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Which Is the More Effective Driver of the Poleward Eddy Heat Flux Variability: Zonal
Gradient of Tropical Convective Heating or Equator-to-Pole Temperature Gradient??

MINGYU PARK? AND SUKYOUNG LEE?

* Department of Meteorology and Atmospheric Science, The Pennsylvania State University, University Park, Pennsylvania
(Manuscript received 5 October 2021, in final form 16 January 2022)

ABSTRACT: Future projections of the poleward eddy heat flux by the atmosphere are often regarded as being uncertain
because of the competing effect between surface and upper-tropospheric meridional temperature gradients. Previous idealized
modeling studies showed that eddy heat flux response is more sensitive to the variability of lower-tropospheric temperature
gradient. However, observational evidence is lacking. In this study, observational data analyses are performed to examine the
relationships between eddy heat fluxes and temperature gradients during boreal winter by constructing daily indices. On
the intraseasonal time scale, the surface temperature gradient is found to be more effective at regulating the synoptic-scale
eddy heat flux (SF) than is the upper-tropospheric temperature gradient. Enhancements in surface temperature gradient,
however, are subject to an inactive planetary-scale eddy heat flux (PF). The PF in turn is dependent on the zonal gradient in
tropical convective heating. Consistent with these interactions, over the past 40 winters, the zonal gradient in tropical heating
and PF have been trending upward, while the surface temperature gradient and SF have been trending downward. These
results indicate that for a better understanding of eddy heat fluxes, attention should be given to zonal convective heating
gradients in the tropics as much as to meridional temperature gradients.
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1. Introduction

The projected tropospheric temperature response under global
warming scenarios is often characterized by a “tug-of-war”
between increased meridional temperature gradient in the upper
troposphere that owes to enhanced tropical upper-tropospheric
warming, and decreased meridional temperature gradient at the
near-surface caused by Arctic amplification (O’Gorman 2010;
Barnes and Polvani 2015; Vallis et al. 2015). Because the atmo-
spheric circulation responses to these opposite changes in the
equator-to-pole temperature gradients may compensate each
other (Butler et al. 2010; Shaw et al. 2016; Screen et al. 2018), this
tug-of-war has been regarded as a source of uncertainty in the
projected climate change (Cattiaux and Cassou 2013; Harvey
et al. 2014; Barnes and Polvani 2015).

The premise of the tug-of-war is that the climate response in
question—e.g., storm tracks, jets—is realized through baroclinic
eddies which respond to meridional temperature gradients.
Prior studies have attempted to address this question by investi-
gating the eddy response to changes in the meridional tempera-
ture gradients using numerical models (Held and O’Brien 1992;
Pavan 1996; Lunkeit et al. 1998; Yuval and Kaspi 2016, 2020).
By employing a three-layer quasigeostrophic (QG) model,
Held and O’Brien (1992) examined the sensitivity of eddy
fluxes to upper- and lower-level vertical wind shear (which is
equivalent to the meridional temperature gradient in that layer)
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and found that eddy fluxes in their model are more sensitive to
changes in lower-level vertical shear (their Fig. 8). A consistent
conclusion was drawn by Pavan (1996) and Lunkeit et al.
(1998), who, respectively, used a multilayer QG model and a
simplified global circulation model (GCM). More recently,
Yuval and Kaspi (2016, 2020) attempted to address this ques-
tion using the dry dynamical core of a GCM. When the model
temperature profile is forced to mimic the temperature trends
in a global warming scenario, their results showed that the eddy
heat flux response is more sensitive to the lower-level tempera-
ture gradient (Yuval and Kaspi 2020, their Figs. 6 and 7).

In this study, we examine the sensitivity of the eddy heat
fluxes to changes in the mean temperature gradient using an
observational dataset. Because baroclinic eddy time scale is
on the order of days, complementing these modeling studies,
daily observational data can be used instead to examine
whether and to what extent eddy heat fluxes respond to the
meridional temperature gradients on the intraseasonal time
scale. In addition, Chemke and Polvani (2020) showed that
over the most recent four decades, across reanalysis products,
there have been declining trends of the Northern Hemisphere
annual-mean eddy heat fluxes in the lower troposphere. This
eddy heat flux trend is correlated with the decreasing trend of
the surface meridional temperature gradient which primarily
reflects the Arctic warming. Motivated by this recent finding,
we also examine the interdecadal variability of the upper
tropospheric and the surface temperature gradient and its
linkage to the eddy heat flux variability.

