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Dominant role of vertical air flows in the
unprecedented warming on the Antarctic Peninsula
in February 2020
Min Xu1, Lejiang Yu2, Kaixin Liang1, Timo Vihma 3, Deniz Bozkurt4, Xiaoming Hu 1 & Qinghua Yang 1✉

Near-surface air temperature at the Argentinian research base Esperanza on the northern tip

of the Antarctic Peninsula reached 18.3 °C on 6 February 2020, which is the highest tem-

perature ever recorded on the entire Antarctic continent. Here we use weather observations

since 1973 together with the ERA5 reanalysis to investigate the circulation that shaped the

2020 event, and its context over the past decades. We find that, during the 2020 event, a

high-pressure ridge over the 40°-100°W sector and a blocking high on the Drake Passage led

to an anticyclonic circulation that brought warm and moist air from the Pacific Ocean to the

Antarctic Peninsula. Vertical air flows in a foehn warming event dominated by sensible heat

and radiation made the largest contribution to the abrupt warming. A further analysis with

196 extreme warm events in austral summer between 1973 and 2020 suggests that the

mechanisms behind the 2020 event form one of the two most common clusters of the

events, exhibiting that most of the extreme warm events at Esperanza station are linked to air

masses originating over the Pacific Ocean.
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The Antarctic Peninsula (AP) is the northernmost tip of
Antarctica and has the mildest climate within the con-
tinent. Observations have shown remarkable temperature

changes in the AP, with a significant warming trend in near-
surface air temperature between 1950s and 20001,2 and cooling
since then3,4. The AP temperature changes impact the ecosys-
tems, the mass balance of the ice shelves and upstream glaciers5–8,
hence, also the global sea level9.

The AP cordillera acts as an orographic obstacle to the westerly
winds, leading to two different climatic zones: a relatively mild
and humid marine climate on the west coast and a cooler con-
tinental climate on the east coast10,11. There are different factors
in warm events over the two sides of the AP. The warming on the
northwest side has been linked to strengthened northerly flow
due to the increasing South Atlantic pressure and the deepening
Amundsen Sea low12,13, which are largely caused by a Rossby
wave train associated with tropical Pacific sea surface temperature
anomalies14. On the northeast side, strong circumpolar westerlies
resulted from the positive Southern Annular Mode facilitate the
occurrence of dry and warm descending winds (i.e., Foehn),
which have an important influence on the warming15–21.

The Argentine Esperanza Base (63.4°S, 57°W) meteorological
station is located on the northeastern tip of the AP, at an eleva-
tion of 24 m asl. The station is on the eastern shore of Hope Bay.
Stretching along the opposite side of the bay is Ami Boué Peak of
about 1100 m high, southwest to the station. The near-surface air
temperature variations of Esperanza station have been investi-
gated over the last decade. Stastna et al.22 and Turner et al.13

reported a summer temperature trend of 0.4 °C per decade during
1952–2003 and about 0.29 °C per decade for 1945–2018 respec-
tively. Mulvaney et al.23 documented a warming trend for the
period from 1958 to 2008 that would equate to about 3.5 °C per
century. In addition to the long-term warming trends, the station
has experienced episodic extreme warm events. For instance, an
extreme temperature of 17.5 °C was recorded on 24 March
201524. It was due to a foehn event triggered by an atmospheric
river25.

Recently, on 6 February 2020, the 2 m temperature at Esper-
anza station increased up to 18.3 °C. It is the highest temperature
ever recorded on the entire Antarctic continent. Concurrently, the
2019/2020 summer resulted in record-breaking surface melt in
the Larsen C Ice Shelf26, and air temperatures over some parts of
the AP (i.e., northern George VI Ice Shelf) were continuously ≥0 °
C for anomalously long time periods, particularly in early Feb-
ruary 202027. Although Bozkurt et al.25 mentioned the con-
tribution of heat advection to the warming in March 2015, little
attention has been paid to the thermodynamic mechanism of
warm extremes. In this study, we examine how the horizontal
heat advection, vertical motion, and diabatic heating collectively
shaped the record-high temperature in 2020.

