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ABSTRACT: A thermodynamic energy budget analysis is applied to the lowest model level of the ERAS dataset to inves-
tigate the mechanisms that drive the growth and decay of extreme positive surface air temperature (SAT) events. Regional
and seasonal variation of the mechanisms are investigated. For each grid point on Earth’s surface, a separate composite
analysis is performed for extreme SAT events, which are days when temperature anomaly exceeds the 95th percentile.
Among the dynamical terms, horizontal temperature advection of the climatological temperature by the anomalous wind
dominates SAT anomaly growth over the extratropics, while nonlinear horizontal temperature advection is a major factor
over high-latitude regions and the adiabatic warming is important over major mountainous regions. During the decay pe-
riod, advection of the climatological temperature by the anomalous wind sustains the warming while nonlinear advection
becomes the dominant decay mechanism. Among diabatic heating processes, vertical mixing contributes to the SAT anom-
aly growth over most locations while longwave radiative cooling hinders SAT anomaly growth, especially over the ocean.
However, over arid regions during summer, longwave heating largely contributes to SAT anomaly growth while the
vertical mixing dampens the SAT anomaly growth. During the decay period, both longwave cooling and vertical mix-
ing contribute to SAT anomaly decay with more pronounced effects over the ocean and land, respectively. These re-
gional and seasonal characteristics of the processes that drive extreme SAT events can serve as a benchmark for
understanding the future behavior of extreme weather.
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1. Introduction geographical location. Thus, it remains an open question if
those mechanisms can be applied to explain the cause of typi-
cal temperature anomalies at all other geographical regions
across the globe and at other seasons.

There have been studies that examined the temperature
probability distribution at all grid points over the globe in the
context of skewness and the tail section of the distribution,
and the physical processes that drive those characteristics of
the distribution. Tamarin-Brodsky et al. (2019, 2020) found
that horizontal temperature advection plays an important role
in shaping the temperature skewness pattern under a global
warming scenario. Other studies also found that temperature
advection explains the temperature probability distribution
across a large fraction of the midlatitudes (Linz et al. 2020),
especially over the ocean (Zhang et al. 2022). Although not
applied to the entire globe, horizontal temperature advection
was also found to be important in the synoptic evolution of
temperature extremes and skewness in the vicinity of the
storm-track region (Garfinkel and Harnik 2017) and the de-
velopment of regional cold extremes (Loikith and Neelin
2019). While these studies have provided useful insights into
the understanding of the regional characteristics of the tem-
perature probability distribution and extreme events, they
have only considered the role of the horizontal temperature
advection. Most of these studies also conducted their analyses
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Understanding the mechanisms that drive the observed sur-
face air temperature (SAT; an elevation close to 2 m above
the surface) anomalies is important because it helps us under-
stand and predict anomalous weather events such as heat
waves, which are a growing concern. The mechanisms pro-
posed to date to explain temperature anomalies include
anomalous surface heat flux (Yeo et al. 2019), which can be
influenced by land-atmosphere coupling (Seneviratne et al.
2006), sinking motion and enhanced solar radiation under
high pressure (Wulff et al. 2017), horizontal temperature ad-
vection (Clark and Feldstein 2020a, 2022), changes in down-
ward infrared radiation (Gong et al. 2017), or some
combination of these mechanisms (Lau and Kim 2012; Kim
and Lee 2022). The same processes can also lead to the devel-
opment of extreme anomalous temperatures (Bieli et al. 2015;
Zschenderlein et al. 2019; Bartusek et al. 2022). While these
studies provide useful insights, they focused on particular
events or teleconnection patterns occurring over a limited
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by surface—atmosphere coupling. Moreover, the 850-hPa level
may intersect with the surface of mountainous regions such as
Greenland, the Tibetan Plateau, and the Rocky Mountains.

Knowledge of the mechanisms that contribute to tempera-
ture anomaly decay is critical for understanding the persis-
tence of the temperature anomalies. However, most studies
focus on the mechanisms that drive temperature anomaly
growth, while temperature anomaly decay, which is not neces-
sarily driven by the same processes that govern the growth of
those anomalies (e.g., Clark and Feldstein 2020a, 2022), has
often been overlooked.

In this study, we examine the mechanisms that drive the
growth and decay of regional extreme SAT anomalies for
both boreal summer [June-August (JJA)] and austral sum-
mer [December-February (DJF)] by applying a thermody-
namic budget analysis at the lowest model level of ERAS
(Hersbach et al. 2020) for all individual grid points over the
globe. ERAS uses eta coordinates, which follow the surface
elevation. As will be discussed in our analysis, the lowest
model level of this coordinate system is used as the surface
level. The lowest model level has an elevation that is close to
10 m above the surface (Berrisford et al. 2009; Setchell 2020).
However, it has been shown that the temperature anomalies
at this level are very similar to the anomalies in 2-m tempera-
ture, which is often regarded as SAT (Clark and Feldstein
2020a, 2022). Therefore, in this study, the temperature on the
lowest model level will be regarded as the SAT.