Another source of eddies that participate in the observed pole-
ward heat transport is the zonally varying tropical convective
activities. Examining the life cycles of planetary-scale (zonal
wavenumbers k = 1-3) and synoptic-scale waves (zonal wave-
numbers k = 4-72) separately, Baggett and Lee (2015) showed
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that planetary-scale eddies excited by localized tropical con-
vection effectively tap zonal available potential energy and
enhance poleward heat transport. In fact, the planetary-scale
eddy contribution to poleward heat transports and subsequent
Arctic surface temperature change is dominant over the con-
tribution by synoptic-scale eddies (Baggett and Lee 2015;
Graversen and Burtu 2016). Other recent studies supported
this finding by showing that Arctic temperature variability is
affected by poleward-propagating planetary-scale eddies
excited from the localized tropical diabatic heating (Lee et al.
2011; Yoo et al. 2012; Goss et al. 2016; Park and Lee 2019,
2021). Therefore, we also investigate the relationship between
eddy heat flux and an index that measures the degree of zonal
asymmetry in tropical convective heating. The result will then
be compared with the relationships between eddy heat flux
and the equator-to-pole temperature gradients. Although
orography also plays a role in driving planetary-scale circula-
tion (e.g., Held et al. 2002), it is not considered in this study.

2. Data and method

In this study, we use temperature and meridional wind from
the fifth generation of the European Centre for Medium-
Range Weather Forecasts (ECMWF) reanalysis (ERAS;
Hersbach et al. 2020) for the period spanning from 1979/80 to
2018/19 December to February (DJF). The daily mean data
are used by averaging four 6-hourly fields with a 1.25° X 1.25°
horizontal resolution and 37 pressure levels. Potential vorticity
data are used to indicate the dynamic tropopause by the 2
potential vorticity unit (PVU; 10"® K kg ™' m~2s™!) isoline.

Throughout the study, eddy is defined as a deviation from the
zonal mean, and eddy heat flux is denoted by |v*6"|, where
v indicates meridional wind and 6 indicates potential tempera-
ture. The brackets indicate the zonal mean and the asterisk indi-
cates a deviation therefrom. Although it is well established that
transient, synoptic-scale eddy heat fluxes follow the flux—gradient
relationship (e.g., Green 1970; Lorenz 1979; Kushner and Held
1998; Franchito and Rao 2003), motivated by a recent finding
that planetary-scale eddy growth is independent of the meridio-
nal temperature gradient and zonal available potential energy
(Baggett and Lee 2015), we separate eddy heat fluxes into plane-
tary-scale (zonal wavenumbers 1-3; hereafter, PF) and synoptic-
scale (zonal wavenumbers greater than or equal to 4; SF) contri-
butions, and denote them by [vp 0;] and |v} 6 |, respectively. The

results are qualitatively unchanged if zonal wavenumber 3 is
excluded from the PF and if zonal wavenumbers larger than 10
are excluded from SF. A daily mean eddy heat flux is obtained
by averaging the four 6-hourly fluxes, and its daily anomaly is
obtained by removing a seasonal cycle that retains the first 10
harmonics of the calendar-day mean values. We found that the
results are insensitive to the choice of the number of harmonics
to define the seftzsonal cycle. The unit of eddy heat flux is con-
verted to W m ~ by multiplying the specific heat of the gas at

constant pressure and the DJF climatological air density.
For convective heating, the daily mean data with the same

horizontal and vertical resolution are derived from the Japanese
55-year Reanalysis dataset (JRA-55; Kobayashi et al. 2015),
because ERAS does not provide convective heating as an
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individual variable separated from total diabatic heating. Previ-
ous studies showed that large-scale circulation associated with
the convective heating from JRA-55 bears a close resemblance
to that from the ECMWEF interim reanalysis (Dee et al. 2011)
(e.g., Park and Lee 2019; Clark and Feldstein 2020; Gong et al.
2020). To further ensure that the choice of reanalysis dataset
does not affect our conclusion, we computed the eddy heat
fluxes using JRA-55 and found them nearly identical to those
computed from ERAS (online supplementary Fig. S1). We also
addressed potential biases in the zonal gradient of reanalysis
diabatic heating by comparing it with the Global Precipitation
Climatology Project data (GPCP; Huffman et al. 2001) which
will be discussed in the result section.

