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1 Introduction

1.1 What is an extratropical cyclone?

Extratropical cyclones (hereafter ETCs), often called also as mid-latitude cyclones, are

weather systems ranging in size from several hundreds of kilometres to a few thousand

kilometres. They form due to atmospheric baroclinicity (i.e. temperature difference

in north-south direction), and are thus most abundant and strongest in the winter

season when the temperature differences between low- and high latitudes are greatest.

ETCs are the main cause of weather variability at mid- and high latitudes. They

bring precipitation and winds, and the strongest ETCs can cause societal damage (e.g.

Wernli et al., 2002; Liberato et al., 2011, 2013), such as traffic disruption or power

outages. The low-level airflows associated with ETCs can form so called atmospheric

rivers (Dacre et al., 2019), which can lead to serious flooding for example in UK (Lavers

et al., 2011) and the west coast of USA (Ralph et al., 2006).

Because ETCs typically form in the area of strong baroclinicity, they are associated with

fronts and thus their appearance looks asymmetric. This is one of the main character-

istics distinguishing them from tropical cyclones, which are usually more symmetric by

their appearance. In addition, tropical cyclones develop through latent heat release in

deep convective clouds and thus their occurrence is restricted to lower latitudes where

the sea surface temperatures are higher. Extratropical cyclogenesis instead, tends to

occur at mid- and high latitudes, in the Northern Hemisphere most frequently in the

so-called North Pacific and North Atlantic storm tracks (Wernli and Schwierz, 2006).

Furthermore, tropical cyclones can sometimes curve poleward, enter mid-latitudes and

transform into ETCs. These post-tropical storms can cause high-impact weather down-

stream via amplification of the mid-latitude flow (e.g. Grams and Blumer, 2015; Grams

and Archambault, 2016).

ETCs have an important role in atmospheric general circulation. They transport both

sensible heat (warm air) and latent heat (moisture) from lower latitudes towards the

poles, and at mid-latitudes, they are actually more efficient meridional heat trans-

porters than ocean currents (e.g. Hartmann, 2015). Therefore, without ETCs, the

temperature difference between the tropics and poles would be considerably higher.

Furthermore, ETCs participate to the energy cycle of our climate system by convert-

ing the atmospheric available potential energy to kinetic energy (Lorenz, 1955), which
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can be felt at the surface as winds.

In summary, although ETCs are often associated with undesirable weather, they are a

crucial part of our climate system. Moreover, due to climate change, the structure and

dynamics, and thus potentially the impacts of ETCs on our society may change. For

all these reasons, studying the dynamics of ETCs in our changing climate is of great

interest.

1.2 Different diagnostic methods

Various studies during the past century have contributed to understanding the role of

different physical processes in the development of ETCs (Schultz et al., 2019). The

baroclinic theory and the adiabatic processes thereof became well-known during the

mid-20th century (Charney, 1947; Eady, 1949). Since then, the role of latent heat

release due to formation of clouds and precipitation in baroclinic disturbances has

gained attention among the researchers (e.g. Tracton, 1973; Kuo et al., 1991; Stoelinga,

1996). Nowadays it is well understood that diabatic processes can considerably affect

the strength of ETCs (e.g. Ahmadi-Givi et al., 2004; Büeler and Pfahl, 2017), especially

in warm season (Mart́ınez-Alvarado et al., 2016) and marine cyclones (Roebber and

Schumann, 2011).

Diagnostic methods to identify the contributions of various adiabatic and diabatic

processes to the development of ETCs have been developed during the years. The key

variable to diagnose the effect of diabatic heating is potential vorticity (PV; Rossby,

1939; Ertel, 1942) due to its conservativity in adiabatic and frictionless conditions.

Hoskins et al. (1985) later established the use of PV in modern atmospheric dynamics.

Because PV can be only modified by diabatic and frictional processes, the appliance

of PV inversion techniques allows to determine explicitly the contribution of diabatic

processes to the circulation and intensity of ETCs (Davis and Emanuel, 1991; Stoelinga,

1996).

Because the low-level PV anomalies associated with ETCs are strongly coupled to

cyclone intensity, diagnostic methods using PV alone are also useful to explain the

role of latent heating especially in explosive cyclogenesis. Using the PV framework,

Büeler and Pfahl (2017) developed a diagnostic approach to systematically quantify

the contribution of latent heating to cyclone intensification. They applied the method
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further to surrogate climate change simulations (Büeler and Pfahl, 2019) and found that

enhanced diabatic heating was able to largely explain the varying increase in intensity

and impacts of most of the studied cyclones. The PV framework was also employed

by Chagnon et al. (2013) and Mart́ınez-Alvarado et al. (2016), who used PV tracers

to investigate the effect of diabatic processes on the evolution of ETCs. The use of

tracers allowed to identify which diabatic processes in the clouds (such as evaporation

and condensation) were responsible for the generation of PV anomalies within ETC.

In addition to the PV framework, the roles of different physical processes on ETC evo-

lution can be quantified with various other techniques. Fink et al. (2012) diagnosed the

influence of diabatic processes on explosive cyclogenesis using a novel version of surface

pressure tendency equation (Knippertz and Fink, 2008; Knippertz et al., 2009). They

applied the tool for five selected European windstorms (Storms Lothar, Martin, Klaus,

Kyrill and Xynthia) and discovered that Kyrill and Martin were more baroclinically-

driven storms than Lothar, Klaus and Xynthia. A more systematic analysis with the

same diagnostic tool was performed later in Pirret et al. (2017), who examined 58

different European windstorms using ERA-Interim reanalysis data. According to their

results, the contribution of diabatic processes varied considerably from case to case,

with baroclinic processes still being the dominant forcing in the majority of storms.

The role of physical forcing mechanisms in the relative vorticity budgets of North

Atlantic ETCs was studied by Azad and Sorteberg (2014a,b). They employed a gen-

eralized omega equation to decompose the vertical motion into contributions from

different forcing terms: vorticity advection, temperature advection, diabatic heating,

ageostrophic vorticity tendency and friction (see Section 2.2). They followed mainly the

method presented earlier in Pagé et al. (2007), Räisänen (1995) and Pauley and Nie-

man (1992). After this, the vorticity tendency budget was partitioned into the same

components representing the earlier listed physical processes, analogously with the

vertical motion, and similarly as in Räisänen (1997). However, while Räisänen (1997)

applied the nonlinear balance equation to further convert the vorticity tendencies to

geopotential height tendencies, Azad and Sorteberg (2014a,b) relied purely on vorticity

diagnostics calculated with the Zwack-Okossi equation (Zwack and Okossi, 1986; Lupo

et al., 1992). Besides the papers by Azad and Sorteberg (2014a,b), the Zwack-Okossi

equation has been applied successfully in numerous other diagnostic studies on ETC

dynamics (e.g. Yoshida and Asuma, 2004; Azad and Sorteberg, 2009; Kuwano-Yoshida

and Enomoto, 2013; Fu et al., 2018).
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In conclusion, this literature review reveals that several diagnostic equations have been

developed to investigate ETCs. The common denominator of these methods is that

they all aim to diagnose the role of different adiabatic and diabatic processes in the

life cycle of ETCs. However, the used variable can be PV tendency (e.g. Chagnon

et al., 2013; Büeler and Pfahl, 2017), surface pressure tendency (e.g. Fink et al., 2012;

Pirret et al., 2017), geopotential height tendency (Paper I, Räisänen, 1997) or vorticity

tendency (e.g. Paper III, Azad and Sorteberg, 2014a).

Each of the listed methodologies have their own advantages and disadvantages, and

depending on the properties of the used dataset and the specific aim of the research,

any of these methods can be beneficial. For example, if one wants to study specifically

the impact of free-tropospheric moist processes to ETCs, applying PV diagnostic could

be useful because in the free troposphere PV can only be modified by diabatic heating,

which largely consists of the latent heat release in the clouds. Instead, the benefit of

applying the vorticity- or geopotential height tendency methodology (Paper I, Paper

III) is that they allow to decompose also the adiabatic processes into the contributions

from vorticity advection, thermal advection, and ageostrophic vorticity tendency. This

would not be possible using PV tendency alone.

1.3 Implications of warmer climate on extratropical cyclones

The ongoing climate change can affect the behaviour of ETCs in several different ways:

(1) by increasing the atmospheric moisture content due to increasing temperatures

(Hartmann et al., 2013); (2) by decreasing the lower level meridional temperature

gradient due to larger warming trend in Arctic regions (known as Arctic amplification,

e.g. Serreze et al., 2009) than elsewhere in the globe; and (3) by increasing the upper

level meridional temperature gradient due to enhanced warming in the tropical upper

troposphere (e.g. Allen and Sherwood, 2008) and cooling in the polar lower stratosphere

(e.g. Thompson and Solomon, 2005). The changes (2) and (3) constitute a balanced

tug-of-war between two competing effects for the strength of the jet stream, as verified

recently by reanalysis datasets (Lee et al., 2019). Because these changes (1)-(3) are

occurring simultaneously in the atmosphere, and given the nonlinear responses of ETCs

to these changes, it is not surprising that confident future projections of midlatitude

storm tracks remain challenging. Accordingly, The Intergovernmental Panel on Climate

Change (IPCC) states in its 5th assessment report that ”Substantial uncertainty and
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thus low confidence remains in projecting changes in NH winter storm tracks, especially

for the North Atlantic basin.” (Collins et al., 2013).

The latest research on the implications of climate change on the structure and dynamics

of ETCs were recently brought together in a review paper by Catto et al. (2019).

According to the review, the most robust outcome in the recent studies is that in a

warmer climate, the precipitation associated with ETCs will increase (e.g. Paper IV,

Yettella and Kay, 2017; Hawcroft et al., 2018). What remains still unclear is how the

enhanced latent heating associated with increased precipitation will materialize in the

intensity of ETCs. This research question is particularly challenging because there

are different ways to define the intensity of ETCs, such as surface winds, eddy kinetic

energy, minimum surface pressure or the deepening rate (Catto et al., 2019).

