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ABSTRACT: Atmospheric heat transport (AHT) is an important piece of our climate system but has primarily been stud-
ied at monthly or longer time scales. We introduce a new method for calculating zonal-mean meridional AHT using instan-
taneous atmospheric fields. When time averaged, our calculations closely reproduce the climatological AHT used elsewhere
in the literature to understand AHT and its trends on long time scales. In the extratropics, AHT convergence and atmo-
spheric heating are strongly temporally correlated suggesting that AHT drives the vast majority of zonal-mean atmospheric
temperature variability. Our AHT methodology separates AHT into two components (eddies and the mean meridional
circulation) which we find are negatively correlated throughout most of the mid- to high latitudes. This negative correlation
reduces the variance in the total AHT compared to eddy AHT. Last, we find that the temporal distribution of the total
AHT at any given latitude is approximately symmetric.
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1. Introduction

Zonal-mean meridional atmospheric heat transport (AHT)
has long been recognized as important for understanding
Earth’s hydrologic and energetic balances (e.g., Pierrehumbert
2010; Held and Soden 2006; Siler et al. 2018). Historically, AHT
has been used to understand numerous topics including the mi-
gration of the intertropical convergence zone (e.g., Kang et al.
2008), the intensity and location of the storm tracks (Shaw
et al. 2018), and the degree of polar amplification (Hwang et al.
2011). For these applications, AHT is typically calculated at
monthly or longer time scales (e.g., Trenberth and Stepaniak
2003; Donohoe et al. 2020). Meanwhile, an emerging body of
the literature has demonstrated the role of synoptic time-scale
AHT in driving the variability of sea ice and polar warming
(Woods et al. 2013; Laliberté and Kushner 2014; Mortin et al.
2016; Doyle et al. 2011; Cardinale and Rose 2022; Kapsch et al.
2013; Messori et al. 2018; Blanchard-Wrigglesworth et al. 2023)
and has advocated that individual events make disproportion-
ately large contributions to the climatological AHT (Woods
and Caballero 2016; Messori and Czaja 2013). The method used
to calculate AHT at high frequencies differs between studies
(Messori and Czaja 2013, 2015; Lembo et al. 2019; Liang et al.
2018), making it difficult to relate the calculations of high-
frequency AHT to those of climatological AHT.

In this work, we introduce a new method for calculating
AHT at any instant of time. Our methodology is motivated by

two goals: (i) to develop amethod to accurately calculateAHT at
any instant in time that is consistent with existing AHT calcula-
tions at longer time scales and (ii) to develop anAHT calculation
that is strongly related to the heating of the atmospheric column
at 6-hourly to daily time scales and is independent of transient
mass imbalances (Liang et al. 2018).

This manuscript is organized as follows. In section 2, we
introduce the new AHT calculation, demonstrate that it re-
produces more typical AHT calculations (e.g., Donohoe et al.
2020) in the time mean, and present the spatial and seasonal
patterns of AHT variability. In section 3, we demonstrate that
anomalies in our novel metric of AHT are strongly connected
to heating (and moistening) of the atmospheric column. We
then compare our new AHT calculation to previous work that
calculated only one component of the AHT and to the AHT
coming from mass transports in the atmosphere. We find that
our new AHT methodology is better correlated with changes
in atmospheric temperature and moisture than previous work.
In section 4, we examine connections between the two com-
ponents of our AHT calculation (eddy AHT and and the
mean-meridional circulation AHT). We find the two compo-
nents are negatively correlated, with the strongest correlations
in the mid- to high latitudes. Last, we explore the temporal dis-
tribution of AHT (section 5).

2. AHT calculation methodology

Here, we develop a new method of calculating AHT from
three-dimensional atmospheric fields at any instant in time.
We provide a detailed methodology section to illustrate how
our calculation compares to that in previous work. The new
method allows AHT to be calculated at each instant indepen-
dently and makes no reference to the time-mean fields aside
from the time-mean surface pressure.
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The relevant energetic quantity for calculating AHT is the
moist static energy (MSE) defined as

MSE 5 cpT 1 Lyq 1 gZ, (1)

where cp is the specific heat of air, T is the atmospheric tem-
perature, Ly is the latent heat of vaporization, q is the specific
humidity, g is the acceleration due to gravity, and Z is the geo-
potential height.

