface temperature over the
Greenland domain (60–85°N, 75–15°W; Figs. 1 and 2a, black box)29. This
approach allows us to subdivide the temperature perturbations into partial
temperature contributions of radiative and non-radiative terms of the sur-
face energy budget. Radiative processes include the surface albedo feedback
(SAF), the cloud radiative effect (CRE), the effect of changes in net short-
wave radiation under clear-sky conditions (SWCS), and the effect of
changes in the downwelling longwave radiation under clear-sky conditions
(LWCS). Therefore, the effect of clear-sky downwelling longwave radiation
on surface temperature anomalies combines the radiative effect of changes
in the atmospheric temperature and the effect of changes in the emissivity

Fig. 1 | Attribution of summer temperature anomalies to surface energy budget
perturbations. The figure illustrates the total (a) and detrended (b) summer surface
temperature anomalies over Greenland and relates those to perturbations in the
surface energy budget. Further, panel c shows detrended temperature anomalies for
extreme cases. The attribution to surface energy budget perturbations includes the
effect of the surface albedo (SAF), the effect of clouds on radiative fluxes (CRE), the
effect of anomalous shortwave and longwave radiation under the clear-sky

assumption (SWCS and LWCS), the effect of changing heat storage (HSTOR), and
the effect of changing turbulent heat fluxes (HFLUX). Total anomalies in a are
relative to the 1979–2021 baseline period. The digits in c show the detrended tem-
perature anomalies in the respective years. The gray shading highlights the below-
normal temperature anomalies; the orange shadings show the results for the com-
posites of the four warm years (Meanwarm) and cold years (Meancold).
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that emerges, for instance, from perturbations in water vapor26,27,29,56. The
cloud radiative effect comprises the response of shortwave and longwave
radiation due to changing cloud top height, optical depth, and phase. The
non-radiative feedback processes include the effect of the net energy flux
stored at the surface (HSTOR) and the effect of turbulent heat fluxes
(HFLUX) on surface temperature perturbations29. Here, surface tempera-
ture refers to the surface skin temperature. The surface temperature trends
exhibit a distinct seasonality characterized by theminimumduring summer
(0.04 K yr−1) and themaximum inwinter (0.07 K yr−1)18,27,29, all ofwhich are
statistically significant (based on a Mann–Kendall test with a 95% con-
fidence interval).

Figure 1a indicates the dominant role of the surface albedo feedback
and the perturbations in the clear-sky longwave radiation in shaping the
warming trends. The effect of these two radiative contributions may play in
tandem; increased warming hastens ice sheet degradation, which lowers
surface albedo18,27 and, at the same time, may contribute to enhanced tur-
bulentheat release57. In contrast, other termscounteract theoverallwarming
trend over Greenland (Fig. 1a).

Detrending shows that the clear-sky downwelling longwave radia-
tion is the principal factor shaping interannual variability in Greenland
surface temperature during summer (Fig. 1b). Both the clear-sky
downwelling longwave radiation and the surface albedo feedback posi-
tively correlate with surface temperature. A near cancellation is observed
between the cloud radiative effect and the surface albedo feedback over
the regions29, where thinning and ablating over the ice sheet in low-lying
regions decreases snow and ice cover5,9,15. These characteristics suggest
the importance of atmospheric processes in determining clear-sky
longwave radiation.

The detrended timeseries shown in Fig. 1b indicate that Greenland has
experienced substantial interannual temperature anomalies in recent dec-
ades. Above-normal warm years include 1980, 2003, 2010, and 2012. In the
latter years, unprecedented high temperatures occurred, accompanied by
enhanced snowmelt rates6,7,25,55. Cold years include 1983, 1992, 2015, and
2018 (Fig. 1c). Extracting the climate trend revealed the most recent cold
year, 2018, to have cold anomalies of –0.89 °C, the lowest temperature after
1992 with−1.34 °C. The most recent warm anomaly year, 2012, remained
unprecedentedly warm at 1.13 °C. On average, the compositemean value of
the cold years,−0.96 °C, is more accentuated than the mean value of warm
years, 0.81.

There are extreme warm and cold temperature anomalies in all eight
cases. In both warm and cold years, detrended temperature anomalies
around the Greenland domain are within the 10th percentile (Supple-
mentary Fig. 2). The distinct positive surface temperature departures over
the Ocean and major parts of Greenland characterize the warm extreme
years. The significant cold anomalies span Greenland and the adjacent
regions with stronger intensity. Further, the temperature anomalies at
700 hPamimic the spatial patternof the surface temperature anomalies. The
detrended temperature anomaly timeseries over Greenland show a sig-
nificant correlation between surface and 700 hPa air temperature anomalies
over the surrounding ocean extending westwards towards Northeast
Canada (Supplementary Fig. 1).

