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Abstract

Quantifying Seasonal, Hemispheric, and Interannual Variations in Cyclone

Impacts on Sea Ice

by Claire Mundi

Earth’s energy balance is strongly modulated by sea ice cover. Cyclones can impact sea ice

extent by amplifying wave activity, promoting ice breakup, advecting heat and moisture,

and enhancing sea ice drift. Due to the range of atmospheric and oceanic processes

involved, the net effect of intense cyclones on sea ice within the marginal ice zone (MIZ)

has yet to be quantified. Here we first assess the impact of Arctic summer storms from

an observational perspective, which is when the sea ice is likely at its most vulnerable to

further decreases in ice area. Guided by the opposing ice tendencies of two case studies,

264 strong (minimum surface pressure below 984 hPa) summer cyclones were analyzed to

quantify the net ice impacts in the present-day Arctic (2010–19) and early satellite era

(1982–91). We find that early summer storms tend to decrease the MIZ ice area more

than late summer storms and that wind direction and SST trends partially reconcile the

wide range of MIZ ice area changes due to cyclone passage. Additionally, recent summer

cyclones had more negative impacts on the ice than storms in the 1980s. Based on these

results, understanding how these effects may evolve in the future is critical for accurately

predicting future ice loss. We use output from the Community Earth System Model

version 2 Large Ensemble (CESM2-LE) to compare intense summer cyclone impacts on

the MIZ with observed responses. We find that CESM2-LE reproduces observed net
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impacts but exhibits compensating biases, where fewer intense cyclones reach the MIZ

but decrease ice area more than observed. In a future emission scenario, CESM2-LE

predicts more frequent intense cyclones, but as the Arctic warms and late summer ice cover

lessens, fewer storms will interact with the retreating ice edge. Subsequently, the largest

effects shift earlier in the year, and ice loss from these storms declines after present day,

suggesting intense summer cyclone impacts have reached a maximum. Finally, the effects

of intense cyclones are assessed in all seasons and in both hemispheres using observations,

finding that storms enhance the seasonal ice growth and decay cycle in both hemispheres.

Cyclones intensify equatorward winds and ice advection within a cooling ocean during

the cold season and enhance poleward motion within a warming ocean during the warm

season, collectively increasing global annual mean ice area. Southern hemisphere cyclones

have the strongest influence on global ice area, with autumn and early winter cyclones

strongly expanding ice area. While these increases are partially offset by ice losses in early

austral summer, the low overall Antarctic sea ice extent in late summer limits further

losses, leading to an asymmetric annual cycle where intense cyclones enhance global ice

area from April through October but only destroy it in November and December.
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Chapter 1

Introduction

Global sea ice cover is a key component in determining the amount of sunlight absorbed to

heat the surface and, in turn, Earth’s energy balance (Trenberth et al., 2014, von Schuck-

mann et al., 2016, Zhou et al., 2025). The Arctic, in particular, has been experiencing a

rapid decline in sea ice cover due to significant warming over the last few decades (Box

et al., 2019, Carmack et al., 2015, Stroeve and Notz, 2018). During the summer months,

in particular, the average sea ice extent has declined by over 40% since 1979 (Koyama

et al., 2017, Stroeve et al., 2012). Additionally, sea ice has become thinner and younger

in more recent years, making it more susceptible to further seasonal melting (Comiso,

2012, Lindsay and Schweiger, 2015). More specifically, the marginal ice zone (MIZ) has

This chapter is comprised of modified portions of the peer-reviewed publications:
Mundi, C., & L’Ecuyer, T. (2025). Is the modern Arctic marginal ice zone more susceptible to summer
cyclones?. Journal of Climate, 38(1), 403-422.
Mundi, C. L., L’Ecuyer, T. S., & DuVivier, A. K. (2025). Have Impacts of Intense Arctic Cyclones on
Summer Sea Ice Reached a Maximum?. Geophysical Research Letters, 52(19), e2025GL117848.
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widened in recent years due to the decline of thick, multiyear ice (Strong and Rigor,

2013). However, the MIZ has also been retreating poleward, causing the total extent of

the MIZ to remain unchanged (Rolph et al., 2020).

