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Abstract

This study investigates how El Nifio—Southern Oscillation (ENSO) modulates the poleward transport of moist static
energy (MSE) in the Northern Hemisphere winter. When an ENSO index increases by its one standard deviation,
the MSE transport is enhanced by approximately 6% in the tropics (0°~15°N) and by 5% in the poleward of 40°N,
while it is decreased by approximately 6-10% in 15°-40°N. The transport anomaly is mainly driven by changes

in the mean meridional circulation associated with ENSO, with dry static energy transport being dominant over latent
energy transport. In the extratropics, contributions from stationary and transient eddies are large, but tend to can-
cel each other out. The mean meridional transport anomaly is primarily explained by changes in the circulation,
not by changes in the MSE. This contrast with the stationary transport anomaly, which consists of both circulation-
driven and energy-driven changes. The transient dry static energy transport is the only component that follows
the flux—gradient relationship. The study underscores the importance of changes in atmospheric circulation, rather
than just energy itself, in shaping how energy is transported across latitudes during ENSO events.
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Introduction

The meridional transport of moist static energy (MSE)
plays an important role in maintaining Earth’s energy bal-
ance (Alexeev et al. 2005; Armour et al. 2019; Held and
Soden 2006; Trenberth and Caron 2001; Trenberth and
Stepaniak 2003b; Zelinka and Hartmann 2012). The MSE
transport is dynamically determined by the meridional
wind and the MSE itself. The resulting climatology of the
MSE transport shows a smooth structure, with maximum
poleward transport at midlatitudes (Hartmann 2016; Pei-
xoto and Oort 1992). Energetically, climatological MSE
transport must balance the energy surplus in the trop-
ics and the deficit at high latitudes to maintain overall
energy balance. This means that the time-averaged struc-
ture of the meridional MSE transport is determined by
the energy exchanges at the top and bottom boundaries
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of the atmosphere. Additionally, the climatological MSE
transport can be described diffusively, driven by the gra-
dient of the climatological mean MSE. From this per-
spective, a gradient in the climatological MSE must result
in a downgradient flux of the MSE (Armour et al. 2019).
In a warmer climate, an increase in the poleward MSE
transport is anticipated based on the flux—gradient rela-
tionship (Held and Soden 2006; Merlis 2014; North
1975). This expectation arises from the Clausius—Clap-
eyron relation for constant relative humidity, which sug-
gests that humidity increases more rapidly in the tropics
than in other regions. Consistent with this diffusive per-
spective, climate models generally project an increase in
poleward MSE transport (Armour et al. 2019; Held and
Soden 2006; Hwang and Frierson 2010). However, recent
evidence suggests that the MSE transport trend in recent
decades does not fully align with the diffusive perspective
(Clark et al. 2022). Instead, the dynamical perspective
may offer a better framework for understanding the tem-
poral variability in MSE transport. This is because, at any
given moment, the MSE transport is likely to be driven
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dynamically by the circulation rather than diftfusively by
the MSE itself. This is especially true as the time scale of
interest becomes shorter.

In this study, we use the El Nifo—Southern Oscilla-
tion (ENSO) as a specific example to investigate how
MSE transport changes on an interannual time scale. We
choose ENSO because of its dominance in interannual
time scale. Furthermore, we have a solid understanding of
its effects on global temperature and precipitation (Lyon
and Barnston 2005; Seager et al. 2005; Trenberth 1998),
circulations such as the Hadley circulation (Guo and Li
2016; Oort and Yienger 1996; Sun and Zhou 2014), and
stationary waves (Hoskins and Karoly 1981; Seager et al.
2010; Trenberth 1998). During El Nifio, the central and
eastern tropical Pacific becomes anomalously warmer,
enhancing convection and thus latent heating in the
equatorial upper troposphere (Cai et al. 2014; Sullivan
et al. 2019). This enhanced heating strengthens the Had-
ley circulation (Quan et al. 2004) and amplifies stationary
waves, particularly over the Pacific Ocean (Seager et al.
2010). As a result, poleward MSE transport is expected
to increase in both the tropics and extratropics. However,
the relative contributions of the zonal mean circulation
versus eddies to these transport changes remain unclear.
Also, the role of the MSE itself in driving these transport
changes warrants further investigation.