A similar approach but from a Lagrangian point of view
has recently been applied by Rothlisberger and Papritz
(2023). However, in their analyses, horizontal temperature
advection was not decomposed into linear and nonlinear com-
ponents, which do not necessarily exhibit similar behaviors
(Tamarin-Brodsky et al. 2019; Clark and Feldstein 2020a,
2022; Zhang et al. 2022), and the effects caused by radiative
heating and by surface fluxes were not differentiated. Further-
more, the decay mechanism of the extreme temperature was
not documented as well. In this research, we consider differ-
ent components of the abovementioned processes as well as
their behaviors during the decay period, which will provide a
more comprehensive understanding of the regional character-
istics of the extreme SAT anomaly development mechanisms.

The goal of this study is to provide information on which
thermodynamic processes are responsible for positive SAT
anomaly growth and decay during extreme temperature
events at each grid point. The result identifies the benchmark
thermodynamic contributors to the growth and decay of ex-
treme SAT anomalies in each region. This benchmark mecha-
nism allows one to determine whether a particular extreme
weather event resembles a typical SAT anomaly event mani-
fested in an extreme form and, more importantly, how such
mechanisms may change under the current anthropogenic
warming. Our main interest is the mechanism responsible for
warm temperature extremes of the summer seasons of both
hemispheres, but the results for the warm extremes of the
winter seasons will also provide insights on how the proposed
mechanisms may depend on the season.

In section 2, we provide detailed information about the
data, the thermodynamic energy budget equation, and other
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methods used in this study of extreme SAT anomalies. In
section 3, we introduce the regional characteristics of extreme
JJA and DJF positive SAT anomaly growth and decay. The
conclusions are presented in section 4.

2. Data and method

a. Data, thermodynamic budget, and surface energy
balance budget

We used data from ERAS to compute each term of the
thermodynamic energy budget equation. As discussed above,
the lowest model level in the ERAS is used. All data have a
horizontal resolution of 1.25° X 1.25° covering the time period
of 1979-2021.

Following Clark and Feldstein (2020a), the anomalous ther-
modynamic energy budget equation is written as
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where bars denote the seasonal cycle and primes denote an
anomaly (deviation from the seasonal cycle). The seasonal cy-
cle is defined as the calendar day mean climatology smoothed
by retaining the first 10 harmonics. We obtained horizontal
wind vectors (u), temperature (7), vertical pressure velocity (),
pressure (p), and temperature tendencies due to diabatic pro-
cesses at the lowest model level to compute the terms in (1).
The first six terms of the right-hand side of (1) indicate tem-
perature tendency due to dynamical processes. Specifically,
the first three terms are the advection of the climatological
temperature by the anomalous wind, the advection of anoma-
lous temperature by the climatological wind, and the advec-
tion of the anomalous temperature by the anomalous wind,
respectively. The two terms w’ - VT and u- V7’ are not equal
to zero because the overbar indicates the smoothed seasonal
cycle instead of the commonly used seasonal mean, although
these terms are still very small (Clark and Feldstein 2020a).
The fourth term also represents the effect of this smoothing
process, and because this term is very small, it is not included
in the main analysis. The fifth term, —[1(37/7)]’, is the verti-
cal advection in eta coordinates, and its numerical computa-
tion is explained in Clark and Feldstein (2020a). The sixth
term, (kTw/p)’, is the temperature tendency driven by adia-
batic vertical motion. These dynamical terms were computed
at 0000, 0600, 1200, and 1800 UTC separately, and were aver-
aged to obtain the daily mean.

The seventh to ninth terms, Qgyw, Qrw> and Of ;. vy are
the temperature tendencies due to diabatic processes corre-
sponding to shortwave radiation, longwave radiation, and the
sum of latent heating and vertical mixing, respectively. ERAS
only provides total diabatic heating and the shortwave and long-
wave radiative diabatic heating. Therefore, the sum of latent
heating and vertical mixing was computed as the difference
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between the total diabatic heating and the radiative diabatic
heating. While it is difficult to disentangle the relative contribu-
tion from latent heating and vertical mixing onto this term and
that evaporative cooling near the surface level may not neces-
sarily be negligible, given that the analysis is done at approxi-
mately 10 m above the surface, we assume that this term is
dominated by vertical mixing. Therefore, for brevity, we will
everywhere write “vertical mixing” even though it should
be noted that the latent heating is included. We averaged
24-hourly diabatic heating data (0000-2400 UTC) to get the
daily mean values. The last term is the residual term that is
responsible for any difference between the combination of
abovementioned terms and the total temperature tendency on
the left-hand side of (1). There are a few potential reasons for
the budget equation not being perfectly balanced. For exam-
ple, horizontal diffusion is not included in the reanalysis model
output, while the reanalysis model does include this term in its
calculation. Also, there are reanalysis increments caused by
the data assimilation processes (Clark and Feldstein 2020a;
Clark et al. 2021). Nevertheless, this thermodynamic budget
approach provides useful insights into the relative importance
of different processes indicated in (1), which is the main goal
of this study.