In the warm years, positive temperature anomalies were related to the
combined contribution of the surface albedo feedback and the effect of
perturbed downwelling clear-sky longwave radiation (Fig. 1c). Their com-
bined impacts exceed the opposing impacts from the cloud radiative effect,
the surface heat storage, and the turbulent heat flux, resulting in positive

Fig. 2 | Composite atmospheric anomalies in extreme anomaly summers. The
figure shows compositemean anomalies in the atmosphere characterizing warm and
cold temperature years. The first row depicts the surface temperature (SKT) and
700 hPa temperature anomalies (T700) in warm anomaly years (a) and (b) and cold
anomaly years (c) and (d), respectively. Anomalies in the surface pressure (shading;
SP) and the geopotential height at 500 hPa (contours; Z) are shown in (e) and (i).

f and j Demonstrate anomalous vertical (shading; ω) and horizontal (vectors; U)
circulation, g and k illustrate the anomalies in cloud cover (CC), and h and
l vertically integrated specific humidity (Q). The second row presents the composite
mean anomalies for the warm extreme years; the third row presents the composite
mean anomalies for the cold extreme years. The black boxes in a and c outline the
Greenland domain used for the mean value calculation.
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temperature anomalies. Similarly, in the cold years, the surface energy
budget perturbations are due to surface albedo feedback and the effect of
clear-sky downwelling longwave radiation, counteracted by the changes in
the heat storage term. The latter exerts a greater influence in the cold years
compared to warm years. In both cases, the heat storage effect is the
strongest opposing term to the heating or cooling. This agrees with the
spatial correlation pattern between detrended Greenland temperature
anomalies and the different terms contributing to the anomalous surface
energy budget (Supplementary Fig. 1). A significant positive correlation
between theGreenland surface temperature anomalies and the temperature
effect of clear-sky longwave radiation is observed over the entire north-
western Atlantic up to the coast of Europe (Supplementary Fig. 1f). There is
large variability in the surface albedo feedback term, leaving the effect of
downwelling clear-sky longwave radiation the principal contributor to
temperature anomalies (Fig. 1), which is robust among different reanalysis
products (Supplementary Fig. 3a).

Considering the perturbation in clear-sky downwelling longwave
radiation was the dominant driver for surface temperature trends and
anomalies over Greenland, one vital question emerges: what causes the
perturbations of clear-sky downwelling longwave radiation? The clear-sky
downwelling longwave radiation combines the effect of greenhouse gases
and the atmospheric conditions26,27,29. To explain the radiation anomalies,
we decompose the clear-sky downwelling longwave radiation based on the
Stefan–Boltzmann law into the componentdue to anomalies of atmospheric
emissivity, the component due to anomalies of mean atmospheric tem-
perature, and the non-linear term58. This was done by applying a conceptual
framework58 with the idealized assumption of an isothermal atmosphere
with homogenous gas distribution, whichmay be the source of uncertainty
(see the “Methods” section). Both changes in the atmospheric mean tem-
perature and the emissivity contribute to clear-sky longwave radiation
anomalies with the same sign, while the nonlinear term is negligible. In
conclusion, air temperature changes contributemore to the change in clear-
sky longwave radiation, while emissivity changes play a secondary role
(Fig. 3a). This is a robust finding in the different reanalysis products
(Supplementary Fig. 3b).

Considering the surface energy balance explains the temperature
anomalies at the surface, we decomposed the thermodynamic energy
equation58–61 to infer the underlying processes for anomalous air tempera-
ture tendencies over Greenland (Fig. 3b). Here, the focus is the anomalous
atmospheric temperature at the 700 hPapressure surface as it correlatedwell

with surface conditions and melting rates of the Greenland ice sheet3,8.
Therefore, the atmospheric temperature at 700 hPa can potentially
demonstrate the linkage betweenGreenland summit surface conditions and
large-scale circulation. The analysis demonstrates a strong contribution of
adiabatic and diabatic temperature changes to anomalous temperature
tendencies.Horizontal temperature advection often takes a subordinate role
(Fig. 3b). Thermodynamic and dynamic processes impact the temperature
tendency with opposing signs. Further, horizontal temperature advection
shows distinct differences between warm and cold years. In warm years,
thermodynamic processes induce positive temperature tendencies while
dynamic contribution is negligible. In contrast, during cold years, dynamic
changes in temperature advection induce strong cold anomalies, while
thermodynamic processes play a minor role. In terms of horizontal tem-
perature advection, there is a zonal gradient. The thermodynamic (non-
linear) processes exert negative temperature tendencies over East (West)
Greenland, which remains in both warm and cold years. In contrast, the
dynamic processes result in negative temperature tendencies over East
Greenland and positive tendencies in West Greenland in warm years and
vice versa in cold years (Supplementary Fig. 4). This alignswith atmospheric
anomalies in respective years (Fig. 2 and Supplementary Fig. 5). In warm
years, strong anti-cyclonic anomalies enhance southward cold air advection
east of Greenland; however, warm air propagates northward over Canada
and the Labrador Strait. The center of this anomalous circulation pattern is
located south of the Greenland summit (Fig. 2).

Except for 2003, changes in the horizontal temperature advection due
to thermodynamic processes are positive or near zero; however, they have a
weakmagnitude in cold years.OverGreenland, the effect of thermodynamic
processes is heterogeneously distributed (Supplementary Fig. 4). There is a
strong signal over the northern coastal region of Greenland, where also
surface temperature anomaliesweremost distinct in cold years, which leads
to the assumption that the downward-slopping winds at the northern edge
of the anti-cyclone heat up, warming the temperature at the surface and the
atmosphere (Fig. 2). This warming effect could reach into the mid-
troposphere13 and had a dominant effect on temperature anomalies and
amplified ice melt rates on the northern coast of Greenland12.