Here, we examine the variability of MSE transport on
interannual timescales in response to ENSO. The contri-
bution of dry static energy (DSE) and latent energy (LE)
were assessed, along with the roles of mean meridional
circulation (MMC) and eddies. Additionally, we further
decomposed the transport variability into climatological
and anomaly components to separate circulation-driven,
energy-driven, and interaction effects.

Data and methods

Data

We used the fifth-generation European Centre for
Medium-Range Weather Forecasts Reanalysis (ERA5)
dataset, covering the period from 1979 to 2020 (Hers-
bach et al. 2020). Five 6-hourly variables—meridional
wind, temperature, geopotential, specific humidity, and
surface pressure—were obtained from this dataset and
averaged into daily means. The data were then bilinearly
interpolated from the original 0.25°x0.25° resolution to
a 1.25°x 1.25° resolution. Additionally, we used the Japa-
nese 55-year Reanalysis (JRA-55) dataset for the same
period (Kobayashi et al. 2015) to verify the robustness of
our results across different datasets.

To represent the ENSO state, we used the Ocean Nifo
Index (ONI) provided by the National Oceanic and
Atmospheric Administration (NOAA 2019a). This index
is constructed using the 3-month running averaged sea
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surface temperature (SST) anomalies in the Nifo 3.4
region (5°N-5°S, 120°W-170°"W) of the Extended Recon-
structed SST version 5 dataset (Huang et al. 2017; NOAA
2019b). During the analysis period (1979-2020), we iden-
tified 14 El Nino events and 13 La Nifa events, resulting
in a total of 27 ENSO events for this study.

Moist static energy transport
MSE consists of the DSE and LE, and can be expressed
as:

MSE=gz+ ¢, T+ Lq,
R (1)
DSE LE
where z represents the geopotential height, T is tempera-
ture, and g is the specific humidity, g denotes the gravi-
tational constant, ¢, denotes the specific heat of air, and
L indicates the latent heat of vaporization. The zonally
averaged MSE transport (A//I\S_E) on an isobaric surface
can be defined by:

MSE(t, p,¢) = [v(MSE)], 2)

where the square brackets represent the zonal mean.
Then MSE is a function of time (£), pressure (p), and lat-

itude (¢). By integrating MSE vertically from 1000 to 1
hPa, the meridional MSE transport can be expressed as:

o 1hPa
(MSE(t, ) = z’”’gﬂ /

[v(IMSE)ldp, (3)
1000hPa

where the angle brackets indicate the vertical integral,
and a represents the Earth’s radius. The total transport
can be separated into the components of the MMC and
the eddies. The eddies are further categorized into sta-
tionary and transient (Peixoto and Oort 1992). The
decomposition into these components (i.e., MMC, sta-
tionary eddies, and transient eddies) is provided in Eq.
(S1) in the Supporting Information. Throughout the
study, the statistical significance is evaluated using a two-
tailed t-test with a 5% significance level.

Results

Changes in the MSE transport

The winter mean MSE transport is northward across
all latitudes in the Northern Hemisphere (black line in
Fig. 1a), with varying contributions from the MMC, sta-
tionary, and transient eddy components (colored lines in
Fig. 1a). The climatological MSE transport and its decom-
positions are consistent with reports from previous stud-
ies (Armour et al. 2019; Clark et al. 2022; Seager et al.
2005; Trenberth and Stepaniak 2003a). Similar results
were obtained when the JRA55 dataset was used (Fig. S1).
Specifically, the MSE transport by the MMC is poleward
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Fig. 1 aThe DJF climatology of the northward transport of MSE by MMC (colored solid), stationary eddies (dash-dotted), transient eddies (dotted),
total transport (black solid), and residual (gray solid). Regression of the northward flux of b MSE, ¢ DSE, and d LE against the ONI during DJF
from 1979 to 2020. The total transport is further divided into MMC and the eddy contributions. The transport unit is 10" W. Bold black lines indicate

statistical significance at the 95% confidence level

at low latitudes (0°-30°N) with a maximum amplitude
of 5 PW (colored solid line in Fig. 1a). In the extratrop-
ics, the MMC contribution shifts to equatorward energy
transport, with a magnitude of approximately 2 PW. This
is due to the Hadley and Ferrel cells, which have pole-
ward and equatorward branches, respectively, in the
upper troposphere. In contrast, the stationary and tran-
sient eddies are the dominant drivers of the poleward
MSE transport in the extratropics, with maxima of about
3-4 PW (dash-dotted and dotted lines in Fig. 1a). How-
ever, their contribution is smaller at low latitudes. Unlike
the MMC, the climatological eddy transports show pole-
ward energy transport across all latitudes.