Results
The extreme warm event and associated atmospheric circula-
tion. Figure 1 shows the variations of 2 m temperature, wind
speed, wind direction and relative humidity at Esperanza station
from 1 to 9 February 2020. The time series highlight the extreme
temperature on 6 February. At 15 UTC on 6 February, the 2 m
temperature increased up to 18.3 °C. Between 6 and 15 UTC on 6
February, the temperature rose dramatically from −0.7 to 18.3 °C
in 9 h, with an extreme warming rate of 4 °C h−1 at the end of the
period. A secondary peak of 17.3 °C was observed at 21 UTC on 6
February. High temperatures on 6 and 7 February were accom-
panied by a rapidly increased wind speed (from 1.5 to 19 m s−1)
with a southwesterly direction as well as the simultaneously
decreased relative humidity (from 90.5 to 22.6%). Considering the

station is located at the lee side of a mountain barrier, it is rea-
sonable to infer that a warm and dry downslope wind (foehn)
contributed to the warming. By 8 February, the temperature
returned to levels similar to those before the event. The spatial
distribution of 2 m temperature anomalies with a reference to the
daily climatology of 1979–2020 (Fig. 2) shows positive anomalies

Fig. 1 Time series of three-hourly surface observations at Esperanza
station. a 2m air temperature, b wind speed, c wind direction and d relative
humidity from 1 to 9 February, 2020. The period of the early February
warming is indicated by the red lines.

Fig. 2 Spatial distribution of 2m temperature anomaly. ERA5 temperature
anomalies (°C) at 15 UTC on 6 February 2020 are calculated with respect
to the long-term daily 2 m temperature climatological mean (6 February, 15
UTC) during 1979–2020. Esperanza station is marked with a green circle.
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over the entire AP, with large anomalies covering more area on
the eastern side.

To illustrate the synoptic-scale circulation in near-surface layer
and mid-troposphere during this extreme high temperature event,
Figs. 3 and 4 display the mean sea level pressure and 10 m wind
fields as well as 500 hPa geopotential height and wind fields every
other day from 2 to 8 February 2020. Similar patterns are seen in
both figures. Before the rise of 2 m air temperature, synoptic-scale
cyclones appeared near the southwestern coast of South America
on 2 February, and they moved over the Weddell Sea after 4
February. Meanwhile, a high-pressure ridge moved eastward from
the southeastern Pacific Ocean to the Bellingshausen Sea, along
with a cold trough of low pressure over southern South America
on 4 February. At the time of the warming on 6 February, the
mean sea level pressure and 10 m wind field comprised high
pressure centered over the southeast to South America and low
pressure over the southeastern Pacific Ocean leading to the
southwesterly flow to the station. As to the 500 hPa pattern, there
was a blocking high over the Drake Passage on 6 February,
disrupting the prevailing westerly circumpolar flow, and resulting
in deepening and northward expansion of Amundsen Sea low.
This synoptic configuration was instrumental to the transport of
warm air masses along the southern periphery of the anticyclone
from the Pacific Ocean to the Bellingshausen Sea and the AP. By
8 February, a weak cyclone appeared again over the ocean to the
southwest of South America, and the blocking was deformed to a

high-pressure ridge, which shifted eastward. The 500 hPa
circulation pattern consisted of the north-south oriented ridge
flanked by two low-pressure systems on either side.

As seen in Figs. 3 and 4, the maximum intensity of the ridge
affecting the air temperature occurred from 6 to 8 February.
Anomalies of the 500 hPa geopotential height and wind fields
averaged over these 3 consecutive days are shown in Fig. 5. The
anomalies were calculated with respect to the mean values of the
same 3 days over the 1979–2020 period. The circulation was
characterized by a tropospheric anticyclonic flow anomaly over
the Drake Passage, which was coupled with subsiding air masses.
The positive geopotential height anomaly over the AP indicates a
wide high-pressure system there, as the blocking high prevailed.
Around Esperanza station, the 500 hPa geopotential height
anomaly was about 300 gpm, about 2.5 times the standard
deviation of climatological value.