Apart from investigating the growth and decay of extreme
SAT anomalies, we also investigated the development of skin
temperature anomalies because an analysis of skin tempera-
ture anomalies aids in our understanding of some of the pro-
cesses affecting the extreme SAT anomalies. By applying
surface energy balance, the following equation can be
derived:

| ”
Flw+F;w+Fs/h+Ell+R/

4as0'Ts3

TS = ; @

which states that skin temperature anomalies (7) are bal-
anced by anomalies in downward longwave flux (Fl'\f,), net
shortwave flux (F,), net surface sensible heat flux (F},), net
surface latent heat flux (F],), and a residual term (R’) (Lesins
et al. 2012; Lee et al. 2017; Clark and Feldstein 2020a). The re-
sidual term includes the storage term and additional processes
such as heat conduction, oceanic horizontal heat transport,
vertical mixing in the oceanic boundary layer, and the latent
heat release associated with sea ice melting, terms which can
be large over the ocean. All fluxes in this study are defined as
positive being downward. Note that in the denominator we
approximate the emissivity (&;) as 1.0; o denotes the Stefan—
Boltzmann constant and TS is taken to be the seasonal (JJA
or DJF) mean skin temperature.

b. Composite of anomalous events

We identified extreme SAT events at each grid point as oc-
curring when the SAT anomaly is a local maximum (in time)
and positive with an amplitude greater than the 95th percen-
tile. These events are also separated from each other by at
least 7 days. In other words, local maxima of a smaller ampli-
tude that occur within a 7-day period of a large local maxima
are discarded. This procedure is performed separately for JJA
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and DJF. Based on this procedure, approximately 70-100 ex-
treme events for each season were identified at each grid
point over extratropical land regions (Fig. S1 in the online
supplemental material). We have composited the thermody-
namic energy budget terms using these events. While lag day 0
of these events is when the SAT anomaly is largest, we present
temperature tendencies at lag day —1 (+1) to examine the
anomalous SAT growth (decay), as these lag days correspond
to days with the strongest temperature tendencies over most
grid points. We composited each budget term at each grid
point for these lag days and assigned that composite value to
the corresponding grid point. Therefore, the resulting maps in
Figs. 1 and 3 (Figs. 4 and 6) show the contribution of specified
processes to the growth and the decay of extreme SAT events,
respectively, occurring at that specific grid point during the
JJA (DJF) season.

3. Results
a. JJA analysis
1) GROWTH OF POSITIVE SAT ANOMALIES

We present the benchmark thermodynamic contributors
to extreme SAT anomaly growth during the JJA season in
Fig. 1. The positive SAT anomalies are generally stronger
over the extratropical land regions (Fig. 1a). The summation
of all the terms on the right-hand side of the budget equation
(Fig. 1c) shows a similar pattern as the actual temperature
tendency pattern (Fig. 1b). The difference between the two
maps is shown in Fig. 1d. The budget is not perfectly balanced
due to the factors mentioned in section 2. However, the differ-
ence between the two patterns is rather small, especially over ex-
tratropical land areas where extreme events have the largest
impact on society. This indicates that the thermodynamic budget
analysis can be used to identify the processes that cause the ex-
treme SAT anomalies to grow.

The temperature tendency driven by the combination of all
the dynamic terms largely accounts for the warming over
most of the mid- and high-latitude locations in both hemi-
spheres (Fig. 1e). The advection of the climatological temper-
ature by the anomalous wind makes the largest contribution
to the SAT anomaly development in the extratropics with a
pronounced effect near the storm tracks of both the Northern
Hemisphere (NH) and the Southern Hemisphere (SH; Fig. 1g).
In contrast, the advection of the anomalous temperature by
the climatological wind contributes to the SAT anomaly devel-
opment over selected regions such as Greenland and the SH
storm-track region, with its overall contribution being negligi-
ble in other regions (Fig. 1h). The nonlinear advection of the
anomalous temperature by the anomalous wind contributes to
positive SAT anomaly development over high-latitude regions
(Fig. 1i). The summation of these three contributions (Fig. 1j)
shows that horizontal temperature advection accounts for most
of the dynamic contribution of the SAT anomaly development
(cf. Figs. le,j). This important role of horizontal temperature
advection on extreme SAT growth is in line with previous
research that examined temperature probability distribution
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Contribution to JJA Temperature Tendency (lag day -1)

