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Anthropogenic aerosols can shape the
winter mid-latitude cyclone tracks
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Mid-latitude cyclones are “parent storms” of various weather hazards and contribute significantly to
the moisture and heat intrusion into the Arctic. Anthropogenic aerosols are known to affect cyclone
intensities and their associated precipitation, but their impacts on cyclone tracks remain largely
unclear. Here, based on both observational data diagnosis and global climate model simulations, we
show that anthropogenic aerosols over East Asia can lead to a significant polewarddrift ofmid-latitude
cyclone tracks inwinter over theNorth Pacific. By suppressing precipitation in the southeastern sector
of cyclones and enhancing it in the northeastern sector, aerosols increase the positive potential
vorticity tendency northeast of the cyclones, thereby driving their poleward drift. Thismight give rise to
more cyclones migrating into the Arctic over the North Pacific, reducing the Arctic sea ice extent in
recent decades. In the future, efforts to reduce aerosol emissions in East Asia could potentially
mitigate the poleward migration of the storm track driven by global warming.

Mid-latitude cyclones generate most of the day-to-day weather variability
and play an important role in meridional heat and moisture transport1–3.
They exert large socioeconomic impacts through attendant weather
hazards. Atmospheric aerosols, via their direct radiative effect and indirect
cloud-precipitationassociatedeffect, can influencemid-latitude cyclones via
sophisticated multi-scale processes through modulation of convection and
large-scale waves4–6. Spatially- and temporally-varying aerosol distribution
and properties also add to the complexity of interaction with mid-latitude
cyclones7–9.

Several studies have suggested that aerosols may change meridional
temperature gradient, jet location and mid-latitude cyclone activity via the
aerosol-radiation interactions10–12. Aerosols can also change cloud and
precipitation distribution through participating in cloud and precipitation
microphysical processes, suppressing and delaying warm-phase
precipitation13–15 and invigorating convections associated with the
cold/warm front of mid-latitude cyclones16–19. Higher aerosol concentra-
tions tend to increase the intensity and precipitation of mid-latitude
cyclones5,17,18,20. Although impacts of aerosols on the number, intensity
and precipitation of mid-latitude cyclones have been explored, their
impacts on the track and movement of mid-latitude cyclones remain
elusive.

It has been deemed that small deviations in the location of cyclone
tracks can result in tremendous impacts on the midlatitude and Arctic
climate21–23. In this context, we explore a potential linkage between
anthropogenic aerosols and cyclone movement based on a Lagrangian
cyclone tracking method (see “Methods”). We focus on the impacts of
anthropogenic aerosol emissions over East Asia on North Pacific boreal
winter cyclone tracks as well as the potential interactions with storm
development downstream.

Results
Enhanced poleward migration of mid-latitude cyclones over the
North Pacific
Aerosol outflows from the East Asian continent have been noted to increase
significantly during the period 2000-2014 (Figs. S1a and S2) based on
atmospheric field measurements and satellite observations17,24,25. Aerosol
optical depth (AOD) has increased significantly over East Asia (EA,
22°N ~ 44°N, 110°E ~ 124°E, red box in Fig. S1) after 2000 based on
MERRA-2 (Modern-Era Retrospective analysis for Research and Applica-
tions, Version 2) reanalysis26, which has a good correspondence with
MODISAODafter 2000 (Fig. S2). Here, we focus on the cyclones generated
in a region more susceptible to high aerosol concentrations (green box in
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Fig. S1, 30°N ~ 45°N, 110°E ~ 160°E). The average track of mid-latitude
cyclones during Northern Hemisphere wintertime (December–February,
DJF) in 15 High-AOD years (red line in Fig. 1) shows a distinct north-
eastward shift (hereafter referred to as the poleward shift) relative to that in
15 Low-AOD years (blue line in Fig. 1) over the past four decades. Speci-
fically, it is only 0.26° apart (37.25°N vs. 37.51°N) for the average cyclone
genesis location, but it increased to 0.77° and 1.23° further north for the
cyclone maximum intensity (measured by minimum SLP) and end point,
respectively, in the High-AOD years compared to the Low-AOD years.
Quantitatively, there are 49 cyclones (7.09%of the total) crossing65°N in the
High-AODyears. In contrast, there are only 27 cyclones (3.91% of the total)
crossing 65°N in the Low-AOD years. For cyclones generated in a larger
region (blue box, 30°N ~ 50°N, 110°E ~ 180°E, Fig. S1a) with a smaller
average AOD, the magnitude of the poleward shift decreased (Fig. S3a),
which provided further evidence for possible aerosol impacts on the cyclone
track shift. Here, it should be cautioned that such a distinct northward shift
of cyclone tracks might not be solely related to increased aerosols, since
other factors, such as atmospheric teleconnections, background bar-
oclinicity and sea surface temperature (SST), might also play a role27–31.