With our new AHT methodology, we calculate the net
transport of MSE across a latitude band relative to an un-
changing atmospheric mass. By using an unchanging atmo-
spheric mass, we remove the impact that nonzero mass fluxes
can have on AHT, which can be substantial (Liang et al. 2018;
Cox et al. 2023). AHT can thus be thought of as the MSE con-
trasts between poleward and equatorward moving air, which
at a given latitude can be accomplished by two distinct types
of circulations: 1) at a given pressure level, zonal anomalies in
meridional winds acting on zonal anomalies in MSE (hereaf-
ter eddies) and 2) zonal-mean meridional winds at different
pressure levels acting on the vertical gradient in MSE (hereaf-
ter the mean-meridional circulation or MMC). These two
contributions to instantaneous AHT at a given latitude u are
calculated as

total AHT 5
2pa cos(u)

g

!Ps

0
[y]y[MSE]y︸####︷︷####︸
MMC AHT

1 [y *MSE*]︸###︷︷###︸
eddy AHT

( )
dp,

(2)

where y is the meridional wind, p is the pressure, Ps is the
time-mean surface pressure, a is the radius of Earth, square
brackets [] denote zonal averages, overbars (2) denote monthly
time averages, asterisks (*) are departures from the zonal aver-
age, and swords (y) are departures from the vertical average [see
Eq. (6) for details on how the vertical average is calculated]. This
AHT calculation method implicitly conserves mass prior to the
calculation of the MMC AHT by removing the vertical average
y and MSE (Marshall et al. 2014), and requires no further baro-
tropic wind (Trenberth and Stepaniak 2003) or vertically varying
energetic (Bangalath and Pauluis 2020) adjustment. If the verti-
cal averages are not removed, the magnitude and variance of the
MMC AHT change due to the zonal- and vertical-mean mass
flux (section 3).

This method differs from that of Messori and Czaja (2013)
who calculated the transient-eddy portion of the AHT from
the product of the temporal anomalies, relative to the time
mean, in y and MSE at each grid point. Lembo et al. (2019)
calculated AHT as a function of wavenumber at each instant.
Thus, our eddy AHT is different from that in Lembo et al.
(2019) as it comes from zonal anomalies, but our MMC AHT
field is identical or very similar to their wavenumber 0 (k 5 0)
field, depending on whether they use the time-mean or instan-
taneous surface pressure in their calculation. We perform all
AHT calculations using instantaneous ERA5 data from 1979
to 2018 that has been interpolated to 37 vertical pressure lev-
els, has 0.58 horizontal resolution, and has 6-hourly temporal
resolution (Hersbach et al. 2018). Data from pressure levels

greater than Ps at each gridpoint are masked out. We primar-
ily focus on the winter seasons in this work, December–
February (DJF) in the Northern Hemisphere, and June–August
(JJA) in the Southern Hemisphere.

To relate our methodology to the climatological AHT and
previous work on the temporal variability of AHT, it is instruc-
tive to decompose the eddy fields (y * and MSE*) into time-
mean stationary eddies (SE; y * and MSE* ) and transient eddies
(TE; y *′ and MSE*′), where ′ are departures from the time av-
erage. The eddy AHT at a given instant and latitude is then

eddy AHT 5
2pa cos(u)

g

!Ps

0
[y *MSE* ]︸###︷︷###︸

SE AHT

(

1 [y *MSE*′] 1 [y *′MSE* ]︸#############︷︷#############︸
Mixed Terms

1 [y *′MSE*′]︸####︷︷####︸
TE AHT

)
dp: (3)

To calculate the climatological eddy AHT, we take the time
average of Eq. (3) which gives

eddy AHT 5
2pa cos(u)

g

!Ps

0
[y *MSE* ]︸###︷︷###︸

SE AHT

1 [y *′MSE*′ ]︸####︷︷####︸
TE AHT

( )
dp:

(4)

Equation (4) is equivalent to Eq. (3) in Donohoe et al. (2020),
showing the connection between the standard definitions of
AHT and this new calculation methodology.

