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Abstract

The north Atlantic Ocean is regularly traversed by extratropical cyclones and winter low pressure systems originated in the Western
part of the basin that can potentially generate dangerous extreme sea states. In this paper we study the significant wave height distribu-
tion of extratropical cyclones using merged satellite altimetry data to produce composite maps of this sea state variable. Although there
are large variations among individual cyclones, the compositing method allows obtaining general features. We find that the higher waves
are in the south-eastern quadrant of the cyclone, due to the extended fetch mechanism. The highest wave heights are found during the
48 h period when the cyclone’s strength is maximum. The strongest cyclones have higher waves over most of the eastern half, due to their

northward propagation tendency.
© 2019 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Extra-tropical cyclones (cyclones hereafter) are synoptic
scale features of the mid latitudes that have a basin-wide
impact on the weather and climate of the North Atlantic.
During their passage, strong winds, precipitation and tem-
perature changes are frequently recorded (Hewson and
Neu, 2015; Ulbrich et al., 2009) and are important in trans-
mitting the effects of low-frequency climate variability to
the environment and society (Graham and Diaz, 2001).
Moreover, cyclones help to determine low-frequency vari-
ability in the midlatitude circulation (Trenberth and
Hurrell, 1994) and contribute to the subtropical to higher
latitude heat and moisture transport and to the air-sea
exchange of heat and momentum (Hurrell and van Loon,
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1997). North Atlantic cyclones have also a strong effect
on the mean sea state (Wang and Swail, 2002) and in an
extreme events (Bell et al., 2017; Breivik et al., 2014;
Ponce de Ledn et al., 2015). Indeed, in the North Atlantic,
very high waves are to be found in the storm track region
of the basin (Takbash et al., 2018; Young, 1999) and the
west coast of Europe is regularly exposed to huge swells
generated by the North Atlantic cyclones that cross the
basin from west to east, with significant socio-economic
consequences and increased coastal vulnerability (Lozano
et al., 2004; Pinto et al., 2014).

Cyclone structure and evolution have been studied
extensively and reviews of this subject can be found in
Hewson and Neu (2015) and Semple (2006). Cyclones that
affect Western Europe are mainly formed in the western
North Atlantic as weak atmospheric frontal waves that
interact with upper level drivers such as throughs or strong
jets, with ensuing cyclogenesis (Hewson, 2009), favored by
latent heat release. During the cyclone evolution,
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characteristic airflows, defined by their position with
respect to the cyclone’s center (Fig. 1), will occur: the warm
conveyor belt (WCB) that moves heat, moisture and
momentum poleward ahead of the cold front; the cold con-
veyor belt (CCB), composed of cold air to the northeast of
the cyclone that develops ahead of the warm front and
moves westward; the “‘sting jet” which is a small region
with exceptionally high surface winds that occurs near
the tip of the bent back front. Given the individual variabil-
ity of cyclones, not all three airflows occur always, or occur
with the same intensity. However it has been found that
each is capable of influencing the ocean wind wave field
of cyclones (Bell et al., 2017; Kita et al., 2018).

The effect of individual cyclones on North Atlantic
ocean wind waves has been studied previously. Ponce de
Ledn and Guedes Soares (2014) studied the distribution
of extreme wave parameters under two cyclones of Febru-
ary 2007 and found that these parameters are higher in the
fourth quadrant, between 90° and 180° measured clockwise
from the cyclone’s direction and when the wind and wave
propagation directions are aligned; Bell et al. (2017) stud-
ied the relationship between storms and extreme waves in
the North Sea and found that the extreme waves in the cen-
tral North Sea were caused by WCB and CCB winds; Kita
et al. (2018) studied a January 2013 cyclone in the North-
western Pacific and found that both the warm and cold
zones of the cyclone, at either side of the warm front,
had narrow directional and frequency spectra.