Antarctic sea ice, on the other hand, steadily increased between 2000 and 2014, followed

by a rapid decrease in recent years (Eayrs et al., 2021). The resulting decrease in global

ice cover has lead to greater areas of open ocean in the polar regions and subsequently

greater heat uptake. This is especially important in the Arctic where heat is readily

absorbed in the shallow mixed layer, and heat uptake provides extra energy to melt sea

ice, creating a feedback that accelerates Arctic warming (Hansen et al., 2011, Prince and

L’Ecuyer, 2024).

With the total global sea ice extent decreasing over the recent decades, understanding

the mechanisms that influence sea ice cover, specifically around the ice edge, has become

increasingly important. Sea ice can be altered through changes in the surface energy

budget, including anomalous cloud cover or changes in precipitation (Kapsch et al., 2016,

Screen and Simmonds, 2012). Ice is also subject to dynamic influences where strong winds

contribute to a decrease in ice extent through poleward advection and ice convergence

(Ogi et al., 2008). Additionally, changes in ice cover itself can perpetuate additional loss

through the ice-albedo feedback (Perovich et al., 2008, Serreze and Barry, 2011). As the

surface albedo decreases due to greater areas of open water, nearby SSTs increase due to

enhanced solar absorption and subsequently cause more ice melt. The capacity for these
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changes all together is likely at its largest during the summer, when the ice extent is at

its smallest and the ice is most vulnerable to environmental forcings.

One prominent aspect of the climate system that can exert a rapid influence on sea ice

by simultaneously altering surface fluxes, cloud cover, precipitation, and wind patterns

is the passage of Arctic cyclones. The dominant mechanism governing these sea ice

changes appears to be the strong winds associated with cyclones, that are, on average,

about 1 m s�1 greater than climatological winds without a cyclone present, and more

intense storms can have even greater deviations (Schreiber and Serreze, 2020). These

strong winds can cause divergent or convergent advection and can ultimately lead to

ice breakup or ridging (Brümmer et al., 2008, Itkin et al., 2017). The divergence of ice

forms leads that create regions of low-albedo open water, furthering the absorption of

solar radiation. These leads also generate avenues for future ice growth, given sufficiently

cool conditions. Convergence, on the other hand, causes ice to ridge, forming regions of

thicker ice. This simultaneously leads to more open water at the ice edge, but the thicker

ice is potentially more resilient to future cyclone-induced changes (Brümmer et al., 2008,

Itkin et al., 2017).

In addition to changing the characteristics of the ice itself, the resultant ice motion

can also change the environment in which the ice resides by advecting ice floes into

regions of warmer or cooler ocean and increasing upper-ocean mixing. For example,

in a numerical modeling study of the intense August 2012 storm, Zhang et al. (2013)

attributed the observed decline in sea ice to the resulting upward transport of heat from
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the enhanced upper-ocean mixing. These two factors, along with other contributions such

as the radiative effects of variations in cloud and precipitation properties (Kapsch et al.,

2016, Screen and Simmonds, 2012), help define the wide range of sea ice outcomes from

cyclones.

This range of atmospheric and oceanic processes involved has prompted considerable

research to quantify the effects of cyclones on sea ice, especially during the summer melt

period in the Arctic. Current literature appears divided on the net impact of these events,

with some studies claiming cyclones work against the climatological decline of sea ice

(Schreiber and Serreze, 2020), while others cite increased sea ice loss following a storm

(Kriegsmann and Brümmer, 2014). Schreiber and Serreze (2020) found that, overall,

summer storms tend to limit the seasonal decline of ice primarily through increased cloud

cover. This result was supported for storms that occur earlier in the summer season,

during May and June (Finocchio et al., 2020). In contrast, late-summer storms in July

and August have been shown to cause slightly more sea ice loss (Finocchio and Doyle,

2021, Finocchio et al., 2022). Additionally, in July and August, storms with stronger

winds are associated with greater changes in ice area than storms with weaker winds

(Finocchio et al., 2020). This result is explained, in part, by the presence of thinner ice

(which becomes more prominent later in the summer season) that is more responsive to

wind forcing (Kwok et al., 2013, Spreen et al., 2011).

However, only a few of these previous studies focused specifically on the sea ice within

the MIZ. In doing so, these studies take a statistical approach of analyzing many cyclones
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over large regions. As suggested by Clancy et al. (2022), this spatial averaging does not

consider variations within a single cyclone or differences between individual storm events

leading to generalized impacts that can vary depending on the methodology applied.