In some of the previous climate modeling studies, the latitudi-
nal temperature profile is represented by the Legendre polyno-
mials that are a set of orthogonal functions (e.g., North 1975;
Held and Hou 1980; Merlis and Henry 2018). By using the
Legendre polynomial expansion, the zonal-mean temperature
can be expressed as

T(@) = Z anPn(Sine),

where 0 is latitude, P, is the nth-order Legendre polynomial, a,,
is the nth-order Legendre polynomial coefficient of the zonal-
mean temperature. The temperature difference between equa-
tor and pole can be estimated by a, (i.e., the second-order
Legendre polynomial coefficient) multiplied by 1.5. Applying
the Legendre polynomial expansion to the daily mean tempera-
ture data, we obtain a daily time series of a,. We multiply —1.5
to the resultant time series so that positive values correspond to
enhanced equator-to-pole temperature gradients. To construct
an index that measures the daily variability of a,, we derive a
daily a, anomaly by removing its seasonal cycle. This time series
is normalized by its DJF standard deviation and mean. The
resulting time series is referred to as the 7y index; the 7T}, 300 and
T »m indices represent the equator-to-pole temperature gradi-
ent at 300 hPa and 2 m, respectively. A composite analysis with
the anomalously large T, index values demonstrates that our 7,
indices capture the intended meridional temperature gradients
(Figs. 1a—d).

An index that quantifies the zonal asymmetry in tropical con-
vective heating is defined as the difference between the western
and the eastern domains of tropical convective heating (Q,):

Oy = Owest = Qeasts

where Qyest and Q.. are the area-weighted tropical convective
heating averaged over the western (30°S-30°N, 120°E-180°)
and eastern (30°S-30°N, 70°-177.5°W) tropical Pacific, following
Clark and Lee (2019). The Q, anomaly is derived by removing
its seasonal cycle and then normalized by its DJF standard devi-
ation. We refer to this normalized time series as the Q. index
hereafter. Figures le and f show the variability of the zonal con-
vective heating gradient captured by this O, index.

We found that the T, index exhibits an e-folding time of
about 7 days, while that of the 7 3y index is 5 days and that
of the Q, index is 4 days (supplementary Fig. S2). This indi-
cates that all three indices grow and decay exponentially
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F1G. 1. (a)-(d) Zonal-mean composites of temperature anomalies during (a) the
Ty, index > 1.0 day, (b) the 75y, index <—1.0 day, (c) the T30 index > 1.0 day,
and (d) the 7} 30 index <—1.0 day. Black lines indicate the climatological isentropic
surfaces with an interval of 10 K, ranging from 270 to 350 K. (e),(f) Composites of the
JRA-55 vertically integrated convective heating anomalies during (e) the Q, index >

1.0 day and (f) the Q, index <—1.0 day.
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within one week. For the statistical significance test of the
regression coefficients in Figs. 2—4, a two-sided nonparametric
permutation test has been employed where random samples
are drawn without replacement (Wilks 2011). A p value of
regression coefficient is computed from a null distribution
constructed by 1000 random samples for regression maps
(Figs. 2 and 3) and 10000 random samples for time series

(Fig. 4).

3. Relationships between poleward eddy heat flux and
meridional temperature gradients and between
poleward eddy heat flux and zonal convective
heating gradient

We begin our analysis by examining latitude—pressure cross
sections of eddy heat fluxes regressed against each of the three
indices. Figure 2 shows the regression cross sections of daily
PF anomalies onto the T,y index (top), the T3y index
(middle), and the Q, index (bottom) for the recent 40 boreal
winters (i.e., 1979/80-2018/19, DJF). The results do not change
qualitatively but the anomalies are stronger if the recent 25
winters (i.e., 1994/95-2018/19, DJF) are used instead (not
shown). For PF, we show regression coefficients at lag days
=7, 0, and +7, and for SF, regression coefficients at lag days
=3, 0, and +3. As will be described later, these lag days are
chosen based on at which lag day the local extremum of a
domain-average regression coefficient occurs (Fig. 4).