Numerical experiments performed with idealized climate change simulations have pro-

vided insights on the effect of increasing atmospheric moisture content on ETC intensity

(e.g. Paper II, Paper IV, Booth et al., 2013; Kirshbaum et al., 2018; Tierney et al.,

2018). One common aspect seems to be that the eddy kinetic energy is very close to its

maximum with present-day climate conditions and is expected to decrease with further

warming (Paper III, O’Gorman and Schneider, 2008; Pfahl et al., 2015; Kirshbaum

et al., 2018; Tierney et al., 2018). One explanation for this could be structural changes

in ETCs, such as worse phasing between the warm-frontal ascent and the buoyancy in

the warm sector, as found in Kirshbaum et al. (2018) and confirmed later in Paper

III.

Climate models in Coupled Model Intercomparison Project 5 (CMIP5) predict that

the number of strong cyclones would decrease in the North Atlantic by 8 % ± 3 %

(in winter) or 6 % ± 3 % (in summer) in RCP4.5 scenario by the end of 21st century

(Zappa et al., 2013b). Furthermore, under the high-emission RCP8.5 scenario, the

extreme winds associated ETCs are projected to decrease 17 % for the entire Northern

Hemisphere by the end of the 21st century (Chang, 2018). However, the sign of change

is the opposite in the Southern Hemisphere, where CMIP5 models project an increase

in the number of strong cyclones (Chang et al., 2012). The deepening rate of ETCs in

warmer climates does not seem to change significantly in idealized simulations (Pfahl

et al., 2015) or in CMIP5 models in the Northern Hemisphere (Seiler and Zwiers, 2016).

However, according to the results of Paper IV, and consistent with the Southern

Hemisphere CMIP5 projections (Chang et al., 2012), the deepening rate of particularly

strong ETCs may increase with the warming.
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There is evidence that CMIP5 models have systematic biases in the number and inten-

sity of North Atlantic ETCs (Zappa et al., 2013a; Pithan et al., 2016). Furthermore, it

has been shown that diabatic heating in the clouds is sensitive to the model resolution

(Willison et al., 2013, 2015). Thus, more research on this subject is clearly needed,

especially with high-resolution models using state-of-the-art physics parametrizations.

In their review paper on the future of ETCs Catto et al. (2019) emphasize that ”Future

research could focus on bridging the gap between idealized models and complex climate

models, as well as better understanding of the regional impacts of future changes in

extratropical cyclones.”
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1.4 Aims of the thesis

The general aim of this thesis is to increase the understanding on how different at-

mospheric physical processes can affect the intensity and structure of ETCs, both in

present-day climate conditions and in a warmer climate. This aim has been addressed

in four research articles, with the following more specific research questions:

1. How much do different adiabatic and diabatic processes contribute to the

evolution of ETCs? For this purpose, a diagnostic tool has been developed, and the

contributions of different adiabatic and diabatic processes were analysed quantitatively

using idealized and real-world case studies in Paper I and III.

2. How sensitive are ETCs to different aspects of changes in the mean

temperature distribution, which are anticipated with climate change in the

Northern Hemisphere? This specific aim was addressed in Paper II with model

simulations in which the large-scale temperature environment experienced by a devel-

oping ETC was altered. The simulations were compared to a control run where no

changes were performed.

3. Which structural changes are expected to occur in ETCs in a warmer cli-

mate, if any, and which physical processes are responsible for these changes?

This final aim was investigated with 10-year long simulations with global atmospheric

model in Paper IV. The structural changes were identified with a cyclone-compositing

method.
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2 Diagnostic methods and model simulations

In this section, the equations and the model simulations used in this thesis are pre-

sented. The diagnostic tool employed in Paper I and III is based on the decomposition

of vertical motion into its physical causes. The method for the decomposition is pre-

sented first, in Section 2.1. The strengthening and weakening rate of ETCs was studied

using time tendencies of both geopotential height and relative vorticity. The decom-

position of these variables is presented in Section 2.2. In addition, the validation of

both diagnostic methods is demonstrated in Section 2.3. Then, the basic concept of

the energy cycle in the atmosphere and its relation to ETCs is expressed in Section

2.4, and finally, the used numerical weather models and the experiments are briefly

introduced in Section 2.5.

2.1 The decomposition of vertical motion

Albeit being often orders of magnitude weaker than the horizontal wind, the vertical

wind is a vital part of the atmospheric general circulation. In ETCs, vertical motions

are tightly linked to the development of the system: rising motions generate low-level

cyclonic vorticity, and when occurring near the cyclone centre, they act to increase the

intensity of the system. Furthermore, upward motions lead to adiabatic cooling and

consequently to condensation of water vapour. Thus, upward motions are an essential

ingredient of the precipitation and latent heat release in ETCs. Moreover, the ascent

of warm air and descent of cold air in the eddies convert the available potential energy

to kinetic energy, and hence influence the whole energy cycle of the atmosphere. For

these reasons, understanding the physical and dynamical causes of the vertical motions

in the ETCs is of great importance.

A practical and broadly used way to examine the causes of atmospheric vertical motion

is to apply the omega equation. Various forms of the omega equation exist, ranging

from the simplest quasi-geostrophic (QG) omega equation to the most complex, gener-

alized version of the omega equation. In this thesis, the main diagnostic tool is based

on the generalized omega equation, but two simpler forms of omega equations have

also been utilized.
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The QG omega equation, which is briefly used in Paper I, is presented first:

LQG(ω) = FV (QG) + FT (QG) (1)

where

LQG(ω) = σ0 (p)∇2ω + f 2∂
2ω

∂p2
(2)

and the two right-hand-side (RHS) terms are

FV (QG) = f
∂

∂p

�
�Vg · �∇ (ζg + f)

�
(3)

FT (QG) =
R

p
∇2

�
�Vg · �∇T

�
. (4)

The explanations of all mathematical symbols are listed in Table 1. The QG omega

equation tells that rising motion in the atmosphere occurs if the cyclonic vorticity

advection increases upwards (Eq. 3) or if there is advection of warm air (Eq. 4). The

opposite is true for the sinking motion.

The main advantage of the QG omega equation is that it is computationally light

to solve and gives still a relatively good approximation of the mid-tropospheric ver-

tical motion decomposed into the contributions from vorticity advection and thermal

advection. However, for detailed analysis of the causes of vertical motion, especially

in systems which are strongly diabatically-driven, the QG approximations become in-

evitably problematic. To avoid the QG approximations, one can derive a generalized

omega equation directly from the primitive equations (e.g. Räisänen, 1995). Hence, the

generalized omega equation does not involve any simplifying assumptions except the

hydrostatic balance, which is implicitly assumed when isobaric coordinates are used.

In Papers I and III, we used the following formulation of the generalized omega

equation:

L(ω) = FV + FT + FF + FQ + FA (5)

where

L(ω) = ∇2(σω) + f(ζ + f)
∂2ω

∂p2
− f

∂2ζ

∂p2
ω + f

∂

∂p

�
�k ·

�
∂�V

∂p
×∇ω

��
(6)

and the RHS terms are

FV = f
∂

∂p

�
�V ·∇ (ζ + f)

�
, (7)
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FT =
R

p
∇2

�
�V ·∇T

�
, (8)

FF = −f
∂

∂p

�
�k ·

�
∇× �F

��
, (9)

FQ = − R

cpp
∇2Q, (10)

FA = f
∂

∂p

�
∂ζ

∂t

�
+

R

p
∇2

�
∂T

∂t

�
. (11)

The RHS forcing terms represent the effects of vorticity advection (FV , Eq. 7), thermal

advection (FT , Eq. 8), friction (FF , Eq. 9), diabatic heating (FQ, Eq. 10), and an

imbalance between vorticity tendency and temperature tendency (hereafter imbalance

term, FA, Eq. 11).

Finally, in Paper IV, an intermediate form of the omega equation, which employs

the main forcing terms of the generalized omega equation (vorticity advection, thermal

advection and diabatic heating), but the simplified LHS operators from the QG omega

equation (Eq. 2), was used:

σ0(p)∇2ω + f 2∂
2ω

∂p2
= f

∂

∂p

�
�V ·∇ (ζ + f)

�
+

R

p
∇2

�
�V ·∇T

�
− R

cpp
∇2Q. (12)

Here the friction term was neglected as is was assumed to be small in an aquaplanet

configuration where only ocean exists. In addition, as the horizontal resolution was

rather coarse (around 125 km), the imbalance term in synoptic-scale systems can be

expected to be relatively small and thus could be ignored.

With homogenous boundary conditions (ω=0 at the lower and upper boundary of the

atmosphere), the vertical motion contributions of the individual RHS terms can be

solved separately because the LHS operators (Eq. 2 and 6) are linear with respect

to ω. As a result, the total vertical motion is decomposed into contributions from

different physical processes. For the QG omega equation, this means that the total

vertical motion consists of two omega terms:

ωQG = ωV (QG) + ωT (QG) (13)

Here ωV (QG) means vertical motion that is due to the vorticity advection term and

ωT (QG) vertical motion that is due to the thermal advection term.
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For the generalized omega equation (Eq. 5), the calculated total vertical motion field

consists of five omega terms:

ω = ωV + ωT + ωF + ωQ + ωA (14)

In this case, the different ω-terms on the RHS mean vertical motion due to vortic-

ity advection (ωV ), thermal advection (ωT ), friction (ωF ), diabatic heating (ωQ) and

imbalance term (ωA), analogously to Eq. 5.

All the data needed for solving the equations were obtained directly from the model

output, which was vertically interpolated to pressure coordinates. In Paper I, we

solved the omega equations (both QG and generalized) on a Cartesian grid with a

so-called multigrid algorithm. In Paper III, the generalized omega equation was

applied in spherical coordinates, which meant that we could not utilize the same solver

as in Paper I. Thus, the solving was performed with Portable, Extensible Toolkit

for Scientific Computation (PETSc) differential equation solvers, which allowed us to

use parallel computing with supercomputer resources. Finally, the intermediate form of

omega equation used in Paper IV was solved in spectral space, using the method from

Räisänen (1995). In summary, in all of the papers slightly different solving methods

for the omega equation were applied, due to the fact that the LHS operators and the

used coordinate system varied between the studies.

