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The impact of polar lows on the underlying
ocean varies significantly by location

Check for updates

Ting Lin & Lichuan Wu

Polar Lows are intense weather systems that drive strong exchanges of momentum, heat, and
moisture between the atmosphere and ocean, potentially affecting ocean conditions. However, their
small scale and short duration make them poorly represented in climate numerical models. Here, we
use sensitivity experiments to assess the impacts of Polar Lows on the global ocean. Their effects vary
regionally, depending on both Polar Low frequency and ocean structure. In the Northeast Atlantic,
wind associated with Polar Lows enhances oceanic heat loss and vertical mixing, while precipitation
has aminor opposing effect. In the Labrador and Irminger Seas, bothwind andprecipitation contribute
similarly to horizontal heat transport, and their opposing effects largely cancel, reducing the net
impact. In theSouthernHemisphere, despite frequent Polar Lows, strong backgroundwindsminimize
their influence. These findings highlight regional variability in Polar Low impacts and offer insights for
improving their representation in climate models.

Polar lows (PLs) are mesoscale cyclones, ranging from 200 to 1000 km in
diameter, that formover the subpolar seas during thewintermonths1,2. They
are often accompanied by severe weather, such as gale-force winds, heavy
snow showers, and intense blizzard events, posing a serious threat to the
coastal communities and offshore activities in the polar region. Due to the
large air-sea temperature difference and strong wind, the air-sea heat flux
associated with PLs can be up to 1000Wm−2, significantly impacting the
underlying ocean as well as the large-scale circulations3–5.

Three of the Earth’s major ocean circulations–the Atlantic Meridional
Overturning Circulation (AMOC), the Kuroshio/Oyashio current system,
and the Antarctic Circumpolar Current (ACC)6–8–are significantly affected
by the air-sea energy and mass fluxes in subpolar seas, including the North
Atlantic, North Pacific, and Southern Ocean. For instance, strong air-sea
temperature gradients in theNorthAtlanticOcean inwinter drive thewarm
northward flow sink to form the deep southward return flow of AMOC9–11.
In the Kuroshio-Oyashio current system, in addition to deep ocean con-
vection driven by air-sea temperature gradients, diapycnal mixing in the
Kuroshio-Oyashio confluence region also contributes to the ventilation of
the abyssal ocean12,13. In contrast to thermohaline-driven ventilation in the
NorthernHemisphere, theACCventilates the ocean through awind-driven
upwellingprocess sustainedbyEkmandivergenceunder the influenceof the
Southern Hemisphere’s prevailing westerly winds14. Consequently, accu-
rately describing the air-sea turbulent fluxes in subpolar seas is critical for
climate simulations, as these abyssal ocean ventilations play a fundamental
role in sustaining ocean circulation and regulating Earth’s climate
system15,16. However, due to their small scale and short lifetime, the energy
and mass fluxes associated with PLs in these regions are significantly

underrepresented in current climate models, potentially resulting in biases
in climate predictions. More importantly, these regions are the main
breeding grounds for PLs17 due to their pronounced baroclinicity arising
from substantial zonal contrasts in surface temperatures5,18,19.

Given that the gale-force winds and heat losses associated withPLs can
enhance ocean ventilation—and that PL activity coincides temporally and
spatially with ventilation processes—a naturally arising question for the PL
community:
• To what extent do PL-associated perturbations influence deep ocean

ventilation and, potentially, large-scale ocean circulation?
• How does the deficiency of PL-associated energy and mass fluxes in

climate models limit confidence in their predictions?

To address this question, a pioneering study examined the impact of
PLs in theNortheastAtlantic by parameterizing the PL-associatedwind, i.e.,
compensating for the underestimated wind speed associated with PLs5. The
results show that PLs enhance the simulated depth and frequency of deep
convection in the Nordic Seas. This, in turn, increases northward heat
transport into the region and southward deep-water export through the
Denmark Strait. To shed light on this scientific question, we quantify the
influence of PLs on oceanic circulation through sensitivity experiments.
Differing from5, in this study, (1)we use the high-resolutionERA5datawith
~31 km horizontal resolution to force the ocean model, instead of ERA40
with lower resolution, which is reported to reproduce >80%of the PLs20, (2)
instead of parameterizing the PL-associated wind, we filter the PL-
associated energy and mass fluxes (see Method section) to purely quantify
the PL influences, considering the good quality of the ERA5 data, (3) we
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quantify the influence of PL-associated turbulent fluxes and precipitation
separately (see Method section), where the influence of PL-associated pre-
cipitation was not considered in ref. 5, and (4) we focus on the global ocean,
instead of only the Nordic Seas.

