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Extratropical cyclones (ETCs) are known to intensify due to three vertically interacting positive potential
vorticity perturbations that are associated with potential temperature anomalies close to the surface (6p),
condensational heating in the lower-level atmosphere (gsa), and stratospheric intrusion in the upper-level
atmosphere (g,). This study presents the first climatological assessment of how much each of these three
mechanisms contributes to the intensity of extreme ETCs. Using relative vorticity at 850 hPa as a measure of
ETC intensity, results show that in about half of all cases the largest contributions during maximum ETC
intensity are associated with g, (53% of all ETCs), followed by ¢ (36%) and 65 (11%). The relative fre-
quency of storms that are dominated by g, is higher 1) during warmer months (61% of all ETCs during
warmer months) compared to colder months (50%) and 2) in the Pacific (56% of all ETCs in the Pacific)
compared to the Atlantic (46%). The relative frequency of ETCs that are dominated by 6 is larger 1) during
colder months (13%) compared to warmer months (3%), 2) in the Atlantic (15%) compared to the Pacific
(8%), and 3) in western (11%-20% ) compared to eastern ocean basins (4%-9% ). These findings are based on
piecewise potential vorticity inversion conducted for intense ETCs that occurred from 1980 to 2016 in the
Northern Hemisphere (3273 events; top 7%). The results may serve as a baseline for evaluating ETC biases
and uncertainties in global climate models.

1. Introduction Cyclogenesis is driven by the interaction of an upper-
level disturbance, surface baroclinicity, and diabatic
heating in the middle atmosphere (Davis and Emanuel
1991). An upper-level positive potential vorticity
anomaly (¢’) can form during a tropopause fold that
causes intrusion of stratospheric air (Whitaker et al.
1988). The cyclonic circulation associated with the
upper-level positive ¢’ penetrates down the troposphere
and induces a weak cyclonic circulation close to the
surface (Hoskins et al. 1985). This deforms the low-level
isotherms through horizontal temperature advection,
with warm air advecting to the north and east and cold
air advecting to the south and west in the Northern
Hemisphere (NH), leading to a warm surface potential
temperature anomaly (6') located to the east of the
upper-level positive ¢’ (Martin 2013). This warm surface
0’ acts as a surrogate positive ¢’ and creates its own cy-
clonic circulation that penetrates upward and intensifies
the upper-level positive ¢’. When the vertical axis be-

Extratropical cyclones (ETCs) play an important role
in Earth’s climate system as they exchange heat, mois-
ture, and momentum between the tropics and the higher
latitudes. They also generate extreme surface wind
speeds and heavy precipitation events with frequent
devastating impacts on human activities and infrastruc-
ture (Fink et al. 2009). Understanding the dynamics of
these events under current and future climate condi-
tions is, therefore, of great scientific and public interest
(Ulbrich et al. 2009). The dynamics of ETCs can be
assessed from the potential vorticity (q) perspective,
which is outlined next.
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tween both anomalies is tilted westward with height, the
positive upper-level ¢’ and positive surface ¢’ become
phase locked, allowing for mutual amplification and
cyclogenesis (Gray and Dacre 2006). Diabatic heating in
the midtroposphere enhances this mutual amplification
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by increasing the penetration depth through a reduction
of static stability, and by g production in the lower-level
atmosphere and g destruction in the upper-level atmo-
sphere (Stoelinga 1996). The latter process intensifies
the upper-level positive ¢’ since this anomaly is located
west of the lower-level positive ¢’, while the region of ¢
destruction is located directly above the lower-level
positive ¢’. Once the ETC reaches its maximum in-
tensity, all three positive ¢ anomalies become vertically
aligned. The role of upper-level disturbance, surface
baroclinicity, and diabatic heating vary among ETCs,
which lead to the distinction of three ETC types
(Petterssen and Smebye 1971; Deveson et al. 2002;
Dacre and Gray 2009). More recent work by Graf et al.
(2017) finds that cyclogenesis events form a continuum
rather than a set of distinct types.

A climatological assessment by Campa and Wernli
(2012) shows that 1) stronger ETCs have larger values of
surface ' and ¢’ than weaker ETCs, 2) surface 6’ and
lower-level g’ are greater in western than in eastern
parts of the North Pacific and Atlantic, and 3) surface ¢’
is larger during NH winter compared to NH summer.
The contributions of #” and ¢’ to ETC intensification can
be assessed through piecewise potential vorticity in-
version (PPVI) (Davis and Emanuel 1991). The tech-
nique is based on the invertibility of ¢, which makes it
possible to derive wind and geopotential height fields for
an appropriate set of balance and boundary conditions
(Hoskins et al. 1985). PPVI partitions ¢’ into distinct
layers, such as a surface layer, a lower atmospheric layer,
and an upper atmospheric layer (Davis and Emanuel
1991). Using relative humidity as an additional criterion
next to pressure to partition ¢’ makes it possible to as-
sociate contributions with boundary ¢’ close to the sur-
face (6p), condensational heating in the lower-level
atmosphere (¢sa(), and stratospheric intrusion in the
upper-level atmosphere (g,;) (Davis 1992).