For the surface meridional temperature gradients, we find
that negative PF regressions at lag days —7 to 0 precede the
local temperature gradient extremum at lag day 0 (Figs. 2a,b).
This indicates that negative (positive) PF anomalies precede
an enhanced (suppressed) temperature gradient. As shown in
Figs. 1a and 1b, these temperature gradient changes owe their
existence to anomalous warming or cooling over the Arctic.
This finding indicates that on the intraseasonal time scale,
enhancements of the surface meridional temperature gradient
are contingent upon anomalously weak PF, and vice versa. In
the former case, following the enhanced temperature gradient,
PF increases (Fig. 2c), but the amplitude of this positive PF
anomaly is much less than that of the negative PF anomaly that
led to the local temperature gradient maximum in the first
place. This result is consistent with the finding by Baggett and
Lee (2015) that a typical growth of PF is not contingent upon
any prior condition of enhanced zonal available potential
energy (ZAPE), but that the PF growth leaves behind a state of
depleted ZAPE which translates into a weakened meridional
temperature gradient. Therefore, conversely, if PF is suppressed,
meridional temperature gradient must be anomalously strong.

The PF also appears to regulate the upper-level meridional
temperature gradient, because once again PF is anomalously
negative ahead of an increase of the T, 39 index (Figs. 2d.e).
However, this negative relationship is weaker than that for
the surface temperature gradient and persists for a shorter
time period. This behavior will be revisited later with regard
to Fig. 4. Following the enhanced upper-level temperature
gradient, PF is substantially enhanced throughout the extra-
tropical troposphere poleward of 50°N (Fig. 2f).
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PF anomalies are regulated by the zonal asymmetry in tropical
convective heating; negative regressions indicate that extra-
tropical PF anomalies are mostly negative (positive) prior to
an enhancement (suppression) of the O, index (Fig. 2g). But
by lag day 0, in case of the enhanced Q, index, PF anomalies
turn to mostly positive except in the limited region between 40°
and 60°N (Fig. 2h). By lag day 7, extratropical PF anomalies
are firmly positive (Fig. 2i). The opposite relations are drawn if
the O, index anomalously decreases. Because it takes about one
week for the Rossby waves excited in the tropics to propagate
into the extratropics (Hoskins and Karoly 1981), this relatively
long time delay is to be expected.

The same lag regression analysis is performed on SF anomalies
(Fig. 3; note that the range of color bar is reduced by half). We
see that an enhanced surface temperature gradient leads a
growth of SF anomalies (Figs. 3b,c), and this growth wins the
weak negative SF anomalies present in the negative lags. As a
result, in contrast to the PF anomalies, the net SF anomaly is
overall positive when averaged over the eddy time scale (e.g., lag
—7 to +7 days; not shown), as in the baroclinic life cycle studies
(Simmons and Hoskins 1978; Thorncroft et al. 1993). However,
different SF behavior is found for the upper-level temperature
gradient in that the local temperature gradient maximum tends
to be preceded by negative midlatitude SF anomalies (Fig. 3d).
SF anomalies poleward of 60°N start grow in the upper tropo-
sphere on lag day 0 (Figs. 3d,e), but this SF growth is weaker
than that associated with the surface temperature gradient
(Fig. 3f). The regressions against the Q, index show that weakly
positive SF anomalies in the tropics precede the enhanced zonal
asymmetry of convective heating (Figs. 3g,h). However, negative
SF anomalies become prominent in the midlatitude within a
week (not shown). We note that the signs of SF anomalies are
opposite in the above discussion in case of the negative index
value at lag day 0.

We tested the sensitivity of the regression results to the defini-
tion of the temperature gradient. The alternative definition that
we used is the tropical average (15°S-15°N) minus the high-
latitude average (60°-90°N) temperature. It turned out that the
aforementioned lead-lag relationships hold, with stronger mag-
nitudes across all lag days (supplementary Figs. S3 and S4).