The generalized omega equation has been used only in a few earlier studies which

have aimed to diagnose the different forcing terms affecting ETCs. The method used

here builds on Räisänen (1997), nearly similarly as has been done in Caron et al.

(2006) and Azad and Sorteberg (2014a,b). However, some technical differences between

the methodologies exists. For example, Caron et al. (2006) and Azad and Sorteberg

(2014a,b) calculate the frictional tendencies �F assuming balance between pressure gra-

dient and the frictional and Coriolis forces in the lowest 150 hPa (Caron et al., 2006)

or below 850 hPa (Azad and Sorteberg, 2014a,b). In addition, in these studies the

diabatic heating rate Q was estimated using the total surface precipitation flux and

positive diabatic residuals estimated by the thermodynamic equation. In Papers I,

III and IV, however, �F and Q were obtained directly from the model output, which

simplifies the workflow and increases the numerical accuracy of these tendencies.
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Table 1: List of mathematical symbols.

cp = 1004 J kg−1 specific heat of dry air at constant volume

f Coriolis parameter

F forcing in the omega equation
�F friction force per unit mass

g = 9.81 m s−2 gravitational acceleration
�k unit vector along the vertical axis

L linear operator on the left-hand-side of the omega equation

p pressure

Q diabatic heating rate per mass

R = 287 J kg−1 gas constant of dry air

S = −T ∂lnθ
∂p

stability parameter in pressure coordinates

t time

T temperature
�V horizontal wind vector
�Vg geostrophic wind vector

σ = −RT
pθ

∂θ
∂p

hydrostatic stability

σ0 isobaric mean of hydrostatic stability

ζ vertical component of relative vorticity

ζg relative vorticity of geostrophic wind

ζag relative vorticity of ageostrophic wind

ω = dp
dt

isobaric vertical motion

∇ horizontal nabla operator

∇2 horizontal laplacian operator

2.2 The decomposition of geopotential height tendency and

vorticity tendency

In addition to atmospheric vertical motion, the tendencies of geopotential height and

relative vorticity are key variables in studying ETCs because these variables are di-

rectly linked to the strengthening or weakening rate of ETCs. With constant Coriolis

parameter, the relation between geopotential height tendency and geostrophic vorticity
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tendency is as follows:
∂ζg
∂t

=
g

f
∇2∂Z

∂t
(15)

Thus, in the Northern Hemisphere, the first order approximation is that positive height

tendency means negative vorticity tendency and vice versa.

In Paper I, we used the so-called Zwack-Okossi equation (Zwack and Okossi, 1986;

Lupo and Smith, 1998)

∂ζg
∂t

(pL) =
1

ps − pt

� � ps

pt

�
∂ζ

∂t
− ∂ζag

∂t

�
dp− R

f

� ps

pt

� � pL

p

∇2∂T

∂t

dp

p

�
dp

�
(16)

to decompose the tendency of geostrophic vorticity into components of various forcing

terms. Here pL is the level for which the tendency is calculated, and ps and pt are the

lower and the upper boundaries of the model domain. The vorticity tendency ∂ζ
∂t

in

the first term of Eq. 16 was calculated using the vorticity equation

∂ζ

∂t
= −�V ·∇(ζ + f)− ω

∂ζ

∂p
+ (ζ + f)

∂ω

∂p
+ �k ·

�
∂�V

∂p
×∇ω

�
+ �k ·∇× F, (17)

and temperature tendency ∂T
∂t

in the second term of Eq. 16 was calculated using the

thermodynamic equation:

∂T

∂t
= −�V ·∇T + Sω +

Q

cp
(18)

The ageostrophic vorticity tendency was estimated using central time differences

∂ζag
∂t

≈ Δ(ζ − ζg)

2Δt
. (19)

with Δt = 1800 s.

When substituting the vorticity equation (Eq. 17) and the thermodynamic equation

(Eq. 18) into Eq. 16, utilizing the different omega terms from Eq. 14, and finally

combining the result with Eq. 15, the different geopotential height tendency terms can

be derived, analogously with the vertical motion:

∂Z

∂t
=

�
∂Z

∂t

�

V

+

�
∂Z

∂t

�

T

+

�
∂Z

∂t

�

F

+

�
∂Z

∂t

�

Q

+

�
∂Z

∂t

�

A

. (20)

Here the RHS terms mean geopotential height tendencies that are due to vorticity ad-

vection, thermal advection, friction, diabatic heating and imbalance term, respectively.

See Paper I for the full forms of the RHS terms of Eq. 20.
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In Paper III, the cyclone development was analysed using vorticity tendencies. The

decomposition was similar to that in Räisänen (1995):

∂ζ

∂t
=

�
∂ζ

∂t

�

V

+

�
∂ζ

∂t

�

T

+

�
∂ζ

∂t

�

F

+

�
∂ζ

∂t

�

Q

+

�
∂ζ

∂t

�

A

. (21)

where

�
∂ζ

∂t

�

V

= −�V ·∇(ζ + f)− ωV
∂ζ

∂p
+ (ζ + f)

∂ωV

∂p
+ �k ·

�
∂�V

∂p
×∇ωV

�
, (22)

�
∂ζ

∂t

�

F

= �k ·∇× �F − ωF
∂ζ

∂p
+ (ζ + f)

∂ωF

∂p
+ �k ·

�
∂�V

∂p
×∇ωF

�
, (23)

and �
∂ζ

∂t

�

X

= −ωX
∂ζ

∂p
+ (ζ + f)

∂ωX

∂p
+ �k ·

�
∂�V

∂p
×∇ωX

�
, X = T,Q,A (24)

Similarly as in Eq. 20, the RHS terms of Eq. 21 describe the vorticity tendencies due

to vorticity advection, thermal advection, diabatic heating, friction and the imbalance

term, respectively.

2.3 Model simulations

The results presented in this thesis are based on simulations performed with numerical

weather models. In Paper I and II, we used the Weather Research and Forecast-

ing (WRF) model (Shamarock et al., 2008) with its baroclinic wave channel mode.

In Paper III and IV, the Open Integrated Forecast System (OpenIFS) model was

used. Short technical information about these two models and the model simulations

is presented next.

2.3.1 Baroclinic wave simulations

The WRF model can be used for simulating atmospheric conditions using either real

data or idealised cases. InPaper I and II, an idealised moist baroclinic wave simulation

was used. This baroclinic wave configuration is a highly controlled model set-up, which

simulates the evolution of only one ETC within a baroclinically unstable jet in the
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Northern Hemisphere under constant Coriolis parameter. In both Paper I and II, the

value of the Coriolis parameter was set to 10−4, which corresponds to the latitude of

43◦N. The evolution of the baroclinic wave was triggered by inserting a 1-K temperature

perturbation to the mid-tropospheric temperature field.

The boundaries of the model domain were periodic in east-west direction. This means

that we did not need to have an exceedingly wide model domain in order to simulate

the whole life cycle of the eastward-propagating cyclone. In the north-south direction,

symmetric boundaries were used. In Paper I, the size of the model domain was 4000

km x 8000 km x 16 km, in the x, y and z directions, respectively. In Paper II, the

length was 5000 km in the x direction with the other directions the same as in Paper

I.

The model simulations in Papers I and II featured full physics schemes, except that

the radiation scheme was switched off. The choice of leaving radiation off is a widely

used procedure in baroclinic wave simulations (e.g. in Booth et al., 2013; Kirshbaum

et al., 2018; Tierney et al., 2018) in order to help the interpretation of diabatic heating,

as the latent heat release becomes the only major source of diabatic heating in the

free atmosphere. See Paper I and II for detailed descriptions of the used model

parametrizations schemes.

The main aim in Paper I was to document the diagnostic software and test its ap-

plicability for baroclinic wave simulations. For this reason, the simulation used to

demonstrate the usability of the software was based largely on the standard baroclinic

wave simulation which comes along with the WRF model package. The horizontal grid

spacing was 25 km and there were 64 sigma levels in the vertical dimension.

In Paper II, we investigated the changes of cyclone energetics using three scenarios

which are expected to occur with climate change in the Northern Hemisphere: (1)

uniform increase of temperature; (2) decrease of the lower level meridional tempera-

ture gradient; and (3) increase of the upper level temperature gradient. The uniform

increase of temperature in (1) was performed by raising the atmospheric temperature

stepwise by 2, 4 and 6 K in the initial state of the model run. In (2), we decreased

the low-level temperature gradient by warming the southern part of the domain and

cooling the northern part of the domain by 2, 4 and 6 K. This acted to decrease the

gradient by 4, 8, and 12 K, respectively. A similar procedure was done in (3), but to

the opposite direction and at upper levels. More details about the experiments are
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presented in Paper II.

Even though the changes (1) - (3) are occurring simultaneously in the real world, their

effects to the intensity and energy cycle of the simulated ETC were studied separately.

Moreover, we conducted the simulations first without moisture in the atmosphere, and

then with more realistic, moist environment. The justification for this practise was that

we wanted to identify the underlying adiabatic mechanisms which drive the response

of ETCs to different types of changes in environmental temperature.

2.3.2 Global model simulations

OpenIFS is a global model developed by the European Centre for Medium-Range

Weather Forecasts (ECMWF). OpenIFS has exactly same dynamical core and the

physics parametrizations as the full Integrated Forecast System (IFS) model, which is

used operationally for weather forecasting at ECMWF. OpenIFS does not have data

assimilation capacity, but the model can be used for research purposes with externally

generated initial conditions. OpenIFS is tailored to simulate real world cases, such as

Storm Ophelia in Paper III, but it is also possible to employ OpenIFS with idealised

set-up, such as the aquaplanet configuration in Paper IV. The version of OpenIFS

used in this thesis was Cy40r1, documentation of which is available in ECMWF (2014).

In Paper III, we applied OpenIFS for simulating the extratropical transition of Hur-

ricane Ophelia. The spectral resolution of the model was T639, which corresponds to

approximately 31 km grid spacing at equator. Vertically there were 137 levels. The ini-

tial conditions were generated from ECMWF operational analyses, and a 6-day model

simulation was initialized at 12 UTC 13 October 2017. The chosen initialization time

was a compromise between the accuracy of the forecast and the length of the tropical

phase of Ophelia in the simulation.