Aerosol-induced poleward migration of cyclones in model
simulations
A pair of 54-year AMIP-type simulations were conducted using Commu-
nity Atmosphere Model version 5.3 (CAM5) with different anthropogenic
aerosol emissions to investigate aerosol impacts on the cyclone tracks over
the North Pacific in winter. One used prescribed CMIP5 aerosol emissions
(EXP_CTRL), and the other used tenfold emissions (EXP_10F) over East
Asia with the same boundary conditions, including prescribed climatolo-
gical SST and sea ice concentrations. Note that simulated AOD over East
Asia and surrounding regions in EXP_10F ismuch closer to that ofMODIS,
especially in the key region for this study (Fig. S1a, c). This suggests that
CAM5 effectively captures the spatial distribution of East Asian aerosols32,
despite the certain degree of overestimation in the aerosol magnitude (Fig.
S1). To identify the possible impact of global warming on cyclone tracks, an
additional 54-year simulationwas conducted. The simulation is the same as
EXP_CTRL, except for using the global mean sea surface temperature from
the 15 High-AOD years (EXP_CTRL_HSST). These simulations used the
climatological boundary conditions without interannual variability, allow-
ing each year to be treated as an independent sample to isolate the influence
of internal climate variability. More details of the simulation configurations
can be found in the methods.

Compared toEXP_CTRL, the cyclone trackdensity inEXP_10Fshows
a significant decrease over the east-central North Pacific, while it increases
over the northwestern region near Japan and extends into the Bering Sea
(Fig. 2a, b). Such a track shift also manifests clearly in the distribution of
precipitation (Fig. 2c). Precipitation increases significantly in the northwest
North Pacific (up to 0.4mm/day near Japan) and decreases in the southeast
North Pacific (~0.8mm/day). Note that cyclone precipitation is dominated
by large-scale precipitation rather than convection precipitation (Fig. S4),
which ismodulated by aerosols inCAM5. Inaddition, themid-latitude jet at
200 hPa also presents a poleward shift, with a positive anomaly in high
latitudes and a negative anomaly in mid-latitudes over the North Pacific in
EXP_10F (Fig. 2d). Specifically, a distinct poleward shift of cyclone activities
over the North Pacific was noted in EXP_10F (Fig. 2b) for cyclones gen-
erated within the region of interest (30°N ~ 45°N, 110°E ~ 160°E). The
average location of storm maximum intensity and end point significantly
(p < 0.1) shifts northward by 0.74° and 0.92° (0.5° and 0.68° for cyclones in
the blue box with lower average aerosol burden in Fig. S1d; see Fig. S3b)
degrees of latitude in EXP_10F compared to EXP_CTRL. In addition,
consistent with observations, the average location of cyclogenesis (the start
point of the track) between EXP_CTRL and EXP_10F is similar, probably
because aerosols have not been strongly involved in cyclone development at
this stage. In the EXP_CTRL_HSST (a warmer climate context, see method
sector), the cyclone track has a minor poleward shift, an average of about
0.09°, in Fig. S3c. The result generally aligns with previous studies, which
found that the cyclone track shifts northward by approximately 0.12° for a
0.5 K increase in global mean surface temperature33. The above results
indicate amore dominant impact of aerosols onmid-latitude cyclone tracks
under global warming (Fig. S3). These simulations confirm the robustness
of the northward shift of cyclones by increased aerosols noted in
observations.