In response to an increase in the ONI, MSE transport
strengthens in the equatorial region (0°~15°N) and north

of 40°N, while it weakens in the region between 15°N
and 40°N (black line in Fig. 1b), compared to the clima-
tological mean of MSE transport (black line in Fig. 1a).
The MSE transport anomaly in response to one standard
deviation change in the ONI ranges from approximately
6-10% of its December—January—February (DJF) clima-
tology. A two-tailed t-test at the 5% level confirms that
these anomalies are statistically significant across large
portions of the equatorial and midlatitude regions (bold
black lines in Fig. 1). We note that the transport anomaly
was generally inconsistent with the MSE anomaly asso-
ciated with the ENSO (Fig. S2). For example, a negative
MSE gradient (dotted line in Fig. S2a) is observed near
30°N, where the transport anomaly is equatorward (black
solid line in Fig. 1a). This is plausible because MSE is not
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a conserved quantity; it can be generated or lost through
processes such as diabatic heating, especially those asso-
ciated with ENSO. This is particularly relevant on time
scales where atmospheric dynamics dominate the vari-
ability of MSE transport. The MSE transport anomaly is
contributed predominantly by the MMC (see the match
between the black and the colored solid lines in Fig. 1b),
while substantial cancellation occurs between the MSE
transport by stationary and transient eddies. The MMC
component exhibits the largest anomaly in the tropics
(colored solid line in Fig. 1b). In contrast, the magnitudes
of the MMC and the two eddies are comparable in the
extratropics (dash-dotted and dotted lines in Fig. 1b).

Our analysis revealed that DSE transport plays a cru-
cial role in the MSE transport associated with ENSO. To
identify the components contributing to the variability in
MSE transport, we first decomposed the MSE into DSE
and LE (Fig. 1c—d). Overall, the MSE transport anomaly
(black line in Fig. 1b) roughly follows the structure of
DSE transport (black line in Fig. 1c). Further decompos-
ing the DSE into geopotential energy (GE) and sensible
energy (SE) transports, we find that the MMC trans-
port anomaly is primarily explained by the GE, while
the eddy transport anomaly is largely influenced by the
SE (Fig. S3). This will be further discussed in the fol-
lowing subsections. Compared to the MSE transport,
the LE transport anomalies (black lines in Fig. 1d) show
slightly different patterns or even opposite signs. For LE,
the MSE transport in the tropics is similarly dominated
by the MMC, with relatively small contributions from
the eddies (Fig. 1d). However, in the extratropics, simi-
lar to the DSE transport, the LE transport becomes sub-
stantially dominated by the eddies. Nevertheless, we will
show that the LE and SE transports by eddies are subject
to cancellation between stationary and transient eddies,
resulting in the MMC being the main driver of the
observed variability.

Dominant contribution by circulation-driven changes

In the previous subsection, we established that the
ENSO-induced changes in MSE transport in the tropics
are mainly driven by the DSE transport of the MMC, par-
ticularly by the GE transport of the MMC. In contrast,
the MSE transport anomaly in the extratropics is strongly
influenced by the eddy contributions of the SE and LE
transport, as well as the MMC of the DSE transport. We
now examine how the ENSO drives these changes by
decomposing each variable into its climatology and the
deviation from the climatology (Eqs. S2-S3). Addition-
ally, the MMC and stationary eddy transport terms were
further broken down into contributions from circulation
changes, energy changes, and the interaction between
these two factors (Egs. S4-S5).
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We find that variability in MSE transport through the
MMC is primarily driven by changes in the Hadley circu-
lation. During El Nifio events, the anomalous warming in
the central and eastern tropical Pacific leads to increased
deep convection and diabatic heating in the equatorial
upper troposphere. This heating increases the meridi-
onal temperature gradient, which strengthens the Hadley
circulation via the thermal wind balance. Additionally,
changes in the subtropical jets influence transient eddy
propagation and momentum fluxes, further modulating
the MMC (Seager et al. 2003). Accordingly, as the ONI
increases, the meridional wind shows stronger poleward
in the upper level and enhanced equatorward motions
near the surface, respectively (Fig. 2a). This strengthened
Hadley cell pattern is evident across all MSE components
in the pressure—latitude space (Fig. 2b—c). For the DSE
transport, the resemblance with the MMC pattern is pro-
nounced throughout the Northern Hemisphere (Fig. 2b).
Since geopotential increases with height, the DSE trans-
port anomaly linked to the MMC peaks in the upper
troposphere (Fig. 2b). In the lower troposphere, however,
the DSE transport anomaly is smaller despite higher val-
ues near the surface, due to temperature and meridional
wind structures. In contrast, the LE transport exhibits a
pronounced negative anomaly at the base of the Hadley
cell, where moisture is more concentrated near the sur-
face (Fig. 2c). This vertical structure of DSE and LE trans-
port anomalies implies that El Nifio-induced upper-level
DSE convergence leads to warming in the tropical and
midlatitude upper troposphere, while LE convergence
near the equator enhances convection and precipitation.
Conversely, LE divergence in the subtropics can suppress
convection, leading to reduced precipitation in those
regions.