The model simulations in Paper IV were performed in an aquaplanet mode, a special

configuration in which the surface of the Earth is all ocean. The sea surface tempera-

tures (SST) were zonally uniform and symmetric about the equator. The atmosphere

was initialized from a randomly selected real analysis from ECMWF. Two model sim-

ulations were carried out: the control simulation in which SSTs resembled the real,

observed values, and a perturbed experiment in which SSTs were uniformly warmed

by 4 K everywhere. These two experiments were run for 11 years, but the first year in
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both experiments was discarded to make sure that the model had reached a balanced

state. The experiments featured the diurnal cycle but no seasonal cycle; the incoming

solar radiation was fixed to its equinoctial value. The model was run at T159 resolution

(corresponding to approximately 125 km grid spacing) and with 60 model levels.

In both Papers III and IV, an objective cyclone tracking algorithm, TRACK (Hodges,

1994, 1995) was applied. TRACK was used to identify ETCs as localised maximum of

850-hPa relative vorticity truncated to T42 (Paper IV) or T63 (Paper III) resolution.

In Paper III, TRACK was used to objectively determine the track of Ophelia in the

OpenIFS simulation, and to calculate various diagnostic variables following the centre

of the storm. In Paper IV, TRACK was applied to identify all ETCs occurring at

20◦N - 90◦N, travelling at least 1000 km and lasting at least for two days. These criteria

were applied in order to avoid including tropical, stationary and mesoscale systems to

the analysis.

After identifying the cyclone tracks in Paper IV, the structural changes were inves-

tigated with composite averages of the cyclones. These composites were created from

the 200 strongest ETCs in both the control and the warm experiments. The method of

creating the composites was the same as in Catto et al. (2010) and Dacre et al. (2012),

and is briefly explained as follows. First, the tracks of the 200 strongest cyclones were

identified from the model output data. Then, along the tracks, relevant meteorologi-

cal variables were interpolated to a spherical grid centered on the cyclone centre, and

after this, the tracks were rotated so that all the cyclones were travelling to the same

direction. Finally, before taking the composite averages, the life cycles of the storms

were offset with respect to the time of maximum intensity. With these procedures,

we avoided the smoothing errors which would arise from averaging together cyclones

which were travelling to the opposite directions, or were in a totally different stage in

their life cycle.

2.4 Validation of the diagnostic methods

2.4.1 Vertical motion

In order to validate the diagnostic method, the vertical motion calculated by the omega

equation was compared to the model-resolved vertical motion in Paper I, III and IV.

As seen from Fig. 1d, the QG omega equation gives a reasonably good estimate of
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the areas of strongest upward and downward motion, but many small-scale details

are missing compared to ω from the WRF model (Fig. 1b). For this reason, the

time-averaged correlation between the QG omega equation and ω from WRF in the

simulation represented in Paper I was only 0.53 at 700 hPa (not shown). In the

upper troposphere, where the effect of neglected terms (diabatic heating and friction) is

smaller, the correlation was slightly better, being around 0.65. The intermediate form

of omega equation used in Paper IV was found to describe vertical motion clearly

better than the QG omega equation. In the latitude band of 30-60◦N we documented

correlation coefficients of 0.84 at 700 hPa and over 0.9 at 500 hPa (not shown).
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Figure 1: (a) The solution of the generalized omega equation (Eq. 14), (b) the sim-

ulated ω directly from the WRF model, (c) their difference, and (d) the solution of

the QG omega equation (Eq. 1) at 700 hPa nearly at the time of maximum intensity

of the storm simulated in Paper I. The contours show the geopotential height at 900

hPa. The labels on the x and y axes indicate grid point numbers. Figure adopted from

Paper I.

Because the generalized omega equation has been derived directly from the primitive

equations, it characterizes atmospheric vertical motion without any simplifying as-

sumptions. Thus, ideally, the correlation against model-resolved vertical motion should

be close to 1.0. In fact, this was actually the case in the mid-troposphere, where we

documented correlation of 0.95 (Paper I) and 0.92 (Paper III, blue line in Fig. 2).

Near the surface and higher up in the atmosphere the correlation between the gen-

eralized omega equation and the model-resolved ω is weaker due to the homogeneous
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boundary conditions used in solving the omega equation. Note that in both papers,

the correlation was calculated from the area centred at the ETC where the vertical

motions are naturally stronger than on average in the atmosphere. When comparing

the spatial fields of the solution of generalized omega equation (Fig. 1a) and ω from

the WRF model (Fig. 1b), the agreement is excellent. The existing small discrepancies

originate from numerical errors, such as the ones arising from the estimation of time

derivatives in Eq. 11.

Figure 2: The correlation between the solution of the generalized omega equation

and ω from the OpenIFS model (blue), and correlation between the solution of the

vorticity equation and the vorticity tendency from OpenIFS at T639 resolution (red)

and smoothed to T127 resolution (yellow). The values have been calculated from a

10◦x10◦ moving box centred to the centre of storm Ophelia. Figure adopted from

Paper III.
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2.4.2 Geopotential height tendency and vorticity tendency

As regards the validation of calculated geopotential height tendencies (the sum of the

RHS terms in Eq. 20) and vorticity tendencies (the sum RHS terms in Eq. 21), the

comparison was made to time derivatives of geopotential height and vorticity fields.

The time derivatives were estimated with the central difference method from the actual

geopotential height and vorticity fields from the model output. This made the com-

parison sensitive to the output interval of the model data, since the estimation of the

time derivatives improves when the output interval becomes smaller. 30-min output

interval was used In Paper I and one-hour in Paper III, which were compromises

between accuracy and the resulting data volume.

For the geopotential height tendency, our diagnostic tool reproduced the time deriva-

tive of geopotential height from the model very well, with correlation of 0.95 at 900 hPa

and 0.97 at the upper troposphere (not shown) in Paper I. Vorticity tendency contains

much more small-scale noise than the geopotential height tendency, and thus the cor-

relation is more vulnerable to numerical errors. At T639 resolution, which corresponds

to about 30 km grid spacing, the correlation between the solution of the vorticity equa-

tion and the time derivative of model-resolved relative vorticity in Paper III was 0.65

at 900 hPa, but exceeded 0.85 in the upper troposphere (red line in Fig. 2). When the

vorticity tendency fields were smoothed to T127 resolution, the correlation improved

to 0.90-0.96 in the free troposphere (yellow line in Fig. 2).

In summary, our diagnostic methods for geopotential height tendency and relative

vorticity tendency closed the tendency budgets reasonably well with no considerable

residuals. The same was true for the vertical motion calculated with the generalized

omega equation (Fig. 1c), but not for the QG omega equation in Paper I. Thus,

the QG equation was not used further in the meteorological analysis. Our validation

results indicate that the equations as well as the numerical methods used in solving

them are credible and they can be employed for studying the dynamics of ETCs.

2.5 Cyclone energetics

The cycle of ”mechanical energy” in the atmosphere can be depicted with the simple

4-component diagram (Lorenz, 1955) shown in Fig. 3. The two upper boxes describe

the storages of available potential energy of the zonal mean flow (AZ) and the kinetic
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energy of the zonal mean flow (KZ). The lower boxes represent the storages of available

potential energy and kinetic energy associated with the atmospheric eddies (AE and

KE, respectively). The energy of eddies is sometimes decomposed further into the

parts associated with stationary and transient eddies (e.g. in Hernández-Deckers and

von Storch, 2011), but for simplicity, this division is not made here.

The energy generation terms, the conversion terms between the storages, and the energy

dissipation terms have been marked in Fig. 3 with the arrows. The approximate

numerical values, according to Boer and Lambert (2008), for both the storages and the

conversion terms have also been given.

The main flow of mechanical energy in the atmosphere is marked with the bold arrows

in Fig. 3, and can be qualitatively explained as follows:

1) Available potential energy of the zonal mean flow (AZ), which is the measure of the

baroclinicity, is generated (GZ) continuously when the solar heating tends to increase

the meridional temperature differences between low and high latitudes.

2) AZ is converted into available potential energy of the eddies (AE) via the conversion

term between AZ and AE (C(AZ , AE)), if the meridional heat flux in the eddies is

directed towards lower temperatures. This means that the disturbances tend to reduce

the meridional temperature differences but increase them in the zonal direction.

3) Within the eddies, if the relatively warm air rises and the cold air sinks, AE is

further converted into kinetic energy of the eddy (KE). This process is described by

the conversion term C(AE, KE) in Fig. 3.

4) Finally, most the KE is destroyed through the dissipation of KE (DE). However,

about 20 % of the eddy kinetic energy is converted to the kinetic energy of the zonal

mean flow via C(KE, KZ).
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Figure 3: The globally and annually averaged cycle of mechanical energy in the at-

mosphere. The numerical values are averaged over two reanalysis datasets (Boer and

Lambert, 2008). The upper row describes the available potential energy (AZ) and the

kinetic energy (KZ) of the zonal mean flow, and the lower row describes the available

potential energy (AE) and the kinetic energy (KE) of the eddies. The unit for storages

is 105 J/m2 and for conversions W/m2. The figure is modified from Fig 4. in Boer and

Lambert (2008).

In Paper II, the storages AZ , AE, and KE as well as the conversion terms C(AZ , AE),

C(AE, KE) and the dissipation rateDE were calculated for the model-simulated cyclone

in both present-day climate conditions and for three different experiments where the

initial temperature distribution was altered. The equations used for the calculation are

based on Lorenz (1955) and Oort (1964), and can be found from Section 2.3 of Paper

II.

3 Physical processes affecting the evolution of ex-

tratropical cyclones

The physical processes affecting the evolution of the simulated ETC were studied in

Paper I and III, and partially also in Paper IV. In Paper I, the contributions of

the different physical processes on the life cycle of the ETC were studied using a highly
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controlled model configuration where only one ETC was simulated (see Section 2.3.1).