Adiabatic and diabatic heating are the dominant factors inducing
anomalous temperature tendencies in warm and cold years. There is a
pronounced positive adiabatic and negative diabatic term in both mean
values and spatial patterns in warm years. These opposing effects also
emerge fromtheir spatial distributionoverGreenland.Whilediabatic effects

Fig. 3 | Decomposition of clear-sky downwelling longwave radiation, thermo-
dynamic energy equation, andmoisture flux convergence. The figure presents the
results of the decomposition analysis of the clear-sky downwelling radiation (a), of
the thermodynamic energy equation (b), and the moisture flux convergence (c) for

warm and cold years. The gray shading highlights the below-normal temperature
anomalies; the orange shadings show the results for the composites of the four warm
years (Meanwarm) and cold years (Meancold). Presented are summer mean values
from a detrended timeseries.

https://doi.org/10.1038/s43247-024-01549-7 Article

Communications Earth & Environment |           (2024) 5:405 4



partly balance adiabatic heating, in sum,warmingdue to adiabatic heating is
stronger in summer. In winter, the adiabatic heating term has a negative
sign. In warm years, there is a strong adiabatic heating term contribution
featuring strong positive values over southern and eastern parts of Green-
land, while its values are negative over north and northwestern Greenland.
The spatial pattern of the diabatic term mirrors that of the adiabatic term
with opposite signs. The sign of the temperature tendency follows the
adiabatic heating term due to its stronger effect on total anomalous tem-
perature tendency (Fig. 3 and Supplementary Fig. 4). Strong stratification
due to the cold environment with reduced convective activity characterizes
the Arctic atmosphere26. In warm years, positive temperature anomalies in
the lower atmosphere may weaken static stability via altered vertical tem-
perature gradient. Thismay result in a stronger upwardmotion ofwarmair,
enhancing thewarming in the troposphere. Thewarming atmosphere emits
more downwelling longwave radiation, enhancing surfacewarming.A ridge
in the 500 hPa geopotential height and positive surface pressure anomalies
accompany the warming, indicating conditions characteristic of atmo-
spheric blocking. There is a similar anomaly pattern in cold years with
opposing signs (Fig. 2 and Supplementary Fig. 5).

Even though the rate of clear-sky downwelling longwave radiation
anomalies related to changes in emissivity is comparably small, particularly
in cold years, it contributes a considerable part to the total perturbations
(Fig. 3a). These anomalies result from the atmospheric chemical compo-
sition, such as the increase in water vapor in an anomalously warmer
environment29,58,62, which also acts as atmospheric feedback to enhance
warming on a short timescale. To further elaborate on the cause of changing
emissivity, we decomposed themoisture flux convergence into its dynamic,
thermodynamic, and non-linear components of moisture advection and
convergence and the effect of synoptic scale storm systems58,63 (see the
“Methods” section). The dominance of dynamic anomalies tomoisture flux
convergence highlights the predominating role of circulation anomalies
(Fig. 3c). Only in 2012was a tandemof dynamical and non-linear moisture
convergence attributed to the anomalous moisture flux convergence.
Dynamic anomalies induce moisture divergence over Greenland, which
coincides with a clearer sky in warm years. In contrast, the abundance of
cloud cover results frommoisture convergence due to enhanced circulation

anomalies. The center of the pressure, geopotential height, and cloud cover
anomaly is located in the center of the anomalous circulation over the
eastern coast of Greenland (Fig. 2 and Supplementary Figs. 5 and 6).

The causes of clear-sky downwelling longwave radiation perturbations
can be determined by analyzing the thermodynamic energy equation and
moisture flux convergence. Despite the negative seasonal mean values,
diabaticwarming is strong in the days before peak temperature anomalies in
warm years (Fig. 4). Due to the thermal expansion, positive geopotential
height anomalies follow those above-normal temperature days, indicating
blocking. Negative anomalies in relative and potential vorticity accompany
or follow peak temperature anomalies. Consequently, an anomalous anti-
cyclonic circulation with subsidence with a core over east or southeast
Greenland strengthens, leading to positive surface pressure anomalies and
mid-troposphere geopotential height anomalies (Fig. 2). The anomalous
ant-cyclone forces orographically induced ascending motion at the wind-
ward slopes of theGreenland topography and ice sheet in the northwest and
southeast of Greenland and descending motion at the leeward slopes. At
regions with orographic uplift, the negative adiabatic heating term prevails,
while on the lee side, descending air warms. The slopes on the east coast are
on the leeward side of the dominant background flow from the west. Here,
the adiabatic heating is strongest, imposing a warming of the atmosphere
and potentially an expansion of the inversion layer64,65. As the surface
temperature increases, snow and ice cover experience extensive melting64,65,
which causes a reduction of surface albedo, further warming the surface.
Enhanced upward turbulent heat flux (Fig. 1c) can augment near-surface
warming65. There is a trend towards warmer temperatures and stronger
adiabatic warming. An anti-cyclonic trend of the circulation forces
orographic-induced vertical air movement in the proceeding days, which
may weaken the atmospheric stability via an altered vertical temperature
gradient (Fig. 2). The anomalous circulation triggers dynamic moisture
convergenceoverGreenland,with thehighest values at the coastal regions in
the south and southwest (Figs. 2 and 4).