However, the individuality of each cyclone makes it dif-
ficult to extract general information about the average sea
state of North Atlantic cyclones from specific cases (Ponce
de Leén and Guedes Soares, 2015).

Cyclone compositing, using large reanalysis datasets and
cyclone tracking algorithms(Gramcianinov et al., 2019;
Ulbrich et al., 2009), provides more generality than individ-
ual cyclone case studies by averaging cyclone structure
(Dacre and Gray, 2009). Among others, compositing was
used to study explosive cyclogenesis (Sanders and
Gyakum, 1980), precipitation fields (Chang and Song,
2006), cloud structure (Field and Wood, 2007) and air-
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Fig. 1. Diagram of characteristic airflows in an idealized extra-tropical
cyclone WCB (Warm conveyor belt), CCB (Cold conveyor belt).

sea turbulent fluxes (Rudeva and Gulev, 2010). A compos-
ite analysis of wave fields in NW Pacific cyclones was car-
ried out in Kita et al. (2018), using a hindcast wave
simulation.

Nowadays, large cross-calibrated multimission data-
bases of surface wind and Hs from altimetry are available
to study ocean wind, wave properties and climate (Young
and Donelan, 2018). Although satellite altimetry suffers
from incomplete temporal and spatial coverage, the
amount of available data from successive satellite passes
enables the calculation of wind and Hs distributions and
allows estimating climatological fields, trends and extreme
values prediction (Alves and Young, 2003; Izaguirre et al.,
2011).

In view of the risks associated with extra-tropical storms
and the severe sea states associated with them, in this paper
we use a large multimission satellite altimeter wind and Hs
database and a database of Northern Hemisphere extra-
tropical cyclones to construct composites of cyclone Hs
and study the structure of the average Hs distribution
and its variations with life cycle and cyclone intensity.
The paper is structured as follows: in Section 2 we describe
the data sources and the compositing method, Section 3
details our results and Section 4 is dedicated to the discus-
sion and conclusions of our study.

2. Data and methods
2.1. Database of extra-tropical cyclones

The cyclone database consists of a 58-year (1958 to
2016) record of daily cyclone characteristics for the North-
ern Hemisphere (Serreze, 2009). The cyclone data is
obtained by the Serreze et al. (1997) algorithm from the
daily sea-level pressure (SLP) fields of the NCEP/NCAR
Reanalysis. The data is provided at 6-hour intervals at a
spatial resolution of 250 km.

2.2. The GLOBWAVE altimetry database

The GLOBWAVE dataset (http://globwave.ifremer.fr/)
is a uniform, harmonized, quality controlled, multi-sensor
set of satellite wave data and ancillary information in a
common format, with a consistent characterization of
errors and biases. The data used in this study is the altime-
ter multi-mission Hs which is a merged global altimeter Hs
data set (Version 4, October 2008) from six altimeter mis-
sions: ERS-1 and ERS-2, TOPEX/Poseidon, GEOSAT
Follow On (GFO), Jason-1 and ENVISAT (produced by
CERSAT/IFREMER).

The quality of altimeter derived significant wave heights
(Hs) has been extensively verified (Abdalla et al., 2010;
Janssen et al., 2007; Queffelou, 2004; Zieger et al., 2009).
The altimeter estimates Hs from the slope of the leading
edge of the radar return. The accuracy of the altimeter
measurements depends on several sources: instrument
noise, atmospheric errors, sea-state bias and errors in orbit
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determination. Each source contributes with errors of the
order of centimeters (Martin, 2014; Young et al, 2017).
The GLOBWAVE altimeter Hs error analysis was carried
out using a quality-controlled dataset of collocations with
in situ buoys (Ash et al., 2010). Hs standard error for the
satellite missions varied between 0.08 m and 0.146 m for
Hs <1m, between 0.253m and 0.317m for Hs=4m
and between 0.47 m and 0.698 m for Hs = 8§ m.