In Paper III, the main target was to apply the diagnostic method to the extratropical

transition of a tropical cyclone, and investigate what is the role of the different processes

in an ETC which originates from a strongly diabatically-driven hurricane.

3.1 Idealised simulations

Figure 4 shows the decomposition of atmospheric vertical motion at 700 hPa associated

with an idealised ETC in the baroclinic life cycle simulation at the time when the

cyclone is close to its maximum intensity. The total vertical motion, which is presented

in Fig. 4f, has been obtained by summing the individual terms (Fig. 4a-e) together.

The total field is in a very close agreement with the model-resolved vertical motion (as

shown earlier in Fig. 1a and b).
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Figure 4: Pressure coordinate vertical motion ω at 700 hPa (colours, with unit of Pa

s−1) induced by (a) vorticity advection, (b) thermal advection, (c) friction, (d) diabatic

heating, (e) imbalance term, and (f) the total vertical motion. The contours show 900

hPa geopotential height. Figure adopted from Paper I.

Omega due to vorticity advection (Fig. 4a) shows large-scale ascent mostly on the

southeastern flank of the surface low. In this area, the non-divergent vorticity advection

ahead of the upper trough increases upwards which in turn forces ascent in order to

maintain hydrostatic balance. The ascent due to thermal advection (Fig. 4b) has more

small-scale features, and is maximized in the area of the warm front where the warm air

advection is strongest. In the vicinity of the cold front, the effects of vorticity advection

and thermal advection seem to compensate each other. This area of cancellation is a

well-known feature in ETCs (visible also in Fig. 10 in Paper IV) and results from the

fact that upward increasing cyclonic vorticity advection and cold-air advection take

place in the same area.
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Friction causes upward motion near the centre of the low (Fig. 4c) due to the frictional

convergence of surface winds and the subsequent Ekman pumping (e.g. Beare, 2007).

The magnitude of the ascent is quite weak at 700 hPa, partly due to the fact that

the vertical motions induced by friction reach their maximum at lower levels, usually

at 900-800 hPa (Stepanyuk et al., 2017). In Paper III, we found that the maximum

of ascent associated with Ekman pumping rose from 950 hPa to 850 hPa during the

extratropical transition of Storm Ophelia.

Diabatic heating, which in the free troposphere in this simulation results from the

latent heat release associated with condensation and freezing of water vapor, enhances

the rising motion considerably within the frontal zones (Fig. 4d). There are also some

small-scale regions of ascent behind the cold front, which are related to the shallow

convection taking place when cold air flows above the warm sea surface. Note that

latent heat release cannot be considered a totally independent cause of rising motion,

but it rather acts as a positive feedback phenomenon which typically requires pre-

existing rising motion to occur.

The vertical motion field attributed to the imbalance term (Fig. 4e) is substantial but

noisy. One can note the tendency of this term to cancel out the effect of thermal advec-

tion (Fig. 4b), especially in the vicinity of the cold front. The reason for this behaviour

is that in the atmosphere the temperature tendencies induced by thermal advection are

usually small by their temporal and spatial scales, particularly at low levels. However,

often the atmosphere does not have time to adjust to these imbalance situations be-

tween temperature and vorticity tendencies and thus the compensating vertical motion

does not occur. These situations are taken into account by the imbalance term, which

often cancels out the effects of thermal advection.

Although these results are directly applicable to the idealised cyclone used in Paper I,

they reflect the typical distributions of the vertical motions caused by the forcing terms

for ETC developed within a baroclinic jet at mid-latitudes over sea surface. In the real

world, however, ETCs can be far away from the beautiful, textbook-type cyclones

studied in Paper I. The variability in the structure and intensity among ETCs stems

from the changing contributions of the different forcing mechanisms affecting their

evolution. For example, continental cold-season ETCs have often limited access to

atmospheric moisture, and thus they are driven more by the dynamical terms (e.g.

by vorticity advection in the study by Rolfson and Smith, 1996). On the other hand,

ETCs formed above sea surface, and especially those which have tropical origins, are
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more diabatically-driven. One example of such a system was Hurricane Ophelia, which

underwent an extratropical transition and transformed into a powerful ETC when it

hit Europe in October 2017. The contributions of the different physical processes for

the low-level cyclone were analysed in Paper III, and the main results are presented

in the next section.

3.2 Extratropical cyclone transformed from a tropical cyclone

Hurricane Ophelia was a category 3 hurricane which developed over the eastern North

Atlantic in October 2017. Ophelia was exceptionally strong for its longitude - National

Hurricane Center stated in their post-season report (Stewart, 2018) that Ophelia was

the easternmost major hurricane observed in the satellite era. Ophelia underwent

an extratropical transition (ET; Sekioka, 1956; Palmén, 1958), a process where the

tropical characteristics of the cyclone are replaced by the features typical for ETCs,

such as cold core and fronts. The ET of Ophelia was fairly classic; the storm interacted

with a positively tilted mid-latitude trough, and the enhanced upper-level divergence

due to a favorable position at the right entrance region of the jet stream ensured

that Ophelia remained a very strong storm during the ET period. For more detailed

synoptic overview of the event, see Paper III.

There were two main reasons why we chose a cyclone that transitions from tropical

to extratropical as the subject of the case study in Paper III. First, we wanted to

study a case which would provide a large variety of physical processes affecting to the

evolution of the cyclone. Transitioning cyclones are often strongly involved with both

thermodynamic and dynamic processes, and thus they can act as good example of

such a case. Secondly, to our knowledge, there are no existing literature where the

generalized omega equation has been applied to a cyclone with tropical origin.

Figure 5 shows the time series of vorticity tendencies induced by the different forcing

terms (RHS terms of Eq. 21) at the cyclone centre. The vorticity tendencies have

been averaged over a small circular area following the cyclone centre, which helps to

eliminate the vorticity tendency component related to the movement of the storm.

Thus, the values in Fig. 5 should represent the changes in the cyclone’s intensity. A

positive vorticity tendency means that the low-level vorticity at the storm’s centre is

increasing, which in turn reflects an increased intensity of the cyclone. The approximate

times of tropical, transition, and extratropical phases of Ophelia were determined using
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a cyclone phase space diagram (Hart, 2003; Evans and Hart, 2003) and the post-season

report by the National Hurricane Center (Stewart, 2018).

Figure 5: The time evolution of vorticity tendencies due to different forcing terms. The

values have been averaged over the 900–800-hPa layer and over a circular area with

a 1.5◦ radius centred on the maximum of the T127 vorticity field. In addition, the

values are 12-hour moving averages. The vertical lines mark the approximate times

of tropical, transition, and extratropical phases of the storm. Figure is modified from

Paper III.

The striking feature in Fig. 5 is the dominance of diabatic heating (purple line) dur-

ing the tropical, transition and extratropical phases of the storm. Furthermore, the

contribution of diabatic heating increased during the life cycle, and peaked just when

Ophelia was reaching its extratropical phase. In Paper III, we found that most of the

low-level vorticity tendency at the centre of the cyclone in the tropical phase was gen-

erated via the convection scheme of the model. In contrast, the microphysics scheme

was responsible for most of the low-level vorticity tendency at the cyclone’s centre in

the extratropical phase. This shift from convection scheme to microphysics scheme

illustrates how the near-core convection transformed into large-scale ascent during the

ET of Ophelia. Furthermore, it would be interesting to perform a more comprehensive

analysis of whether this feature could be used as a proxy in objectively identifying the

tropical, transition and extratropical phases of the transitioning storms.
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Another interesting finding was the neutral, or even negative contribution from the

vorticity advection (blue line in Fig. 5) to the evolution of the low-level vortex. In

the tropical phase and during most of the transition period, the vorticity tendency by

vorticity advection at the cyclone centre was close to zero. However, when the cyclone

reached its extratropical phase, the low-level vorticity tendency that was due to vor-

ticity advection became markedly negative, to the level of magnitude attributed to the

friction term. We found that this behaviour was due to the secondary circulation of

the cyclone. The low-level convergent winds transported air with lower cyclonic vor-

ticity to the centre of the storm, and, thus, reduced effectively the vorticity maximum

associated with the storm’s centre. Similar results have been found earlier for example

by DiMego and Bosart (1982) and Räisänen (1997). In Paper III, we speculate that

the importance of non-divergent vorticity advection is probably larger higher up in the

atmosphere in triggering the vertical motion required for the formation of latent heat

release above the low-level vortex. This hypothesis is supported by the favourable in-

teraction of Ophelia with the upper-level trough, as explained in more detail in Paper

III.

Thermal advection was contributing positively particularly during the transition period

(red line in Fig. 5), when warm, subtropical airmass was pushed towards mid-latitudes

along with Ophelia. The situation changed during the extratropical phase, when the

storm occluded and polar maritime airmass wrapped around the cyclone’s warm core.

The overall contribution from thermal advection is however quite weak, as the advection

term right at the low-level centre must be zero by definition.

To conclude the results from Paper III, it can be stated that baroclinic processes

played a relatively small role for the generation of low-level vorticity during the post-

ET intensification period of Ophelia. Instead, we find that diabatic heating, dominated

by the convection in the tropical phase and the large-scale ascent in the extratropical

phase, was the leading forcing in the strengthening of Ophelia. However, it should be

kept in mind that we analysed the vorticity tendencies only for the surface cyclone, and

thus the results are not applicable at higher levels, where the baroclinic forcings were

presumably more important. Based on only one case study, it is difficult to say whether

our results are typical for transitioning tropical cyclones. In Paper I we performed

similar analysis for a regular, idealized ETC, and found that adiabatic processes played

approximately an equally important role as diabatic processes.
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4 Effect of warmer climate

This section focuses on how the structure and energy cycle of ETCs will change with

climate change. In the first subsection, the changes in the structure of the cyclones with

the warming are discussed. The changes in the structure of ETCs were investigated

partly in Paper II with WRF model, but more comprehensively in Paper IV with

OpenIFS model. These structural changes in the cyclones with the warming lead to

changes also in their energy cycle, which was investigated in Paper II.