Previously published case studies suggest that the
relative importance of these mechanisms strongly varies
among ETCs, where ETC intensification can be domi-
nated by 65 (50%) (Davis 1992), gs.: (70%) (Stoelinga
1996), and q, (53%) (Huo et al. 1999), or where all
mechanisms contribute equally to ETC intensity (Martin
and Otkin 2004). It remains unclear how frequently ETCs
are dominated by 6, gsa(, and g, and how such frequencies
vary among seasons and regions. Filling this gap could help
to identify the underlying causes of ETC biases and un-
certainties in global climate models (GCMs).

GCMs tend to underestimate ETC intensity and show
substantial uncertainties concerning the future response
of the North Atlantic storm track to increased green-
house gas (GHG) concentrations (Zappa et al. 2013a;
Collins et al. 2013; Seiler and Zwiers 2016a,b). Previous
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attempts to identify the sources of ETC biases and un-
certainties include mainly idealized model experiments
and statistical approaches (Lunkeit et al. 1998; Butler
et al. 2010; Woollings et al. 2012; Zappa et al. 2013a,b;
Seiler and Zwiers 2016a,b). The first method, however,
cannot easily be implemented for a multi-GCM ensemble
and the second approach cannot fully prove causality or
disentangle dynamically interacting mechanisms. PPVI
overcomes these limitations and may, therefore, provide
new ways to explore ETC bias and uncertainties in GCMs.
This study presents the first PPVI-based climatology for
intense ETCs in the Northern Hemisphere. The results
may serve as a baseline for evaluating ETC biases and
uncertainties in GCMs.

The following section presents the data and approach
used for ETC tracking and PPVI. Section 3 shows 1) the
selection of intense ETCs considered in this study, 2)
the potential vorticity structure of these storms, 3) the
contributions to ETC intensity from different pressure
levels, 4) the sensitivity of these contributions to dif-
ferent methodological settings, and 5) contributions as-
sociated with 03, gsar, and qy,. Section 4 elaborates on the
principal findings and discusses how PPVI can be used
for assessing ETC biases and uncertainties in GCMs.

2. Methods
a. Data

This analysis uses the ERA-Interim (Dee et al. 2011),
which is based on a spectral model with T255 truncation
and 60 vertical levels. The data are converted to a 480 X
240 (0.75°% 83km) horizontal linear grid for the ETC
tracking and to a 144 X 72 (2.5°% 278km) horizontal
linear grid for PPVI. The input data for ETC tracking
consist of global 6-hourly horizontal wind speeds at
850hPa. The data used for PPVI include 12-hourly
values of geopotential height, air temperature, and zonal
and meridional wind speed at 1000, 850, 700, 500, 400,
300, 250,200, 150, and 100 hPa. All data cover the period
1980 to 2016.

b. Cyclone tracking

ETCs are identified using the objective feature track-
ing algorithm TRACK (Hodges 1994; Hodges et al.
1995; Hodges 1999). The algorithm computes the verti-
cal component of relative vorticity from the horizontal
wind velocity at 850 hPa ({gs0) at the resolution of the
input data. I then spatially filter {gso to T42 resolution
(T42¢gs) prior to tracking through spherical harmonic
decomposition (Anderson et al. 2003). Feature points
are detected based on local extreme values. The algorithm
computes ETC tracks by determining the correspondence
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between feature points for adjacent time steps. Post-
tracking filters are applied to retain only storms that
have a T42{gs, greater than 10 s~ !, that last longer
than two days, and that travel farther than 1000 km,
which leads to 49165 ETCs that occurred from 1980 to
2016. Intense ETCs are here defined as storms that have
at least one ETC center with T42/gs, =10 X 107571,
which applies to 3431 events, or 7% of all ETCs. ETC
centers that are south of 30° latitude or north of 72°
latitude are excluded (Fig. 1). While the southern limit
avoids tropical systems, the northern limit avoids having
the meridional borders of the inversion domain con-
verge close to the pole. The latter occurs because the
inversion domain consists of a rectangle that extends 15°
latitude north and south, and 20° longitude east and west
of the ETC center of interest. If the ETC is north of 72°N
then the upper limit of the inversion domain reaches the
North Pole, and a rectangular domain can no longer be
formed. Finally, I also excluded ETC centers that occur
during the first or last 3 days of a year due to the com-
putation of a 5-day mean that is centered at each of the
four time steps of an ETC track considered in this study.
This is necessary as ETCs are computed from annual
data. These measures reduce the total number of intense
ETCs considered in this study to 3273. The majority
(78%) of these ETCs occur during the colder part of the
year from October to March.