The results thus far show that the eddy flux—temperature/heat-
ing gradient relationships show significant temporal variations.
Therefore, we examine the time series of regression coefficients
between the three indices and the domain-averaged tropospheric
eddy heat fluxes from lag —20 to +20 days. The domain (i.e.,
30°-80°N, 300-1000 hPa) of the tropospheric eddy heat flux is
chosen based on the structure of the climatological eddy heat
fluxes (supplementary Fig. S1) and the regression fields (Figs. 2
and 3). We found that our conclusions are insensitive to the
choice of eddy heat flux domain (e.g., 20°-90°N, 30°~70°N, and
50°-90°N).

In the negative lags, PF anomalies are negatively correlated
with all three indices (Figs. 4a,c,e), with the strongest relationship
in the surface temperature gradient. With respect to the sur-
face temperature gradient, PF minimum peaks at lag day —5
(Fig. 4a). A day later, at lag day —4, SF starts to increase
(Fig. 4b). PF regression coefficients turn positive in the posi-
tive lags, but with much smaller magnitudes than the
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FIG. 2. Lag-regression maps of planetary-scale (k = 1-3) eddy heat flux onto (top) the 7 ,,, index, (middle) the T\ 3, index, and
(bottom) the Q, index during 1979/80-2018/19, DJF, at (a),(d),(g) lag day —7, (b),(e),(h) lag day 0, and (c),(f),(i) lag day +7. Stip-
pling indicates the 1% significance level and correlation value larger than 0.05. Statistical significance is evaluated by a two-sided
permutation test with 1000 random samples. The 2-PVU isoline is denoted by a red contour in each panel.
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FIG. 3. As in Fig. 2, but for synoptic-scale (k = 4-72) eddy heat flux at (a),(d),(g) lag day —3, (b),(e),(h) lag day 0, and (c),(f),(i) lag day +3.

For visualization, the range of the color bar is reduced by half from that in Fig. 2.

negative values in the negative lags. These lead-lag relationships
indicate that the surface temperature gradient variability is regu-
lated by planetary-scale eddies. This finding is consistent with
previous studies that examined relationships between eddy heat
fluxes and the tropospheric isentropic slope which is proportional

to the meridional temperature gradient (Thompson and Birner
2012; Park and Lee 2021). In Figs. 4a and 4b, if integrated over
lag days, PF and SF regressions oppose each other. This result is
also consistent with previous findings that during boreal winter
stationary and transient eddy energy fluxes oppose each other
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(b) Ty, 2m vs SF
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FIG. 4. Lag time series of regression coefficients between (a) the T, ,r, index vs the tropospheric planetary-scale eddy
heat flux and that between (b) the T, index and the tropospheric synoptic-scale eddy heat flux for 1979/80-2018/19
DJF days. (c)-(f) As in (a) and (b), but regressed against (c),(d) the T}, 300 index and (e),(f) the O, index. Filled circles
indicate the 0.1% significance level, while open circles indicate the 5% significance level. Statistical significance is evalu-
ated by a two-sided permutation test with 10 000 random samples.

(Trenberth and Stepaniak 2003; Kaspi and Schneider 2013;
Barpanda and Shaw 2017; Shaw et al. 2018). This compensa-
tion between PF and SF (or stationary and transient eddy
heat fluxes) may help explain why the correlation between
the eddy heat flux and meridional temperature gradient is
smaller in the Northern Hemisphere (NH) than that in the
Southern Hemisphere (Chemke and Polvani 2020).

For the upper-tropospheric temperature gradient, the evolu-
tion of PF and SF anomalies are more symmetric about lag day 0
in the sense that negative heat flux anomalies appear in the nega-
tive lags and positive heat flux anomalies prevail in the positive
lags (Figs. 4c,d). This time evolution indicates that the tempera-
ture gradient is enhanced if these heat fluxes are anomalously
weak, and in turn the enhanced temperature gradient promotes
the growth of the heat fluxes. This lead-lag relationship is to be
expected from the flux—gradient relationship. However, the
growth of the SF anomalies in the positive lags is weaker than
that associated with the surface temperature gradient (Fig. 4b),
indicating that SF is more sensitive to the surface temperature
gradient than it is to the upper-tropospheric temperature gradi-
ent. This SF sensitivity to the surface temperature gradient is

consistent with the finding from a recent idealized modeling
study (Yuval and Kaspi 2020).