4.1 Changes in the characteristics and structure of the cy-

clones

In Paper II and IV, and in line with the existing literature, we found that ETCs

which form in a warmer environment have some characteristics that are different from

those that form in a colder environment. The main reason for the differences is the

increased atmospheric moisture content, as the warmer air can naturally hold more

moisture. In short, the higher moisture content means that diabatic processes in the

cyclone become more prevalent during its evolution.

In Paper II, the cyclone which developed in 6 K warmer environment deepened more

rapidly and ended up being about 7 hPa deeper than the cyclone in the control simula-

tion. The faster deepening was linked to the enhanced release of latent heat above the

surface low. Moreover, the heating above the low and the subsequent deepening did

not occur steadily, but there were clearly identifiable deepening periods during the life

cycle of the storm. In contrast, the cyclone in the present-day environment deepened

more gradually, owing this behaviour to more dynamic influences rather than diabatic

processes. The faster deepening rate in ETCs formed in warmer and moister condi-

tions is also supported by the findings of Paper IV: the strongest 200 cyclones in

the warmer climate deepened approximately 25 % faster than the strongest 200 in the

present climate. However, when all ETCs were considered (instead of the strongest

200), on average there was no change in the deepening rate.

When looking at the structural changes of ETCs with the warming, a common result

from the numerical simulations in Paper II and IV was the expansion of the area

of ascent to downstream of the cyclone centre. This feature is well seen in Figure
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6, which shows the 700-hPa vertical motion and its response for the warming in the

composite ETC 24 hours before the time of maximum intensity (Fig. 6a) and at the

time of maximum intensity (Fig. 6b). The ascent at both panels is maximised to

the eastern side of the low (similarly as in Fig. 4f), in the warm sector region where

the warm conveyor belt of the low is situated. However, in the experiment where the

SSTs were warmed by 4 K, the ascent does not increase precisely at its maximum area,

but rather on the poleward and downstream side of the present-day maximum. This

result is in line with Paper II, where we found that the area of warm-frontal ascent

migrated eastward and coincided less well with the warm sector when the atmospheric

temperature was increased (see Fig. 6 in Paper II).

Figure 6: Composite mean and change in 700-hPa vertical velocity in pressure coor-

dinates at (a) 24 hours before the time of maximum intensity and (b) at the time

of maximum intensity. Contours show the control values and shading the difference

with the warming. Both panels are the composites of the strongest 200 ETCs in each

experiment. Modified from Paper IV.

A natural follow-up question is then which processes cause the expansion of ascent

downstream of the cyclone centre. We discovered that the cyclone-related ascent

changes in a complex manner. Firstly, the ascent attributed to thermal advection

shifts more poleward relative to the cyclone centre (Fig. 7a). We conclude that this

is related to movement of the warm front further away from the cyclone centre with

the warming, resulting in a decrease of ascent (or increase of descent) near the cy-
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clone centre. However, the primary reason for the downstream increase of ascent is the

broadening of the upper-level trough, which induces more upward motion via forcing

of vorticity advection (Fig. 7b). Finally, due to increased moisture content, the release

of latent heat and thus ω attributed to diabatic heating will strengthen. This is pro-

jected to occur mainly within the warm front where the precipitation is strongest. In

summary, all these three processes contribute to the increase of ascent downstream and

poleward relative to the center of the composite cyclone, but the most pronounced and

geographically widest response seems to originate from the vorticity advection term.

Figure 7: Composite mean and change in 700-hPa vertical velocity in pressure coor-

dinates due to a) thermal advection, b) vorticity advection and c) diabatic heating

at 24 hours before the time of maximum intensity. Contours show the control values

and shading the difference with the warming. All composites are of the strongest 200

extra-tropical cyclones in each experiment.Modified from Paper IV.

While the area of ascent caused by vorticity advection moves slightly downstream

due to the broader upper-level trough, the absolute maximum of ascent attributed to

vorticity advection decreases slightly. Furthermore, a small decrease in the maximum

values of ascent due to thermal advection was also found to take place with the warming.

In contrast, the maximum of ascent attributed to diabatic heating increased slightly.

Thus, the upward motion in ETCs is expected to become more diabatically-driven in

the warmer climate. The numerical values for the maximum values are given in Table

2 of Paper IV.

We also found in Paper IV that vertical motions in ETCs became slightly more
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asymmetric with the warming (not shown). Specifically, the increased asymmetry

stems from the fact that the mean upward motion averaged over the composite cyclone

area was found to grow in absolute terms, while the mean downward motion was found

to weaken. No changes in the fractional area of ascent in ETCs were observed.

As a natural consequence of the fact that there is more moisture in the warmer climate,

the precipitation associated with ETCs will increase. According to the simulations

performed in Paper IV, the cyclone-related total precipitation increased by up to 50 %

with the 4-K warming. Furthermore, the response of total precipitation was partitioned

into contributions from large-scale precipitation and convective precipitation. It was

found out that the maximum of large-scale precipitation moves spatially poleward with

the warming, while the area of convective precipitation remains approximately at the

same area. The poleward shift in large-scale precipitation is in line with the changes

in the area of large-scale ascent presented earlier.

Finally, the 900–700-hPa potential vorticity (PV) was found to increase at all stages of

the cyclone evolution. The largest increase of PV is expected to occur slightly poleward

from the cyclone centre, which results from the expansion of ascent and the consequent

enhanced large-scale precipitation. This induces diabatically more low-level PV in that

region via enhanced latent heating. Elsewhere in the surroundings of the storm centre,

a small increase of PV was found to take place due to increased stratification.

4.2 Changes in the energy cycle of cyclones

As seen from Fig. 3, the main energy cycle of the atmosphere is dependent on the

existence of eddies. These eddies, which consist largely of ETCs, are a crucial part of

the atmospheric general circulation. In a warmer climate, the structure of ETCs, and

hence their ability to convert atmospheric potential energy into kinetic energy could

be changed, which has effects eventually for the whole general circulation. In Paper

II, the energy cycle of the WRF-simulated ETC was investigated using three different

climate change scenarios which were incorporated to the initial state of the model one

at a time (see Section 2.3.1).

The main outcome in the simulations conducted in the warmer environment was that

the increased atmospheric temperature and hence the moisture content compared to

typical present-day values decreased the capability of the cyclone to exploit the avail-
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able potential energy of the zonal mean flow (AZ). This can be seen from Fig. 8a as a

smaller decrease of AZ with time in the warmer simulation (red solid line) compared

to the control simulation (blue solid line), and from Fig. 8d as a weaker conversion of

AZ to available potential energy of the eddy (AE).

Figure 8: Time evolution of (a) available potential energy of the zonal mean flow (AZ),

(b) available potential energy of the eddy (AE), (c) kinetic energy of the eddy (KE),

(d) energy conversion from AZ to AE, (e) energy conversion from AE to KE, and (f)

the dissipation rate of KE. The dashed lines indicate simulations without atmospheric

moisture and solid lines with moist environment. The blue lines (both dashed and

solid) depict the control runs and the red lines depict the runs where temperature has

been increased uniformly by 6 K. Figure adopted from Paper II.

Due to the weaker conversion from AZ to AE, the maximum of AE remained about

25% smaller in the warmer environment (red solid line in Fig. 8b) than in the control

run (blue solid line). The reason for this behaviour remained slightly unclear, but we

suspect that the weakening of the jet stream by 1.5 m s−1 with the warming may play a
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role, via weaker meridional heat flux which acts to generate AE in the atmosphere. The

weaker jet stream results from the uniform warming: with fixed surface pressure, the

geopotential heights increased more in the northern part of the domain where the initial

temperature was lower, which then acted to reduce the meridional pressure gradient

and caused the deceleration of the initial zonal wind speed.

As expressed earlier, the cyclones in warmer environment are expected to intensify more

rapidly and their minimum surface pressure may be lower due to increased diabatic

processes. However, despite the fact that they may be deeper, the kinetic energy of

these systems (KE) may be actually lower, as seen from Fig. 8c. We suspect that

this behaviour is related to the fact that the pressure minimum caused by diabatic

processes can be very localised and small-scale, which does not affect considerably KE

averaged over the whole model domain, and moreover, the major contribution to KE

comes from the upper troposphere where the winds are strongest.

The physical reason for about 15 % lower KE with the warming originates presumably

from the structural changes of the ETC. We found that the core of the rising motion

shifted downstream with the warming - a result which was found earlier in other studies

(e.g. in Kirshbaum et al., 2018), and was confirmed later in Paper IV. Due to the

downstream migration of ascent, the warm sector coincided less well with the area

of rising motion in the eddy. Since KE is produced when relatively warm air rises,

the worse phasing between temperature and vertical motion decreases effectively the

production of KE. This reduced production of KE in the warmer environment (red

solid line) than in the control simulation (blue solid line) is seen in Fig. 8e.

In Paper II, we also performed two additional numerical experiments where we modi-

fied the meridional temperature gradient of the environment. Firstly, the main outcome

from the experiment with reduced low-level temperature gradient was that the result-

ing cyclone was weaker in terms of maximum of AE and KE in both dry and moist

simulations (not shown, see Paper II). This highlights the fact the low-level temper-

ature gradient has a substantial control over the ETC intensity which results from the

decreased baroclinic processes rather than the diabatics.

Secondly, we discovered that the energy cycle of the idealized ETC responds differently

to the changes in the lower and upper level temperature gradient. While modifying the

lower level temperature gradient had a clear effect on AE and KE in both dry and moist

simulations, modifying the upper-level temperature gradient provided slightly weaker
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control (not shown, see Paper II). Furthermore, the response to increased upper level

temperature gradient was different depending on the presence of atmospheric moisture.

In the dry environment, the interaction between upper and lower level waves was

weaker, and thus the increase of baroclinicity at upper levels was not materialized as

higher KE. In the moist atmosphere, in contrast, the mid-tropospheric latent heating

acted as a link between the upper and lower PV anomalies and thus the increased

baroclinicity in the upper troposphere was reflected more efficiently in the intensity of

the simulated cyclone, increasing thus also KE.