(a) Temperature Anomaly (b) Temperature Tendency (c) Estimated Tendency
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FIG. 1. Composite values of (a) temperature anomaly and (b)—(o) different temperature tendency terms during the lag day —1 of the
JJA warm extreme events defined separately for each grid point (see text for details). Positive (negative) tendencies in (b)—(0) indicate
that the corresponding processes drive (dampen) the growth of the temperature anomaly occurring at that grid point.

characteristics (Linz et al. 2020; Tamarin-Brodsky et al. 2019, temperature advection over mountain ranges such as the
2020; Zhang et al. 2022). Tibetan Plateau, the Rocky Mountains, the Andes, and

While horizontal temperature advection plays a pronounced  Greenland (Fig. 1k). This term also contributes to the anomaly
role over most locations, the tendency contributed by adia- development over the Russian Far East, the west coast of
batic vertical motion is in fact comparable to that of horizontal =~ North America, and in the vicinity of the Mediterranean Sea.
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JJA Surface Energy Balance Composite (lag day -1)

(a) Skin Temperature (b) Downward Longwave Flux (c) Shortwave Flux
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FIG. 2. Composite values of (a) skin temperature anomaly and (b)—(f) different surface flux terms during the lag day —1 of the JJA warm
extreme events used for Fig. 1 (see text for details). Note that flux terms are normalized by 4e ¢'T,” to have a unit of kelvins.

The role of the adiabatic term over mountain ranges is consis-
tent with the findings from Rothlisberger and Papritz (2023),
who showed that strong adiabatic warming occurs over the
slope side of the mountain, implying adiabatic vertical motion
following the topography. The contribution by vertical advec-
tion is generally negligible (Fig. 11). In summary, the dynamic
contributions to extreme SAT anomaly growth can be char-
acterized by a combination of three dominant processes.
The advection of the climatological temperature by the
anomalous wind dominates the SAT anomaly growth over
the extratropics with additional support from the nonlinear
advection over high-latitude regions and adiabatic warming
over the mountain ranges.

Unlike the dynamic terms which contributed to extreme
SAT anomaly growth over almost all regions except for a few
locations in the tropics, the temperature tendency due to dia-
batic process shows a distinctive land—sea contrast as it warms
most land areas while it hinders the anomaly growth over the
extratropical oceans (Fig. 1f). Decomposing the total diabatic
process into longwave radiation, shortwave radiation, and ver-
tical mixing, we found that vertical mixing is the primary
driver of the diabatic warming (Fig. 10), while longwave radi-
ation generally causes cooling (Fig. 1n). However, the roles
that these two terms play reverses over some regions. Over
climatologically dry regions such as northern Africa, the
Tibetan Plateau, and western North America, longwave radi-
ative heating contributes to the growth of the positive SAT
anomalies while vertical mixing hinders the positive SAT
anomaly growth. The effect of shortwave radiation is very
small (Fig. 1m), as expected from the fact that the atmosphere
is mostly transparent to shortwave radiation. These results in-
dicate that diabatic processes also play an important role in
the development of extreme SAT anomalies, with a role that

can be as important as, or even greater, than that of dynamic
processes over most NH land regions (cf. Figs. 1e,f). It is be-
yond the scope of this study to fully delve into the cause of
these diabatic heating terms, but an analysis of the surface
energy budget can provide useful insights (as discussed in
section 2).

Composites of the skin temperature anomalies and surface
fluxes are presented in Fig. 2. One day prior to an extreme
SAT event (lag day —1), when the SAT tendency is strongest,
the skin temperature anomalies are generally stronger over
land than over ocean (Fig. 2a), and these anomalies are pri-
marily balanced by the net downward shortwave flux espe-
cially in the NH (Fig. 2c) with the downward longwave flux
playing a secondary role (Fig. 2b). The dominance of the
shortwave flux in warming the surface is to be expected be-
cause most of the incoming shortwave radiation is absorbed
by the surface. Over some areas, the spatial structure of the
downward longwave flux (Fig. 2b) bears resemblance to that
of the longwave diabatic heating at the lowest model level
(Fig. 1n) but with an opposite sign. For example, there are
strong anomalous downward fluxes over extratropical oceans
in both hemispheres where longwave cooling at the lowest
model level is also strong.