Contributions of thermodynamic processes to the temperature
variation. To quantify the contributions of horizontal advection,
vertical motion, and diabatic heating to the local temperature
change, the thermodynamic equation28 was applied to calculate
the three terms. (Eq. 1) Their variations at 975 hPa near the
station (the nearest grid point at 63.5°S, 57°W) from 1 to 9
February are shown in Fig. 6. On 6 February, the warming was
dominated by the vertical motion term, including the effects of

Fig. 3 Atmospheric circulation evolution in near-surface layers. ERA5 mean sea level pressure (hPa, shaded) and 10m wind (m s−1, arrows) at 15 UTC on
2 (a), 4 (b), 6 (c) and 8 (d) February, 2020.
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adiabatic heating ðω RT
cpp
Þ and vertical advection ð�ω ∂T

∂pÞ. At the
same time, the diabatic heating also contributed to the tem-
perature increase, but was balanced by the horizontal cold-air
advection. The negative influence of horizontal advection indi-
cates that the southwest winds advected cold-air masses to the
station while the warm air masses along the ridge mainly affected

Fig. 4 Atmospheric circulation evolution in mid-troposphere. ERA5 500 hPa geopotential height (gpm, shaded) and wind (m s−1, arrows) at 15 UTC on 2
(a), 4 (b), 6 (c) and 8 (d) February, 2020.

Fig. 5 Anomalous 500 hPa geopotential height and wind. ERA5
geopotential height (gpm, shaded) and wind (m s−1, arrows) anomalies are
averaged during 6–8 February in 2020 with respect to the mean values of
the 3 consecutive days over the 1979–2020 period.

Fig. 6 Time series of temperature changes from three terms. The
contributions of horizontal advection (black line), vertical motion (red line)
and diabatic heating (blue line) to temperature variations at 975 hPa obtained
from ERA5 for a grid point near the station from 1 to 9 February, 2020.
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the Bellingshausen Sea. The variation in the diabatic term was
relatively small. In brief, vertical motion was the primary factor of
the temperature increase. The descending air masses provided a
favorable condition for the adiabatic warming.

The spatial distribution of temperature changes due to vertical
motion and the cross section of the wind speed and potential
temperature around Esperanza station (around 63.5°S) were
further examined (Fig. 7). Considering the near-surface pressure
in the vicinity of the station, we chose a slightly higher level of
925 hPa. The vertical temperature gradient was calculated from
the difference between temperatures at the 850 and 975 hPa
levels. Compared with other days during 1–9 February 2020, on 6
February, when the vertical motion term was strongest, there
were obvious differences between the east and west side of the
AP. On the northeastern side, the vertical term had intense
warming rates around the station, faster than values in most other
areas. In contrast with the west side, vertical motion played an
important role in the warming of the east side confined to the
shores. At the same time O’Higgins station almost at the same
latitude as Esperanza station on the west side recorded a
temperature of 1.7 °C, indicating no occurrence of extreme
temperatures. These observed temperature differences between
the east and west side of the northern tip of the AP match the
pattern in Fig. 7a and indicate the role of local orography and
foehn effect. Comparing the vertical dynamical and thermo-
dynamic structure of the two sides at 15 UTC on 6 February in
Fig. 7b, the wind speed on the leeward slope was larger than that
on the windward side, as the upslope wind moved slowly and
sped up in downslope motion at about 925 hPa. Accompanied by
the winds advecting the upper air downward, the relatively dense
contours of potential temperature above the lee slope descend
along the mountain barrier, indicating an isentropic drawdown
on the lee side of the AP.

We then quantified the heat budget to find out what caused the
foehn warming at the station. The foehn mechanisms include

(a) isentropic drawdown, when warm and dry air is advected
isentropically down the lee slopes, (b) thermodynamic mechan-
ism that latent heating and precipitation during air ascending on
the windward slopes, and (c) sensible heat flux and radiative
heating along the lee side. The foehn warming is the temperature
change induced by these mechanisms and the cross-mountain
pressure gradient. As a lee side low pressure anomaly is generated
during a foehn event, leading to a minor lee side cooling29. Our
calculations were based on output of the Lagrangian trajectory
model. Figure 8 shows the 24 h backward trajectory and the air
temperature change along the path. The foehn warming is 4 K.
Contributions from each mechanism comprise isentropic draw-
down of 0.6 K, thermodynamic mechanism of −0.6 K, sensible
heat and radiation of 5.7 K, and pressure gradient of −1.7 K. In
this event, the contribution of isentropic drawdown to the
warming was small, indicating that the approaching winds were
strong enough to propel the low-level air up and over the
mountain barrier. The height of point B was about 120 m,
confirming that the source of air was at the low-level. The
dominant contribution was found to be sensible and radiative
heating. Mechanical mixing was amplified when wind sped up,
leading to a convergence of the sensible heat flux. The
contributions of latent heating and pressure gradient were
negative during the event.