Results
Spatial distribution of polar lows
PLs are observed across all ocean basins at high latitudes (Fig. 1a). In the
Southern Hemisphere, most PLs develop between 50° and 60°S, primarily
over the ACC, clustering in the Southeast Pacific and the Southern Indian
Ocean. TheNorthernHemisphere has threemain PL breeding grounds: the
Labrador and Irminger Seas, the Northeast Atlantic Ocean, and the
Northwest Pacific. PLs form across a wide latitude range, from 80°N in the
Northeast Atlantic to 40°N in the Northwest Pacific. The highest density of
PL activities (amount of PL time steps within 1° × 1° grid) occurs in the
Northeast Atlantic and the Northwest Pacific, where their average annual
occurrence exceeds 85 days. In contrast, PLs occur for an average of 30 days
per year in the Irminger Sea and 70 days per year in the Labrador Sea.

The average wind speed anomaly induced by PLs (see the Supple-
mentaryMethods for the definition of PL-associatedwind andprecipitation
anomaly) differs significantly between the Northern and Southern Hemi-
spheres (Fig. 1b). In the Northern Hemisphere, PL contributes to the mean
wind speed increase by up to 0.5ms−1 in PLs clusters’ regions, whereas the
impact of PLs in the Southern Hemisphere is minimal. One possible
explanation is that PLs are more scattered in the Southern Hemisphere.
Additionally, since PLs primarily occur within the Antarctic westerlies,
where strong winds are prevalent, their impact may be less pronounced.

The average precipitation anomaly induced by PLs is also more pro-
nounced in the PLs cluster regions of the Northern Hemisphere (Fig. 1c).
The largest PL-associated precipitation is observed in theNortheastAtlantic
Ocean, where average precipitation increases by 17%. In the Labrador and
Irminger Seas and theNorthwest Pacific, PLs contribute to a 10 and13%rise
in precipitation, respectively. In contrast, in the Southern Hemisphere, PLs
lead to a more modest 5% increase in average precipitation.

Impact of PLs on global ocean
To assess the cumulative influence of PLs, the diagnostic analysis focuses on
the final five years of the simulations, comprising four experiments: CTRL
(baseline), noPL (PLs removed), PLwater (PL-related wind forcing sup-
pressed), and PLwind (PL-related precipitation suppressed), as detailed in
the section “Methods”. Comparison of our simulated sea ice fraction, sea
surface temperature (SST), and ocean heat contentwith previous studies21–23

shows broad agreement, supporting the reliability of our simulations.
Notably, the most pronounced effects of PLs are observed in the North
Atlantic, with detailed figures provided in the Supplementary Information.

Mixed-layer depth. The mixed-layer depth serves as a key indicator of
open-ocean convection24. In our simulation, the climatological dis-
tribution of mixed-layer depth is broadly consistent with previous
studies25–28, but the absolute values are systematically shallower. This
discrepancy arises because the mixed-layer depth in this study is defined
as the depth where the density increases by 0.01 kgm−3 relative to that at
10 m. In contrast, other studies use a threshold of ~0.03 kgm−3. Varia-
tions in mixed-layer depth reflect the extent to which localized PLs
influence the underlying ocean. For example, the strong winds generated
by PLs enhance air-sea heat flux exchange and vertical mixing, leading to
ocean cooling and increased instability in the water column, which
deepens themixed layer. Conversely, precipitation fromPLs stabilizes the
water column and shoals the mixed layer by reducing the density of
surface waters.