The altimeter can also measure wind speed UI10,
although less accurately than the wave height. The wind
speed is obtained from the backscatter radar cross-section
using empirically determined relationships based on buoy
data comparisons, with reported root mean square errors
below 1.7ms™! for several cross-calibrated altimeters
(Zieger et al., 2009).

2.3. Mapping methodology

The procedure to map the Hs around the cyclone centre
is composed by the following steps:

(1) Selection of the cyclones

(2) Identification of the satellite tracks that cross the
cyclone area

(3) Download of the satellite data identified in step 2.

(4) Mapping of the satellite data to a polar grid centred
on the cyclone’s centre

Due to practical reasons the mapping is done year by
year. For each year, a composite Hs field is obtained by
averaging the individual cyclone Hs maps. A further aver-
age is performed afterwards to obtain the 15-year compos-
ite map of Hs.

2.3.1. Selection of the cyclones
The selection of the cyclones that enter the census is
made according to the following criteria:

a) The cyclogenesis occurs between longitudes 90°W
and 10°W

b) The cyclone center does not move northward of lati-
tude 70°N

¢) The track extends over at least 15° of longitude

d) The cyclone lasts more than 3 days

e) The cyclone isn’t stationary

f) The cyclone intensifies at least 2 hPa of SLP during
its lifetime

Criteria a) and b) were used to select those cyclones that
have their genesis in the western part of the NA basin, as
this is the generation region of most strong cyclones that
affect Europe (Hewson and Neu, 2015) and to limit the
region of influence of the cyclone to the subpolar NA
basin. Criteria c¢) and d) have the purpose of selecting
cyclones that due to their longevity and track length have
an impact on the associated ocean wave field. Criterion e)
tries to avoid cyclones that have a stationary period in their

lifetimes and criterion d) is used to select cyclones that
intensify during their lifetime.

2.3.2. Identification of the satellite tracks

After selecting the cyclones, we have the time series of
their center positions ¢(¢). By defining a constant cyclone
radius R, we define for each time ¢ a square region of side
length 2R centered at ¢(¢) and whose sides are distanced R
km to the west and east and to the north and south of ¢(¢)
(Fig. 2). We then use the scripting facilities to query the
GLOBWAVE database for the track files that cross the
square between 3 h before and 3 h after the corresponding
t. This query is performed for each satellite product in the
GLOBWAVE database.

2.3.3. Mapping of the Hs data

To map the Hs to the cyclone area we employ a polar
coordinate system (Fig. 3) that uses the distance r to the
center and the azimuth o of the Hs measurement with
respect to the meridian that crosses the center location c,
so that o = 0° corresponds to a measurement located north
of ¢ and o = 90° corresponds to a measurement cast of c.
To create a map of Hs around the cyclone center, the circle
of radius R centered at ¢ is divided in segments bounded by
N; radial distances to ¢ and N; azimuths (Fig. 3, shaded
area). At each ¢, the Hs of each segment is computed as
the average of the valid altimeter measurements that fall
inside the segment.

For the fixed cyclone radius, we used R =500 km fol-
lowing the analysis of Schneidereit et al. (2010), that fitted
a Gaussian function to the 1000 hPa geopotential height to
located cyclone centers in the ERA-40 data in the Northern
Hemisphere and found cyclone radius that varied between
300 and 500 km, showing weak growth during the cyclone’s
life cycles. Kita et al. (2018) used a 5° elliptical area around
the cyclone’s center that, at the latitude of the region ana-
lyzed, gives major and minor axis of 554 km and 482 km,
respectively.