The MIZ is critical for defining the total ice extent and is likely more vulnerable to

storm forcings, providing a more targeted perspective than considering the entire ice area

Finocchio et al. (2022), Schreiber and Serreze (2020). Since the solid ice pack is more

rigid and less susceptible to winds, the net effect of cyclones on the MIZ provides a good

proxy for their effect on global sea ice cover.

Given this focus in the literature on Arctic summer storms, the effects of southern hemi-

sphere storms and the annual cycle of cyclone impacts are also still uncertain. Ice cover

changes have been shown to be both accelerated and slowed by cyclones throughout

the year, particularly in the Arctic. Different processes tend to dominate at different

times of year, with refreezing after cyclone passage leading to increases in ice mass in

the winter whereas warmer ocean conditions lead to increased melt after cyclone passage

(Kriegsmann and Brümmer, 2014). Differences in cyclone intensity broadly causes larger

impacts in the cold season (Aue and Rinke, 2023). Alternatively, Schreiber and Serreze

(2020) suggest cyclones generally increase sea ice concentration across all months, or other

studies suggest that there is little net impact across all months as positive and negative

impacts tend to cancel out (Clancy et al., 2022, Spensberger et al., 2026).

Much less attention has been paid to the role of Antarctic cyclones throughout the year,

with emphasis generally placed on autumn and winter storm impacts (Ward et al., 2023).
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For example, several consecutive intense cyclones led to the record low ice cover in the

Weddell Sea in April and May 2019, due to a combination of poleward winds and waves

and upward mixing of ocean heat (Jena et al., 2022). An explosive cyclone occurring in

July 2017 was found to redistribute ice within the Antarctic MIZ (Vichi et al., 2019). Yet,

a systematic understanding of how southern hemisphere cyclones impact the ice edge is

still lacking.

Ultimately, due to the complex nature of storm-sea ice interactions, the net effect of

cyclones on the global MIZ is still uncertain, and, given the large changes occurring in

the polar regions, particularly the Arctic, understanding how these impacts might evolve

in the future under changing ice conditions have yet to be addressed. This dissertation

aims to answer the following research questions:

1. Is the modern Arctic MIZ more susceptible to summer cyclones?

2. Have impacts of intense Arctic cyclones on summer sea ice reached a maximum?

3. How do storm impacts vary seasonally and in the southern hemisphere?

In answering these questions, Chapter 3 analyzes summer storm impacts in the Arctic

over two decades using the observational record. Next, we use the Community Earth

System Model Version 2 to explore future Arctic summer cyclone impacts in Chapter 4.

Finally, Chapter 5 expands upon the results of Chapter 3 by including the full seasonal

cycle and global impacts of cyclones on the MIZ. By addressing these research questions,



7
we aim to provide comprehensive insights into the impacts intense weather events have

on the underlying sea ice within the MIZ
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Chapter 2

Data and Methods

2.1 Data

2.1.1 Observational Datasets

The National Snow and Ice Data Center (NSIDC) reports daily average sea ice concentra-

tions across the Arctic on a polar stereographic grid at 25 km resolution by combining pas-

sive microwave data from three different sensors (Scanning Multichannel Microwave Ra-

diometer, Special Sensor Microwave Imager, Special Sensor Microwave Imager/Sounder)

utilizing the NASA Bootstrap algorithm as part of their Climate Data Record product

(Meier et al., 2017, Peng et al., 2013). Sea ice concentration data from 1982–1991 and

This chapter is adapted from the peer-reviewed publications:
Mundi, C., & L’Ecuyer, T. (2025). Is the modern Arctic marginal ice zone more susceptible to summer
cyclones?. Journal of Climate, 38(1), 403-422.
Mundi, C. L., L’Ecuyer, T. S., & DuVivier, A. K. (2025). Have Impacts of Intense Arctic Cyclones on
Summer Sea Ice Reached a Maximum?. Geophysical Research Letters, 52(19), e2025GL117848.
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2010–2019 is used to establish pre-storm ice cover and track changes in ice area within

the MIZ. This product does have missing data during July and August 1984, however,

this affects a very small subset of cyclones that are considered in this analysis. We also