The impact of PLs on the depth of the ocean mixed layer is primarily
concentrated in their breeding grounds, with some extension toward lower
latitudes (Figs. 1 and 2). The winter mixed-layer depth in the Labrador and
Irminger Seas is most affected by PLs. In this area, PL-associated pre-
cipitation (PLwater) shoals themixed layer depth by up to 52m (Fig. 2c). In

contrast, PL-associatedwind (PLwind) deepens themixed layer depth by up
to 76m (Fig. 2d). These opposing impacts result from distinct underlying
mechanisms, as detailed above. By comparing the magnitude of the dif-
ferences caused by PL-associated precipitation (PLwater) and winds
(PLwind), it is evident that PL-associated wind plays a dominant role in
affecting the mixed-layer depth in the Labrador and Irminger Seas. When
bothPL-associated turbulentfluxes andprecipitation are taken into account
(CTRL, Fig. 2b), the maximum increase of mixed layer depth is 47m
compared to that from experiment noPL. It is worth noting that although
the maximum intensity of PL-associated impacts does not occur in this
region (Fig. 1b, c), the mixed-layer depth is most significantly affected here.
This is primarily because verticalmixing in this area is largely driven byhigh
winter surface heat losses, rendering it particularly sensitive to PL forcing29.

In the Northeast Atlantic Ocean, PLs also have a pronounced impact
on themixed-layer depth, which closely corresponds to variations in surface
heat fluxes (Fig. 3). Under the influence of PLs, the mixed-layer depth
increases by up to 18m in the open ocean, while it decreases by as much as
15m near the sea ice edge (Fig. 2b). These changes are associated with
enhanced heat losses (13Wm−2) in the open ocean and reduced heat losses
(8Wm−2) near the sea ice edge (Fig. 3b). A similar pattern is observed in the
PLwind simulation but with pronounced reductions in heat losses
(11Wm−2) near the sea ice edge (Figs. 2d and 3d). In contrast, the PL-
associated precipitation (PLwater) increases themixed-layer depth near the
ice cover edge (Fig. 2c), coinciding with increased heat losses (5Wm−2) in
that region (Fig. 3c). The changes in surface heat fluxes are likely driven by
the growth or melting of sea ice along the edge (Supplementary Fig. S4),
which is closely linked to changes in ocean heat content, as detailed in
section “Ocean heat content and heat transport”. In the CTRL and PLwind
simulations, sea ice expands near the ice edge, while it melts in the PLwater
simulation. The growth of sea ice hinders heat losses from the ocean, leading
to a shallower mixed-layer, whereas the melting of sea ice has the opposite
effect, deepening the mixed-layer. Generally, the impact of PL-associated
wind on the ocean is consistent with earlier studies5,30, which demonstrate
that intense winds exert a stronger influence on mixed-layer depth by
modulating heat fluxes, vertical mixing, and, consequently, enhancing deep
convection. The impact of PLs on the Northwest Pacific and Southern
Oceans is minimal, with changes in mixed-layer depth generally less than
5m (Supplementary Fig. S5).

Potential temperature and Brunt–Väisälä frequency. PL-associated
wind and precipitation exert opposing influences on ocean density and,
consequently, on stratification (Supplementary Fig. S6). PL-associated
wind enhances surface evaporation, increasing density, whereas PL-
associated precipitation freshens the surface layer, reducing both salinity
and density. The effects of PLs on ocean salinity are further redistributed
by vertical mixing. The salinity response is most pronounced in the
Northeast Atlantic and the Labrador–Irminger Seas, where PL events are
strong and frequent. In other ocean basins, these impacts are weaker. The
thermal effects of PLs are also strongest in the Northeast Atlantic and the
Labrador–Irminger Seas. In these regions, the thermal response is
influenced by both convection and advection, providing a clearer signal
of PL-induced deep ocean changes. The most pronounced impact of PLs
on ocean potential temperature is observed in the Northeast Atlantic,
extending to depths of 800 m (the navy line in Fig. 4a). In this region, the
presence of PLs leads to a cooling of ~0.1 °C in the upper 800 m of the
ocean during the winter months. The second most pronounced effect is
observed in the Labrador and Irminger Seas, where PLs cause a slight
cooling of around 0.03 °C in the upper 600 m of the ocean (Fig. 4b). PLs
have a weaker effect on ocean potential temperature in the Northeast
Pacific and Southern Ocean, consistent with their minimal influence on
mixed-layer depth (Fig. 4c–e).