c¢. Piecewise potential vorticity inversion

Ertel potential vorticity g can be inverted to recover
geopotential () and streamfunction (V). This makes it
possible to quantify the perturbations of ® and ¥ at each
atmospheric level that contribute to the total perturbation
of g at a particular atmospheric level of interest. Inverting
q during ETC intensification can, therefore, be used to
assess the roles of different mechanisms that drive ETC
intensification. This technique is referred to as PPVI and is
documented in detail in Davis and Emanuel (1991) and
Davis (1992). This section summarizes the main steps that
are required to conduct PPVI for ETCs. In this application,
I quantify the contribution of each atmospheric layer to
T42¢g5, which is my measure of ETC intensity.

Ertel g is defined as the dot product of absolute vor-
ticity () and the three-dimensional gradient of poten-
tial temperature 6:

1
="V, 1
q=,m (1)

where p is the density. Neglecting vertical velocity and
using the Exner function = rather than pressure as a
vertical coordinate, Eq. (1) can be rewritten in spherical
coordinates (Davis and Emanuel 1991):
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F1G. 1. (a) All ETC tracks from 1980 to 2016 with maximum
T427g50 =10 X 107 s7! (3431 tracks), and (b) spatial domains used
for PPVI applied to four ETC centers for an example ETC track
(Hanukkah Eve Storm in December 2006; Mass and Dotson 2010).
The red dots show the ETC centers of a eastward moving storm 36,
24,12, and 0 h prior to maximum T42ss,. The blue lines denote 30°
and 72°N.
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where a is Earth’s radius, g is the gravitational accel-
eration, A is the longitude, ¢ is the latitude, and 7 is
the vertical component of m written in spherical
coordinates.
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As afirst step I compute g for the entire domain and ®
and V¥ along the boundaries of the domain as an input for
lateral and horizontal boundary conditions used during
PPVI (Fig. 2). The variables g, ®, and ¥ are then de-
composed into a 5-day time ¢ mean part and a perturba-
tion part: g(A, ¢, m, 1) =q(A, ¢, m) + ¢'(A, ¢, 7, t). The
5-day time mean presents the background flow, roughly
corresponding to one synoptic-scale wave period (Davis
1992). To invert q it is necessary to specify a balance
condition that relates ® and W. The balance condition
assumes that the magnitude of the irrotational compo-
nent of the wind is much smaller than the magnitude of
the nondivergent wind (|v,| < |vy|), so that terms in-
volving v, can be neglected and v, =k X V¥. In this
way, ® can be expressed as a function of the non-
divergent streamfunction ¥ (Davis 1992):

2 v v /ev’
+ = === .
a*cos?p | ar? 9¢? AP
(3)

Using the hydrostatic approximation (d®/dm = —0)
and replacing the horizontal velocity with the non-
divergent wind:

( 1 0¥ 1 a‘lf)
u=—-—— and v=———|,-

VO =V.(fV¥)

a I acosp oA

Eq. (2) can be rewritten in terms of ¥ and ® (Davis and
Emanuel 1991):

gKmT o D 1 R Rl )
=>—|(f+VV)— —
[(f )8772 a* cos’p NI NI
1 Pv o
a’ dpam dpam|’

(4)

Full g inversion can now be conducted by solving Eqgs.
(3) and (4) simultaneously for balanced values of ® and
¥ for a given g [computed in Eq. (2)]. The required
boundary conditions are ® and ¥ on the lateral bound-
aries (Dirichlet boundary conditions) and their vertical
derivatives on the horizontal boundaries (Neumann
boundary conditions). Full g inversion is conducted for
instantaneous values (g) and for mean values (g), leading
to instantaneous balanced ® and ¥, and mean balanced ®
and W (Fig. 2).