relied on the Polar Pathfinder Daily 25 km EASE-Grid Sea Ice Motion Vectors (Tschudi

et al., 2019) to quantify ice advection during the storms

We define the MIZ area for each cyclone event as the accumulated area of all locations

with sea ice concentration between 15 and 80 percent (Strong and Rigor, 2013) from one

day before the start of the storm to one day after the end of the storm. Having a constant

area allows for all changes within the domain to be accounted for, whereas looking at the

changes in 15-80% ice concentration cover from day-to-day causes the analysis area to vary

and may mask important signals caused by cyclone interactions. With this definition,

variations arise solely from changes in sea ice concentration and not from an expansion

or reduction in analysis area. While this definition does include changes in the adjacent

pack ice, these additional changes are important for describing the overall evolution of the

MIZ and ice edge as a whole. We then track how the total sea ice area within this region

evolves from one week before through two weeks after cyclone passage. We also calculate

the total ice area within the region of storm influence to ensure the storm significantly

interacts with the ice edge by only selecting storms with a pack ice area (concentrations

greater than 80%) of at least 20% and no more than 80% of the domain on the first day

of the cyclone.

This focus on changes in the MIZ is motivated by the fact that this region is likely
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most sensitive to storm influences. Strong winds over largely open ocean regions can

generate large shear fields leading to the breakdown of larger ice floes into smaller floes

that are easier to advect via the same winds (Holt and Martin, 2001). Additionally, lower

concentration ice experiences not only surface and basal melt but also lateral ice melt

from the surrounding open ocean (Tsamados et al., 2015).

To characterize changes in the ocean environment where the ice resides, estimates of

daily mean Arctic Ocean sea surface temperature (SST) from the NOAA Optimum In-

terpolation (OI) High Resolution Dataset are utilized (Huang et al., 2021). This product

incorporates both in situ data (from ships, buoys, and Argo floats) and satellite (Advanced

Very High Resolution Radiometer and Visible Infrared Imaging Radiometer Suite) obser-

vations and is provided on a 0.25-degree resolution global grid. Data from this product

is available from September 1981 through present. To compute time series of SST over

the analysis period, we use daily regions of ice between 15 and 80 percent concentration

(Strong and Rigor, 2013). Therefore, most of the variation in SST comes from the day-

to-day variations in the location of low-concentration sea ice. By doing so, we emphasize

the role of SST within the regions where marginal ice is present.

In addition to trends in surface temperature, we also computed mean volume tempera-

tures within the MIZ down to 35 m depth using the Global Ocean Reanalysis Product

(GLORYS; Lellouche et al., 2021). GLORYS data has an eddy-resolving horizontal resolu-

tion of 1/12� and 50 vertical levels within the ocean model NEMO (Nucleus for European

Modeling of the Ocean; Madec et al., 2017). The model is driven by European Centre for
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Medium-Range Weather Forecasts ERA-Interim data at the surface. We find that SST

trends during the time of the cyclone are similar to trends of mean upper-ocean tem-

perature. Additionally, since GLORYS is only available starting in 1993, observations of

upper ocean characteristics are not readily available for the earlier decade analyzed. We

therefore use SST observations to represent the upper ocean characteristics.

Regardless of whether the observed changes in SST are seen as driving changes in sea ice

concentration or as a result of the melt and growth of nearby ice, the ocean environment

is still a key factor in the evolution of sea ice within the MIZ. SST can be influenced by a

number of factors such as mixing, heat transport, or ice cover prior to the cyclone (Wang

et al., 2019) and is an important factor for the lateral and basal melt of ice (Stroeve et al.,

2014). These melting processes especially have the greatest influence within the MIZ and

during late-summer months as the lesser ice cover enhances solar absorption and warming

of the upper ocean (Steele et al., 2010).

2.1.2 Atmospheric reanalysis

To identify and establish characteristics of the cyclones analyzed, European Centre for

Medium-Range Weather Forecasts ERA5 reanalysis was used (C3S, 2023, Hersbach et al.,

2020). ERA5 improves upon the ERA-Interim reanalysis, with enhancements in horizon-

tal and temporal resolutions, as well as in the 4-D variable data assimilation process used.