Despite their opposing effects on the ocean, PL-associated wind and
precipitation do not always leave a uniform imprint on the ocean. In the
NortheastAtlantic, the average potential temperature increases to ~5.2 °C at
200m from the surface (3.9 °C) and then gradually decreases to 1 °C

https://doi.org/10.1038/s43247-025-02972-0 Article

Communications Earth & Environment |           (2025) 6:943 2

www.nature.com/commsenv


Fig. 1 | Spatial patterns of PL activity and associated anomalies. a The spatial
distribution of PL activity density: number of PL occurrence hours within a 1° × 1°
grid from 2000–2020. The PLs dataset is taken from Stoll18. b The mean of PL-
induced anomalies in 10-m wind speed during winter (DJF in the Northern

Hemisphere and JJA in the Southern Hemisphere). c Anomalies in precipitation
induced by PLs during winter (DJF in the Northern Hemisphere and JJA in the
Southern Hemisphere).
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between 200 and 800m (the dashed line in Fig. 4a). PL-associated wind
(PLwind) cools the upper 700m of the ocean, while increasing the potential
temperature of the sea water at depths of 700–900m (the orange line in
Fig. 4a). This pattern is mainly driven by enhanced vertical mixing, which
can be shown from the variation of the Brunt–Väisälä frequency. The
changes in ocean stratification induced by the PL-associatedwind (PLwind)
extend to 800m (Fig. 4f ), closely aligning with the depth of potential
temperature variations (Fig. 4a). The pronounced heat losses associated
with PL-induced winds lead to surface cooling and destabilization of the
upper ocean. At the same time, strong winds enhance vertical mixing,
deepening the mixed layer. As a result, the upper 600m of the ocean cool,
while the 600–1000m layer experiences slight warming compared to the
noPL simulation. In contrast, when the PL-associated freshwater is intro-
duced at the surface (PLwater), it stabilizes the upper ocean, suppressing
vertical mixing. As a result, the upper 600m warms slightly due to the
accumulation of surface heat transported horizontally (discussed in section
“Ocean heat content and heat transport”), while the 600–1000m layer cools
relative to the noPL simulation, due to the reduced vertical mixing. When
both PL-associated wind and precipitation are included, the overall impact
is largely driven by the turbulent fluxes. However, PL-induced precipitation
slightly reduces the magnitude of this impact compared to the experiment
that considers only PL-associated wind.

In the Labrador and Irminger Seas, the ocean potential temperature
increases when only the PL-associated wind effects are considered

(PLwind), but decreases when only the PL-associated precipitation effects
are accounted for (PLwater; Fig. 4b). The impact of PL-associated wind
(PLwind) on ocean stratification extends down to approximately 400m,
whereas variations in potential temperature reachdepths of around 1800m.
Similarly, the impact of PL-associated precipitation (PLwater) extends to
more than 1400m. This suggests that, in addition to the vertical mixing
drivenbyPL, oceanichorizontal advectionalsoplays an important role.This
also helps explain why the ocean becomes unexpectedly warmer in the
PLwind simulation but cooler in the PLwater simulation. When the full
impact of PLs is considered, the overall effect results in slightly cooler ocean
temperatures.

The impact of PLs in the Northwest Pacific is less pronounced
(Fig. 4c, h) compared to the Atlantic Ocean, despite the distinct clus-
ter of PLs in this region (Fig. 1). A likely explanation is that PL-induced
heat losses represent only a small fraction of the annual average
heat losses (Fig. 3a), which results in a minimal sensitivity of vertical
mixing to PLs in this region. Additionally, vertical mixing in the
Northwest Pacific is also influenced by the Oyashio Current, which
transports cold Arctic waters to the region, replenishing it during ocean
convection. As a result, PL-associated effects on the ocean are weaker in
this region. The most negligible impact of PLs is observed in the
Southern Ocean, where the annual average wind speed exceeds 10 ms−1.
In this high-wind environment, the influence of PLs is largely
diminished.

Fig. 2 | Climatological winter mixed-layer depth and sensitivity to PLs. a Cli-
matological winter (DJF)mixed-layer depth of theNorthernHemisphere from2016
to 2020 in the CTRL simulation. Climatological winter difference between b CTRL

and noPL (CTRL-noPL); cPLwater and noPL (PLwater-noPL); dPLwind and noPL
(PLwind-noPL). Sea ice edge is indicated by a purple contour.

https://doi.org/10.1038/s43247-025-02972-0 Article

Communications Earth & Environment |           (2025) 6:943 4

www.nature.com/commsenv


Oceanheat content andheat transport. Themodulation of PLs on SST
ranges from −0.7 to 0.7 °C (see Supplementary Fig. S7), exhibiting dis-
tinct regional patterns. The most extensive effects occur in the subpolar
gyre region (50°N–65°N, 40°W–10°W), where the effects reach magni-
tudes comparable to those induced by global warming31. Specifically, in
experiments considering only PL-associated wind (PLwind), the aver-
aged SST increases by 0.25 °C in the subpolar gyre region, whereas in
experiments considering only PL-associated precipitation (PLwater), it
decreases by 0.1 °C.