For the zonal gradient of tropical convective heating, both
PF and SF are rather asymmetric with respect to the O, index:
the Q, index extremum is preceded by negative PF anomalies
(Fig. 4e), but they are notably smaller in magnitude than the
positive PF anomalies that follow in the positive lags; the SF
anomalies show more striking asymmetry in that significant
anomalies are present only in the positive lags, and the anoma-
lies are negative, suggesting that SF declines in response to an
enhanced Q. The time sequence that positive PF anomaly pre-
cedes negative SF anomaly can be understood from the rela-
tionships between the surface temperature gradients and eddy
heat fluxes (Figs. 4a,b); positive PF anomaly reduces the merid-
ional temperature gradient, which is ensued by negative SF
anomaly. The time sequence of positive O, anomaly — posi-
tive PF anomaly — negative SF anomaly is in line with a recent
finding that enhanced zonal gradient in tropical convection
during the preceding December contributes to a hemisphere-
wide suppression of extratropical storm tracks during January
(Park and Lee 2020).
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FIG. 5. MJO phase-space diagram based on lag correlation
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correlation values at each lag day, and 5-day labels are overlaid on
phase line.

That PF is anomalously weak ahead of the Q, index maximum
raises an interesting question because, unlike for the meridional
temperature gradients, there is no obvious reason as to why
extratropical PF anomaly might influence the zonal gradient of
tropical convection. Based on the 30-40-day periodicity evident
in Fig. 4e, we hypothesize that the behavior of the PF regression
coefficients in part reflects the influence of Madden—Julian oscil-
lation (MJO; Madden and Julian 1971) variability. To examine
this possibility, we perform a lag correlation analysis of the real-
time multivariate MJO (RMM; Wheeler and Hendon 2004)
indices against the Q. index. The result shows the presence of
phase 1 (suppressed Q,) at lag day —20 and phase 5 (enhanced
Q,) at lag day —1 (Fig. 5). This finding that the MJO regulates
the Q, variability and the subsequent poleward heat flux is con-
sistent with the result of Lee and Yoo (2014). Thus, we conclude
that the anomalously weak PF anomaly in the negative lags
reflects the PF response to MJO phase 1 which produces more
zonally uniform convective heating.

Lag correlations corresponding to the lag regressions in
Fig. 4 show the largest correlation (r = —0.3) when PF is cor-
related with the T, index (supplementary Fig. S5). This
finding reveals that approximately 9% of the variance in the
surface equator-to-pole temperature gradient is explained by
PF variability.

From these analyses, we draw three conclusions about eddy
heat fluxes in the NH during DJF. First, it is the T}, 300 index
and the Q, index that result in the enhancement of the extra-
tropical PF anomalies (Figs. 4c,e). Second, an enhancement in
the surface meridional temperature gradient is contingent
upon suppressed PF anomalies (Fig. 4a) and, as expected from
the flux—gradient relationship for baroclinic waves, SF grows
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following the anomalously strong surface temperature gradient."
Third, an enhancement in the upper-tropospheric meridional
temperature gradient occurs if PF and/or SF are anomalously
weak (Figs. 4c,d). The net effect of the upper-level baroclinity
on positive SF anomalies is weaker than that of the surface
baroclinity (Figs. 3c.f and 4b,d).

While the results hitherto describe the relationships between
eddy heat fluxes and each index, these indices are not necessarily
independent of each other. Therefore, we examine if the three
indices are correlated with each other (supplementary Fig. S6).
It is shown that both the Q, and T 309 indices precede the T, 5n
index by a few days, and there is a 30-40-day periodicity. The
periodicity, together with the presence of the MJO phase propa-
gation associated with the Q, index (Fig. 5), suggests that the
MIJO plays an important role in connecting the variability of the
temperature gradients to the O, index. In fact, Lee and Yoo
(2014) examined temperature variability associated with the
MIJO and found that an increase/decrease of the upper-tropo-
spheric temperature gradient precedes an increase/decrease of
the surface temperature gradient by a few days (their Fig. 2). As
discussed earlier, both the Q. index and the 7,3, index lead the
anomalous growth/decay of extratropical PF by a few days (Figs.
4c,e), which modulates the surface temperature gradient. Thus,
the time sequence of enhanced zonal heating asymmetry and
upper-level temperature gradient — positive PF anomaly —
negative surface temperature gradient, or vice versa, can be in
part explained by the MJO variability.