We present a schematic diagram (Fig. S2) to illustrate the
connection between the downward longwave flux at the sur-
face and the longwave flux divergence at the lowest model
level. The arrows indicate longwave fluxes into and out of the
layer surrounding the lowest model level, that is bounded by
a 1/2 model level above and by the surface below. This sche-
matic diagram indicates that after the atmosphere warms
(right side of Fig. S2), both upward and downward longwave
fluxes from the lowest model level layer increase (Fout, Fatmocn)-
Concurrently, the flux into the lowest model level layer from
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above also increases (Fj,) while the upward flux from the
ocean into the lowest model level layer (Fam_ocn) does not
change much since the sea surface temperature remains
relatively constant. As discussed in Clark and Feldstein
(2022) (who analyzed SAT anomalies associated with the
Pacific-North American teleconnection pattern), this is likely
to cause an anomalous divergence of longwave heat flux at the
lowest model level and consequently, pronounced longwave
cooling at the lowest model level over the ocean (Fig. 1n).

The surface sensible heat flux anomalies are either close to
zero or weakly negative over most of the NH land areas while
over the SH storm-track regions the surface sensible heat flux
anomalies are strongly positive (Fig. 2d). Over these land
areas, this sensible heat flux pattern suggests that the anoma-
lous skin temperature is larger than the anomalous SAT,
likely due to the shortwave warming of the surface (Fig. 2c),
while the picture is reversed over the austral winter Southern
Ocean where advective warming of the air is strong (Fig. 1j)
and shortwave radiation at the surface is weak. The surface la-
tent heat flux anomalies are negative over most of the NH
land areas, representing evaporative cooling of the surface
with exceptions over the Tibetan Plateau and western North
America (Fig. 2e). The opposite signs for these anomalies in-
dicate that the latent heat flux dampens the skin temperature
anomalies through evaporative cooling while such cooling is
not efficient over climatologically dry regions. Over most NH
land areas, these regions of negative (positive) anomalous la-
tent heat fluxes coincide with regions of atmospheric warming
(cooling) due to the vertical mixing (Fig. 10).

The cooling by the residual term (Fig. 2f), which includes
heat conduction and effects from sea ice and ocean circula-
tion, balances the other terms’ warming over most of the
globe. Over land, the skin temperature is cooled through heat
conduction. Whereas over the ocean, oceanic vertical and
horizontal motion cools the ocean skin temperature over
most regions. For example, regions of strongest cooling by the
residual term over the Southern Ocean coincide with the re-
gion of a deep and narrow mixed layer (Li and Lee 2017; Li
et al. 2018). It is also interesting that the residual term is posi-
tive in the eastern equatorial Pacific where the climatological
oceanic horizontal heat flux is divergent (Forget and Ferreira
2019). Therefore, the positive residual term suggests that the
anomalous warming in that region by the residual arises from
a weakening of the oceanic horizontal heat flux divergence.

2) DECAY OF POSITIVE SAT ANOMALIES

We next examine the characteristics of the thermodynamic
energy budget terms during the decay period of lag day +1
(Fig. 3). While some processes simply mirror their growth pat-
tern with opposite signs, there are notable differences as well.
Over most of the land areas, both dynamic (Fig. 3e) and dia-
batic (Fig. 3f) terms drive the decay of the SAT anomalies.
Over the extratropical oceans, however, the dynamic terms
still sustain the anomalous warming. This sustained warming
is largely due to the advection of the climatological tempera-
ture by the anomalous wind (Fig. 3g), which is similar in spa-
tial structure but with a weaker magnitude compared to that
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of the growth period (cf. Figs. 1g and 3g). The advection of
anomalous temperature by the climatological wind (Fig. 3h)
shows an almost equal spatial structure but with opposite sign
compared to that of the growth period (Fig. 1h), except over
the eastern tropical Pacific, indicating that it contributes to
the SAT anomaly decay over the SH storm-track region while
its impact is rather limited over the NH.

Nonlinear temperature advection becomes one of the dom-
inant drivers of the SAT anomaly decay as this process weak-
ens the positive SAT anomalies over most of the extratropical
land areas in both hemispheres (Fig. 3i). While adiabatic
warming was important during the growth period, this process
does not play an important role for the decay of the SAT
anomalies (Fig. 3k). The longwave radiation maintains a simi-
lar spatial structure compared to that of the growth period as
it helps (hinders) the anomaly decay over the ocean (dry land
regions) (see Fig. 3n). This is likely due to the fact that the
spatial structure of the positive SAT anomaly remains the
same at lag day +1 (Fig. 3a). Vertical mixing generally mir-
rors its growth stage over the land but with an opposite sign
contributing to the decay of the SAT anomaly (Fig. 30). The
overall results indicate that, among the dynamic processes,
nonlinear temperature advection contributes to SAT anomaly
decay over the land and ocean, whereas among the diabatic
heating processes, longwave radiative cooling contributes to
SAT anomaly decay over the oceans while vertical mixing
contribute to SAT anomaly decay over the land. It is also in-
teresting that the advection of the climatological temperature
by the anomalous wind, unlike other terms, sustains the
warming mechanism, indicating that this process plays an im-
portant role on the persistence of the extreme temperature
events.

b. DJF analysis
1) GROWTH OF POSITIVE SAT ANOMALIES

In this subsection, the contribution of each term in the ther-
modynamic energy budget equation is explored for extreme
SAT events that occur during DJF. Although most of the
processes that characterize DJF SAT extremes are similar
to those that characterize JJA SAT extremes, there are
some noticeable differences.