In the Northeast Atlantic Ocean, when the full impact of PLs is con-
sidered (CTRL), the average upper ocean heat content decreases by
4 × 108 GJ (Fig. 5b). This corresponds to roughly a 1% change, which,
althoughmodest inmagnitude, is statistically significant. Consequently, the
basin-scale SST response is weak. However, localized cooling of up to 0.3 °C
occurs along the sea ice edge (see Fig. S7a). Furthermore, the isolated impact
of PL-associated wind (PLwind) leads to a 4.25 × 108 GJ decrease (Fig. 5d),
while PL-associated precipitation (PLwater) causes an increase of
0.5 ×108 GJ (Fig. 5c). In total, the effect of PL-associated wind on ocean heat
content far outweighs that of PL-associated precipitation in this region. The
decrease in ocean heat content in the PLwind simulation is attributed to
enhanced heat losses from the ocean due to PL-associatedwind. In contrast,
the increase in ocean heat content in the PLwater simulation is associated
with enhanced horizontal heat transport (Table 1) across the Iceland-

Scotland Ridge (cross-section 1 in Fig. 5), which serves as the primary
gateway for heat entering the Northeast Atlantic Ocean.

In the Labrador and Irminger Seas, the average upper ocean heat
content decreases by 1.25 × 108 GJ in the CTRL simulation (Fig. 5b) and by
2 × 108 GJ in the PLwater simulation (Fig. 5c). However, in the PLwind
simulation, the heat content increases by 2.5 × 108 GJ (Fig. 5d). The unex-
pected ocean heat content increase in the PLwind simulation is attributed to
changes in internal ocean heat transport. An additional 0.07 PW (28%
more) of heat is advected into the Labrador and Irminger Seas through
cross-section 2, whereas in the PLwater simulation, a reduction of 0.03 PW
ofheat crosses the same section.When considering the full impact of PLs, an
additional 0.03 PWof heat (12%more) is transported into the Labrador and
Irminger Seas.While this heat is not sufficient to offset the direct heat losses
caused by PLs, it largely replenishes the heat lost in the region. This
enhanced heat transport induced by the PLs simulation highlights the
broader role of small-scale atmospheric forcing in modulating ocean heat
content and large-scale circulation. Our results are consistent with previous
studies that emphasize the sensitivity of oceanic heat transport to atmo-
spheric resolution. For instance, ref. 32 used a coarse-graining approach to
filter mesoscale weather systems, and ref. 33 analyzed coupled model
simulations with varying atmospheric resolutions; both found that better-
resolved atmospheric forcing strengthens northward heat transport in the
Atlantic.

Fig. 3 | Climatological winter surface heat fluxes and sensitivity to PLs. a Cli-
matological winter (DJF) surface heat fluxes of theNorthernHemisphere from 2016
to 2020 in the CTRL simulation. Climatological winter difference between b CTRL

and noPL (CTRL-noPL); cPLwater and noPL (PLwater-noPL); dPLwind and noPL
(PLwind-noPL). Sea ice edge is indicated by a purple contour.
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Discussion and conclusion remarks
In this study, we investigated the impact of PLs on the underlying ocean
through a series of sensitivity experiments. Unlike the previous study5,
which parameterized PL-associated wind, our approach is to directly
remove PL-associated effects—including both wind and precipitation—to
more accurately quantify their impact on the ocean. PL-associated wind or
PL-associated precipitation influences the ocean differently: PL-associated
wind enhances heat losses and upper-ocean mixing, destabilizing the water
column, while PL-associated precipitation introduces fresh water at the
surface, reinforcing stratification and promoting stability. To isolate these
effects, we conducted two additional simulations in which the influence of
PL-associated wind and precipitation were selectively removed. This
allowed us to quantify the individual contributions of each component and
assess the potential biases that may arise when only PL-associated wind is
considered. The following conclusions are drawn from the sensitivity
simulations:
• TheNortheast Atlantic Ocean exhibits the most pronounced response

to PLs among all ocean basins. The primary impact of PLs on this
region arises from enhanced heat losses caused by PL-associated wind,
which deepens the mixed layer and increases vertical mixing, resulting
in pronounced cooling of the upper ocean. In contrast, the influence of
PL-associated precipitation in this region is relativelyminor compared
to that of the winds. Consequently, the oceanic response to PLs in this
region can be mainly attributed to PL-associated wind forcing.