Mechanisms underlying aerosol-induced poleward migration of
cyclones
The movement of cyclones is regulated by the large-scale steering flow and
internal dynamic and thermodynamic structure of cyclones34–36. Two
dominant mechanisms for the poleward movement of mid-latitude
cyclones have been identified: horizontal advection of potential vorticity
(PV) and PV generation associated with latent heat release (LHR)33,37. A
classic picture is that a positive (negative) PV tendency located on the
northeastern (southwestern) side of the cyclone, arising from both PV
advection and latent heating-induced PV generation, contributes to an

Fig. 1 | Polar shift ofmid-latitude cyclone tracks in
East Asia. a The tracks of mid-latitude cyclones
generated in the area (30°N ~ 45°N, 110°E ~ 160°E)
in DJF in High-AOD years (purple lines) and Low-
AOD years (light blue lines) over the period 1980-
2020. The thick red and blue lines are their average.
The brown dashed line indicates a translation of the
average High-AOD track to the starting point of the
average Low-AOD track, highlighting their spatial
displacement. The arrows and fonts indicate the
movement directions and magnitudes of the gen-
eration, maximum intensity and end points of
cyclones between High-AOD years and Low-AOD
years, respectively. The asterisk indicates statistical
significance at the p < 0.1 level. The shading indi-
cates the AOD difference between the two periods.
b An enlarged view of the average shift latitudes of
the generation, maximum intensity and end points
of cyclones in (a). Stippling indicates areas where the
differences are statistically significant at the p < 0.1
level based on a Student’s t test.
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overall eastward and poleward movement of cyclones37. In the following, a
PV budget analysis was conducted on the cyclone composites (see
“Methods”).

Compared with EXP_CTRL, the dipole structure in the first and sec-
ond quadrants of the PV advection field is clearly stronger in EXP_10F (Fig.
3a, d), which indicates an enhancement of meridional nonlinear advection
(Fig. 3g).Thus, thenonlinear termproduces apoleward tendency, leading to
the poleward motion of the low-level cyclone37. Meanwhile, the magnitude
of positive PV generation associated with latent heat release (LHR) also
increases (Fig. 3b, e), with a clear dipole structure of PV changes associated
with the enhanced warm front in northeast sector (Fig.3h). Collectively,
these two factors—enhanced PV advection and intensified LHR-induced
PV generation northeast of the cyclone—lead to an approximately 10%
increase in the total PV tendency. Therefore, the total contribution is the
stronger positive PV tendency in thenortheast side of the cyclone, favoring a
more poleward movement of cyclones in EXP_10F compared to
EXP_CTRL (Fig. 3c, f, i).

Cyclone precipitation is concentrated in the northeast sector of the
storm, featuring a typical “comma clouds” pattern characterized by
warm frontal precipitation (Fig. 4a). The scenario of enhanced aerosol
emission in EXP_10F produced more precipitation in the northeastern
side of the cyclone and less precipitation in other regions than
EXP_CTRL (Fig. 4b). Such an overall northeast shift of precipitation
pattern well reflects the impacts of aerosol effects during the growth
stage of the cyclone. A warm conveyor belt transports moist air

originating from the cyclone’s warm sector toward the warm front. High
aerosol burden in the environment leads to the formation of more but
smaller cloud droplets, suppressing rainfall formation along the con-
veyor belt through reduced auto-conversion and inhibited coalescence
of cloud droplets into raindrops38–40 (Fig. S5). This process reduces
precipitation and moisture consumption south of the warm front and
allows more moisture and cloud droplets to reach higher altitudes and
higher latitudes, resulting in a larger total cloud fraction of the cyclone
(Fig. 4c) and more latent heat release in the northeast quadrant of the
cyclone in EXP_10F41–43 (Fig. 4d). The extra heat release due to more
water vapor condensation and/or cloud droplet freezing in the middle
and upper troposphere led to the vertical temperature gradient change,
increased instability, invigorated the vertical motion further down-
stream (Fig. 4c; see the anomalies in vertical motion anomaly in the
850–700 hPa layer and the total cloud fraction anomaly around 300hPa).
The mechanism described above is similar to that noted in deep
convection44,45, but in a slantwise ascending fashion. As a result, pre-
cipitation along the warm conveyor belt increased downstream but
decreased upstream, consistent with vertical motion changes (Fig. 4c).
Consistently, LHR downstream is enhanced significantly with a broad
peak from 850 to 600 hPa in EXP_10F compared to EXP_CTRL (Fig.
4d). Such a heating profile difference contributes to increased PV at
lower levels with a decrease above 450 hPa (Fig. 4d). The position of the
low-level positive PV anomaly favors northeast movement of the
cyclone33,37. In addition, the negative PV anomaly strengthens the ridge