Next, the perturbatlon Ertel ¢’ is partitioned into N
parts, where zn 1q» =¢'. PPVI is then conducted by
inverting each individual g, for the balanced geo-
potential (®¥,) and streamfunction (V¥,) perturbations
that can be attributed to g,, which requires the use of
linear perturbation forms of Egs. (3) and (4) (Davis and
Emanuel 1991):
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FIG. 2. Piecewise potential vorticity inversion computation steps.
Rectangles present variables, including temperature 7, zonal wind
speed u, meridional wind speed v, geopotential height z, potential
vorticity g, geopotential ®, and streamfunction ¥, and ovals rep-
resent computational processes.
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where (0, %) = (®, ¥) + 123 (®,, ¥,). The values
of ®, and V¥, show the vertical distribution of geo-
potential and streamfunction perturbations that are
associated with the perturbation at a particular atmo-
spheric level of interest. The sum of all balanced per-
turbations equals the total balanced perturbation:

N N
Y& =d and YV =V. (7)
n=1 n=1

I then quantify the contribution of each atmospheric
layer to relative vorticity at 850hPa by converting the

1 by UNIVERSITY OF VICTORIA | Unauthenticated | Downloaded 02/28/25 11
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balanced perturbations ¥, of each atmospheric level to
relative vorticity (£,):

{ =VV . 8)

Finally, the ¢, fields are resampled to T42 to make results
comparable to T42{ss, used in TRACK (Hijmans 2016).

I apply PPVI to intense ETC tracks with T42{gs5, =
10 X 1073s™1, The inversion is conducted for the four
ETC centers that occur 36, 24, 12, and Oh prior to
maximum ETC intensity. The spatial domain of each
inversion consists of a rectangle that extends 15° latitude
north and south, and 20° longitude east and west of the
ETC center of interest (Fig. 1).

Two different techniques are used to partition ¢’. The
first approach partitions ¢’ into a surface layer (1000 hPa),
the lower atmospheric layer (850 and 700 hPa), and the
upper atmospheric layer (500, 400, 300, 250, 200, 150, and
100hPa) (Davis and Emanuel 1991). This approach is
implemented for all four ETC centers that occur 36, 24, 12,
and O h prior to maximum ETC intensity, and is referred to
as pressure-based partitioning, hereafter. The second ap-
proach uses relative humidity (RH) as an additional cri-
terion next to pressure to partition ¢’, which makes it
possible to compute contributions associated with bound-
ary potential temperature anomalies close to the surface
(), condensational heating in the lower-level atmosphere
(¢sat), and stratospheric intrusion in the upper-level at-
mosphere (gy;) (Davis 1992). The computation of 0, gsa,
and g, is first implemented for a random sample of 100
ETCs (see section 2d for details), and then for all 3273
ETC:s for the instance of maximum ETC intensity.

Contributions correspond to values along a vertical
line that is centered on the location of maximum T42s,
computed from the balanced flow. The precise location is
determined by searching for the maximum value within a
4° X 4° window around the ETC center computed from the
full flow. This is necessary as the location of T42(ys, may
slightly differ between the full and balanced flows.

d. Sensitivity experiments

To assess the robustness of my results to different
methodological settings, I conduct four additional experi-
ments for a random sample of 100 ETCs. The four ex-
periments are compared to a standard experiment
(STAN) that is based on the same methodological set-
tings as the main runs applied to the sample of 100
ETCs. The first additional experiment (MEAN) com-
putes the contributions from the different atmospheric
layers by averaging the values within the 4° X 4° window
rather than by assessing contributions along a vertical
line. The second experiment (INVZ) computes contri-
butions for geopotential height at 1000 hPa rather than
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for the streamfunction at 850 hPa. The motivation be-
hind this experiment is the concern that g perturbations
at the lower level (700-850hPa) could present the
strongest contribution to the 850-hPa streamfunction
simply due to spatial coincidence. The third experiment
(CLIM) uses a climatological mean value rather than a
5-day mean value for the background flow.

The fourth experiment (RHUM) is based on the re-
fined ¢’ partitioning that uses RH in addition to pressure
to separate contributions. Contributions associated with
0, gsat, and gy equal contributions that originate from
the surface (1000hPa), the lower-level atmosphere
(700-850 hPa), and the upper-level atmosphere (100-
500 hPa), respectively, as long as RH in the lower level is
equal to or greater than 70%. If RH at 850 hPa is less
than 70%, then the contributions at this level are asso-
ciated with 6. Similarly, if RH at 700 hPa is less than
70%, the contributions at this level are associated with
gy~ This RH-based partitioning is more meaningful
compared to the pressure-based partitioning, as it
provides a more accurate separation of contributions
associated with 6p, gsa, and g The results will show
that the RH-based partitioning does lead to slightly
different results compared to the pressure-based parti-
tioning. I, therefore, also apply the RH-based parti-
tioning to all 3273 ETCs for the instance of maximum
ETC intensity.