Figure 4 shows a composite of the thermodynamic energy
budget for DJF. Extreme SAT anomalies during DJF attain
their largest amplitudes over the land and the Arctic of the
NH (Fig. 4a). Although the estimated tendency (Fig. 4c) cap-
tures the actual temperature tendency (Fig. 4b), it generally
overestimates the actual temperature tendency over NH land
areas and the Arctic while the difference is very small in the
SH and the oceans (Fig. 4d). We hypothesize that the error
caused by the analysis increment being stronger in the winter
hemisphere, though it is beyond the scope of this study to in-
vestigate this seasonal dependence of the overall balance of
budget terms. Similar to the JJA season, the dynamic terms
strongly contribute to positive SAT anomaly development
over the extratropics (Fig. 4e) while the diabatic terms again
show the distinctive land-sea contrast pattern (Fig. 4f).
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Contribution to JJA Temperature Tendency (lag day 1)
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FIG. 3. Asin Fig. 1, but during lag day +1 of the JJA events. Positive (negative) tendencies in (b)—(0) indicate the corresponding processes
dampens (help) the decay of the temperature anomaly at that grid point.

The advection of the climatological temperature by the
anomalous wind accounts for the SAT anomaly growth over
the extratropics, most prominently over the storm-track re-
gions of both hemispheres and near the Barents—Kara Seas
(Fig. 4g). The advection of the anomalous temperature by the
climatological wind plays an important role over the western

boundaries of the Pacific and Atlantic Ocean basins and
Greenland while it dampens the SAT anomaly growth over
the Barents—Kara Seas (Fig. 4h). This process also contributes
to the warming over the SH storm track but its amplitude is
rather weak compared to that of the JJA season. The non-
linear temperature advection term accounts for warming over
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FIG. 4. As in Fig. 1, but during lag day —1 of the DJF events.

most of the Arctic during DJF while it dampens SAT anomaly
growth over the western boundaries of the two major NH ocean
basins (Fig. 4i). Accordingly, the combination of these three
terms highlights the important role of horizontal temperature
advection over most of the extratropical regions (Fig. 4j). Com-
pared to JJA, the role of horizontal advection is intensified
(weakened) over the NH (SH). This seasonal difference is likely
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explained by the stronger atmospheric circulation and temper-
ature gradient of the winter hemisphere. During the DJF
months, the adiabatic term acts to increase the SAT over
mountain regions (Fig. 4k). However, unlike during JJA, the
adiabatic term dampens the SAT anomalies over high-latitudes
and the Arctic. This adiabatic cooling is possibly a response to
the strong positive horizontal temperature advection occurring
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FIG. 5. As in Fig. 2, but during lag day —1 of the DJF events.

at high latitudes (Fig. 4j), as the vertical motion explained
by quasigeostrophic theory is upward with warm-air advec-
tion, which would result in adiabatic cooling. As in JJA, the
role of vertical advection is also negligible during DJF months
(Fig. 41).

The general characteristics of the DJF diabatic heating also
resembles that of the JJA season. Among the three diabatic
heating terms, longwave radiative heating generally hinders
the anomaly growth, especially over the oceans (Fig. 4n), and
vertical mixing largely contributes to anomaly growth over
most of the globe (Fig. 40). The shortwave radiative heating
does not directly impact the SAT (Fig. 4m). While these be-
haviors are similar to those of JJA, there are some regional
differences that contrast with the JJA findings. First, long-
wave radiative heating, while predominantly cooling oceanic
air, warms the air over South Africa, Australia, western South
America, the eastern tropical Pacific, and the Arctic. Vertical
mixing, which largely accounts for the warming of most NH
land areas (Fig. 40), dampens the anomaly growth over SH
land regions where longwave heating is prevalent. Notably,
these SH land areas are climatologically arid regions. There-
fore, similar to our previous finding that longwave warming
(vertical mixing) contributes to (negates) summertime warm-
ing over NH arid regions (Figs. 1n,0), the two processes play a
similar role in the positive SAT anomaly development of the
arid regions during austral summer (Figs. 4n,0).