As a summary of Paper II, it can be said that both the uniform warming of the

atmosphere and the decrease of the lower-level temperature gradient tend to reduce

the energy of ETCs. Because both phenomena are taking place simultaneously in the

northern mid-latitudes, it is expected that in the future climate, the kinetic energy

associated with ETCs will potentially decrease. However, more research is needed

to make further conclusions, especially because in our simulations the temperature

changes were conducted one at a time while in the real world they are occurring si-

multaneously. Given the possible nonlinear responses and also the increase of the

upper-level temperature gradient, drawing direct conclusions to the real world must be

done with caution.
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5 Discussion and conclusions

This thesis contributed to understanding of (1) the role of various synoptic-scale forcing

terms to the evolution of ETCs and (2) the effects of warmer climate to the characteris-

tics and structure of ETCs. The point (1) was studied with the diagnostic tools which

consisted of the generalized omega equation and either the Zwack-Okossi equation or

the traditional vorticity equation. The diagnostic tools were applied to an idealised,

text-book type of ETC as well as a real-world, post-tropical ETC. These two cases

represented very different examples of ETCs in terms of their synoptic evolution and

the used model configuration.

The diagnostic tools performed well in reproducing the total atmospheric vertical mo-

tion, geopotential height tendency, and vorticity tendency when those quantities were

compared to the corresponding model-simulated fields. The applied decomposition re-

vealed the contributions of different physical processes behind the total fields. While

both adiabatic and diabatic processes were important for the development of the ide-

alized ETC, the transitioned ex-hurricane was strongly driven by diabatic processes.

The diagnostic method presented in this thesis has the advantage that vertical motion

is partitioned into its causes rather than treated as an independent forcing for weather

systems. In many earlier diagnostic studies (e.g. Azad and Sorteberg, 2009; Fu et al.,

2018) the adiabatic heating/cooling associated with vertical motions is interpreted as

an independent forcing, which is problematic due to the strong tendency of vertical

motions to compensate the effect of other physical processes.

Our finding that the simulated cyclone in the warmer environment in Paper II was un-

able to exploit the atmospheric baroclinicity as efficiently as the cyclone in the control

simulation was consistent with Tierney et al. (2018) but contrary to Kirshbaum et al.

(2018). However, the results obtained from baroclinic wave simulations can be sur-

prisingly sensitive to the initial jet stream configuration, as shown in Kirshbaum et al.

(2018). Furthermore, Kirshbaum et al. (2018) also stress the fact that the simulated

ETC may start to unphysically interact with itself in the channel mode simulations,

which is naturally not a desirable feature. Nevertheless, the decreased conversion from

AE to KE and, thus, eventually the lower KE with the uniform warming reported in

Paper II seems to be a more robust result, which is confirmed by numerous other

studies with idealized baroclinic waves (e.g. Booth et al., 2013; Tierney et al., 2018;

Kirshbaum et al., 2018) and also with global model simulations (e.g. O’Gorman, 2011;
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Pfahl et al., 2015).

The results from the simulations conducted in the warmer climate in Paper IV suggest

faster deepening rate and larger number of extreme ETCs, in line with Büeler and Pfahl

(2019), who also reported that the most intense ETCs could reach higher intensity

in warmer climates. However, these results seem to be inconsistent with simulations

performed with fully coupled climate models (Bengtsson et al., 2009; Catto et al., 2011;

Seiler and Zwiers, 2016). This may be due to the absence of Arctic amplification in our

model set-ups, which decreases the lower level meridional temperature gradient and

reduces the ETC intensity, as evidenced in Paper II. Thus, the results expressed in

Paper IV may be more applicable to the southern hemisphere in this sense, but they

also confirm the impact of Arctic amplification on the intensity of ETCs.

While it is evident that simulating one ETC with baroclinic wave configurations has

its limitations when attempting to draw conclusions to real-world changes in ETCs,

the aqua-planet configuration used in Paper IV serves a useful intermediate step

which accounts for example the non-linear interactions between the eddies. However,

one interesting step forward from Paper IV would be to add the polar amplification

to the simulations and see how the intensity and structure of ETCs respond to both

warming and the decrease of lower level temperature gradient simultaneously, similarly

as in the real world.

In the future, it would be valuable to develop further the diagnostic software to be easier

to adopt by different end-users. This would need additional programming to make the

tool fit seamlessly for different model outputs, and run with different super-computer

environments. As regards scientific future directions, it would be interesting to conduct

more comprehensive analysis on the forcing term contributions for ETC development

and investigate for example their geographical or seasonal differences, or target the

study only to transitioning cyclones and explore whether our findings in the Ophelia

case can be generalized for other cyclones undergoing extratropical transition. The

tool could also be applied to climate change simulations with OpenIFS, and investigate

how much the contributions of different adiabatic and diabatic terms to the intensity

of ETCs change with the warming.
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6 Review of papers and the author’s contribution

This thesis consists of four peer-reviewed publications that aim to increase the general

knowledge on the dynamics of ETCs by (1) presenting and applying the diagnostic

method for an idealized baroclinic wave (Paper I) and a real-world case study (Paper

III), and (2) studying how ETCs respond to climate change in idealized baroclinic wave

simulations (Paper II) and global model simulations with intermediate complexity

(Paper IV).

Paper I acts as a documentation of the diagnostic method which can be used for ide-

alized baroclinic wave simulations by the Weather Research and Forecasting (WRF)

model or similar models which employ Cartesian coordinate system. The author con-

tributed to the software development, did the meteorological analysis and wrote most

of the manuscript.

Paper II provides insight into how sensitive the different energy quantities and the

conversions between them are for the anticipated temperature changes in the future

climate. We also made an attempt to identify which structural changes of ETCs

are behind the changes of energetics. The author performed the model simulations,

analysed the results together with the co-authors, and was responsible of writing the

paper.

Paper III extends the method used in Paper I for global model output on a spherical

grid rather than Cartesian. We demonstrate the method by analysing the synoptic-

scale forcing terms affecting the extratropical transition of Hurricane Ophelia (2017).

The author contributed to the technical development of the diagnostic method. The

application of the tool, most of the analysis, and almost all of the writing were per-

formed by the author.

Paper IV investigates the changes in the characteristics and structure of ETCs with

the warming of climate by using 10 year-long aqua-planet simulations. The paper

extends the topic of Paper II into a global domain and beyond one cyclone to much

larger sample size. The author performed the decomposition of the vertical motion

with the diagnostic omega equation tool, and contributed to analysing and discussing

the results, together with the first author and the other co-authors.
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Abstract. A software package (OZO, Omega–Zwack–
Okossi) was developed to diagnose the processes that af-
fect vertical motions and geopotential height tendencies in
weather systems simulated by the Weather Research and
Forecasting (WRF) model. First, this software solves a gen-
eralised omega equation to calculate the vertical motions as-
sociated with different physical forcings: vorticity advection,
thermal advection, friction, diabatic heating, and an imbal-
ance term between vorticity and temperature tendencies. Af-
ter this, the corresponding height tendencies are calculated
with the Zwack–Okossi tendency equation. The resulting
height tendency components thus contain both the direct ef-
fect from the forcing itself and the indirect effects (related
to the vertical motion induced by the same forcing) of each
physical mechanism. This approach has an advantage com-
pared with previous studies with the Zwack–Okossi equa-
tion, in which vertical motions were used as an independent
forcing but were typically found to compensate the effects of
other forcings.

The software is currently tailored to use input from WRF
simulations with Cartesian geometry. As an illustration, re-
sults for an idealised 10-day baroclinic wave simulation are
presented. An excellent agreement is found between OZO
and the direct WRF output for both the vertical motion and
the height tendency fields. The individual vertical motion and
height tendency components demonstrate the importance of
both adiabatic and diabatic processes for the simulated cy-
clone. OZO is an open-source tool for both research and ed-

ucation, and the distribution of the software will be supported
by the authors.

1 Introduction

Today, high-resolution atmospheric reanalyses provide a
three-dimensional (3-D) view on the evolution of synoptic-
scale weather systems (Dee et al., 2011; Rienecker et al.,
2011). On the other hand, simulations by atmospheric models
allow for exploring the sensitivity of both real-world and ide-
alised weather systems to factors such as the initial state (e.g.
Leutbecher et al., 2002; Hoskins and Coutinho, 2005), lower
boundary conditions (e.g. Elguindi et al., 2005; Hirata et al.,
2016), and representation of sub-grid scale processes (e.g.
Wernli et al., 2002; Liu et al., 2004; Beare, 2007). Neverthe-
less, the complexity of atmospheric dynamics often makes
the physical interpretation of reanalysis data and model out-
put far from simple. Therefore, there is also a need for diag-
nostic methods that help to separate the effects of individual
dynamical and physical processes on the structure and evo-
lution of weather systems.

Two variables that are of special interest in the study of
synoptic-scale weather systems are the geopotential height
tendency and vertical motion (Holton and Hakim, 2012).
Height tendencies are directly related to the movement
and intensification or decay of low- and high-pressure sys-
tems. Vertical motions affect atmospheric humidity, cloudi-
ness, and precipitation. They also play a crucial role in
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atmospheric dynamics by inducing adiabatic temperature
changes, by generating cyclonic or anticyclonic vorticity, and
by converting available potential energy to kinetic energy
(Lorenz, 1955; Holton and Hakim, 2012).

For the need of diagnostic tools, some software pack-
ages have been developed to separate the contributions of
each forcing to the vertical motion and height tendency.
DIONYSOS (Caron et al., 2006), a tool for analysing numer-
ically simulated weather systems, provides currently online
daily diagnostics for the output of numerical weather predic-
tion models. RIP4 (Stoelinga, 2009) can calculate Q-vectors
(Hoskins et al., 1978; Holton and Hakim, 2012) and a quasi-
geostrophic (QG) vertical motion (Holton and Hakim, 2012)
from Weather Forecast and Research (WRF) model output,
but the division of ω into contributions from various atmo-
spheric processes is not possible in RIP4. Furthermore, many
research groups have developed tools for their own needs but
do not have resources to distribute the software.