Fig. 2 | Polar shift of mid-latitude cyclone tracks caused by East Asian aerosols.
a The DJF-mean track density of mid-latitude cyclones (unit: number in a 5°×5°
grid) in EXP_CTRL. b The difference in the DJF-mean cyclone track density
between EXP_10F and EXP_CTRL. The lines, arrows and fonts are the same as those
in Fig. 1a except for simulation results. The asterisk indicates statistical significance
at the p < 0.1 level. cThe difference inDJF-mean total precipitation (unit: mm day−1)

between EXP_10F and EXP_CTRL. The black contours indicate the DJF-mean
climatological total precipitation in EXP_CTRL. d Same as c except for the zonal
wind (unit: m s−1) at 200 hPa. “H” and “L” indicate the high and low centers of the
climatological zonal wind, respectively. Stippling indicates areas where the differ-
ences are statistically significant at the p < 0.1 level based on a Student’s t test.
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Fig. 3 | Composites of the cyclonic PV tendency.Horizontal PV advection (shaded)
by low-level winds (black arrows) (a), PV tendency due to LHR (b), and total PV
tendency (c) for EXP_CTRL at the level of 820 hPa. (d-f) Same as (a–c), but for
EXP_10F. Black contours indicate the PV anomaly (unit: PVU), 1 PVU = 10−6

(K*m2)/(kg*s). PV tendencies are expressed in units of 10−6 PVU s−1. g–i Same as
(a–c), except for the difference of EXP_10F minus EXP_CTRL. Blue stippling
indicates areas where the differences are statistically significant at the p < 0.1 level
based on a Student’s t test.
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at upper levels with a deepening trough upstream caused by the large-
scale dynamic adjustment processes. Subsequently, the strengthened
upper-level PV dipole also favors the poleward motion of the low-level
cyclone caused by the nonlinear advection of the low-level anomaly by
the upper-level PV (Figs. 3d and S6) due to the westward tilted structure
of mid-latitude cyclones with height37. LHR anomaly in the northeast of
the cyclone enhanced the zonal temperature gradient, which led to the
accelerated meridional advection east of cyclone, further transports
warm andmoist air to the northwithmore LHRnortheast of the cyclone,
providing a positive feedback promoting the poleward movement of the
cyclone. Finally, both the LHR and the poleward advection by the upper-
level PV are expected to be larger, which can lead to larger poleward
deflection of storms (Fig. 5).

Discussion
Our findings indicate that aerosol emissions in East Asia can cause a
significant poleward shift of the cyclone track over the western North
Pacific by altering the PV tendency within the cyclone. In this sense,
East Asia aerosols may have impacted the Arctic climate by affecting
the mid-latitude cyclone tracks since these storms bring large amounts
of moisture and energy into the Arctic. Actually, we noted a significant
negative correlation (p < 0.1) between the numbers of mid-latitude
cyclones entering the Arctic from the North Pacific and the sea ice
extent of the Bering Sea from February to April, as well as a weak
positive correlation at a statistically insignificant level (p < 0.2) between
the cyclone numbers and AOD in East Asia (Fig. S7). Note that we
mainly focused on the aerosol-cloud-precipitation effect in this study
and have not attempted to isolate aerosol-radiation effect. Never-
theless, aerosol-radiation interaction could modulate the meridional
temperature gradient (baroclinicity) and stability9,12, and thus influ-
ence cyclone and storm track characteristics indirectly. Finally, it is
important to emphasize that the impacts of aerosol on precipitation,
clouds, and circulations are extremely complex. Therefore, more
detailed observational analyses and modeling studies are necessary to

better understand the effects of aerosols on mid-latitude cyclones and
extratropical climate change in future work.

Methods
Data
The 6-hourly SLP fields of ERA-Interim reanalysis (~80 km) from 1979
to 201946, the monthly AOD of MODIS (0.1° × 0.1°) from 2000 to
201947, andMERRA-2 reanalysis (0.5° × 0.625°) from 1980 to 201926 are
used for the evaluation of CAM5 simulations (0.9° × 1.25°) in terms of
mid-latitude cyclone characteristics and aerosols. We used ERA-
Interim reanalysis datasets instead of ERA5 (~31 km) in this study,
primarily because its native horizontal resolution is more comparable
to the simulated resolution of the CAM5 model (~100 km) to mitigate
potential resolution-related effects. Here, we identified 15 years with
larger AOD after 2000 (the High-AOD years) and 15 years with smaller
AOD before 2000 (the Low-AOD years) over East Asia (22°N ~ 44°N,
110°E ~ 124°E) in winter (DJF) based on the MERRA-2 reanalysis and
MODIS datasets (Fig. S2). Note that those years with large AOD before
2000 inMERRA-2might be related to volcanic eruptions and thus were
excluded.