The time mean of the Mixed Terms in Eq. (3) is 0 because
the time-mean terms (y * and MSE*) can be pulled out of the
time-averaging operator and the time mean of the transient
terms (y *′ and MSE*′) is 0 by definition. Thus, in the time
mean, stationary and transient eddies do not interact and
the eddy AHT can be decomposed into contributions from
the stationary eddies and the transient eddies, which is a re-
sult of the temporal covariance between y and MSE in baro-
clinic eddies (Lorenz 1953).

However, at any instant, the transient-eddy portions of y
and MSE (y *′ and MSE*′) can interact with the stationary
eddy portions of y and MSE (y * and MSE*) to result in non-
zero contributions to the instantaneous eddy AHT by the
Mixed Terms. This contribution is associated with the time-
mean circulation advecting temporal anomalies in MSE and
the anomalous eddy mass transports advecting the time-mean
eddy MSE field, respectively. Some previous work on the
temporal variability of AHT (Messori and Czaja 2013, 2014,
2015) did not diagnose the impact of the Mixed Terms or sta-
tionary eddies on AHT variability and instead focused solely
on the transient eddies. We note that there is no a priori ex-
pectation as to whether the Mixed Terms will enhance or di-
minish the temporal variability (or higher order moments) of
the AHT distribution. However, if the climatological struc-
tures of MSE and y (which contribute to poleward AHT)
were amplified (and diminished) in concert over time, we
expect the AHT temporal variability would be enhanced by
the Mixed Terms. A similar decomposition for the MMC AHT
is also possible and is detailed in the online supplemental
material.
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In the time mean, the AHT calculated from Eq. (2) is nearly
identical to that derived from more standard AHT calculations
(e.g., Donohoe et al. 2020) based on monthly mean atmospheric
fields and eddy covariances (Fig. 1a). This is expected given the
mathematical decomposition highlighted in Eqs. (3) and (4) and
Eqs. (S1) and (S2). While the monthly AHT calculations sepa-
rate eddy AHT into both a transient and a stationary AHT
component, calculating AHT at each instant means we are un-
able to decompose the eddy AHT into stationary and transient
components due to their interaction (e.g., the Mixed Terms).

This new methodology allows us to assess the variability of
AHT at 6-hourly time scales (Figs. 1c,d). We find substantial
variability, with the standard deviation of the total AHT
roughly half its mean value in the mid- to high latitudes. The
standard deviation peaks in the midlatitudes and is higher in
the winter hemisphere. In the tropics, the variability in the to-
tal AHT is dominated by the MMC AHT, while in the extra-
tropics, the variability is dominated by the eddy AHT. In the
extratropics, the standard deviation of eddy AHT exceeds the
standard deviation of the total AHT at many latitudes
(Fig. 1), a topic we explore more in section 4.

3. Connections between AHT and atmospheric
energy changes

AHT variability can also be examined through an energetic
perspective by evaluating the heating and cooling rates implied
by AHT meridional convergence (Figs. 1e,f). The heating and
cooling rates coming from AHT meridional convergence can
be compared to the rates implied by radiative and surface
fluxes and to the actual rates in the atmospheric column. The
standard deviation of AHT meridional convergence is near
100 W m22 throughout most of the midlatitudes and peaks
near the poles where the zonal circumference approaches 0.

The variability of energy convergence from AHT exceeds the
variability in radiation and surface heat fluxes by a factor of
roughly 3 in the midlatitudes. Therefore, AHT convergence is
the dominant driver of atmospheric heating and cooling at
6-hourly time scales at most latitudes (supplemental Fig. 1),
with most AHT convergence balanced by storage in the atmo-
spheric column.

We visualize the atmospheric MSE changes associated with
AHT by regressing the normalized AHT convergence at 508N
against temperature (and humidity) anomalies at different
time lags. The resulting time series (Fig. 2) can be thought of
as the typical atmospheric response to a one standard devia-
tion AHT event in the days before (negative lags) and after
(positive lags) the event. Strong heating and moistening of the
entire troposphere occurs in the days after a meridional
convergence of AHT. The vertically integrated anomalies
(Fig. 2b) show the warming and moistening of the atmo-
spheric column over a swath of latitudes approximately
158 wide centered on 508N in the days after the event, lasting
approximately 4 days. Latitudes farther north and south of
508N show slight cooling concurrent with the warming around
508N. Temperatures at roughly 200 hPa at 508N show cooling
starting near lag-zero and then slowly dissipating (Fig. 2a).
We hypothesize that the cooling aloft stems from a rising of
the tropopause caused by the warming of the troposphere.
We next generalize the connection between meridional AHT
convergence and column temperature and moisture changes
to all latitudes.