For all MSE components, the ENSO-related changes in
the meridional wind are the primary drivers of the MSE
transport anomaly through the MMC. In other words,
variations in the MSE themselves contribute minimally
to the transport anomalies. This is clearly demonstrated
when the terms are broken down, as shown in Eq. (54).
Here, the circulation-driven term corresponds to the
transport of the climatological zonal mean tempera-
ture by the ENSO-related anomalous circulation, while
the energy-driven term represents the transport of the
ENSO-related temperature anomalies by the climato-
logical circulation. Figure 2d—e reveals that the vertically
integrated MMC transport can be almost completely
reconstructed by the circulation-driven term (1st), with
only minor contributions from the energy-driven term
(2nd) in the tropics. This holds true for both the DSE and
LE, and the interaction term (3rd) is negligible.

We now focus on the changes in MSE transport
driven by the stationary eddy. During El Nifo, enhanced
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Fig. 2 Shading represents the regression of zonally averaged a meridional wind, b northward fluxes of DSE, and ¢ LE onto ONI during DJF

from 1979 to 2020 by MMC. Black contours indicate the a stream function regressed onto ONI, DJF climatological fluxes of b DSE and ¢ LE.
Regression of vertically averaged northward flux of d DSE onto ONI (black dashed), with terms divided into contributions from the circulation-driven
term (1st), the energy-driven term (2nd), and the interaction term between the two (3rd). e Same as d but for LE. Gray dots and bold black lines

indicate areas of statistical significance at the 95% confidence level

convective heating in the equatorial central Pacific alters
the upper tropospheric divergence and enhances the
generation of Rossby wave trains that propagate into
the extratropics. This process induces a positive Pacific/
North American (PNA) pattern in the Northern Hemi-
sphere (Barnston and Livezey 1987; Johnson and Feld-
stein 2010; Wallace and Gutzler 1981). This positive
PNA-like pattern (shading in Fig. S5b) is associated with
a deepened Aleutian low, indicating an eastward shift
of the climatological trough in the North Pacific (con-
tours in Fig. S5b). A decrease in the MSE transport was
observed from the stationary eddy component, except
between 40°N and 50°N (dash-dotted line in Fig. 1b). This
is mainly due to decreases in the SE and LE components,
while the GE component shows only a minor change
(black line in Fig. S4c). Similar to the MMC transport
anomaly, changes in the LE transports are concentrated
near the surface. In contrast, the DSE transport is distrib-
uted throughout the troposphere (shading in Fig. 3a—b).

These anomalous patterns are broadly consistent with
precipitation and geopotential height composites dur-
ing El Nino events (e.g., deeper Aleutian low and North
Pacific trough shift), supporting the connection between
our MSE analyses and canonical ENSO teleconnection
patterns over the North Pacific and North America (Lau
and Nath 1994; Straus and Shukla 2002).