Model simulations
The Community Atmosphere Model version 5.3 (CAM5) has been widely
used for aerosol-related studies due to its comprehensive treatment of
numerous complex aerosol processes, as well as aerosol physical, chemical,
and optical properties28,48,49. Aerosol interactions with cloud and precipita-
tion processes are well captured using the two-moment cloud
microphysics50,51 and a 3-mode modal aerosol module (MAM3)32. CAM5
can effectively simulate various aerosol direct and indirect effects on the
radiation budget and the hydrological cycle52. More details of CAM5 can be
found in Neale et al.53.

In this study, CAM5 was integrated for 54 years using prescribed
monthly mean climatological SST and sea ice during 1982–2000 with
horizontal resolution of 0.9° × 1.25° and 30 vertically hybrid sigma-pressure
levels. Three AMIP-type simulations with the climatological annual cycles

Fig. 4 | Changes in the cyclonic precipitation and vertical structure caused by
aerosols. a The composite of cyclone precipitation in EXP_CTRL (unit: mm day-1).
b Same as (a), but for the difference in cyclone precipitation between EXP_10F and
EXP_CTRL. The black contours in a and b indicate the PV anomaly at 820 hPa in
EXP_CTRL. The black dots indicate the regions where the difference between
EXP_CTRL and EXP_10F indicates statistical significance at the p < 0.1 level based
on a Student’s t test. c Cross sections of total cloud fraction in EXP_CTRL (white

contours, unit: %), its differences (shaded), and vertical velocity (black contours,
unit: Pa s−1) between EXP_10F and EXP_CTRL along the white dashed line in (a, b).
The blue (brown) line indicates the surface precipitation along the cross section
(right y-axis) in EXP_CTRL (EXP_10F). dVertical profiles of the latent heating rate
(K day-1, blue and green lines for regions within the blue and green boxes in (b),
respectively) and PV anomaly (red line with a unit of 1 PVU for the green box in (b))
between EXP_10F and EXP_CTRL.
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of SST and sea ice concentrations were conducted. All simulations exclude
the influence of internal climate variability. The control simulation
(EXP_CTRL) used the default anthropogenic aerosol emissions from
CMIP554. Aerosol tenfold simulation (EXP_10F), identical to EXP_CTRL,
but used tenfold anthropogenic aerosol emissions of EXP_CTRL over East
Asia (22°N ~ 44°N, 100°E ~ 124°E, denoted by the red box in Fig. 1).
Another simulation (EXP_CTRL_HSST) was identical to EXP_CTRL but
used the average SST and sea ice from the 15High-AODyears (2000–2014),
representing awarmer climate context compared to 1982–2000, to examine
the impacts of global warming on cyclone tracks.

CMIP5 severely underestimates anthropogenic aerosol emissions over
East Asia in winter (DJF). Furthermore, the EXP_CTRL simulation
underestimates aerosol optical depth (AOD) compared to the 17-year
(2002–2018) averaged AOD observed by theModerate Resolution Imaging
Spectroradiometer (MODIS) Aqua satellite47. Such an underestimation has
also been noted in previous studies, like Liu et al.32. Both EXP_CTRL and
EXP_10Fwell capture the overall spatial distribution of AODwithMODIS,
but with a better agreement with MODIS in terms of magnitude for
EXP_10F (Fig. S1a, c ;see the green box).Note that the goal of this study is to
quantify the aerosol impact on the downstream cyclone development and
movement instead of the fidelity of the aerosol itself.

The first 3 years of CAM5 simulations are treated as the spin-up, and
the cyclone tracking algorithm was applied to the remaining 51 years of
simulations in winter (December to February, DJF). To evaluate the
CAM5 simulation as well as the storm tracking algorithm, we apply the
same tracking algorithm to 41 years (1979–2019) of ERA-Interim
reanalysis46. Key storm characteristics—including intensity, duration, and
track density—show reasonable agreement between CAM5 and ERA-
Interim (Fig. S8), which is consistent with previous studies10,55,56.