The skin temperature anomaly during DJF (Fig. 5a) is pri-
marily governed by the downward longwave flux (Fig. 5b)
while the shortwave flux contributes to skin temperature
anomaly growth equatorward of 45°N/S, with more pro-
nounced effects over the SH (austral summer; Fig. 5c). The
sensible heat flux composite shows anomalously downward
fluxes in the NH and SH oceans with anomalously upward
heat fluxes over SH land (Fig. 5d). The anomalously down-
ward sensible heat fluxes in the NH are more pronounced

over the western boundaries of the major ocean basins and
the Barents—Kara Seas where temperature advection strongly
drives the positive SAT tendency (Fig. 4j). Also, the anoma-
lous upward surface sensible heat flux over the SH land areas
suggests that the surface is anomalously warmer than the air
at the lowest model level, likely due to strong shortwave flux
at the surface (Fig. 5c). The surface latent heat flux anomalies
are positive over the SH dry land areas (Fig. Se). This positive
surface latent heat flux anomaly occurs in the regions of cool-
ing by vertical mixing (Fig. 40), similar to the picture de-
scribed for the NH dry land areas during JJA. However, over
NH land regions during DJF, the latent heat flux anomalies
are almost negligible and, therefore, are less likely to influ-
ence the SAT.

2) DECAY OF POSITIVE SAT ANOMALIES

During the decay period, advection of the climatological
temperature by the anomalous wind sustains the warming,
most notably over the northernmost parts of the Pacific, the
Atlantic, and the Southern Ocean (Fig. 6g). The advection of
the anomalous temperature by the climatological wind mir-
rors its growth period but with opposite sign as it contributes
to the anomaly decay over the storm-track regions of the
Pacific, the Atlantic, and the Southern Ocean while it hinders
the anomaly decay over the Barents—Kara Seas (Fig. 6h). The
nonlinear advection, similar to its JJA behavior, is largely re-
sponsible for the SAT anomaly decay over most of the NH
with a very pronounced effect over the Arctic (Fig. 6i). The
role of adiabatic process is again focused on the mountain re-
gions such as the Rockies and the Tibetan Plateau (Fig. 6k),
while vertical advection does not play an important role
(Fig. 61). Such characteristics of the abovementioned terms
result in the dynamical process contributing to the decay of
the SAT anomalies over most of the globe with exceptions
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FIG. 6. As in Fig. 3, but during lag day +1 of the DJF events.

occurring over northern parts of the North Pacific, the
North Atlantic, and the Southern Ocean (Fig. 6e). Among
the diabatic heating terms, the longwave heating maintains
its structure from the growth period, as it did during JJA, and
largely accounts for the anomaly decay over the ocean (Fig. 6n).
Vertical mixing is largely responsible for the anomaly decay over
land (Fig. 60). It is noteworthy to mention that the SAT anomaly

development over the NH land by vertical mixing is similar
to the Siberian warming and cooling mechanism during
PNA events (Clark and Feldstein 2022). They found that
the growth and decay of Siberian SAT anomalies occurred
through vertical mixing which they argued as acting to relo-
cate temperature anomalies from higher levels into the low-
est model level.
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FIG. 7. The most important process for the growth and decay of the extreme SAT anomalies occurring at each grid
point for the JTA and DJF seasons (see text for details). Blue, green, warm, and black colors indicate different compo-
nents of horizontal temperature advection, adiabatic warming and vertical advection, diabatic heating terms, and the

residual term, respectively.

4. Conclusions and discussion

In this study, we applied thermodynamic budget analyses to
the SAT anomalies at each grid point to understand the pro-
cesses contributing to extreme warming events over each re-
gion of the globe. Inspired by Fig. 3 of Rothlisberger and
Papritz (2023), we summarize in Fig. 7 the most important
process for the growth and decay of the extreme SAT events
for each grid point by identifying the strongest positive (nega-
tive) tendency term during the growth (decay) period. These
findings indicate that the role of the dynamical terms depends
on the latitude and topography while the diabatic heating pro-
cesses exhibit a distinctive land-sea contrast with specific
characteristics as follows:

e The advection of the climatological temperature by the
anomalous wind (dark blue) dominates the SAT anomaly
development over the extratropical oceans except for the
eastern North Atlantic during DJF, while nonlinear tem-
perature advection (light blue) is the largest contributor to
SAT growth in much of high latitudes, especially over the
Arctic during DJF (Figs. 7a,c). However, during the decay
period, these terms do not mirror their growth patterns, as
the advection of the climatological temperature by the
anomalous wind sustains the warming (this feature is not
shown in Fig. 7) and nonlinear temperature advection be-
comes the largest contributor during the decay period over
most of the Arctic Ocean (both seasons) and the subtropical
southern Atlantic and Indian Oceans during DJF (Figs. 7b,d).
Although it cannot be discerned in Fig. 7, there are still sub-
stantial secondary contributions from horizontal temperature

advection to extreme SAT anomaly development over land
and its role is generally stronger in the winter hemisphere.