We further analyzed the integrated water vapour transport.
Consequently, there was an atmospheric river toward the AP on 6
February (Supplementary Fig. 1) but it was not strong enough to
trigger foehn warming by latent heating, consistent with the result
of heat budget analysis. A much stronger atmospheric river with a
large water vapour transport occurred in March 2015 (Supple-
mentary Fig. 2) when the high temperature was observed.

Climatological analyses of extreme warm events. We examined
a collection of 196 extreme warm events in summer (December to

Fig. 7 Spatial distribution of vertical terms and vertical cross section of the wind speed and potential temperature at 63.5°S. a ERA5 temperature
change (°C h−1, shaded) from the vertical term over the AP at 925 hPa at 15 UTC on 6 February, 2020. Surface geopotential heights are drawn by contour
lines with 200m intervals. Esperanza station is marked with a green circle. b ERA5 vertical cross section of wind speed (m s−1, shaded) and potential
temperature (K, contour lines) between 50°W and 65°W around the station at 15 UTC on 6 February, 2020. The white area marks the mountain according
to the surface geopotential height from ERA5.
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February, see the Methods) to provide some climatological con-
text and the characteristics of such events for this region. To
ascertain the different sources of the air masses during these
events since 1973 and compare them with the event of February
2020, a cluster analysis was used to classify the 10-day backward
trajectories of the air masses. The mean trajectories and boxplot
of extreme temperatures for six clusters are shown in Fig. 9. The
six trajectories reveal that most air masses (89%) involved in the
extreme events at Esperanza station originated from about 500 to
1500 m above the Pacific Ocean, crossing the Drake Passage. The
westernmost air masses of more than 135° longitude (~6710 km)
away from the station were Cluster 4 with the lowest 75th per-
centile temperature, and the northernmost air masses originated
from near 45 °S (~2050 km) were Cluster 2 with the lowest

median of temperature in relation to the medians of the other five
clusters. The most recurved trajectory from the Pacific sector was
Cluster 5 with a proportion of about 22%. This cluster includes
the event of February 2020. Its origin was closest to the station
among the trajectories from the west. Cluster 5 had the highest
75th percentile temperature and maximum value with the outlier
of 18.3 °C. Cluster 6 (11% of cases) was an entirely different type
of trajectories, associated with an anticyclonic circulation over the
northwestern Weddell Sea. In brief, air parcels moving from the
west on a relatively short route can be more favorable for high
summer temperatures.

In light of the above, we infer that common characteristic can
be found in the circulation of the extreme events. The anomaly
field of the 500 hPa geopotential height for the extreme warm

Fig. 8 The 24 h backward trajectory and the air temperature change along the path. a The 24 h backward trajectory of air mass involved in the 2020
event. The star marker (Point C) is the station. The blue circle (Point B/A) is air mass at 12 UTC with a distance of the Rossby radius of deformation to the
mountain. b The air temperature (K) along the path. The star marker and blue circle indicate the same points as those in (a).

Fig. 9 Average 10-day backward trajectories and boxplot of the extreme temperatures for six clusters. a The air mass trajectories of extreme warm
events in summer during 1973–2020 are classified into six types with respective proportions in brackets. b Boxplot of extreme summer temperatures for
six clusters. The red center lines are the medians. The vertical dashed lines (whiskers) indicate the variability outside the lower and upper quartiles. The red
crosses represent outliers.
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events in Cluster 5 (Fig. 10) reflects the importance of the positive
pressure anomaly over the Drake Passage. The positive departures
from the mean climatological 500 hPa height resemble the
anomaly field of the February 2020 event in Fig. 5. In the other
clusters of warm events, the 500 hPa height patterns also had
similar magnitude of positive anomaly with slightly different
locations in different clusters. The trajectories and composite
analyses imply that to a large extent, the extreme warm events in
summer can be related to an inflow of marine air and the
development of a tropospheric ridge.

Conclusions
A record-warm event occurred on the northeastern tip of the AP,
where a 2 m air temperature of 18.3 °C was observed at Esperanza
station on 6 February 2020. The evolution of the circulation
responsible for the exceptional temperature rise was investigated
using ERA5 reanalysis data. In terms of the variations of the sea
level pressure, 500 hPa geopotential height and wind patterns, the
high-pressure ridge and the blocking high over the Drake Passage
led to a circulation that advected warm air masses to the northern
AP. The atmospheric circulation during previous extreme warm
events has been analyzed in several studies. The warm event in
December 1997 occurred when a passing mid-tropospheric ridge
reached the interior of West Antarctica, and the related antic-
yclonic circulation advected warm air to the Patriot Hills area30.
As to the warm event at Esperanza station in late March 2015, a
deep low-pressure center over the Amundsen–Bellingshausen Sea
and a blocking ridge over the southeast Pacific directed warm,
moist air to the AP25.