ERA5 data is available from 1940 to present day on a 0.25� � 0.25� grid. In this study,

we use hourly mean sea level pressure, as well as 10-meter wind and 2-m air temperature

products. Overall, compared with independent observations over the eastern Fram Strait,
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ERA5 was found to provide the most accurate wind and atmospheric profiles compared

to other reanalyses (Graham et al., 2019a).

Hourly mean sea level pressure (SLP) is used to identify the location and duration of

Arctic cyclones across two decades. The SLP field is then tracked over the lifetime of the

storms to determine the total impact area of the cyclones. We also incorporate 2-meter

air temperature trends over the lifetime of each cyclone case to begin to understand some

of the atmospheric effects of a passing storm on the sea ice. To investigate the effects

of storm-enhanced winds on the underlying ice, hourly 10-meter winds were utilized to

calculate wind speeds associated with the cyclone as well as investigate the impacts of

meridional and zonal winds. The mean values and mean direction (when considering

directional signs) within the MIZ in the storm region for each day are considered. The

dominant winds within the storm regions are based on the sign of the mean winds.

In incorporating an analysis of the near-surface winds, we link prevailing wind directions

to local changes in sea ice concentration. It should be noted that Ekman motion theory

states surface ocean currents move at an angle to the right of prevailing near-surface winds.

When considering sea ice advection, however, a wide range of factors affect the precise

direction of the ice. It has been shown that ice generally moves in line with the geostrophic

winds (Kwok et al., 2013, Tschudi et al., 2020), where the geostrophic winds explain more

than 70% of the variance in daily ice velocities (Thorndike and Colony, 1982). Overall,

the exact conditions for strengthened Ekman veering depend on the properties of the ice

and are difficult to ascertain throughout the entire Arctic. In this study, we focus mainly
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on the meridional component of the winds to describe possible ice motion from higher to

lower latitudes (or vice versa). By considering one direction of motion alone, the effect of

Ekman drift (and the resulting angle of ice motion) on the results is minimized since the

same meridional direction is generally maintained. Discussion of ERA5 10 m winds, 2

m air temperature, and significant wave height products within the cyclone environment

are also included.

2.1.3 Large Ensemble

To assess future cyclone impacts in the Arctic, we use output from the Community Earth

System Model Version 2 (CESM2), which is a free running, fully coupled climate model

with approximately 1� horizontal resolution (Danabasoglu et al., 2020). CESM2 utilizes

the Los Alamos Sea Ice Model version 5.1.2 (CICE5; Hunke et al., 2017) to represent sea

ice, the Parallel Ocean Program version 2 (POP2) for the ocean component of the model,

and the Community Atmosphere Model version 6 (CAM6) to represent the atmosphere.

Sea ice concentration and sea surface temperature (SST) values are output daily, and

mean sea level pressure values are available 6-hourly. From 1850 to 2014, CESM2 is

forced by CMIP6 historical forcing and, from 2015 onward, by the Shared Socioeconomic

Pathways (SSP) forcing scenario SSP3-7.0 (Rodgers et al., 2021). The large ensemble

consists of 100 members, where 50 members use standard CMIP6 historical forcing and

50 use smoothed biomass burning emissions in the historical period, which are known to

impact Arctic sea ice trends (DeRepentigny et al., 2022). For this study, we used 40 of the

50 members with consistent smoothed forcing. We present results from the early satellite
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era, 1982 through 1991, and the modern-day Arctic, 2010 through 2019, to establish

model performance relative to observations and then extend the analysis through 2100 to

understand predicted future sea ice changes.

The CESM2 was selected for use in this study based on its wide usage for studying the

Arctic. Given its relatively high spatial resolution, we find that intense low pressure

systems were able to be represented within CESM2, especially at lower latitudes. An

analysis of 14 CMIP6 climate models found similar biases in summer storm tracks, with

too few storms occurring over the Arctic Ocean (Song et al., 2021). Generally, both

high- and low- resolution models simulated fewer cyclones within the Arctic, with higher-

resolution models tending to reproduce the storm tracks from reanalysis better than a

lower resolution model (Song et al., 2021). Additionally, Simpson et al. (2020) described

notable improvements in the representation of NH summer storm tracks in CESM2 com-

pared to CESM1, ranking within the top 10% of CMIP models. Improvements have also

been made in the representation of Arctic sea ice in CESM2, compared with the previous

version. CICE model version 5.1.2 (Hunke et al., 2017) uses the new mushy-layer ther-

modynamics compared with the earlier version producing thicker and more extensive sea

ice (which is particularly important within the marginal ice zone; Bailey et al., 2020).