3. Results
a. Storm intensity

Tracking all ETCs north of 30° latitude from 1980 to
2016 (49165 ETCs) shows that the most frequent max-
imum T42gs, value present in all ETC tracks is
3.9 X 1073s™!, with a 95th percentile of 10.6 X 1075~
(not shown). Based on this observation, I define an in-
tense ETC as a storm that has at least one ETC center
with T42¢g50 =10 X 1073s~! (3431 events, or 7% of all
ETCs). The vast majority of these intense ETCs are
marine cyclones that travel across the North Pacific and
North Atlantic during the cold season (Fig. 1a). A small
portion of these storms (158 events) either are located
north of 72° latitude or occur during the first or last three
days of the year, and are therefore excluded from this
analysis (see section 2 for details). All remaining 3273
participate in the PPVI that is described next.

b. Potential vorticity structure

Vertical cross sections of storm-centered composites
averaged over all intense 3273 ETCs show the presence of a
positive upper-level ¢’ west of the ETC center [1.5 potential
vorticity units (PVU; 1 PVU = 10 °Kkg 'm?s™!); red

aded 02/28/25 11:36 PM UTC
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FIG. 3. Vertical cross sections of instantaneous potential vorticity ¢ of ETC centered composites (a) 36, (b) 24,
(c) 12, and (d) O h prior to maximum T42{gs,. The bold lines present the dynamical tropopause at 2 PVU, and the
red and blue contours are positive and negative values for g perturbations (q'), respectively.

contours] and a negative upper-level ¢’ east of the ETC
center (—1.0 PVU; blue contours) 36 h prior to maximum
ETC intensity (Fig. 3a). As ETC intensity increases, the
upper-level positive ¢’ moves eastward relative to the ETC
center until it is located vertically above the ETC center
during the instance of maximum ETC intensity (Fig. 3d).
The same composites also show an undulation of the
2-PVU dynamical tropopause that enhances with increasing
ETC intensity, which indicates stratospheric intrusion.
Also, a potential vorticity tower (1 PVU) and a lower-level
positive ¢’ (0.5 PVU) that is associated with condensational
heating from above, develop 12h prior to maximum
T42Zgs, (Fig. 3c).

The corresponding horizontal cross sections for the
instance of maximum T42/5, show a positive surface ¢
of 3K west of the ETC center. This 6’ acts as a surrogate
q' and is caused by warm air advection to the northeast
and cold air advecting to the southwest of the ETC
center, deforming the 1000-hPa isentropes (Fig. 4a). At
the lower level (700-850 hPa) a positive ¢’ of 0.4 PVU
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associated with condensational heating forms at the
ETC center (Fig. 4b). At the upper level (100-500 hPa) a
stronger ¢’ related to stratospheric intrusion forms
southwest of the ETC center with a value of 1.0 PVU
(Fig. 4c). The importance of the surface ¢, the lower-
level ¢', and the upper-level ¢’ for ETC intensity is in-
vestigated through PPVI below.

c. Contributions from pressure-based partitioning

Results from PPVI show that about half of the ETC
intensity (i.e., perturbed maximum T42{ys) is caused by
the lower-level (700-850hPa) g’ (51%; 4.9 X 1075s71)
(Fig. 4e). Contributions from the upper level (100-
500 hPa) and from the surface (1000 hPa) are much less,
namely 26% (2.5X107%s7!) and 22% (2.1 X 1073s71),
respectively (Figs. 4d.f). The sum of contributions to-
gether with the 5-day mean background flow (Fig. 4g)
resembles the balanced flow (see section 2 for details),
confirming that the values produced by PPVI are in-
ternally consistent (Figs. 4h,i).
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FIG. 4. ETC centered horizontal composites averaged over 3273 ETCs of (a) 0 (filled contours) and ¢’ (red and blue contours) at the
surface and ¢’ at the (b) lower level and (c) upper level. (d)—(f) The corresponding contributions to maximum T42{;s. (g) The background
flow at 850 hPa, (h) the sum of the background flow and the contributions from all levels, and (i) the balanced flow at 850 hPa. The white
crosses mark the location of the ETC center and the blue boxes in (c)—(h) show a 4° X 4° search window that is used to compute

contributions.

The contributions described above vary during the
different developmental stages of ETCs. The average
value of T42{g, of intense ETCs increases from
5.9 107%s71 t0 12.3 X 107 s ! within 36 h (Fig. 5a). The
balanced flow T42{gs, (pyramid) closely resembles the
corresponding values of the full flow (asterisk), sug-
gesting that the balance conditions outlined in the
methods section (section 2) provide a good approxi-
mation for the full flow. The average differences
between both flows is 5.6% with respect to T42{gs.
The increase in T42{gs5, is supported by all three g
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perturbations and the background flow. The back-
ground flow may differ among time steps as the location
of the ETC also changes with time.