We evaluate how well AHT captures changes in atmo-
spheric temperature and moisture by calculating temporal
correlations at each latitude between the AHT meridional
convergence and the column-averaged MSE temporal ten-
dency. This can be done for an individual component of AHT
and for different AHT methodologies. Correlations closer to

FIG. 1. In (a) and (b), the solid lines show the annual-mean AHT components calculated using our 6-hourly calcula-
tion methodology in this study [see Eq. (2)], and the stars show the same annual-mean AHT calculated using the
more typical monthly calculations as in Donohoe et al. (2020). The panels demonstrate the good agreement between
the two methods. The standard deviation of the total AHT and its components calculated using the 6-hourly method-
ology in this paper, are shown for DJF in (c) and JJA in (d). The standard deviation of meridional convergence of
AHT and its components are shown for DJF in (e) and JJA in (f).
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one indicate that the temporal variability in the column MSE
is well explained by the variability of the meridional conver-
gence of AHT. We focus on correlations but note that the re-
gression coefficients are near 1 (not shown), implying that the
dominant energy balance is between AHT convergence and
column MSE changes, whereas atmospheric radiation and
surface heat fluxes play a more minor role at these time scales.
The TE AHT alone (calculated using the methodology in
Messori and Czaja 2013) shows correlations near 0.5 at most
latitudes (purple line in Fig. 3a). The full-eddy AHT shows
stronger correlations, peaking near 0.8, at all latitudes (blue
line in Fig. 3a). The stronger correlations when using the full-
eddy AHT show the importance of the SE AHT and the
Mixed Terms for explaining atmospheric MSE changes. The
total AHT shows still better correlations in the mid- and high
latitudes, owing to the inclusion of the MMC AHT (black line
in Fig. 3a). However, in the tropics, the total AHT is less cor-
related with the column MSE tendency than the eddy AHT
alone. In the tropics, most of the AHT comes from MMC
AHT, and past work has shown that the Hadley cell in ERA5
has issues related to precipitation and latent-heating trend in-
accuracies (e.g., Chemke and Polvani 2019). ERA5 also strug-
gles with the magnitude of tropical precipitation (e.g., Hassler
and Lauer 2021). We speculate that the weak correlations be-
tween the total AHT meridional convergence and the column
MSE tendency in the tropics are related to moisture assimila-
tion tendencies in the reanalysis that do not conserve energy.
In CESM2 (Danabasoglu et al. 2020), the correlations of the
total AHT are near 0.8 at all latitudes including the tropics

(supplemental Fig. 2), supporting the idea that inaccurate pre-
cipitation in ERA5 may be at fault. Correlations are not equal
to 1 partially due to the effects of atmospheric radiation and
surface heat fluxes breaking the connection between AHT
convergence and column MSE changes (Peixoto and Oort
1992; Adam et al. 2016).

Removing the AHT due to the mass transport is also im-
portant for ensuring strong connections between the AHT
convergence and the column MSE tendency. The AHT due
to the mass fluxes alone, which we remove, can be found by
multiplying the zonal- and vertical-mean y with the zonal-
and vertical-mean MSE. Mathematically, the AHT due to
mass transport is

AHT Mass Transport 5
2pa cos(u)

g
([̂y ][̂MSE]), (5)

whereˆ is a vertical average and is defined as

X̂ ;
1
Ps

!Ps

0
(X)dp: (6)

The AHT Mass Transport could also be calculated as the
mass transport required to balance the surface pressure ten-
dency poleward of each latitude, which produces similar re-
sults to Eq. (5).