The reduction in stationary eddy transport is attributed
to strong cancellations between the circulation-driven
(1st) and energy-driven (2nd) terms (Fig. 3c—d; see also
Eq. S5). The interaction term (i.e., the 3rd term in Eq.
S5) contributes minimally to the DSE transport anoma-
lies but plays a relatively more important role in the LE
transport. Similarly, decomposing the DSE into GE and
SE reveals that the variability of DSE is predominantly
driven by SE, while the contribution of GE remains negli-
gible (black dashed line in Fig. S4c—d). This result is con-
sistent with the geostrophic balance, which ensures that
the geopotential and the meridional wind are orthogonal
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Fig. 3 Shading represents the regression of zonally averaged northward fluxes of a DSE and b LE onto ONI during DJF from 1979 to 2020

by stationary eddies. Black contours indicate the DJF climatological energy fluxes. Regression of vertically averaged northward flux of ¢

DSE onto ONI (black dashed), with terms divided into contributions from the circulation-driven term (1st), the energy-driven term (2nd),

and the interaction term between the two (3rd). d Same as ¢ but for LE. Gray dots and bold black lines indicate areas of statistical significance

at the 95% confidence level

to each other (Fig. S5a—b). As the geostrophic meridional
wind is proportional to the zonal gradient of geopoten-
tial, this orthogonality reduces the covariance between
the two, resulting in a negligible stationary eddy trans-
port of GE. Therefore, for DSE, the negative transport
anomaly by the energy-driven term makes a relatively
stronger contribution than the positive circulation-driven
term, except between 40°N and 50°N (Fig. 3c). The nega-
tive energy-driven term results from the stationary DSE
anomaly (shading in Fig. S5b) negatively projecting onto
the climatological stationary meridional wind (contours
in Fig. S5a). In contrast, the positive circulation-driven
term arises from the stationary circulation anomaly

(shading in Fig. S5a) positively projecting onto the clima-
tological stationary DSE (contours in Fig. S5b). For LE,
all terms contribute to the total anomaly (Fig. 3d) due to
interactions between moisture and circulation anomalies
associated with the ENSO (Fig. S5a, c).

Finally, the changes in the transient DSE transport
associated with the ENSO exhibit poleward anomalies
in the subtropics (~30°N) and subpolar regions (~65°N),
along with a negative anomaly around 25°N and 50°N
(Fig. 4a, c). The variation in DSE transport by transient
eddies, similar to stationary eddies, is also largely influ-
enced by the SE. This pattern aligns with the gradient of
the zonal mean DSE anomaly induced by the ENSO (Fig.



Hong et al. Geoscience Letters

(2025) 12:34

100

150

200

250
300

400
500

700
850

1000

Page 7 of 10

200 ————_t——

LE

Tran.

250
300

400

500

R — 0.12 S '
009 4 (C) —---Total L g9 4 (d) ----Total [
0.06 - /\ - 0.06 /\ -
] \ L L
0.03 1 VAR Fooos o\ //\\ '
-0.0 4_{"‘\ z — T T~ ' 0.0 AN // — -_——
-0.03 1 - -0.03 -
-0.06 - - -0.06 -
T T T T
0 30N 60N 90N 0 30N 60N 90N

Fig. 4 Shading represents the regression of zonally averaged northward fluxes of a DSE and b LE onto ONI during DJF from 1979 to 2020
by transient eddies. Black contours indicate the DJF climatological energy fluxes. Regression of vertically averaged northward flux of ¢ DSE onto ONI
(black dashed). d Same as c but for LE. Gray dots and bold black lines indicate areas of statistical significance at the 95% confidence level

S6a). For example, the increased DSE gradient, result-
ing from upper tropospheric warming near the equator,
enhances the transient eddy DSE flux around 30°N. Addi-
tionally, the warm anomaly centered at 60°N reduces the
DSE flux near 50°N while increasing it near 65°N. These
findings support the notion that a diffusive flux—gradi-
ent relationship can explain the transient DSE transport
anomaly associated with the ENSO.

The transient LE transport exhibits anomalies similar
to those of the transient DSE transport (Fig. 4b, d), with
increases in LE transport corresponding to increases
in SE transport and decreases in one corresponding to
decreases in the other. However, a notable difference is
the more pronounced LE transport anomaly in the equa-
torial region, likely due to the abundance of moisture in
that area. The zonal mean moisture anomaly associated
with the ENSO differs from that of the zonal mean tem-
perature anomaly (Fig. S6b), indicating that the transient
LE transport is more closely linked to the temperature

gradient than to the moisture gradient. This is because,
in the midlatitudes (around 30°N), the transient LE trans-
port anomalies intensify when baroclinic eddies, driven
by temperature gradients, transport moisture poleward.