4. Trends of the meridional temperature gradients, zonal
convective heating gradient, and eddy heat fluxes

Returning to the topic of the temperature gradient trends
raised in the introduction, we examine the time series of the sea-
sonally averaged three indices (Fig. 6) and temperature anoma-
lies over the tropics and the polar region (Fig. 7) for the past 40
winters. We see that the 7y, index has indeed been declining
(Fig. 6a), but there is no trend in the T3y index (Fig. 6b)
according to a nonparametric Mann—Kendall trend test (Mann
1945). This second result owes to the fact that the warming rate
in the polar upper troposphere (0.3 K decade ™ !; Fig. 7b) is as
strong as that in the tropical upper troposphere (0.2 K decade ™!
Fig. 7d). Consistent with the trends of the P, indices, the
time series of the temperature difference between the polar
region and the tropics at the upper troposphere shows no
trend (Fig. 7f), while that at the surface reveals a strong declining
trend (Fig. 7e). The muted upper-tropospheric temperature trend
is at odds with the climate model predictions. This discrepancy
could be attributed to internal variability in nature or uncertain-
ties in observation data (Santer et al. 2017; Suarez-Gutiérrez et al.
2017), but also to the too aggressive warming of tropical upper
troposphere (Fu et al. 2011; McKitrick and Christy 2020; Mitchell
et al. 2013; Bao et al. 2021) and not enough warming in the

! Figure 4a shows positive PF regression values in the positive
lags, implying that some of the PF also follow the flux—gradient
relationship. However, the negative PF values in the negative lags
are far greater than the positive values, and the former cannot be
explained by the flux—gradient relationship.
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at the upper-left corner. The p values of the interdecadal trends are evaluated by a Mann—Kendall

trend test.

Arctic upper troposphere (Cohen et al. 2020) in models. Regard-
less, we find that the “tug-of-war” has not been occurring in
nature, at least over the analysis period.

Instead, the zonal asymmetry of tropical convective heating,
which is shown to be effective at promoting PF into the Arctic,
has been gradually intensifying (Fig. 6¢). This result is corrob-
orated by other recent findings that the tropical Pacific zonal
SST gradient has been increasing over the past several decades
(Chung et al. 2019; Clark and Lee 2019; Seager et al. 2019;
Johnson et al. 2020), and by outgoing longwave radiation over
the recent 40 winters (not shown).

This reanalysis-based O, trend is compared with the GPCP
precipitation trend. Chemke and Polvani (2019) showed that in
the 1979-2010 period, the trends in reanalysis latent heating are
much stronger than the GPCP precipitation trends over the
tropics. Therefore, we investigate if the zonal distribution trend
of the GPCP precipitation is consistent with that of the JRA-55
convective heating and also the ERAS precipitation (supplemen-
tary Fig. S7). We found that in all three datasets, the zonal gra-
dients of the heating/precipitation have been increasing. Over
the domain of the Q, index (30°S-30°N, 120°E-70°W), the pat-
tern correlation between the GPCP and the ERAS precipitation
trends is 0.81 and that between the GPCP and the JRA-55 heat-
ing trends is 0.63. To ascertain the sensitivity of the results
derived from the Q, index, we further examined the regression