In cold years, a combination of horizontal temperature advection and
diabatic heating, or adiabatic heating alone, determines the anomalous
negative temperature tendency (Fig. 3). In the first case, an anomalous
cyclone over Greenland explains the anomalous cold temperature tendency

Fig. 4 | Composite mean daily timeseries of
anomalies in extreme warm temperature years.
The figure presents the composite daily temperature
anomalies timeseries in the four warm extreme years
(a). Further, b illustrates the indicators for atmo-
spheric blocking conditions (geopotential height
anomalies, potential and relative vorticity anoma-
lies). The daily results of the decomposed thermo-
dynamic equation and the moisture flux
convergence are included in (c) and (d). The gray
shading shows positive peak temperature anomalies.
The x-axis counts the days from June 1.
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by northerly anomalies over parts of the west and interior Greenland
(Supplementary Fig. 4g). Reduced blocking activity and cooler tem-
perature allow the formation of clouds or fog (Fig. 2), reducing the
surface temperature (Fig. 5). In the cooler atmosphere, there is reduced
vertical velocity with ascending motion at windward slopes and des-
cending motion at the leeward slopes. The negative dynamic term and
adiabatic heating term imposed the negative anomalous temperature
tendencies (Figs. 2 and 5).

The anomalous pressure and circulation patterns are similar in the
warm and cold years, with opposite signs. In warm years, the maximum
pressure anomalies are located near central Greenland southwest of the
summit. The low is located over the British Isles (Fig. 2). Even though the
ridge pattern is evident in each warm year, the spatial extent and exposition
of the isolines may differ (Supplementary Fig. 5).

Prevailing blocking is an important characteristic of warm years, with
increased frequency in summermonths37–40,66. The enhanced warming over
the Arctic compared to lower latitudes weakened the westerlies and slowed
Rossby waves67. This could have led to increased waviness10 of the westerly
jet and increased the probability of wave breaking68, leading to a higher
probability of blocking events4. Further, warming can favor stronger high-
pressure and positive geopotential height anomaly conditions. Therefore,
warming over Greenlandmay result in blocking-like trends of atmospheric
variables, potentially increasing the occurrence of blocking over
Greenland37,39,41.

We quantified the contribution of various surface energy budget
components to surface temperature anomalies overGreenland.The analysis
demonstrates the importance of local processes, including diabatic and
adiabatic warming, to the characteristics of extreme temperature summers
over Greenland. It is important to stress that surface temperature has an
upper limit of 273.15 K over snow and ice cover.When the temperature hits
the freezing point, the excessive energy surplus contributes to melting and
cooling the surface69. This is particularly relevant for the heat storage term.
To address this aspect, we partitioned the heat storage term according to
surface conditions into contribution over ocean gridpoints (47.32%), land
gridpoints (13.78%), snow and ice gridpoints (36.30%), and gridpoints in
which snow starts to melt (2.60%). The heat storage term contributes the

strongest to surface temperature anomalies in ocean gridpoints (Supple-
mentary Fig. 7a). The changes in the heat uptake or release of the ocean
mainly determine the perturbations in the heat storage.During summer, the
ice-free ocean can take a vast amount of energy as storage18. In particular, the
anomalous vertical ocean heat transport correlated well with the partial
temperature contributions of the heat storage term over ocean gridpoints
(Supplementary Fig. 7). However, the exact determination of the role of
ocean heat transport in temperature extremes is out of the scope of
this study.

Natural variability
By analyzing the influence of climate indices on surface temperature
anomalies, we put the regional temperature anomalies into a wider large-
scale context32,35. Anomalous high or low temperatures might be related to
internal Arctic variability that could temporarily intensify or dampen long-
term temperature trends. Four out of a set of 11 climate indices show
significant Pearson’s correlation, namely the North Atlantic Oscillation
(NAO), the Greenland Blocking Index (GBI), the Arctic Oscillation (AO),
and the Atlantic Multi-decadal Oscillation (AMO) (Supplementary
Table 1).

There are reports of different climate modes interacting with each
other. For instance, El Niño Southern Oscillation coupled with the Pacific
decadal oscillation in their negative phase favored thedevelopmentof strong
negative Greenland blocking conditions and a positive North Atlantic
oscillation34,70. Others highlight the role of sea surface temperature, surface
conditions, pressure, and geopotential height anomalies over the Pacific and
North America to exert a remote influence on temperature anomalies over
Greenland10,25,71. Further, there is a high negative correlation between the
Greenland blocking index and the North Atlantic Oscillation and other
indices10,33,37,38 (Supplementary Table 1).