Even with this improvement, the CESM2 September sea ice extent is consistently smaller

in area compared with the CESM1 Large Ensemble and most CMIP6 models leading to

a faster decline in summer ice area in future decades (DeRepentigny et al., 2020). These

caveats are important to keep in mind when assessing the results of this study.
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2.2 Methods

2.2.1 Arctic cyclone identification

To gain insight into the sea ice response to a variety of different events, a census of cyclone

cases was identified for the months of June through August for both a recent decade (2010–

2019) and an earlier decade (1982–1991). Like many previous studies, minimum SLP was

selected as the primary variable for cyclone detection (Neu et al., 2013). To restrict the

focus to stronger storms, we first identified low-pressure systems by determining local

minima in sea level pressure, where the minimum value reaches below 984 hPa (similar

to the 985 hPa threshold used by Rinke et al. (2017) and Lukovich et al. (2021) to define

“extreme" Arctic cyclones). While this threshold is an arbitrary choice, the addition of

higher-pressure storms into the analysis did not widely change the main results of this

work, with the exception of making mean trends slightly less well-defined. We also find

that background mean sea level pressures across the summer months do not widely vary

in the Arctic, so using the same minimum pressure cutoff for each month demonstrates

the same deviation from mean conditions.

To account for the development of the cyclone, low-pressure grid boxes with SLP less than

990 hPa in each hourly SLP map were clustered into a single event. Grid cells located

more than 15 degrees east or west of the next closest SLP minimum cell were considered

separate storm systems. This approach aligns with previous studies (Serreze et al., 1997,

Zhang et al., 2004) that require separation of 1200 km (lowered from the original choice



16
of 1400 km, based on Serreze (1995)) to identify individual cyclones. The value used here

is slightly more strict since the pressure centers do not represent the full radius of the

cyclone, only the width of the low-pressure center (i.e., the 990 hPa contour). A 50-degree

longitude threshold was also applied to the locations of absolute minimum pressure of

the identified clusters to further separate storms developing in different regions. This

choice also groups low-pressure events that occur in series, affecting the same region of

ice. Additionally, low-pressure locations that occur in the same location but are more

than 6 hours apart are regarded as different cyclone events.

To remove any short-lived cyclone events, each storm was required to last a minimum of 2

days. As discussed in Wernli and Schwierz (2006), many of these selected parameters are

somewhat arbitrary, especially when considering the selected minimum storm duration.

The choice of 2 days represents a compromise between other studies that adopted thresh-

olds of 12 hours, 1 day, or 3 days (e.g., Crawford and Serreze, 2016, Hoskins and Hodges,

2002, Sickmöller et al., 2000, Zhang et al., 2004). Additionally, this choice focuses on

storms that develop over the ice edge and have a more prolonged interaction with the ice

edge, without largely minimizing the sample of cyclones analyzed.

Unlike other algorithms (Neu et al., 2013), we did not mask for high elevation or account

for the bias imposed by non-equal area grids. Since only storms that interact with the

ice edge—thus occurring within a small latitude band—are considered in this census,

variations in horizontal spatial resolution due to using a longitude-based grid (not equal

area) do not largely bias the cyclones identified. Additionally, since most of the cyclones
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that interact with the ice edge develop over the ocean, these storms only partially interact

with the coastline, again minimizing any impact from higher-elevation regions. Lastly,

storms that only partially interact with the ice edge or that pass over mostly high-

concentration ice were removed to ensure that changes in the marginal ice zone are well-

represented. Thus, only cyclones with a defined storm area (see Figure 2.1) that contains

20–80% of non-MIZ ice are considered.

Figure 2.1: Study area (red dashed) of two cyclone events based on the 1000 hPa pressure
contours over the three days of each storm. The 990 hPa contour is also shown for each
day. The accumulated MIZ area within this study area is outlined in black and shaded
in blue. Note in (b) that a second storm was identified just south of the main storm.
Since the detection algorithm groups cyclones by spatial proximity, these two systems are
classified as the same storm event and their impact on the MIZ will be considered jointly.