We used N; = N; = 10, so that each segment has a fixed
radial length of 50 km and is 36° wide. These values were
chosen as a compromise between the speed of execution
of the procedure and the need to obtain a map that repre-
sents well enough the variation of Hs around the cyclone,
since very large segments would average out the variations
in the Hs measurements. Smaller segments, on the other
hand, would cause longer execution times and more cases
of segments without measurements. Indeed, even with the
chosen values, not all segments have tracks that cross them
and thus the map of the cyclone Hs is only partially filled
each time. Due to this lack of coverage it is not possible
to define an average Hs map for each cyclone, as was the
case for Kita et al. (2018), but given enough cyclones it is
possible to compute an average Hs for each segment and
to obtain an average Hs distribution in the cyclone. In
our mapping procedure the number of observations in each
grid cell (Fig. 4) varies between ~1000 in the inner radii
and ~20,000 in the outer radii (Fig. 4), but the observation
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50°w
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Fig. 2. Trajectory of ETC #7 of 2009 (red line) with center positions (red open circles) and the cyclone centred squares used to identify altimeter tracks
that cross the cyclone path. The cyclone was tracked from 16/2/2009 12UTC to 21/2/2009 18UTC. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

N(0=0°)
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W(a=270°) E(a=90°)

S(a=180°)

Fig. 3. The cyclone centred coordinate system used in the mapping
procedure. Dotted line represents an altimeter track. The Hs of the
segment (shaded area) is the average of the Hs altimeter measurements
that fall inside the segment.

density, i.e. the number of observations per unit area is
basically constant and close to 1 observation/m>.

Since the composite maps obtained are somewhat
coarse, they are smoothed by subdividing each segment
in 25 smaller segments and interpolating the map data at
each subdivision.

3. Results

We analyzed a 15-year period from 1998 to 2012, result-
ing in a cyclone census with 742 cyclones. On average, 50
cyclones were selected per year. The year with the highest

# of observations
360 20000

15000

10000

Azimuth (°)
2

5000

0 250 500
Radial distance (km)

Fig. 4. Number of altimeter observations in each grid cell. Radial distance
is from the cyclone center and azimuth is measured clockwise from North.

number of cyclones was 2002 (59) and the year with the
lowest number of cyclones was 2012 (43). For the 15-year
period, 22,008 altimeter track files were processed.

The cyclones are mainly generated in the Gulf Stream
region of the US east coast (Fig. 5a), that is one of the
major storm formation areas, where the local sea surface
temperature gradients are a precondition to cyclone gener-
ation and intensification (Giordani and Caniaux, 2001;
Hoskins and Valdes, 1989). The cyclone trajectories
(Fig. 5b) follow the well-known North Atlantic storm track
region (Ulbrich et al., 2009).

Cyclones with lifetimes larger than 3.5 days account for
73% of the total cyclone count (Fig. 5¢). These cyclones
decay in the Labrador and Baffin Bay (LB) region, the
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Fig. 5. Cyclone characteristics. (a) Map of cyclogenesis location. (b) Map of cyclone tracks. (c) Histogram of cyclone lifetimes. (d) Histogram of sea level
pressure minimum. (e) Histogram of deepening rate. (f) Histogram of cyclone mean propagation speed.

Norwegian and Greenland Seas (NG) region, the Mid
Atlantic (MD) region and the Iberia — Biscay (IB) region
(Rudeva and Gulev 2010, Fig. 12a). The cyclones decaying
in LB and NG are the most intense, faster deepening and
propagate faster while the IB cyclones are weaker, slowly
deepening and slowly moving but are longer-lived
(Rudeva and Gulev, 2010).

Cyclones with center pressure below 960 hPa (Fig. 5d)
account for 8% of the total cyclone count, a substantially
lower value than the 14% of Northern Hemisphere (NH)
cyclones that have minimum SLP below this level in the
census of Rudeva and Gulev (2010). This may be due to
the inclusion of longer lived but weaker cyclones in our
census. The fastest deepening cyclones (maximum deepen-
ing rate >1 Bergeron or 24 hPa/24 h, Fig. 5e) are 38% in
our census, while in the NH census these cyclones account

for 20% of total cyclone count. This higher fraction of
rapidly intensifying cyclones in our census could be due
to the higher percentage of cyclones generated in the Gulf
Stream region, that shows a shorter intensification period
(Dacre and Gray, 2009). The census of Rudeva and
Gulev (2010) of Gulf Stream generated cyclones had a
58% fraction of rapidly intensifying cyclones, which sup-
ports this explanation. Cyclones propagating slower than
30 km/h (Fig. 5f) account for 26% of the census (24% for
the NH census).