Considering the close relationship between some indices, the question
of multi-collinearity emerges. Which index of the 11 indices is necessary to
explain the surface temperature anomalies over Greenland? To address this
question, first, we calculated partial correlation coefficients between each
index and the surface temperature anomalies (Fig. 6a). Six indices share a
significant partial correlation with the surface temperature anomalies,

Fig. 5 | Composite mean daily timeseries of
anomalies in extremely cold temperature years.
The figure presents the composite daily temperature
anomalies timeseries in the four cold extreme years
(a). Further, b illustrates the indicators for atmo-
spheric blocking conditions (geopotential height
anomalies, potential and relative vorticity anoma-
lies). The daily results of the decomposed thermo-
dynamic equation and the moisture flux
convergence are included in (c) and (d). The gray
shading shows negative peak temperature anoma-
lies. The x-axis counts the days from June 1.
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including the North Atlantic oscillation (0.63), the Greenland blocking
index (0.88), the East Atlantic pattern (–0.43), the Scandinavian pattern
(0.41), the Atlantic multi-decadal oscillation (0.58), and the East Pacific/
North Pacific pattern (0.38).

Second, we fitted a multivariate regression model using the lasso
regression routine to quantify the contributions of all six indices (see the
“Methods” section). The Greenland blocking index has the strongest cor-
respondence with temperature anomalies, followed by the North Atlantic
oscillation and theAtlanticmulti-decadal oscillation (Fig. 6b). The resulting
regressed surface temperature timeseries accurately captured the detrended
surface temperature timeseries with a mean square error of 0.06 °C. The
lasso plot shows a two-level incline of regression coefficients for the
Greenland blocking index (Fig. 6b). Significantly, the second increase of
regression coefficients corresponds to the control factor (λ) at which the
degree of freedom increases, and the other modes gain importance. At this
point, the impact of the North Atlantic oscillation gains relevance for the
regression model (Fig. 6b). Therefore, the effect of the Greenland blocking
index and the North Atlantic oscillation cannot be considered in isolation
but as an integrated part of the non-linear interplay of factors affecting
Greenland warming. A negative phase of the North Atlantic oscillation and
a positive Greenland blocking index combine the association with high-
pressure conditions and anti-cyclonic circulation anomalies associatedwith
blocking. Those features are characteristics of anomalously warm condi-
tions over Greenland (Fig. 3 and Supplementary Fig. 5)6,9. Further, the
results of the lasso regression demonstrate, that sea surface temperature
anomalies in the Atlantic Ocean contribute in part to the variability of
Greenland temperature variability.

Summary and conclusion
We used a linear decomposition of the surface energy budget to explain
surface temperature trends over Greenland in the ERA5 reanalysis data. In
terms of linear trends, the effect of clear-sky downwelling longwave radia-
tionwas a dominant factor explaining the surface warming over Greenland.
This warming trend was enhanced by the surface albedo feedback during
summer, especially at the active ice margins and winter-time heat release
from the ocean stored during summer months. In contrast, turbulent heat
fluxesand the cloud radiative effect playedanopposing role inArctic surface
warming, damping the effect of surface heating. This shows that local
processes are important factors in explaining surface temperature anomalies
over Greenland.

A physical mechanism was proposed to explain the pronounced
temperature anomalies in anomalous warm and cold years. In warm years,
diabatic heating triggers warm temperature anomalies, which can cause
anomalies in the pressure and geopotential height and alter the vertical
temperature gradient in the atmosphere. Further, anomalous circulation
patterns develop over Greenland and the North Atlantic, with the center
over the southeast of the Greenland summit. Consequently, an anomalous
anti-cyclone forces ascending motion over the windward slopes in the west
of Greenland, followed by reduced adiabatic warming. In contrast, the
airflow descends along the leeward slops along the east coast, inducing
enhanced adiabatic warming. In the atmosphere, a positive anomaly of
surface pressure and geopotential height and negative vorticity anomalies
indicated a blocking feature characterized by an anomalous anti-cyclonic
with subsidence over central Greenland and the eastern coast and ocean
region. This causes moisture advection to Greenland from the south. This

Fig. 6 | The role of natural variability to temperature tendencies over Greenland.
The figure presents the relationship between surface temperature anomalies and
different climate modes. The heatmap in a shows the partial correlation coefficients
(R) and p-value statistics (p) between surface temperature and different indices of
climate variability. b includes the trace plot presenting the fitting of the regression
coefficients as part of the LASSO regression routine. The dotted blue line shows the
lambda values generating the best fit with a mean square error of 0.06 °C. The x-axis
presents different lambda values on a logarithmic scale. Regressed surface tem-
perature values in the selected extreme years are shown in (c). Further, the Kernel
probability densities of anomalies in the blocking indications are presented. Those

include the anomalies of 500 hPa geopotential height (d), 300 hPa relative vorticity
(e), and 300 hPa potential vorticity (f), demonstrated for the daily composite mean
anomalies of the four warm years (red) and the cold years (blue). In a and b the
abbreviations refer to North Atlantic Oscillation (NAO), East Atlantic pattern (EA),
Scandinavian Pattern (SCN), Greenland Blocking Index (GBI), Arctic Oscillation
(AO), East Atlantic/West Russia pattern (EA/WR), East Pacific/North Pacific pat-
tern (EP/NP), Pacific North America pattern (PNA), Quasi-Biennial Oscillation
(QBO), El Niño Southern Oscillation index 3.4 (ENSO3.4), Atlantic Multi-decadal
Oscillation (AMO).
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triggered anomaloushigh clear-skydownward longwave radiationwarming
the surface. Due to surface warming, the snow and ice covermelted, leading
to enhancedwarming and turbulent heat release.This, in turn, increased the
pressure and geopotential height anomalies, intensifying the anti-cyclonic
anomalies. The mechanism occurred in cold years with the opposite sign.