To describe the region of impact of the storm, the daily-averaged 1000 hPa contours of

the event were mapped out over the storm duration (defined as the days the storm’s min-

imum pressure was below 990 hPa to account for the development of the storm around its

minimum pressure). A bounding box was then created based on the minimum and max-

imum latitudes and longitudes of these contours (Fig. 2.1). To avoid this box becoming

increasingly wide as the storm approaches the north pole, a maximum northern latitude
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was defined as 85�N. While this cutoff was applied for both decades of the analysis, the

poleward retreat of the MIZ may cause the area within the storm domain to be slightly

limited during the more recent decade. However, for consistency, the same limits were ap-

plied. Within this box, the area of ice within the MIZ was calculated, and wind and SST

values within the MIZ area were isolated for analysis. Other storm areas such as using the

daily 990 hPa contours to define the edges of the bounding box, analyzing the variables in

the area within the 1000 hPa contours themselves (without forming a bounding box), and

using a 500-km radius from the center of the storm were also considered. The net impact

of the cyclone on the underlying sea ice is not largely influenced by the selection of how

the impact area of the storm is defined. This result is also mathematically supported by

the fact that the decadal mean trend is removed from the MIZ area time series, so the

areal changes present within the storm boundary are due to the current dynamics plus

small deviations from the mean.

2.2.2 Sea ice area trend metrics

To quantify the impact of each cyclone on the MIZ within the storm area, the evolution

of ice area within the MIZ from a week prior to the storm through two weeks after was

examined. Since the cyclones occur during the period when sea ice is naturally declining,

climatological trends due to the seasonal ice melt within the storm area must be removed

to isolate the influence of storms. A background climatology of sea ice change is defined

as the trend of sea ice area within the MIZ within any analyzed storm region averaged

over 2010–2019 for the more recent decade and averaged over 1982–1991 for the earlier
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storms. The total ice area within the accumulated MIZ was computed for each year of

the climatology and averaged for each day of the three-week time series. Then to remove

this mean seasonal decline of the ice area, the climatology was subtracted from the time

series of MIZ ice area during the storm.

To account for differences in storm area, the sea ice area time series were normalized before

compositing. First, the change in detrended ice area was made relative to one week before

the storm by subtracting the initial value of the time series, and then the three-week

time series was normalized by the range (minimum value subtracted from the maximum

value) of the series. By rescaling the data, composite cyclone influences can be assessed

without preferentially weighting spatially larger storms. In doing so, we examine the ice

response (increasing or decreasing) to any given cyclone rather than quantifying the net

effects dominated by a few large cyclones. This methodology is useful for understanding

the processes behind cyclone-ice interactions, as opposed to emphasizing total changes

happening to the sea ice, which are controlled by the scale of the storms.
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Chapter 3

Is the Modern Arctic Marginal Ice Zone

More Susceptible to Summer Cyclones?

3.1 Preface

While it is possible to demonstrate many of the atmospheric and oceanic processes by

which Arctic cyclones interact with sea ice using models of varying scales and complexity,

establishing the net effect of storms on the ice edge requires a comprehensive analysis of

available satellite observations and reanalyses that capture the ensemble of the multiple

effects Arctic cyclones exert on sea ice within the MIZ. As a step toward a more complete

understanding of the role Arctic cyclones play in shaping the early-summer (June and

This chapter is adapted from the peer-reviewed publication:
Mundi, C., & L’Ecuyer, T. (2025). Is the modern Arctic marginal ice zone more susceptible to summer
cyclones?. Journal of Climate, 38(1), 403-422.
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July) and late-summer (August and September) ice edge, this study examines the impacts

of cyclone-induced near-surface winds and the local sea surface temperature field within

the MIZ. At these times of the year, Arctic sea ice is melting, approaching its minimum

extent, and likely increasingly susceptible to passing storms. September storms are in-

cluded in this analysis for their importance in influencing not only in the seasonal melting

of Arctic sea ice, but also the regrowth of ice occurring near the end of the month.