For both seasons, over regions with steep topographic
slopes such as the Tibetan Plateau, western North America,
Greenland, and the Andes, the primary contributor to SAT
anomaly growth is adiabatic warming (light green in Figs. 7.c).
This process also dominates the JJA anomaly growth in the
Russian Far East and Alaska (Fig. 7a), and the DJF anomaly
decay over various mountainous regions (Fig. 7d).

Longwave radiation (orange) generally opposes SAT anomaly
growth, most notably over the oceans, and therefore, this
term is the strongest damping mechanism over the oceans
except for the central and eastern tropical Pacific for both
seasons (Figs. 7b,d). Longwave radiation, however, accounts
for the warming of summertime arid regions such as the
western United States and the Sahel during JJTA (Fig. 7a),
Australia and southern Africa during DJF (Fig. 7c), and
the central and eastern tropical Pacific during both seasons.
In contrast, vertical mixing (red) is the largest contributor
to extreme SAT anomaly growth over much of the tropical
oceans during both seasons, and over the eastern North
Atlantic and northern Eurasia during DJF (Figs. 7a,c) and
this term dominates the SAT anomaly decay over the central
and eastern tropical Pacific, most tropical land areas, and
much of North America and northern Eurasia (Figs. 7b,d)
for both JJA and DJF. Although not illustrated in Fig. 7,
the combination of strong longwave cooling over the
oceans and warming due to vertical mixing over land cre-
ates the distinctive land—sea contrast pattern of the total di-
abatic heating.
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Our findings underscore the important role that horizontal
temperature advection plays in generating anomalously strong
SAT anomalies during extreme warming events, which is con-
sistent with earlier studies (Garfinkel and Harnik 2017; Loikith
and Neelin 2019; Tamarin-Brodsky et al. 2019, 2020; Linz et al.
2020; Zhang et al. 2022). Especially, our results show that the
advection of the climatological temperature by the anomalous
wind still warms the SAT even during the decay period, imply-
ing that this term is a key process determining the persistence
of the extreme SAT anomalies. In addition, we also found that
the adiabatic warming over mountain regions and diabatic
heating are also important for generating strong SAT anoma-
lies, which agrees with the findings from Rothlisberger and
Papritz (2023).

While it is beyond the scope of this study to identify the
cause of diabatic heating processes, our results offer some in-
sights. Although the direct effect of shortwave radiative heat-
ing on the air temperature is negligible (Figs. 1m and 4m), it
can still indirectly influence the SAT anomaly by increasing
the skin temperature (Figs. 2c and 5c) and thereby allowing
more turbulent vertical mixing to occur within the boundary
layer. Such an indirect role of shortwave radiation is expected
to be stronger during summer, while during winter, the role of
heating due to vertical mixing can be more tied to the vertical
relocation of temperature anomalies associated with stronger
winter circulation (Clark and Feldstein 2022). The surface
heating caused by shortwave radiation can also help explain
the longwave radiative warming over summertime dry regions
such as central Asia and western North America (Fig. 1n),
and southern Africa and Australia (Fig. 4n). Less atmospheric
longwave emission is expected with dry atmosphere (Clark
and Feldstein 2020b), but because large positive skin tempera-
ture anomalies (Figs. 2a and 5a) associated with shortwave
flux (Figs. 2c and 5c) would cause an anomalous upward flux
of longwave radiation into the atmosphere, longwave flux
convergence and SAT warming is expected. Further system-
atic studies testing such a hypothesis on the root cause of the
diabatic heating is necessary. More importantly, our results
also imply that future projections of surface heat waves by cli-
mate models can be significantly influenced by the parameter-
ization schemes of these diabatic heating processes.

It is our hope that the mechanisms that drive typical ex-
treme warming events, as we documented here, will serve as a
benchmark for future studies that seek to determine the pro-
cesses behind specific extreme events. For example, prior
studies have shown that adiabatic warming is an important
contributor to summer heat waves over Europe, the Russian
Far East, and western North America (Wulff et al. 2017;
Zschenderlein et al. 2019; Kim and Lee 2022; Bartusek et al.
2022). In this study, we found that the adiabatic warming typi-
cally plays a major role over those regions. Therefore, al-
though the amplitude of the SAT anomalies of those extreme
events may have been exceptional, they were likely driven by
the same benchmark processes documented here rather than
by unusual mechanisms. In addition, our findings that during
DIJF the SAT anomalies are generally aided by horizontal
temperature advection and that they decay through longwave
cooling over the ocean and vertical mixing over the land are
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also consistent with the earlier findings for the NAO and the
PNA (Clark and Feldstein 2020a, 2022). In a future study, it
would be worthwhile to investigate if and how these bench-
mark processes can drive SAT extremes of unprecedented
magnitudes.
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