• In the Labrador and Irminger Seas, the impact of PLs on the region is
influenced by both vertical mixing and horizontal advection. The role
of horizontal advection becomes more pronounced when considering
the isolated effects of PL-associated wind or precipitation. In the
PLwind simulation, an increase in horizontal heat transport leads to

oceanwarming, whereas in the PLwater simulation, a reduction in heat
transport causes cooling. However, the opposing effects of PL-
associated wind and precipitation on horizontal heat transport largely
counterbalance each other when the full impact of PLs is considered
(CTRL). This highlights that focusing solely onPL-associatedwind can
lead to a substantial misestimation of PLs’ impact in this area.

• The influences of PLs on the Northwest Pacific Ocean and the
SouthernOcean areminimal. In theNorthwest PacificOcean, the high
average surface heat fluxes make the ocean less sensitive to extreme
events like PLs. In the SouthernOcean, the strongwesterlywindsmake
the ocean less responsive to the impacts of PLs.

• Subpolar gyre region (50°N–65°N, 40°W–10°W) exhibits pronounced
sensitivity to the presence of PLs. The occurrence of PLs leads to a
notable accumulation of heat in this area, with water at the bottom of
the mixed layer (around 200m) warming by ~0.2 °C. The changes in
potential temperature driven byPLs are of a similarmagnitude to those
caused by global warming in this region. This underscores the
importance of explicitly resolving PLs in climate simulations to
improve their reliability.

All simulations in this study were conducted at a relatively
coarse resolution, which is known to underestimate ocean heat
content [32]. Consequently, the actual contribution of PLs to the
underlying ocean is likely greater than indicated by our results. In
addition, the small spatial scale of PLs is not well captured in ERA5,
where extreme wind speeds are systematically underestimated, fur-
ther reducing the simulated PL impacts. Given the substantial
cumulative influence of PLs on the ocean, their impact may be more
pronounced in long-term climate simulations.

Fig. 4 | The vertical ocean structure and its sensitivity to PLs. Vertical profiles of
(Top) mean potential temperature (purple dashed line) and (Bottom) mean
Brunt–Väisälä frequency (purple dashed line) over the last 5 years of simulation
(2016–2020) for different regions (see Fig. 1): a, f Northeast Atlantic Ocean;

b, g Labrador and Irminger Sea; c, h Northwest Pacific; d, i Southeast Pacific;
e, j South Indian Ocean. Differences among experiments in potential temperature
and Brunt–Väisälä frequency are shown for CTRLminus noPL (navy line), PLwind
minus noPL (orange line), and PLwater minus noPL (sky blue line).
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Uncertainties also arise from thePLdetectionmethod. Specifically, PLs
are identifiedbasedonmaximumrelative vorticity at 850hPa rather thanon
surface anomalies directly induced by PLs, which may lead to a mis-
representation of their oceanic impacts. Improved accuracy will require PL
datasets derived more directly from observations, such as high-resolution
satellite imagery.

Overall, the influenceofPLson theoceanexhibitspronounced regional
variability, governedby the relative contributions of PL-associatedwind and
precipitation. This underscores the importance of accounting for the
potential underrepresentation of PLs—particularly in regions such as the
Northeast Atlantic—when performing climate simulations. While this
study primarily focuses on the thermodynamic effects of PLs, their potential

impacts on ocean circulation are only briefly addressed. In particular, their
role in modulating the strength and interannual variability of boundary
currents and the ACC warrants further investigation using higher-
resolution and longer-term simulations. Moreover, employing high-
resolution coupled atmosphere-ocean models would allow for better reso-
lution of individual PL events and a more detailed assessment of their
impacts on the ocean, representing a promising avenue for future research.