3.1. Wind speed and significant wave height composites
The altimeter 10-m wind speed 15-year composite

(Fig. 6a) has maximum values of ~12 m/s located in the
4th quadrant (Southeast). This agrees with the analysis of
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Fig. 6. Altimeter derived composites of (a) 10 — m wind speed and (b) significant wave height for the 1998-2012 period.

Rudeva and Gulev (2010) that locates the NCEP/NCAR
reanalysis composite cyclone’s maximum wind speed in
the Southeast sector with maximum values of the order
of 10 m/s. In the composite analysis of ERA-40 and global
circulation model (GCM) winter cyclones of Bauer and Del
Genio (2006), the maximum wind speed at 850 hPa, with
values of 19 m/s (GCM) and 23 m/s (ERA-40) also appears
in the southeast sector, roughly at the edge of a 5° box
around at the cyclone’s center. A secondary zone of high
winds appears in the southwest quadrant, with lower
maxima.

The distribution of high winds agrees with the warm/-
cold conveyor belt (W/CCB) model (Semple, 2006) of
extra-tropical cyclones. The WCB, that extends along the
cold front and is associated with strong sustained winds
in the Southeast quadrant, appears earlier than the CCB
in the cyclone’s life cycle, while this last feature is associ-
ated with strong winds in the western part of the cyclone,
as the CCB wraps around the center cyclonically
(Hewson and Neu, 2015).

The Hs composite map (Fig. 6b) for the same period was
obtained by averaging the annual maps. The highest aver-
age Hs is 3.768 m, located on azimuth 120° and 194 km
from the cyclone center. The high Hs (>3.6 m) region
extends from azimuth 113° to 207° and from 166 km from
the center, covering almost the whole SE quadrant and part
of the SW quadrant.

Higher Hs have been found in that location either in
analysis of single cyclones (Ponce de Ledn and Guedes
Soares, 2014) or in the composite analysis of Kita et al.
(2018), that looked at explosive cyclones only, while we
included both non-explosive and explosive cyclones in
our census. The mechanism responsible for this structure
of the Hs field is the extended fetch mechanism: ocean
waves to the right of the center of cyclones evolve under
a running fetch condition so waves generated there propa-
gate in cyclone’s direction, experiencing strong winds for a
longer duration than other areas under the cyclone. The

waves remain in this region of extended fetch and propa-
gate approximately in the wind’s direction, resulting in
higher Hs than in other regions (Kita et al., 2018; Young
and Vinoth, 2013). Following this hypothesis, the strong
northerly winds in the western section of the cyclone
(Field and Wood, 2007) do not have a corresponding high
Hs area, since these winds are not aligned with the
cyclone’s propagation direction (largely eastward).

3.2. Hs composites during the cyclone life cycle

The cyclone life cycle was divided in three stages: devel-
opment, maximum strength and decay (Dacre et al., 2012).
The development stage goes from cyclogenesis to 24 h
before the SLP minimum and is characterized by the
appearance of the warm sector between the cold and warm
fronts, the development of a closed cyclonic circulation, a
drop in central SLP and the increase of system-relative
wind speeds; the maximum strength stage encompasses
the 48 h interval around the SLP minimum, when the low-
est central pressure occurs and the large pressure gradient
produces peak wind speeds; the decay stage goes from
24 h after the SLP minimum to cyclone lysis, during which
the SLP minimum increases and pressure gradients
decrease, leading to lower wind speeds and the warm front
wraps around the cyclone center, forming the CCB. The
life cycle stages are defined with respect to the time of
SLP minimum and so are independent of the actual length
of life of individual cyclones.