Different indices describing modes of natural variability can help to
explain temperature anomalies over Greenland. Based on the significant
partial correlation, a multi-variate regression model containing the North
Atlantic oscillation, theGreenland blocking index, the East Atlantic pattern,
the Scandinavian pattern, the Atlantic multi-decadal oscillation, and the
Pacific-North America pattern explained surface temperature anomalies
over Greenland most accurately. The lasso regression showed that tandem
of atmospheric anomalies, such as blocking and sea surface temperature
anomalies in the Atlantic Ocean, explain the variability over Greenland,
with the Greenland blocking index being the most relevant.

Methods
Data
Weused themost recent output of the EuropeanCentre forMedium-Range
Weather Forecasts (ECMWF) ERA572–76. We obtainedmonthly and hourly
data for 00:00, 06:00, 12:00, and 18:00 and used the original grid for our
analysis (0.25° × 0.25°). Further, we used the data from the Japanese 55-year
Reanalysis (JRA-55)77–79 on its original grid (0.25° × 0.25°) and the reanalysis
product of the National Center for Environmental Prediction and the
National Center for Atmospheric Research (NCEP-NCAR)80 on its original
grid (2.5° × 2.5°). We found robustness of the energy fluxes among the
different reanalysis products (Supplementary Fig. 3a). Further, we used the
Ocean Reanalysis System 5 (ORAS5)81,82, which used ECMWF output as
forcing, to estimate the ocean heat transport. We defined the Greenland
domain as all gridpoints between 60°N and 85°N and between 15°W
and 75°W.

Data processing
We analyzed monthly and hourly data (00, 06, 12, and 18 h). We used
monthly data on their original grid; however, we interpolated hourly data
from ERA5 and JRA55 to a 1° × 1° grid. Further, we used themean value of
the boreal summer season—June, July, and August (JJA)—for the calcula-
tion. This study refers to detrended differences from the multi-year mean
from 1979 to 2021 as anomalies. For resolving the anomalousmoisture flux
convergence and thermodynamic energy equation, anomalies refer to the
difference in the actual values and the 6 hourly climatology.

Summer extreme temperature years
We selected extreme years by determining whether the detrended surface
temperature anomaly in a given year exceeds a certain threshold. This
threshold is based on the percentiles. Years with summer mean tempera-
tures below the 10th percentile of the timeseries are characterized by below-
normal (i.e., cold) extreme temperature summers, including 1983, 1992,
2015, and 2018. Years with summer mean temperatures above the 90th
percentile are considered above-normal (i.e., warm) extreme temperature
summers, including 1980, 2003, 2010, and 2012. The mean value of all
above-normal and below-normal extreme temperature summers are con-
sidered as warm and cold composites, respectively.

Surface energy budget
To explain skin temperature anomalies, we used a linear energy budget
decomposition method based on Lu and Cai29. In this approach, we
decomposed the total temperature anomaly into subcomponents associated
with radiative and non-radiative perturbations. The sum of the partial
temperature contributions (PTC) of all perturbations of energy and heat
fluxes resulted in the total attributable temperature anomaly. This approach
was widely used to analyze Arctic Amplification18,27,29 and was adapted by
other studies, for example, to attribute elevation-dependent warming to the
effects of surface energy budget perturbations56.

The surface energy budget can be decomposed as follows29:

Q ¼ S# � S" þ F# � F" � H þ Lð Þ ð1Þ

Q is the surface heat storage defined as the sum of downward shortwave
radiation (S#), upward shortwave radiation (S"), downward longwave
radiation (F#), upward longwave radiation (F"), sensible heat flux (H), and
latentheatflux (L). The sign convention for the turbulentheatfluxesdenotes
downward energy fluxes with positive values.

Anomalies in the energy fluxes had an impact onQ and on the surface
temperature. For anomalies in the surface heat storage and related energy
fluxes, we rearranged Eq. (1) as29

4Q ¼ 4S# �4S" þ4F# �4F" �4 H þ Lð Þ; ð2Þ

4σT3
S4T ¼ 4 1� αð ÞS#� �þ4F# �4Q�4 H þ Lð Þ: ð3Þ

Here,Δmarks the change in the respective anomalies. Equation (2)was
rearranged to relate4F", whichcanbe expressed as 4σT3

S4T , where σ is the
Stefan–Boltzmann constant and TS is the skin temperature (Eq. (3)).

The radiative effect of clouds on the surface energy budget needed
further quantification. The approach used to derive cloud-related energy
fluctuations followed the formulation described by Lu and Cai29, relating
anomalies in the longwave and shortwave radiation introduced by cloud
anomalies,

4CRE ¼ 1� �αð Þ4S#;cld þ4F#;cld: ð4Þ

Variables with cld as notation describe the difference between all-sky
and clear-sky radiative fluxes27,29,56.