To account for the longer-term effects of changes in the ocean environment after cyclone

passage, we track ice area within the MIZ from one week before each storm to two weeks

after its passage, extending the analysis period further than previous studies (e.g., Aue

et al., 2022, Finocchio and Doyle, 2021), to allow for multiple time scales to be investigated

(as suggested by Schreiber and Serreze, 2020). The effects of clouds in modulating surface

radiative fluxes implicitly factor into the analysis but are not explicitly investigated since

storm-to-storm changes in cloud cover are more difficult to capture in reanalyses than

storm location, intensity, and winds. Surface characteristics (i.e., ice concentration and

ocean temperatures) are established using satellite observations.

Two individual case studies are first examined in detail revealing two distinct mechanisms

by which cyclones impact observed sea ice concentrations within the local marginal ice

zone. Characteristics of these events are used to establish a framework for analyzing

a full census of 264 intense storms to quantify the net effect of Arctic cyclones on the

MIZ and attempt to distinguish between storms that enhance and impede sea ice loss.

A recent decade (2010–2019) is contrasted with an earlier one (1982–1991) to investigate
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how cyclone impacts may have evolved with the increase in seasonal ice cover (Haine and

Martin, 2017, Landrum and Holland, 2020).

3.2 Census of Summer Arctic Cyclones

A total of 133 ice-influencing strong storms were identified between 1982 and 1991 and

131 storms were identified in the more recent decade, from 2010 to 2019. Figure 3.1 shows

the distributions of each cyclone’s central minimum pressure for each decade separated

by month of the year. There are generally more storms in late-summer months than in

early summer, and late-summer storms are slightly more intense (consistent with Zhang

et al., 2004). Mean central pressures are around 980 hPa in June and July and around

977 hPa in August and September. For storms occurring in June and July, the frequency

of intense cyclones may have also slightly increased in the more recent decade, with sta-

tistically significant differences observed in the two distributions. There is no statistically

significant difference in intensity between late-summer storms between the two decades.

Figure 3.1 also shows the locations of each storm, with a slight poleward shift of storms

during the more recent decade. While this result is consistent with recent findings from

Zhang et al. (2023), it should also be noted that the storms shown in Figure 3.1 only

consider cyclones impacting the ice edge. Since the ice edge is retreating poleward, an

associated shift in cyclone locations is expected in this study.

This cyclone identification algorithm identifies a wide range of intense storm events over

the entire Arctic. Figure 3.2 shows the fractional impact on MIZ ice area of all storms




	Abstract
	Acknowledgements
	Contents
	List of Figures
	List of Tables
	1 Introduction
	2 Data and Methods
	2.1 Data
	2.1.1 Observational Datasets
	2.1.2 Atmospheric reanalysis
	2.1.3 Large Ensemble

	2.2 Methods
	2.2.1 Arctic cyclone identification
	2.2.2 Sea ice area trend metrics


	3 Is the Modern Arctic Marginal Ice Zone More Susceptible to Summer Cyclones?
	3.1 Preface
	3.2 Census of Summer Arctic Cyclones
	3.3 Results
	3.3.1 Decreasing MIZ Area: August 5, 2017
	3.3.2 Increasing MIZ Area: September 9, 2011
	3.3.3 Composite Analysis
	3.3.4 Comparison with earlier Arctic epoch (1982–1991)

	3.4 Discussion
	3.5 Conclusions

	4 Have Impacts of Intense Arctic Cyclones on Summer Sea Ice Reached a Maximum?
	4.1 Introduction
	4.2 Adapting Cyclone Detection Methods to CESM2-LE
	4.3 Results
	4.3.1 Differences in Cyclone Detection
	4.3.2 Impacts of Intense Cyclones on MIZ Ice Area
	4.3.3 Net Impact

	4.4 Evolution of Intense Cyclone Impacts in Future Decades
	4.5 Conclusions

	5 Intense Storms Increase Global Ice Area
	5.1 Preface
	5.2 Adapting Methods to the Southern Hemisphere
	5.2.1 Sensitivity to Chosen Thresholds

	5.3 Storms Can Expand or Reduce Ice Area
	5.4 Storm-Induced Changes in the MIZ Environment
	5.5 The Net Cyclone Impact on Global Sea Ice
	5.6 Discussion

	6 Conclusions
	6.1 Synthesis
	6.2 Future Work

	A Supplementary Information for Chapter 3
	B Supplementary Information for Chapter 4
	C Supplementary Information for Chapter 5
	Bibliography