The Hs composites (Fig. 7) show a marked difference
between life cycle stages from the development stage
(2.7m <Hs <3.3m), through the maximum strength
stage (3.7m<Hs<4.6m) to the decay stage
(3.2m <Hs <3.6 m). In the development stage (Fig. 7a),
the Hs is higher east and south of the center, consistent
with the development of the cyclonic circulation and the
appearance of the WCB in the warm sector of the cyclone
(Dacre and Gray, 2009; Hewson and Neu, 2015). During
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Fig. 7. Hs composite in the cyclone life cycle stages. (a) Development stage: up to 24 h before SLP minimum; (b) Maximum strength stage: from 24 h
before to 24 h after SLP min; (c) Decay stage; from 24 h after SLP minimum to cyclone lysis. Note the different colour bar scales for each panel.

the maximum strength stage (Fig. 7b), the Hs reaches the
maximum values in the south sector as the extended fetch
mechanism comes in to play. In the decay stage (Fig. 7c),
we observe the appearance of a high Hs region in the
Northwest sector of the cyclone that could be the signature
of the CCB as the fronts wrap cyclonically around the
cyclone’s center and produces strong winds in this region
(zone B in Kita et al. (2018)).

3.3. Hs composites for different cyclone intensities

The cyclones were divided in five intensity classes, mea-
sured by how much the cyclone deepens during its lifetime,
using the difference between the center’s SLP minimum and
the center’s SLP at cyclogenesis (DSLP).

In our cyclone census DSLP does not show a strong
dependence on cyclone lifetime, as the average cyclone
duration is similar in every quintile (~5 days), however
we find that the percentage of short-lived cyclones (4 to
6 days) is the highest (>50%) in the 5th quintile.

As the cyclone intensity increases, the Hs increases, and
we observe a shift of the high Hs region from the western to
the eastern half of the cyclone. Cyclones in the 1st and 2nd
quintiles show a similar Hs composite structure (Fig. 8 a, b)
with higher wave heights in the southwest quadrant. In the
3rd quintile (Fig. 8c), a region of high Hs appears in the
southeast quadrant near the 90° azimuth, extending to
the complete quadrant in the 4th quintile (Fig. 8d). In the
5th quintile (Fig. 8e), large Hs is observed in the eastern
half of the cyclone.

This behaviour of the Hs composite is due not only to
the increase in wind speed with cyclone intensity, which
occurs on both west and east halves (Rudeva and Gulev,
2010), but also to the differences in the evolution of weak
and strong cyclones. Strong cyclones move more meridion-
ally than weaker cyclones (Sanders, 1986) thus the eastern
half will have the wind, blowing cyclonically towards the
North, better aligned with the propagation direction of
the cyclone. In our census, the cyclones of the 5th quintile
move, on average, in the 32.6° direction (measured from
North), while the weaker cyclones (1st quintile) move in

2 hPa < DSLP < 8.3 hPa 8.3 hPa < DSLP < 15 hPa
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Fig. 8. Hs composites by cyclone intensity class. DSLP is the difference
between the centre’s SLP minimum and the centre’s SLP at cyclogenesis.
Note the different colour bar scales.

the 48.4° direction; therefore, the extended fetch mecha-
nism will act in the eastern half of the cyclone for the stron-
ger cyclones.

3.4. Distributions of cyclone significant wave height

The composite analysis of the previous sections gave a
general view of the organization of the Hs field of extra-
tropical cyclones and how it depends on cyclone strength
and life cycle stage. Here, we study the magnitude of Hs
in cyclones with respect to basin scale values of Hs. Specif-
ically, we computed probability density functions (pdf) of
Hs using the altimeter derived Hs measurements for the
North Atlantic basin above 15°N and for those
measurements whose distance to the cyclone centers was
less than R.
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Although the Hs composite values of Fig. 6b are below
the high Hs that are usually associated with individual
cyclones, the distribution of cyclone Hs (Fig. 9a), clearly
shows that the Hs in cyclones is likely to be higher than
that for the North Atlantic. Inside the cyclone, the Hs pdfs
by quadrant (Fig. 9b) show a higher probability of large Hs
in the southern part of the cyclone. This is consistent with
the average picture given by the composite analysis.