Relative contributions to perturbed T42{y5, that origi-
nate from the surface decrease from 34% to 22% within the
last 24 h, while upper-level contributions increase from 15%
to 26% during the last 12 h (Fig. 5b). Relative contributions
from the lower level, on the other hand, are fairly constant
during these 36 h, ranging between 52% and 56% for per-
turbations. The remaining sections focus on contributions
during the instance of maximum ETC intensity.
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FIG. 5. (a) Contributions from the background flow, the surface,
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T42{gs, for four time steps prior to maximum ETC intensity. Also
given are the T42{gs, values of the balanced flow (pyramid) and full
flow (asterisk) as computed from the cyclone tracking algorithm
TRACK. (b) The relative contributions to perturbed T42¢gs.

d. Sensitivity experiments

Experiments carried out with varying methodological
settings for a random sample of 100 ETCs confirm that
the largest contribution originates from the lower-level
atmosphere, regardless of the chosen methodological
setting (Table 1). The corresponding lower-level contri-
butions are 53%, 51%, 51%, and 45% for the experiments
MEAN, INVZ, CLIM, and RHUM, respectively. Larger
sensitivities exist for contributions from the surface and
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upper level for the experiment CLIM when compared to
STAN (—11% and +15%, respectively). Also, surface
contributions increase by 8% in the INVZ experiment,
which is balanced by an equal reduction in lower-level and
upper-level contributions (4% each). The RH-based par-
titioning (RHUM) reduces lower-level contributions by
10%, which is almost entirely due to an increase in upper-
level contributions rather than surface contributions. Re-
sults for RH-based partitioning applied to all 3273 ETCs
are presented next.

e. Contributions from relative humidity-based
partitioning

Applying the RH-based partitioning to all 3273 ETCs
shows that intense storms are primarily driven by gga¢
(43% of ETC intensity), and only to a lesser extent by g,
(34% of ETC intensity) and 6 (23% of ETC intensity)
(Table 2). Also, gsr dominates contributions most fre-
quently (53% of all ETCs), followed by gy, (36% of all
ETCs) and 65 (11% of all ETCs) (Table 2). The mean
contributions stated above are subject to considerable
variability. The corresponding interquartile ranges for g,
G, and 6y are 31%-55%, 21%-47%, and 12%-32%, re-
spectively. This variability is partly due to seasonal and
regional differences, which are discussed below.

Most intense ETCs form during the colder months
from October to March (78% of all ETCs) (Table 2).
The frequency of extreme ETCs is larger in the Pacific
compared to the Atlantic (+15 ETCsyr ') and greater in
western compared to eastern ocean basins (+5 ETCsyr !
on average) (Table 2; Fig. 6a). Also, ETC intensity is larger
in the Pacific (+0.2 X 107> s™1), with higher values in the
western compared to the eastern part (+0.4 X 107 s7!)
(Table 2; Fig. 6e). The seasonal and regional differences of
0B, gsat, and gy, contributions are summarized next.

Contributions from 6 are larger 1) during colder
months (26% of ETC intensity) compared to warmer
months (13%), 2) in the Atlantic (25%) compared to the
Pacific (22%), and 3) in western (24%-26% ) compared
to eastern ocean basins (20%-23%) (Table 2). Maxi-
mum 6z contributions are located in proximity to the
Kuroshio (32%; 3 X 10 °s™') and the Gulf Stream
(37%; 4 % 1073 s~ 1), while minimum 6 contributions
are present in the eastern ocean basins (about 13%; 1 X
1073s™') (Figs. 6b,f). The seasonal and regional fre-
quencies of #z-dominated ETCs follow the same pat-
tern as the corresponding contributions. Storms
dominated by 6z are more frequent 1) during colder
months (13% of all ETCs that occur from October to
March) compared to warmer months (3%), 2) in the
Atlantic (15% of all ETCs that occur in the Atlantic)
compared to the Pacific (8%), and 3) in western ocean
basins (11%-20% of all ETCs that occur in the western



15 APRIL 2019 SEILER 23717

TABLE 1. Mean relative contributions (%) from the surface, the lower-level atmosphere, and the upper-level atmosphere for the
experiments STAN, MEAN, INVZ, CLIM, and RHUM conducted for a random sample of 100 ETCs (see section 2 for details). The delta
(A) shows the corresponding differences when comparing against results from STAN. Statistically significant differences are marked with

an asterisk (two-sampled Wilcoxon test at the 5% level; R Core Team 2013).