To explain the driver of the record-warm event, the thermo-
dynamic equation was applied to quantitatively calculate the
contributions of horizontal advection, vertical motion and dia-
batic term to the temperature variation. The results demonstrate
that the vertical motion was the main contributor to the tem-
perature increase, while the effect of horizontal advection on the
temperature was negative, indicating the horizontal advection of
cold-air masses from the southwest. Although a ridge to the
Bellingshausen Sea on 6 February increased the chance of large-
scale warm air advection toward the AP, the local-scale
forcing was found to be more pronounced during the event
because the warm air encountered the AP barrier, and acted on
the station as vertical flows (foehn). In the heat budget analysis,
sensible heat and radiation were the dominant mechanisms for

foehn warming on 6 February. The foehn conditions tend to be
associated with well-developed low-pressure systems in the
Amundsen–Bellingshausen Seas18. In this respect, there was also
a deepening Amundsen Sea low in this event shown in the evo-
lution of circulation.

In view of all the extreme summer high temperatures at the
station, the 10-day backward trajectories calculated by the HYS-
PLIT model allow the identification of the air mass origins and
pathways. The cluster analysis of the trajectories reveals that the
air masses toward Esperanza station during extreme warm
summer events in 1973–2020 mostly originated over the Pacific
Ocean. As to the 500 hPa geopotential height anomaly fields of
these extreme warm events, high pressure is the typical large-scale
circulation characteristic similar to that depicted in the February
2020 event. The positive anomaly is coincident with the previous
research that positive temperature anomalies on the northeast
peninsula in summer are associated with positive pressure
anomalies north of the AP17.

The warming trend in the AP weakened during the last 20
years, nonetheless, Esperanza station has still experienced
extreme warm events given its special geographical location as the
northernmost station of the Antarctic continent. Baroclinic mid-
latitude systems and westerlies can favor the moisture transport
and warm air advection from the lower latitudes toward the
northeast Peninsula. In addition, Esperanza station is located on
the leeward side of a mountain, providing favorable conditions
for the occurrence of foehn winds. It is expected that similar high
temperatures may be recorded in the future.

Due to the limited spatial resolution of ERA5, our study of
foehn may be inadequate in detail but, in the case of the February
2020 event, the air mass transport to Esperanza station and the
temperature change along the trajectory seem to be reasonably
well captured to explain the key mechanisms responsible for the
record-warm event. Higher-resolution numerical simulations are
needed to better resolve all mechanisms affecting meteorological
variables and their interaction with the ocean and cryosphere in
the complex AP environment.

Methods
Data. The surface observations of air temperature, wind speed, wind direction, and
relative humidity (calculated on the basis of temperature and dew point tem-
perature) at Esperanza station were taken from the Integrated Surface Database
accessed from the NOAA’s National Climatic Data Center. It consists of global
hourly surface weather observations from numerous sources31. The data have
undergone an automated and comprehensive quality control32 and have been
employed widely for climate analysis33–35. The available observations recorded at
Esperanza station are 3-hourly since 1973.

The atmospheric circulation affecting the AP was analyzed based on the ERA5
reanalysis, which is the most recent reanalysis product of the European Center for
Medium-Range Weather Forecasts that combines large amounts of historical
observations into global estimates using advanced modeling systems and data
assimilation36,37. ERA5 is highly accurate, representing the magnitude and
variability of near-surface air temperature and wind regimes over the Antarctic
continent11,38–40. ERA5 provides hourly data with a spatial resolution of 0.25° ×
0.25° and a vertical resolution of 37 pressure levels (1000 hPa to 1 hPa, surface to
about 50 km in the area of Esperanza) from 1979 to present. Variables we used
from ERA5 are the 2 m temperature, 10 m wind components, mean sea level
pressure, 500 hPa geopotential height and wind components, 850 hPa temperature
and geopotential height, temperature, wind and vertical velocity at 925 hPa and 975
hPa, as well as surface pressure and geopotential. As no remarkable changes of
circulation patterns occurred on time scales shorter than a day, we employed the
large-scale circulation fields at 15 UTC (the time when the peak temperature
occurred on 6 February) for each day to represent the synoptic patterns.