Finally, we substituted the cloud effect—all cloud and cloud-related
changes of shortwave and longwave radiation—into Eq. (4) and divided by
4σT3

S. The resulting Eq. (5) gives the partial temperature contribution of the
perturbations of the difference surface energy budget terms27,29,56

4T ¼
� 4αð Þ �S# þ4S#

� �
þ4CREþ 1� �αð Þ4S#;clr þ4F#;clr �4Q�4ðH þ LÞ

4σ�T3
S

ð5Þ

clr indicates the radiative energyfluxes under clear sky conditions. Equation
(5) suggests the total skin temperature anomalies can be decomposed into
thepartial temperature contributionsof six energyfluxperturbations. Those
include the effect of surface albedo feedback (SAF), the cloud radiative effect
(CRE), the effect of anomalies in the clear-sky shortwave (SWCS) and
downwelling longwave (LWCS) radiation, the effect of anomalies in the
ocean and land heat storage (HSTOR), and the effect of anomalies in the
surface turbulent heat flux (HFLUX). The heat storage combines the effect
of net heat fluxes over land or ice, melt energy when the surface energy
balance is positive and the temperature is 273.15 K, and over the ocean. On
ocean gridpoints, the ocean heat transport adds or takes away energy. The
first four terms describe the effect of radiative perturbations. The last two
terms estimate the effect of non-radiative perturbations27,29,56.

Change in clear-sky downwelling longwave radiation
We explained the changes in clear-sky downwelling longwave radiation by
applying the Reynold decomposition to determine whether changes in
emissivity, atmospheric mean temperature, or both components contribute
more58. The changes in clear-sky downwelling longwave radiation can be
written as

4F#;clr ¼ 4ε �σT4
A

� �þ �ε4 σT4
A

� �þ4ε4 σT4
A

� �� �4ε4 σT4
A

� �
: ð6Þ
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In Eq. (6), F#;clr is the clear-sky downwelling longwave radiation, ε is
the emissivity, σ is the Stefan–Boltzmann constant, and TA is the mean air
temperature—the mean temperature between surface and 200 hPa. Δ
denotes anomalies, and an overbar indicates the mean values. This is based
on a conceptual model, assuming an isothermal atmosphere with homo-
genous gas and water vapor distribution58. Calculations of longwave
radiation using the Stefan–Boltzmann law can inherit a source of uncer-
tainty when applied to course time resolution83. Radiative kernels, e.g., from
Huang and Huang84, can be used for a more accurate result. However, the
differences are marginal.

We used the formulation of Fu and Liou85 to calculate the downward
emissivity of longwave radiation.

ε# ¼ F# zb
� �� F# zt

� �
σ�T4

A � F# zt
� � ; ð7Þ

where F# zb
� �

is the downwelling radiation at the surface and F# zt
� �

is the
downwelling longwave radiation at the top of the atmosphere. In Eq. (7),
F# zt

� �
equals zero, while for F# zb

� �
, we used the clear-sky downwelling

longwave radiation at the surface.
We used the temperature at 700 hPa as a reference to infer surface

temperature anomalies and ice melt to large-scale circulation, as pre-
viously in Fettweis et al.3,8. To explain temperature anomalies at 700 hPa,
we used the thermodynamic energy equation following Clark and
Feldstein58

∂TA

∂t
¼ �u � ∇T þ Spωþ

_Q
cp

þ Res ð8Þ

Sp ¼ � TA

θ

� 	
� ∂θ

∂p

� 	
ð9Þ

_Q ¼ TA

θ
� ∂θ

∂t
þ ω

∂θ

∂p
þ vh � ∇θ

� 	
ð10Þ

θ ¼ TA
ps
p

� 	 R
cp

; ð11Þ

Equation (8) expresses the temperature tendency per timestep with
contributions of horizontal temperature advection, static stability, dia-
batic heating, and a residual term. We calculated static stability (Sp) with
Eq. (9), where θ is the potential temperature, and p is pressure. Further,
we used Eq. (10) to calculate diabatic heating86, where ω denotes the
vertical velocity. Equation (11) defines the potential temperature. ps
represents the surface pressure as the reference pressure.
R = (287 J kg−1 K−1) and cp = (1004 J kg−1 K−1) are the gas constant for dry
air and the specific heat assuming constant pressure87. In terms of
anomalies, we can write Eq. (8) as

∂T 0

∂t
¼ �U 0 � ∇�T þ �U 0 � ∇�T
� �

þ ��U � ∇T 0 þ ��U � ∇T 0
� �

þ �U 0 � ∇T 0 þ �U 0 � ∇T 0� �þ ��U � ∇�T þ ��U � ∇�T
� �

þ Spω
h i0

þ
_Q
cp

" #0

þRes0

ð12Þ

where variables indicated with prime are anomalies, and U is the wind
velocity. The resulting expression describes the anomalous temperature
tendency as a function of dynamic, thermodynamic, and non-linear terms
of horizontal temperature advection, anomalous static stability, anomalous
diabatic heating, and a residual term. Following this principle, we
decomposed the anomalous moisture flux convergence into dynamic,
thermodynamic, and non-linear terms of moisture advection and

convergence88.