Expt Surface A Lower level A Upper level A
STAN 21.1 0.0 54.2 0.0 24.8 0.0
MEAN 21.9 0.9 52.7 -15 254 0.6
INVZ 283 7.2% 50.7 —3.5% 21.0 -338
CLIM 9.6 —11.4* 51.0 -32 394 14.6*
RHUM 213 0.3 44.5 —9.7% 342 9.4%

basins) compared to eastern ocean basins (4%-9%)
(Table 2, Fig. 7a).

Contributions from ¢, are larger 1) during warmer
months (49% of ETC intensity) compared to colder
months (41%) and 2) in the Pacific (44% ) compared to
the Atlantic (39%) (Table 2). Maximum contributions
from g, are located in the North Pacific (53%; 5 X
10755 % Figs. 6¢,g). The seasonal and regional frequen-
cies of gs,i-dominated ETCs follow the same pattern as the
corresponding contributions. ETCs dominated by g,
are more frequent 1) during warmer months (61%)
compared to colder months (50%) and 2) in the Pacific
(56%) compared to the Atlantic (46%) (Table 2;
Fig. 7b).

Contributions from g, are larger 1) during warmer
months (38% of ETC intensity) compared to colder
months (33%),2) in the Atlantic (36% ) compared to the
Pacific (34%), and 3) in eastern (35%-37%) compared
to western ocean basins (32%-34%) (Table 2). Maxi-
mum contributions from g, are located in the eastern
part of the ocean basins, reaching 46% (4 X 10 s ') in

the eastern Pacific and 53% (5 X 10°s™') in the
eastern Atlantic (Figs. 6d,h). No significant seasonal or
regional differences were found for the frequencies of
ETCs with dominant contributions from g, (Table 2;
Fig. 7c).

4. Discussion

This study presents the first climatological assessment
of potential vorticity perturbations and their contribu-
tions to the intensity of extreme ETCs in the Northern
Hemisphere. Results show that in about half of all cases
the largest contributions during maximum ETC in-
tensity are associated with g, (53% of all ETCs), fol-
lowed by g (36%) and 65 (11%). The importance of g,
and 6p varies among seasons and ocean basins. The
relative frequency of storms that are dominated by g,
is larger during warmer months compared to colder
months and in the Pacific compared to the Atlantic.
The exact opposite pattern applies to storms domi-
nated by 6p. Furthermore, the relative frequency of

TABLE 2. ETC sample size (N), annual mean frequency, ETC intensity (T42{gs,), and relative contributions to T42{gs, perturbations
from boundary potential temperature anomalies close to the surface (63), condensational heating (¢sa(), and stratospheric intrusion (g)
during the instance of maximum ETC intensity. Also shown is the percentage of ETCs whose contributions are dominated either by 605,
Gsat> OT qir- Numbers in parentheses give the corresponding interquartile range. Statistically significant differences between mean values
are marked with an asterisk (two-sampled Wilcoxon test at the 5% level; R Core Team 2013).

Relative contributions (%) Dominant contributions (%)

Region N Frequencyyr ! T42745,107 %! 05 Gsat Gir 03 Gsat qu
NH 3273 88 (84-94) 11.6 (10.5-12.3) 23 (12-32) 43 (31-55) 34 (21-47) 11 (8-13) 53 (49-55) 36 (33-40)
NH Oct-Mar 2537 69 (64-74) 11.7 (10.6-12.4) 26 (15-34) 41 (30-53) 33 (20-46) 13 (9-17) 50 (46-54) 36 (33-40)
NH Apr-Sep 736 20 (17-22) 11.3 (10.4-11.8) 13 (5-21) 49 (36-63) 38 (24-52) 3 (0-5) 61 (54-68) 36 (29-41)
Difference 1801 49%* 0.4* 13* —8* —5% 10%* —11* 0
Pacific 1809 49 (45-52) 11.7 (10.6-12.6) 22 (13-30) 44 (33-56) 34 (21-46) 8 (4-11) 56 (52-61) 36 (32-38)
Atlantic 1245 34 (30-38) 11.5 (10.5-12.2) 25 (13-35) 39 (27-52) 36 (20-50) 15 (11-21) 46 (38-50) 39 (33-45)
Difference 564 15% 0.2% —3* 5% —2% —7* 11* -3
Western Pacific 973 26 (25-29) 11.9 (10.7-12.8) 24 (14-33) 44 (32-57) 32(19-45) 11 (7-16) 55 (48-62) 34 (29-40)
Eastern Pacific 836 23 (19-26) 11.5 (10.5-12.2) 20 (12-27) 45 (34-56) 35 (22-47) 4 (0-7) 58 (52-65) 38 (30-41)
Difference 137 4% 0.4* 4% -1 —3* 6% -3 —4
Western Atlantic 729 20 (17-22) 11.5 (10.5-12.2) 26 (12-39) 39 (28-51) 34 (19-48) 20 (13-29) 43 (35-52) 37 (29-45)
Eastern Atlantic 516 14 (11-17) 11.5 (10.5-12.1) 23 (13-32) 40 (27-52) 37 (22-52) 9 (0-13) 50 (41-58) 42 (30-53)
Difference 213 6* 0.0 3% 0 —3%* 11%* -7 =5
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FIG. 6. (a) Total frequency of ETC centers with maximum T42{gs, per grid cell (500 km X 500 km) (3273 events) and (e) corresponding
mean maximum T42{gs. (b)—(d) Absolute contributions to maximum T42{gs, and (f)-(h) the corresponding relative contributions. Grid
cells with less than 10 ETC centers are excluded in (b) to (h). The red lines denote the boundaries of western and eastern ocean basins used
in Table 2. The magenta contours in (b) and (f) enclose regions where the horizontal gradient of the climatological mean sea surface