Meteorological analyses. The temperature tendency is described by the ther-
modynamic equation28:

∂T
∂t

¼ �V � ∇T þ RT
cpp

� ∂T
∂p

 !
ωþ J

Cp
ð1Þ

On the right-hand side of Eq. (1), the first term is the horizontal advection
�V � ∇T ¼ �½uð∂T=∂xÞ þ vð∂T=∂yÞ�, which represents the intensity of the

Fig. 10 Composite of 500 hPa geopotential height anomaly. ERA5
anomalies (gpm) for the extreme warm events in Cluster 5 are calculated
with respect to the 1979–2020 period. The shaded area indicates regions
where the anomalies are statistically significant at 95% confidence level.
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horizontal heat transport depending on the wind speed and the temperature
gradient. It was calculated using the wind and air temperature in ERA5. The second
term indicates the temperature change due to vertical motion. R is the gas constant.
cp is the specific heat at constant pressure. ∂T=∂p at the 975 hPa level was
calculated from the difference of temperature between the 850 hPa level and 2 m
above ground level. ω is the vertical velocity (Pa s−1). The third term is diabatic
heating including shortwave and longwave radiation as well as latent and sensible
heat. The temperature tendency due to shortwave and longwave radiation used
here was taken from the deterministic forecast of the atmosphere model at the
lowest level (137) of ERA5. The latent heating was estimated from the ERA5
precipitation assuming that 1 mm h−1 yields ~1.5 K of heating41. As to the surface
sensible heat, assuming that the sensible heat flux (FH ) decreases linearly from its
surface value to zero by the top of the atmospheric boundary layer42, the
contribution is � 1

ρcp

∂FH
∂z , where ρ is the air density

43. The sensible heat flux and the

boundary layer height are available in ERA5.
To identify all the extreme warm events, we extracted daily maximum

temperature in the austral summer (December to February) from December 1973
to February 2020. Data in 1979, 2004, and 2005 were missing. The 95 Percentile of
the distribution was used as a threshold for extreme warm events. The Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model44 from the Air
Resources Laboratory was used to calculate the air mass backward trajectories of
the events. HYSPLIT is one of the most widely used atmospheric transport and
dispersion models for trajectory calculations to determine the air mass origins and
pathways. The HYSPLIT model was further employed for the heat budget analysis
and cluster analysis of the trajectories. To simplify the analyses, multiple
trajectories that share some commonalities in space were aggregated into groups,
called clusters, and represented by their mean trajectory. Doing so, the differences
between trajectories within a cluster were minimized while differences between
clusters were maximized. Computationally, trajectories were combined until the
total variance of the individual trajectories about their cluster-mean started to
increase substantially45.

We analyzed the heat budget using the Lagrangian trajectory model output to
quantify the causes of foehn warming. The calculation is based on temperature T,
potential temperature θ, and calculated equivalent potential temperature θe at three
points29. Point C is at the station (Fig. 8, star marker). Following the flow backward,
point B (Fig. 8, blue circle) is in the undisturbed flow at a distance farther than the
Rossby radius of deformation (at the AP of about 150 km) from the mountain29. It is
at 12 UTC with a height of 124m. Point A is below point B, 2 m above the ground
level as point C. The temperature at point A is the 2m temperature from ERA5. The
contributions include (i) Isentropic drawdown ΔIDT ¼ θB � θA; (ii) Thermodynamic
mechanism ΔLHT ¼ ðθC � θeCÞ � ðθB � θeBÞ; (iii) Sensible heat flux and Radiative
heating ΔSHT þ ΔRHT ¼ θeC � θeB ; (iv) Pressure gradient Δ

ΔPT ¼ TC � θC . Foehn
warming is the temperature change ΔFT ¼ TC � TA , the sum of the above
contributions.

Data availability
All data used in this study are publicly accessible from these websites: Integrated
Surface Database: https://www.ncei.noaa.gov/pub/data/noaa/isd-lite/ and ERA5
dataset: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-
levels?tab=form https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
single-levels?tab=form https://apps.ecmwf.int/data-catalogues/era5/?stream=
oper&levtype=ml&expver=1&month=feb&year=2020&type=fc&class=ea
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