Conclusions and discussion

This study investigated how the MSE transport changes
in response to the ENSO. During El Nifio, the MSE trans-
port increases in the tropics (0°~15°N) and poleward of
40°N, while it decreases between 15°N and 40°N. These
transport anomalies are primarily driven by changes
in circulation, particularly by the MMC, rather than by
shifts in the MSE gradient associated with ENSO. The
key findings are summarized below:

+ The MSE transport anomalies are most pronounced
in the tropics and at high latitudes, primarily driven
by changes in the MMC. Contributions from the
stationary and transient eddies are large in the
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extratropics; however, a strong cancellation occurs
between these two contributions.

+ The structure of the MMC associated with ENSO
is evident across all MSE transport components.
During El Nifio, the DSE transport shows a posi-
tive anomaly in the equatorial region, driven by the
enhanced poleward flow at the top of the Hadley cell,
which primarily increases the poleward transport
of GE in the upper levels of the tropics. In contrast,
the LE transport exhibits a negative anomaly due to
equatorward flow near the surface.

+ During El Nifio, reductions in the stationary DSE and
LE transports are generally observed in the extra-
tropics. This reduction results from strong cancel-
lations between the circulation-driven and energy-
driven terms. For DSE, the negative energy-driven
term outweighs the positive circulation-driven term
except between 40°N and 50°N. However, for LE,
all terms contribute significantly due to interactions
between moisture and circulation anomalies associ-
ated with ENSO.

« The transient transports effectively counterbalance
the anomalies induced by the stationary DSE and
LE transports. The transient DSE transport anomaly
follows a diffusive flux—gradient relationship, while
the transient LE transport does not. The similarity
between the transient DSE and LE transport anom-
alies in the midlatitudes suggests that baroclinic
eddies, influenced by baroclinicity, play an important
role in the poleward transport of moisture.

These results extend previous studies by demonstrat-
ing that the MSE transport anomalies associated with
ENSO are primarily driven by circulation changes, rather
than by MSE gradients. This highlights the dominant role
of dynamical processes on interannual timescales. We
also compared MSE transport patterns between east-
ern Pacific (EP) and central Pacific El Nifos and found
a closer resemblance to those associated with EP events.
This is likely due to the typically stronger mean circula-
tion response associated with EP El Nifio episodes (Hong
et al. 2023). In particular, the stronger upper-level Had-
ley circulation response during EP events plays a key
role in shaping the vertical structure of DSE transport
anomalies, although this response varies across ENSO
types and years. While these differences do not affect the
main conclusions of the study, they highlight the need for
further investigation in future work. As in the NH, the
MMC component in the Southern Hemisphere closely
matches the total anomaly, with stationary and transient
eddy components largely cancelling each other out (Fig.
S7). The MSE anomaly in the Southern Hemisphere is
roughly half the magnitude observed in the NH.
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This study examined the relationship between MSE
transport and ENSO, with a focus on identifying the
key components driving transport variability. How-
ever, the temporal sequence of these components—spe-
cifically which elements lead or lag in energy transport
variability—was not addressed. Future research incor-
porating lag analysis could offer a more detailed under-
standing of the stepwise evolution of MSE transport in
response to ENSO phases. Such analysis would improve
mechanistic insights into the drivers of energy trans-
port variability and their interactions with large-scale
climate phenomena.

A significant shift in atmospheric circulation pat-
terns is projected: the Hadley cell is likely to expand in
a warmer climate, with the Southern Hemisphere shift-
ing by approximately 2° and the Northern Hemisphere
by 1° relative to the 1920-1960 baseline according to
CMIP5 and CMIP6 simulations under high-emission
scenarios (Grise and Davis 2020; Grise et al. 2019;
Hur et al. 2022). Despite this general trend, individual
models show considerable variability in the magnitude
of expansion. A key question for future research is
how these different MMC responses might affect MSE
transport. In addition, for such long-term changes,
MSE transport is likely to be shaped by the flux—gra-
dient relationship. Internal variability, such as ENSO,
may also change under global warming. Some stud-
ies suggest increased amplitude and spatial extent of
ENSO-related SST and precipitation variability, poten-
tially affecting the dynamical component of MSE trans-
port (Cai et al. 2021; Yan et al. 2020). While long-term
changes may follow the flux—gradient relationship,
accounting for shorter-timescale variability remains
important for understanding and quantifying future
MSE transport changes. Understanding changes in
MSE transport is critical for accurately predicting
regional climate impacts and for advancing our under-
standing of MSE transport dynamics.
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