P � Eð Þ0 ¼ � U 0 � ∇�q
 �� �q � ∇U 0
 �� �U � ∇q0
 �� q0 � ∇�U

 �

� U 0 � ∇q0
 �� q0 � ∇U 0
 �� ∇ � �U 0q0
� �
 �� Residual

ð13Þ

In Eq. (13), q is the specific humidity and �h i denotes the mass-
weighted vertical integration from 1000 to 200 hPa. The terms on the right-
hand side read as changes in dynamic moisture convergence, dynamic
moisture advection, thermodynamic moisture convergence, thermo-
dynamic moisture advection, non-linear moisture convergence, non-linear
moisture advection, the transient term, and a residual term. All were con-
tributing to the total anomalous moisture flux convergence.

Ocean heat transfer
Finally, we used the ocean heat transfer89,90

OHF ¼ �ρ0cp

Z 0

�H
u
∂T
∂x

dz � ρ0cp

Z 0

�H
v
∂T
∂y

dz � ρ0cp

Z 0

�H
w
∂T
∂z

dz

ð14Þ
whereu,v,w, and z are the zonal,meridional, and vertical ocean currents and
the depth of one layer, respectively. The heat advection of vertical motion
was available in theORAS5 database.We calculated the other terms. ρ0 cp is
the product of sea water density and heat capacity which Eq. (4)
1 × 106 J m−3 K−1 89.

Climate Indices
We calculated 11 indices capturing different climate modes to relate
Greenland temperature anomalies to large-scale circulation anomalies. All
indices are based on the empirical orthogonal function (EOF) and the
principal component analysis (PC) or absolute (anomaly) values. Table 1
lists details and definitions of the used climate indices. We used the indices
as normalized timeseries.

LASSO regression
Weusedmultivariate regressionmodels to infer the effect of climatemodes.
A problem is themulti-collinearity—the significant correlation between the
indices— which can decrease the robustness of the regression results. The
least absolute shrinkage and selection operator (LASSO) regression91,92

routine offers an up-to-date tool to work around multi-collinearity in the
indices and to avoid overfitting the regressionmodel. TheLASSOregression
achieves this by reducing predictors and limiting the set of indices to the
most relevant one. The concept can be written following Li et al. 93

β ¼ min
β

XN
i¼1

yi � ŷi
� �2 þ λ

Xp
j¼1

βj

��� ���
( )

ð15Þ

Here, λ is a control factor approaching 0 from the initial value of 1.
Smaller λ increases the degree of freedomandmore predictors contribute to
the regressionmodel. A λ approaching one constrains the regressionmodel
to the most relevant predictors. Cross-validation can be used to find the
optimal λ for the regression model with minimum root mean square
error92–94.

Therefore, we used the lasso regression routine with a 10-fold cross-
validation to form themultivariate regressionmodel withminimumerror93.

Atmospheric blocking
TheGreenland blocking index detected omega-blocking structures well due
to their impact on geopotential height41. Several indices can detect blocking
conditions in the North Atlantic and Greenland area considering both
geopotential height and potential vorticity41,52,66,67, for instance, a longer
persisting negative potential vorticity anomaly50.
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To explain differences between the effect of NAO and GBI, we used
different indications of blocking, to determine the blocking strength and
related heating related to the different modes of variability. Both negative
relative and potential vorticity anomalieswere associated with anti-cyclonic
circulation and served as an indication of how blocking systems were
structured.Wecalculated relative vorticity (ζ) andpotential vorticity (Π) as87

ζ ¼ ∂v
∂x

� ∂u
∂y

ð16Þ

Π ¼ 1
ρ

∂v
∂x

� ∂u
∂y

þ f

� 	
∂θ

∂z
: ð17Þ

In Eq. (16), ∂v and ∂u are the gradients of the v-component and u-
component of the wind vector, and ∂x and ∂y are the distance along the
longitudes and latitudes, respectively. Potential vorticity is calculated using
an approximationwhere f is theCoriolis force,ρ is the air density, and∂θ=∂z
is the vertical gradient of potential temperature (θ)87.

Data availability
The reanalysis output of “ERA5monthly averaged data on single levels from
1940 to present” are available under the link https://cds.climate.copernicus.
eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=
overview(last accessed21/11/2023).The reanalysis outputof “ERA5monthly
averageddata onpressure levels from1940 to present” are available under the
link https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
pressure-levels-monthly-means?tab=overview (last accessed 21/11/2023).
The reanalysis output of “ERA5 hourly data on single levels from 1940 to
present” are available under the link https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview (last accessed
21/11/2023). The reanalysis output of “ERA5 hourly data on pressure levels
from 1940 to present” are available under the link https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=
overview (last accessed 21/11/2023). The reanalysis output of “ORAS5 global
ocean reanalysis monthly data from 1958 to present” are available under the
link https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-oras5?
tab=overview (last accessed 21/11/2023). The reanalysis output of “JRA-55:
Japanese 55-year Reanalysis, Monthly Means and Variances” are available
under the link https://rda.ucar.edu/datasets/ds628.1/ (last accessed 21/11/
2023). The reanalysis output of “JRA-55: Japanese 55-year Reanalysis, Daily

3-Hourly and 6-Hourly Data” are available under the link https://rda.ucar.
edu/datasets/ds628.0/ (last accessed 21/11/2023). The reanalysis output of
“NCEP-NCAR Reanalysis 1” are available under the link https://psl.noaa.
gov/data/gridded/data.ncep.reanalysis.html (last accessed 21/11/2023).
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