The total AHT with the AHT Mass Transport included
(red line in Fig. 3b) shows much weaker correlations than the
total AHT alone (black line in Fig. 3b). The weaker

FIG. 2. Temporal evolution of temperature (colors) and humidity (contours) anomalies associated with a one stan-
dard deviation AHT meridional-convergence event at 508N. The plotted values show the normalized lagged regres-
sion against AHT convergence at 508N of (a) the zonal mean at 508N at various pressure levels and (b) the vertical
and zonal mean at various latitudes. Anomalies are calculated as the deviations from the time mean for that day of
the year. Black specific humidity contours are 10 g kg21 with the zero contour excluded.
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correlations when including the mass transport are due to the
AHT Mass Transport being uncorrelated (tropics) or slightly
negatively correlated with the column MSE tendency (mid-
latitudes; yellow line in Fig. 3b). We hypothesize that the nega-
tive correlation between the AHT Mass Transport meridional
convergence and the column MSE tendency is due to the ten-
dency for mass (and thus AHTMass Transport) divergence un-
der the presence of a thermal low. In other words, when the
column is warming, there is a tendency for surface pressure
to decrease demanding export of atmospheric mass from the
region. Altogether, our AHT methodology shows stronger
correlations with the column MSE tendency than alternative
definitions of AHT which neglect the mixed eddy terms and
mass transport considerations.

In addition to creating weaker connections with the column
MSE tendency, calculating only the TE AHT or including the
AHT Mass Transport results in substantially different values
for the variance of the AHT fields. The TE AHT has a
smaller standard deviation than the eddy AHT at all latitudes,
showing that the SE AHT and the Mixed Terms work to en-
hance the variability of the TE AHT alone (Fig. 4). The TE
AHT and eddy AHT standard deviations are closer to each
other in the Southern Hemisphere than in the Northern
Hemisphere, likely because SE AHT plays a more minor role
in the Southern Hemisphere (e.g., Donohoe et al. 2020).

The temporal variability of the AHT Mass Transports is
larger than the variability in the total AHT (excluding mass
transports) at all latitudes, particularly in the tropics (Fig. 1).
The large variability in the AHT Mass Transport agrees with

previous work that found substantial temporal variability in
the AHT if the AHT Mass Transport is not removed (Liang
et al. 2018). Given the weak connections between the AHT
Mass Transport and atmospheric MSE changes, as well as its
enormous temporal variability, we stress that it is vital to per-
form a mass correction when calculating AHT at any time
scale (e.g., Cox et al. 2023).

4. Connections between the MMC and Eddy
AHT components

Total AHT is the sum of eddy and MMC AHT, which do
not operate independently of one another (e.g., Salustri and
Stone 1983; Walker and Schneider 2006; Donohoe et al. 2020;
Cox et al. 2022). In the time mean, previous work has found
connections between eddies and the MMC in both the midlat-
itudes (e.g., Salustri and Stone 1983) and subtropics (e.g.,
Walker and Schneider 2006). The transformed-Eulerian mean
(TEM) framework provides expectation that eddy and MMC
AHT will counteract each other in the mid- and high lati-
tudes; the generation of momentum fluxes by midlatitude ed-
dies, of course, is also crucial in determining the Ferrel cell
(e.g., Wallace et al. 2023).

On shorter time scales, a heat transport in one region forces
a regional secondary circulation response. Since a maximum
in poleward eddy heat transport causes a reduction in the
temperature gradient, an indirect circulation must appear to
keep the flow in thermal wind balance; ascent on the pole-
ward side and descent on the equatorward side act to restore

FIG. 3. Temporal correlations between the meridional convergence of various AHT fields and the vertically inte-
grated MSE temporal tendency with DJF data shown in the Northern Hemisphere and JJA data in the Southern
Hemisphere. Data within 58 of the equator are masked, and the black total AHT lines are identical in both plots. The
TEAHT is calculated as in Messori and Czaja (2013). All data are deseasonalized before correlations are calculated.
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some of the temperature gradient. While this happens region-
ally, the balances also hold in the zonal mean, and the zonal
and time mean of these regional secondary circulations can be
thought of as the Ferrel cell. This zonal-mean picture is the
one we investigate here, namely, the connection between
eddy and MMC AHT on 6-hourly time scales.