Cyclone tracking algorithm
We use sea level pressure (SLP) to identify the center of cyclones following
Serreze57 and Wang et al.58. Details of the storm-tracking algorithm are as
follows: The cyclone center must have the SLP value smaller than its 24
enclosing grids within a region of 5 × 5 grids, and must satisfy the

requirement that there is at least one closed isobar within an expanded
11 × 11 grid region. If multiple grids are found, the one with the largest
Laplacian of SLP will be identified as the storm center. The track is then
determined by connecting storm centers using a minimum distance
method. The following criteria are applied to minimize occasional tracking
errors: The storm’s central pressure must fall below 1000 hPa at least once
during its lifetime, its lifetimemust exceed 24 h, the change in intensitymust
be less than 10 hPa over any 6-h period, themovement distancemust be less
than 700 km per 6 h, and the total traveling distance must exceed 1000 km.

PV tendency calculation
A potential vorticity (PV) budget is used to understand the mechanisms
responsible for the poleward shift of mid-latitude cyclones caused by
aerosols. From the perspective of PV analysis, two dominant mechanisms
are responsible for the poleward movement tendency of mid-latitude
cyclones: one is the advection terms of PV tendency involved in the beta-
induced nonlinear meridional force59,60, and the second is the diabatic
heating terms associated with latent heat release (LHR)33,37.

After neglecting the friction and internal dissipation, PV tendency
related to the advection and LHR in pressure coordinates can be approxi-
mately given as

∂q
∂t

¼ � u
* �∇q� ω

∂q
∂p

� g f k̂þ ∇p × u
*

� �
� ∇p

dθ
dt

� �

LHR

; ð1Þ

where q is PV, u
*

is horizontal wind vector, ω is vertical velocity, p is
atmospheric pressure, g is the gravitational acceleration, f is planetary
vorticity,∇p is the gradient operator and θ is potential temperature. To
calculate the contribution of LHR, here,

dθ
dt

� �
¼ ω

∂θ

∂p
� γm

γd

θ

θe

∂θe
∂p

� �
; ð2Þ

Equation (2) was derived by Emanuel et al.61 to estimate the con-
tribution of latent heating. Here, θe is the equivalent potential temperature,

Fig. 5 | Schematic of the dynamical pathway of aerosol impacts on mid-latitude
cyclone tracks. The two layers represent the upper layer (Z = H) and the surface
(Z = 0). The black solid line at the upper layer denotes the upper-level PV wave. The
gray dashed line shows the evolution of the black solid line. The light blue circle with
“L” represents the low-level cyclone. The black and pink arrow lines indicate the
cold, warm airflows and upward motion, respectively. The blue curved line with

triangles and the red curved line with arches at the surface are the cold front and
warm front. Brown dots represent aerosols. The dashed orange arrows and gray
circle indicate the meridional wind anomaly and the low-level cyclone shift induced
by aerosols, respectively. The dashed pink, blue and red ovals denote the LHR
anomaly and the associated PV anomalies in the upper and lower troposphere,
respectively.
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γm and γd represent the dry andmoist lapse rates, respectively. Then, thePV
tendency perturbation can be approximately written as

∂q0

∂t
¼ ��u

∂q0

∂x
� v0

∂�q
∂y

� u0
∂q0

∂x
� v0

∂q0

∂y
� ω

∂q
∂p

� g f k̂þ ∇p × u
*

� �
�∇p

dθ
dt

� �

LHR

ð3Þ

Where �u is the background zonal flow, u0 and v0 is the zonal andmeridional
flow perturbation, respectively. �q and q0 is the background PV and PV
perturbation.

Here, we produced the composites of the lower troposphere PV ten-
dency (the level of 820 hPawas chosen as a representative for the analysis of
PV tendency budget, and the results at other lower troposphere levels are
similar) associated with the cyclones generated in the green box in Fig. S1.
For each cyclone identified, the above PV analysis was conducted every 6 h
within a box (14° latitude by 18° longitude) centering around the cyclone
center during its growth stage in the green box in Fig. S1, namely, until its
peak time. Over 12,500 samples were used to obtain the composites of PV
tendency inFig. 3.The compositeswere createdby averaging the variables of
each snapshot.

Data availability
The ERA-Interim, ERA5 and MERRA2 reanalysis datasets are available at
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-interim,
https://cds.climate.copernicus.eu/datasets and https://disc.gsfc.nasa.gov/
datasets, respectively. The MODIS data are acquired from https://disc.
gsfc.nasa.gov/datasets.

Code availability
All figures are made by NCARCommand Language (Version 6.4.0), which
is available at https://www.ncl.ucar.edu/. The scripts used in this study are
available from the author upon request.
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