of eddy heat fluxes against an alternative Q. index constructed
using the GPCP. As shown in supplementary Fig. S8, we again
found that both PF and SF regressions using the GPCP-based O,
index are qualitatively consistent with those using the JRA-55
heating. Therefore, we conclude that the qualitative results of
this study are insensitive to the choice of data for the O, index.
Given the relationships between the eddy heat fluxes and the
O, and T, indices, the fact that these indices show significant
trends suggests that eddy heat fluxes also underwent significant
trends (Fig. 8). We see that trends in total eddy heat flux (TF)
display positive signs at the subtropical upper troposphere and
the 30°-50°N latitudinal band, whereas negative signs are prom-
inent in the 50°-80°N band at the lower troposphere (Fig. 8a).
Moreover, Figs. 8b and 8c show that the SF trends account for
the dipole meridional structure in the TF trends, whereas the
PF trends tend to negate the TF trends. The weakening lower-
tropospheric SF trends are consistent with previous findings
(e.g., Chemke and Polvani 2020; Yuval and Kaspi 2020) and
conform to the flux—gradient relationship. However, the same
flux—gradient relationship cannot explain the increasing PF
trends. Indeed, Park and Lee (2021) showed that localized trop-
ical heating anomalies can drive extratropical PF anomalies and
regulate the extratropical isentropes that subsequently suppress
SF anomalies. Caution is still warranted, however, because the
eddy heat flux variability on longer time scales could be also
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FIG. 7. Time series of the cosine-weighted zonal-mean temperature anomalies averaged over 60°-90°N at (a) the
surface (i.e., 2 m) and (b) 300 hPa for 1979/80 to 2018/19, DJF, with the convention that the starting year 1980 refers
to the 1979/80 DJF. (c),(d) As in (a) and (b), but averaged over 15°S-15°N. (e),(f) Time series of difference between
(c) and (a) and between (d) and (b), respectively. Red and blue lines indicate positive and negative linear trends,
respectively. The p values of the interdecadal trends are evaluated by a Mann—Kendall trend test.

affected by orography or transient eddy forcing (Held et al.
1989, 2002). Such linkages on the interdecadal time scale will be
further investigated in a future study.

5. Discussion and conclusions

In this study, using reanalysis data, we examined how eddy
heat fluxes are related to the upper-tropospheric and surface
meridional temperature gradients, and to the zonal gradient of
tropical convective heating. Key findings are summarized as fol-
lows: First, on time scales of baroclinic eddy life cycles, the sur-
face temperature gradient anomalies are regulated by planetary-
scale eddy heat flux, while synoptic-scale eddy heat flux responds
to variations in the surface temperature gradient. These relation-
ships are consistent with the findings in previous studies that sep-
arated eddy activities by length scales (Baggett and Lee 2015;
Graversen and Burtu 2016; Park and Lee 2021) and by time
scales (Thompson and Birner 2012). Second, with respect to the
upper-tropospheric temperature gradient, both PF and SF follow
the flux—gradient relationship, and PF variability is greater than

SF variability. Last, we found that the zonal asymmetry of tropical
convective heating is also influential in driving positive PF anoma-
lies in the extratropics. This positive PF anomaly reduces meridio-
nal temperature gradient especially at the surface, leading to
suppressed SF anomalies. These physical processes suggest that
the upward trending heating asymmetry (Fig. 7c) has contributed
to the declining surface temperature gradient (Fig. 7a).

As a way to further explore this possibility, we computed the
correlation between the DJF-mean Q. index and the T),n,
index (supplementary Fig. S9). The result reveals that they are
negatively correlated (r = —0.319, p = 0.045). If we remove four
outliers that correspond to particularly strong El Nifio years,
the relation becomes even stronger (r = —0.402, p = 0.015). This
result indicates that during winters of enhanced zonal heating
asymmetry, the surface meridional temperature gradient tends
to be suppressed. The implication is that the intraseasonal-time-
scale relationship between Q, and Ty, is manifested also on
the interannual time scale.

By examining daily time-scale variability, we show evidence
that SF responds to PF variations. In the context of the
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anomalies for 1979/80-2018/19. Stippling indicates a statistical significance at the 10% level evaluated by a Mann—Kendall trend test, while
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atmospheric energy transport, prior studies have shown similar
compensations, but between stationary and transient eddy
fluxes (e.g., Trenberth and Stepaniak 2003; Kaspi and
Schneider 2013; Barpanda and Shaw 2017; Shaw et al. 2018).
For example, employing a moist static energy (MSE) frame-
work, Barpanda and Shaw (2017) showed that compensation
between stationary and transient eddy energy fluxes occurs on
time scales from seasonal to centennial time scales.

More recently, Shaw and Graham (2020) showed in their
snowball Earth simulations that transient eddy MSE flux is
more strongly correlated with surface moisture gradient,
rather than surface or lower-tropospheric temperature gradi-
ent. Thus, the eddy interactions are not just mediated by the
meridional temperature gradients. Nevertheless, the results of
this study point out that attention should be given to the zonal
convective heating gradient as much as to the meridional tem-
perature gradients.
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