The sample L-moments (Hosking, 1990) of the Hs distri-
butions (Table 1) show that the mean Hs increases 0.87 m
from the North Atlantic data to the cyclone data set (the
right shift of the pdf plots in Fig. 9a). The second L-
moment A,, that measures the characteristic dispersion of
the data, is only slightly higher for the cyclones. Both the
skewness and kurtosis (134 = A34/Xy) are lower for the
cyclone Hs data. This means that the pdf of the Hs in
cyclones is less skewed and broader than the pdf of the
Hs in the North Atlantic therefore favouring larger Hs
(Hanafin et al., 2012) in the regions under the influence
of the cyclones.

The differences in the Hs pdf inside the cyclone region
are found essentially in the Hs > 10 m region (Fig. 9b),
where the southern quadrants have larger probabilities
than the northern quadrants. The mean Hs differences
between the south and north parts of the cyclone are of

Table 1

L — moments of the Hs distributions. North Atlantic: North Atlantic basin
above 15°N; Cyclones: data measured less than 500 km from the cyclone
centres; NE Quadrant: cyclone data measured between 0° and 90° from
North; SE Quadrant: cyclone data measured between 90° and 180° from
North; SW Quadrant: cyclone data measured between 180° and 270° from
North; NW Quadrant: cyclone data measured between 270° and 0° from
North.

Mean Dispersion Skewness Kurtosis

(A1) (22) (13) (t4)
North Atlantic 2.77m 0.88 m 0.191 0.196
Cyclones 3.64 m I m 0.157 0.152
NE Quadrant 342 m 0.96 m 0.135 0.157
SE Quadrant 3.67m 1.05m 0.155 0.169
SW Quadrant 371 m 1.07 m 0.133 0.161
NW Quadrant 346 m Im 0.134 0.162

20

Hs (m)

height. (a) North Atlantic basin and cyclones; (b) by quadrant.

25 cm, with the former having slightly higher dispersion.
In terms of the 3rd and 4th L-moments, the quadrant’s
Hs pdf have lower 15 and larger t4 than the whole cyclone
pdf.

The lower skewness means that quadrant pdfs are more
symmetric than the cyclone pdf, although the difference
between the cyclone and the SE quadrant is very small.
The lower kurtosis of the quadrant pdfs with respect to
the cyclone kurtosis means broader distributions for the
individual quadrants, although less so for the SE quadrant.

4. Discussion and conclusions

The composite analysis performed on the Hs maps,
obtained from 15 years of satellite altimetry measurements,
highlighted common features of the Hs distribution under
extra-tropical cyclones in the North Atlantic. The main
feature of this distribution (Fig. 6b) is the maximum in
the SE quadrant of the composite cyclone, due to the
extended fetch mechanism. This finding agrees with the
results of Kita et al. (2018) that used composites of hind-
casted significant wave height in the NW Pacific to reach
the same conclusion. Since compositing eliminates details
of individual events, it is natural to assume that the com-
posite Hs distribution of Fig. 6b is subject to a large degree
of variability. Indeed, when looking at specific positions of
the composite maps, we found standard deviations in Hs
that can reach 80% of the composite Hs (not shown). Such
large variability has been noted in composite studies before
(Rudeva and Gulev, 2010) and is a consequence of the
great variety of cyclone characteristics that make part of
the cyclone census.