To investigate the relationships between the eddy and
MMC AHT fields at 6-hourly time scales, we first make com-
posites based on the strongest 5% of eddy AHT events at
508N during DJF (Fig. 5). The eddy AHT anomalies propagate
northward over time at a scale of approximately 108 day21,
as would be expected in midlatitude synoptic-scale storms
(colors, Fig. 5a). The MMC AHT has negative anomalies
(dashed black lines) that are partially collocated with the posi-
tive eddy AHT anomalies (red shading). The near-collocation
of the maximum anomalies shows that there is near-zero lag
between the two fields. The eddy AHT anomalies are positive
and the MMC AHT anomalies are negative, showing compen-
sation between the two AHT components. There is also some
indication of positive MMC AHT anomalies toward the edge
of the Hadley cell (black contours, Fig. 5a), which are consis-
tent with a temporary strengthening and poleward expansion
of the Hadley cell.

The mass-overturning streamfunction anomalies show a
strengthening Ferrel cell centered around 508N and a strength-
ened and slightly expanded Hadley cell, in line with the MMC
AHT anomalies (Fig. 5b). The anomalies in the streamfunction
show that the MMC AHT anomalies are indicative of robust
changes in the atmospheric dynamics.

We can generalize the relationship between 6-hourly eddy
and MMC AHT to all AHT events, not just the extremes, by
calculating linear regression slopes between the eddy and
MMC AHT data at each latitude during DJF. We use these
regression slopes to find correlation coefficients r at each lati-
tude (Fig. 5c). Lagged regressions between the eddy and
MMCAHT fields do not result in substantially higher correla-
tion coefficients, suggesting that the connections between the
fields happen nearly instantaneously. The regression slopes
are negative at latitudes poleward of 208, indicating that in-
creased poleward eddy AHT is associated with decreased
poleward (or more equatorward) AHT by the MMC just as
was seen for the extreme eddy AHT event composite in
Fig. 5a. In CESM2 (Danabasoglu et al. 2020), slopes are nega-
tive at all latitudes, including the tropics (supplemental Fig. 3).
We hypothesize that the positive slopes in the tropics in
ERA5 in Fig. 5c may be related to the previously mentioned
issues with tropical precipitation in ERA5. All the slopes have
a magnitude , 1, meaning that, on average, the MMC AHT
adjustment only partially compensates for the eddy AHT
changes. Slopes peak at a magnitude of around 0.4 in the
Northern Hemisphere storm track between 508 and 708N. A
slope of 0.4 implies that total AHT events are only about 60%
as large as one would expect from the eddy AHT alone. While
calculation methodologies are different, this result is qualita-
tively similar to that in Lembo et al. (2022).

One result of this negative correlation is that in the mid-
and high latitudes, the total AHT has a smaller standard devi-
ation than eddy AHT (1.9 PW vs 2.2 PW at 508N). This effect

FIG. 4. Standard deviation of AHT and its components with DJF data shown in the Northern Hemisphere and JJA
data in the Southern Hemisphere. Data within 58 of the equator are masked, and the black total AHT lines are identi-
cal in both plots.
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becomes more noticeable at higher latitudes. Interestingly,
the eddy and MMC AHT anticorrelation results in the vari-
ance of the total AHT (via the method used in this work) be-
ing only slightly larger than that of TE AHT (1.6 PW at 508N)
for the following reason: While the Mixed Terms and SE
AHT enhance eddy AHT variance relative to the TE AHT
variance, the inclusion of the MMC AHT reduces the vari-
ance of the total AHT back toward that of the TE AHT
alone.

5. The temporal distribution of AHT

Several previous efforts to quantify the temporal distribu-
tion of AHT (Messori and Czaja 2013, 2015; Lembo et al.
2019) suggest that the histogram of AHT at all Northern
Hemisphere extratropical latitudes is highly positively skewed
with a mode near 0 AHT and some extreme outlier poleward
AHT events. Here, we revisit this result by comparing the
temporal distribution of AHT calculated by our methodology
to the TE AHT calculated as in Messori and Czaja (2013) at
each latitude separately. We find that the AHT distributions
at any given latitude are visually similar for both TE AHT
and total AHT but that the TE AHT distributions have more
positive skewness (Fig. 6). The distributions at 708 and 808N
are quite skinny, with large excess kurtosis values. The
hemispheric distributions (Figs. 6a,b) appear different with
peaks near 0 and long positive tails, in line with previous work
(Messori and Czaja 2013, 2015; Lembo et al. 2019, 2022). The
hemispheric total AHT distribution has a second peak near 6

PW owing to the inclusion of SE AHT, while the hemispheric
TE AHT distribution lacks this second peak. The visually asym-
metric hemispheric distribution comes from combining latitudes
with different mean AHT values, primarily high latitudes where
geometric constraints require that AHT tends toward 0. Despite
the visual asymmetry of the hemispheric distributions, their
skewness values are similar to those of individual latitudes. The
asymmetric hemispheric distribution is not emblematic of the un-
derlying physics of AHT and is instead an artifact of combining
AHT data from different latitudes. Eddy and MMC AHT show
similar results to total and TEAHT (not shown).