Methods
Model
The NEMOmodel (Nucleus for European Modeling of the Ocean; ref. 34)
withORCA05 configuration is employed in this study. In themodel, the Sea
Ice Modeling Integrated Initiative [SI3, ref. 35] is interactively coupled with
the ocean component. The configuration is tri-polar Arakawa-C grids. The
mean horizontal grid size in the Arctic Ocean (average length of the four
horizontal edges of surface grid cells in the Arctic Ocean) is 29 km, with the
highest horizontal resolution of 9 km. This resolution just partly resolves
mesoscale eddies, so the eddy parameterization scheme36 was applied. The
configuration has 46 z levels varying in layer thickness from 6m at the
surface to 250m in the deepest layers, resolving the first baroclinic mode37,
which is needed for the representation of themajor baroclinic currents. The
turbulent kinetic energy closure scheme was used to compute the vertical
eddy viscosity and diffusivity coefficients34. The ECMWF bulk algorithm is

Fig. 5 | Climatological winter upper-ocean heat content and sensitivity to PLs.
a Climatological winter (DJF) upper ocean heat content (700 m) of the Northern
Hemisphere from 2016 to 2020 in the CTRL simulation. Climatological winter
difference between bCTRL and noPL (CTRL-noPL); cPLwater and noPL (PLwater-

noPL); d PLwind and noPL (PLwind-noPL). Differences significant at the
95% confidence level (T-test) are indicated by a green contour. Sea ice edge is
indicated by a purple contour. The black line is cross-section 1, and the gray line is
cross-section 2.

Table 1 | Heat transport (PW) across the cross-sections 1 and
2, represented by the black and gray thick lines in Fig. 5,
respectively

Section 1 Section 2

PL 4.40 0.28

noPL 4.41 0.25

PLwater 4.45 0.22

PLwind 4.38 0.32
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utilized to calculate the air-sea turbulentfluxes, including sensible and latent
heat fluxes38.

Experiments
Four sensitivity experiments were designed to quantify the role of PLs in
ocean circulation:
• CTRL: In the control experiment, the model is forced by ERA5 data39.

ERA5 generally reproduces the locations and patterns of PLs well but
tends to underestimate their intensity, both in terms of wind speed and
precipitation40,41.

• noPL: Different from CTRL, this experiment removes PL-associated
anomalies in surface wind, sea surface pressure, and precipitation
within a 600-km radius of the PL centers from ERA5 forcing data. The
information of the PL tracks and centers are from ref. 18, which was
created using a vortex identification technique42. This dataset includes
the occurrence hours of PLs, totaling 180,798 h in the Northern
Hemisphere and 187,201 h in the Southern Hemisphere during the
period 2000–2020. Details of the PL detection method and the signal
removal process are provided in Supplementary Methods and
Figs. S1–S3.

• PLwater: In this experiment, the PL-associated anomalies in surface
wind and sea surface pressure are removed from the ERA5 data. The
other settings are identical to the CTRL experiment.

• PLwind: In this experiment, only the PL-associated precipitation is
removed from the ERA5 data. The other settings are identical to the
CTRL experiment.

Based on the design of the four sensitivity experiments, any difference
between CTRL and noPL can be attributed to the impact of PLs on the
ocean. The difference between PLwater and noPL reflects the effect of PL-
associated precipitation. Similarly, the influence of PL-associated wind on
the ocean is shown by the difference between PLwind and noPL.

To save computational resources, the initial temperature and salinity
fields of the simulations were derived from a millennium-long
ORCA2 simulation. The spin-up process lasted 40 years, starting with 35
years of climatological atmospheric forcing43, followed by ERA5 data from
1996 to 1999. After spin-up, the four sensitivity experiments were con-
ducted, covering 2000 to 2020.

Data availability
ERA5datawere available from(https://doi.org/10.24381/cds.bd0915c6). PL
lists are available from (10.18710/TVZDBF). The data used for generating
the figures have been deposited in (https://doi.org/10.6084/m9.figshare.
30405244).

Code availability
We use basic statistics packages and plotting methods in the Python soft-
ware for the analysis. The NEMO model is available from (https://forge.
nemo-ocean.eu/nemo/nemo/-/releases/4.2.2). The code used to filter out
polar lows is available at (https://github.com/TingLin95/pre_NEMO).
Interested readers can contact us for guidance on generating the noPL data.
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