temperature from October to March exceeds 1 K 100 km ™! during the 1980-2016 period.

0p-dominated storms is larger in western compared to
eastern ocean basins.

These values apply to the instance of maximum ETC
intensity, and are not necessarily representative for
conditions during early stages of ETC cyclogenesis.
The applicability of PPVI is limited during early
ETC development, since all contributions are com-
puted vertically. This may cause an underestimation of
upper-level and surface contributions when positive g
perturbations interact along a tilted axis that is cen-
tered at maximum T42{gs,. PPV results are, therefore,
most reliable during the instance of maximum ETC
intensity when all three perturbations are vertically
aligned.

Contributions from the surface layer and the upper-
level atmosphere are sensitive to the definition of the
background flow. The two definitions used in this study
are a 5-day mean and a climatological mean. Although
the first approach has been widely adopted (Davis and
Emanuel 1991; Davis 1992; Huo et al. 1999; Stoelinga
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1996; Martin and Otkin 2004), the sensitivity of PPVI to
the background flow should be explored in greater de-
tail. This could be done by systematically increasing the
time window that is used for computing the background
flow. Such an analysis could show how exactly the
background affects the inversion and whether a 5-day
mean value leads to the most meaningful results.

The seasonal and regional differences of ETC fre-
quencies that are dominated by 6 and gg,, could be
explored in more detail in a range of numerical experi-
ments. Such experiments could assess 1) whether the
strong contributions from 6z during the cold season is
related to the enhanced temperature difference between
the sea surface and the air, 2) whether the high fre-
quency of #p-dominated ETCs in the western ocean
basins is caused by strong sea surface temperature gra-
dients associated with the western boundary currents,
and 3) to what extent the relative high frequency of gga-
dominated ETCs during warmer months can be ex-
plained by the Clausius—Clapeyron relationship.
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FIG. 7. Total frequency of ETCs per grid cell (500 km X 500 km) (3273 events) that are dominated by (a) surface temperature anomalies
(63), (b) condensational heating (¢sa(), and (c) stratospheric intrusion (g,). The red lines denote the boundaries of western and eastern
ocean basins used in Table 2. The magenta contours in (a) enclose regions where the horizontal gradient of the climatological mean sea
surface temperature from October to March exceeds 1 K 100 km ™' during the 1980-2016 period.

The dominant role of condensational heating during
the instance of maximum ETC intensity may have im-
portant implications for ETC biases and projected fu-
ture changes in GCMs. Regional climate model (RCM)
experiments show that latent heat release and ETC in-
tensity become stronger when increasing the horizontal
model resolution from 120 to 20km (Willison et al.
2013). Downscaling the GCM CanESM2 with the RCM
CanRCM4 increases the frequency of rapidly intensi-
fying ETCs by one-third and associated precipitation
by 22% (Seiler et al. 2018). The tendency of GCMs to
simulate ETCs that are too weak (Zappa et al. 2013a;
Seiler and Zwiers 2016a) may, therefore, be related to
weak condensational heating that is limited by the
modest spatial resolution of GCMs. This could be verified
by conducting PPVI for ETCs simulated in GCMs for the
historic period and by comparing the results to the find-
ings presented in this study. Repeating the same experi-
ment under a scenario with projected future GHG
concentrations would show whether biases in condensa-
tional heating affect the projected changes and how
projected changes can be understood from the potential
vorticity perspective. Conducting PPVI for GCM data
would greatly improve our current understanding of the
physical mechanisms that cause ETC biases and pro-
jected future changes in GCMs. This may provide guid-
ance for improving model performance and reducing
uncertainties associated with future projections.
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