Previous work has used the asymmetric hemispheric AHT
distribution (e.g., Figs. 6a,b) as a rationale to focus research
more heavily on extreme AHT events. While this may have
justification for AHT at individual grid points, zonal-mean
AHT at individual latitudes (the AHT quantity examined in
this paper that we found to be closely connected to atmo-
spheric heating) is not heavily skewed in its temporal distribu-
tion. As a result, we argue that it is important to research
what sets the mean and standard deviation of AHT, rather
than just focusing on extreme events.

6. Summary and conclusions

In this work, we introduced a new way of calculating AHT
at any instant. This new AHT methodology is nearly identical
to more typical AHT calculations done at monthly time scales
in the time mean (e.g., Donohoe et al. 2020) and is closely
connected with changes in atmospheric MSE. We illustrate

FIG. 5. (a) Composite anomalies for the largest 5% of eddy AHT events at 508N where colors are the eddy AHT anomalies and black
contours are the MMC AHT anomalies where contour intervals are 0.25 PW and contours with a magnitude , 0.75 PW are not shown.
Dashed black contours are negative. (b) The mass-overturning streamfunction climatology (gray contours with values of plus and minus
0.1, 0.3, 0.6, 1.0, 1.5, 2.0, and 2.5 1011 kg s21) and anomalies (colors) for the same 5% of events at zero lag. Dashed gray contours are nega-
tive. Anomalies are calculated as the deviations from the time mean for that day of the year. (c) Correlations between eddy and MMC
AHT with deseasonalized DJF data shown in the Northern Hemisphere and deseasonalized JJA data shown in the Southern Hemisphere.
Data within 58 of the equator are masked. The red line shows the slope of the linear regression between MMC and eddy AHT, and the
blue line shows the r values based on those slopes.
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FIG. 6. Probability density functions of (left) total AHT and (right) TE AHT
during DJF for (a), (b) the aggregate of plots (c)–(n); (c),(d) 308N; (e),(f) 408N;
(g),(h) 508N; (i),(j) 608N; (k),(l) 708N; and (m),(n) 808N. In each plot, the “s” number
refers to the skewness and the “k” number refers to the excess kurtosis. Skewness,
the third moment of a distribution, is a measure of asymmetry in the distribution, and
excess kurtosis, the fourth moment of a distribution, is a measure of the narrowness
of a distribution. Skewness and excess kurtosis are both 0 for a Gaussian distribution.
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the importance of correcting the mass budget when calculat-
ing AHT, as the AHT coming from the mass transport can be
large and is not well correlated with atmospheric MSE vari-
ability. This work demonstrates that zonal-mean atmospheric
temperature variability is driven primarily by AHT variability.
This paves the way for future work using an AHT perspective
to investigate model biases in temperature variability, heatwave
intensity, and their changes under global warming. A limitation
of this framework is that AHT is strongly related to column-
integrated atmospheric heating and additional work is required
to relate these metrics to surface heating events.

Our new AHT methodology separates AHT into two com-
ponents: one from the eddy AHT and one from the MMC
AHT. We find that these two components are negatively cor-
related, particularly in the mid- to high latitudes where the
MMC AHT associated with the Ferrel cell works to counter
eddy AHT. This results in less variance for the total AHT
than eddy AHT in the mid- to high latitudes due to the com-
pensating effect of the MMCAHT.

Last, we show that the temporal distributions of AHT, cal-
culated at 6-hourly frequency, are approximately symmetric
at individual latitudes. Combining data from different lati-
tudes can obscure this and make the AHT data appear asym-
metric. Given the approximately symmetric distributions of
AHT at any individual latitude, we argue that focusing on
what sets the mean and variability of AHT is more important
than focusing solely on extreme AHT events.
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