The change in cyclone characteristics during their life-
time prompted us to look at Hs composites in different
phases of the lifetime of cyclones. Unlike Kita et al.
(2018), that used the cyclone’s propagation direction as
the reference direction in the composite mapping procedure
and Young and Vinoth (2013) that accounted for the storm
direction to understand the radial structure of tropical
cyclones, which have a axisymmetric wind field, we use a
fixed orientation (North, oo = 0°) thus our composites of
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Fig. 7, show also the effect of the propagation direction of
the cyclone in the Hs composite distribution as this factor
combines with the changes in the cyclone’s wind system to
influence the extended fetch mechanism.

In Kita et al. 2018, the maximum in composite Hs was
found 12 h after the maximum strength time, which is con-
sistent with our analysis that finds the Hs maximum within
48 h of the maximum strength time.

The difference between maximum composite Hs between
the weakest and strongest cyclones is approximately 2 m
which is the same magnitude of the difference of the clima-
tological Hs between the extra-tropical and tropical North
Atlantic (Gulev et al., 1998; Sterl and Caires, 2006). Stron-
ger cyclones, that track a more northerly path, have maxi-
mum composite Hs in the eastern half, which is again
consistent with the extended fetch mechanism, since this
is the part of the cyclone that will have winds blowing in
the same direction of the cyclone’s propagation.

It was already reported by Young (1999), that the max-
imum Hs in the Northern Hemisphere occur in the North
Atlantic (maximum mean monthly value of Hs =5.2 m)
and that the seasonal variability in the Northern Hemi-
sphere is much greater than in the Southern Hemisphere.
Probability density functions of Hs show that in the
cyclone region, Hs between 3 and 15 m are more probable
than in the whole North Atlantic basin above 15° N. Lin-
ear order statistics (L-moments) show that the pdf for the
cyclone is less skewed and broader than the pdf for the
basin. The higher value of t4 for the SE quadrant implies
a narrower Hs pdf, which could be interpreted as a stronger
tendency for higher waves in this quadrant, a result of the
general cyclonic wind pattern and trajectory of the cyclone
ensemble that was studied in this paper, independently of
the individual variability of the cyclone census.

The maximum track density (Fig. 5b) is collocated with
the extreme Hs region of Takbash et al. (2018), which sig-
nals the dominant role of extratropical storms in setting the
wave climate in the North Atlantic. In this region, wind-sea
dominates and the correlation between daily averaged wind
speed and wave height is strong (Stopa et al., 2013). The
correlation diminishes in the eastern boundary of the basin,
were the longest waves in the Atlantic Ocean occur
(Young, 1999), signalling the transition from a wind sea
dominated wave climate to one dominated by swell that
propagates away from the storm track region.

In the present climate, a shift of extratropical storms to
higher latitudes has been identified (Trigo, 2006; Wang
et al., 2000), related to a strong positive correlation with
the Artic Oscillation Index (Stopa et al., 2013). This north-
ward shift is expected to continue in global warming sce-
narios for strong cyclones (Pinto et al., 2006). North
Atlantic storms future climate studies appear to show a
decrease in extratropical cyclones for 2xCO2 experiments
in most of the North Atlantic, except in the North Sea
and Bay of Biscay (Beersma et al., 1997, WASA, 1998), a
trend which is confirmed in more recent studies, but with
increasing winter storm intensity (Ulbrich et al., 2009).

Relating these findings and projections to changes in the
structure of the Hs field under cyclones is not straightfor-
ward because we could not find data on the future pro-
jected changes of the characteristic airflows of the
cyclones. We can expect that an increase in the winter
intensity of cyclones may lead to an increase in the Hs
and some evidence of increased zonal propagation of
intense cyclones (Raible and Blender, 2004) may indicate
a shift in the position of the maximum Hs.

We used 15 years of satellite altimetry to perform this
study. This is approximately half of the total period of
available radar altimetry measurements of wind and signif-
icant wave height. We plan to extend the database to the
full period and report back on the results. Another topic
of future work is to combine the extra-tropical cyclone
information with tropical cyclone census to perform a sim-
ilar study for the latter (see Young and Vinoth (2013)) and
compare the characteristics of the significant wave height
composites.
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