Here, we introduce a software package Omega–Zwack–
Okossi (OZO) that can be used for diagnosing the contribu-
tions of different dynamical and physical processes to atmo-
spheric vertical motions and height tendencies. OZO calcu-
lates vertical motion from a quasi-geostrophic and a gener-
alised omega equation (Räisänen, 1995) while height tenden-
cies are calculated using the Zwack–Okossi tendency equa-
tion (Zwack and Okossi, 1986; Lupo and Smith, 1998). The
current, first version of OZO has been tailored to use out-
put from the WRF model (Wang et al., 2007; Shamarock
et al., 2008) simulations run with idealised Cartesian geome-
try. Due to the wide use of the WRF model, we expect OZO
to be a useful open-source tool for both research and educa-
tion.

In the following, we first introduce the equations solved
by OZO: the two forms of the omega equation in Sect. 2.1
and the Zwack–Okossi height tendency equation in Sect. 2.2.
The numerical techniques used in solving these equations
are described in Sect. 3. We have tested the software us-
ing output from an idealised 25 km resolution WRF simu-
lation described in Sect. 4. Section 5 provides some compu-
tational aspects of the software. The next two sections give
an overview of the vertical motion (Sect. 6) and height ten-
dency (Sect. 7) calculations for this simulation. Software lim-
itations and plans for future development are presented in
Sect. 8, and the conclusions are given in Sect. 9. Finally,
information about the data and code availability is given in
Sect. 10.

2 Equations

2.1 Omega equation

The omega equation is a diagnostic tool for estimating atmo-
spheric vertical motions and studying their physical and dy-
namical causes. Its well-known QG form, obtained by com-

bining the QG vorticity and thermodynamic equations, infers
vertical motion from geostrophic advection of absolute vor-
ticity and temperature (Holton, 1992):

LQG(ω)= FV (QG)+FT (QG), (1)

where

LQG(ω)= σ0 (p)∇
2ω+ f 2 ∂

2ω

∂p2 (2)

and the two right-hand side (RHS) terms are

FV (QG) = f
∂

∂p

[
V g ·∇

(
ζg + f

)]
, (3)

FT (QG) =
R

p
∇

2 (V g ·∇T
)
. (4)

(the notation is conventional, see Table 1 for an explanation
of the symbols.)

Qualitatively, the QG omega equation indicates that cy-
clonic (anticyclonic) vorticity advection increasing with
height and a maximum of warm (cold) advection should in-
duce rising (sinking) motion in the atmosphere. However,
when deriving this equation, ageostrophic winds, diabatic
heating, and friction are neglected. In addition, hydrostatic
stability is treated as a constant and several terms in the vor-
ticity equation are omitted. Although Eq. (1) often provides a
reasonable estimate of synoptic-scale vertical motions at ex-
tratropical latitudes (Räisänen, 1995), these approximations
inevitably deteriorate the accuracy of the QG omega equation
solution.

The omega equation can be generalised by relaxing the QG
approximations (e.g. Krishnamurti, 1968; Pauley and Nie-
man, 1992; Räisänen, 1995). Here we use the formulation

L(ω)= FV +FT +FV +FQ+FA, (5)

where

L(ω)=∇2(σω)+ f (ζ + f )
∂2ω

∂p2 − f
∂2ζ

∂p2ω

+ f
∂

∂p

[
k ·

(
∂V

∂p
×∇ω

)]
(6)

is a generalised form of Eq. (2) and the RHS terms have the
expressions

FV = f
∂

∂p

[
V ·∇ (ζ + f )

]
, (7)

FT =
R

p
∇

2 (V ·∇T ), (8)

FF =−f
∂

∂p
[k · (∇×F )] , (9)

FQ =−
R

cpp
∇

2Q, (10)
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Table 1. List of mathematical symbols.

cp = 1004 J kg−1 specific heat of dry air at constant volume
f Coriolis parameter
F forcing in the omega equation
F friction force per unit mass
g = 9.81 m s−2 gravitational acceleration
k unit vector along the vertical axis
L linear operator in the left-hand side of the omega equation
p pressure
Q diabatic heating rate per mass
R = 287 J kg−1 gas constant of dry air
S =−T ∂lnθ

∂p
stability parameter in pressure coordinates

t time
T temperature
V horizontal wind vector
V g geostrophic wind vector
α relaxation coefficient
σ =−RT

pθ
∂θ
∂p

hydrostatic stability
σ0 isobaric mean of hydrostatic stability
ζ vertical component of relative vorticity
ζg relative vorticity of geostrophic wind
ζag relative vorticity of ageostrophic wind
ω =

dp
dt isobaric vertical motion

∇ horizontal nabla operator
∇

2 horizontal laplacian operator

FA = f
∂

∂p

(
∂ζ

∂t

)
+
R

p
∇

2
(
∂T

∂t

)
. (11)

Apart from the reorganisation of the terms in Eq. (6), this
generalised omega equation is identical with the one used by
Räisänen (1995). It follows directly from the isobaric prim-
itive equations, which assume hydrostatic balance but omit
the other approximations in the QG theory. The first four
terms on the RHS represent the effects of vorticity advec-
tion (FV ), thermal advection (FT ), friction (FF ), and diabat-
ing heating (FQ). The last term (FA) describes imbalance be-
tween the temperature and vorticity tendencies. For constant
f and constantR, the imbalance term is directly proportional
to the pressure derivative of the ageostrophic vorticity ten-
dency (Räisänen, 1995).

Because the operators LQG and L are linear, the contribu-
tions of the various RHS terms to ω can be calculated sep-
arately if homogeneous boundary conditions (ω = 0 at hori-
zontal and vertical boundaries) are used. These contributions
will be referred to as ωX, where X identifies the correspond-
ing forcing term. The contribution of orographic vertical mo-
tions could be added by using a non-zero lower boundary
condition (Krishnamurti, 1968) but is not included in the cur-
rent version of OZO.

2.2 Zwack–Okossi height tendency equation

In the Zwack–Okossi method (Zwack and Okossi, 1986;
Lupo and Smith, 1998), height tendencies are calculated

from the geostrophic vorticity tendency. Neglecting the vari-
ation of the Coriolis parameter,

ζg =
g

f
∇

2Z (12)

and hence
∂Z

∂t
=∇

−2
(
f

g

∂ζg

∂t

)
. (13)

The geostrophic vorticity tendency at level pL is obtained
from the equation

∂ζg

∂t
(pL)=

1
ps −pt

 ps∫
pt

(
∂ζ

∂t
−
∂ζag

∂t

)
dp

−
R

f

ps∫
pt

 pL∫
p

∇
2 ∂T

∂t

dp
p

dp

 , (14)

where ps (here 1000 hPa) and pt (here 100 hPa) are the lower
and the upper boundaries of the vertical domain. The vor-
ticity tendency ∂ζ

∂t
is calculated from the vorticity equation

(Eq. 2 in Räisänen, 1997) and the temperature tendency ∂T
∂t

from the thermodynamic equation (Eq. 3.6 in Holton and
Hakim, 2012). The ageostrophic vorticity tendency ∂ζag

∂t
is

estimated from time series of vorticity and geostrophic vor-
ticity (Eq. 12) using centred time differences
∂ζag

∂t
≈
1(ζ − ζg)

21t
. (15)
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For the calculations shown in this paper, 1t = 1800 s was
used.

In Eq. (14), the first integral gives the mass-weighted ver-
tical average of the geostrophic vorticity tendency between
the levels ps and pt . The difference between the geostrophic
vorticity tendency at level pL and this mass-weighted aver-
age is obtained from the second double integral. In this latter
integral, hydrostatic balance is assumed to link the pressure
derivative of the geostrophic vorticity tendency to the Lapla-
cian of the temperature tendency.

Analogously with the vertical motion, the height tendency
is divided in OZO to the contributions of different physical
and dynamical processes as

∂Z

∂t
=

(
∂Z

∂t

)
V

+

(
∂Z

∂t

)
T

+

(
∂Z

∂t

)
F

+

(
∂Z

∂t

)
Q

+

(
∂Z

∂t

)
A

. (16)

By substituting the vorticity equation and the thermody-
namic equation into Eq. (14), and then combining the result
with Eq. (13), the expressions for the RHS components of
Eq. (16) are derived as follows:

i. Vorticity advection (V ) and friction (F ) have a direct
effect on the vorticity tendency in Eq. (14).

ii. Thermal advection (T ) and diabatic heating (Q) have a
direct effect on the temperature tendency in Eq. (14).

iii. The ageostrophic vorticity tendency in Eq. (14) is
attributed to the imbalance term (A).

iv. All five terms also affect the vorticity and temperature
tendencies indirectly via vertical motions, which are
calculated for each of them separately with the gener-
alised omega equation.

This results in the following new expressions:(
∂Z

∂t

)
V

=
f

g(ps −pt )
∇
−2
[ ps∫
pt

(−V · ∇(ζ + f )

−ωV
∂ζ

∂p
+(ζ + f )

∂ωV

∂p
+ k ·

(
∂V

∂p
×∇ωV

))
dp

−
R

f

ps∫
pt

 pL∫
p

∇
2 (SωV )

dp
p

dp
]
, (17)

(
∂Z

∂t

)
T

=
f

g(ps −pt )
∇
−2
[ ps∫
pt

(
−ωT

∂ζ

∂p
+ (ζ + f )

∂ωT

∂p

+k ·

(
∂V

∂p
×∇ωT

))
dp

−
R

f

ps∫
pt

 pL∫
p

∇
2 (−V ·∇T + SωT )

dp
p

dp
]
, (18)

(
∂Z

∂t

)
F

=
f

g(ps −pt )
∇
−2
[ ps∫
pt

(
k ·∇×F −ωF

∂ζ

∂p

+(ζ + f )
∂ωF

∂p
+ k ·

(
∂V

∂p
×∇ωF

))
dp

−
R

f

ps∫
pt

 pL∫
p

∇
2 (SωF )

dp
p

dp
]
, (19)

(
∂Z

∂t

)
Q

=
f

g(ps −pt )
∇
−2
[ ps∫
pt

(
−ωQ

∂ζ

∂p
+ (ζ + f )

∂ωQ

∂p

+k ·

(
∂V

∂p
×∇ωQ

))
dp

−
R

f

ps∫
pt

 pL∫
p

∇
2
(
Q

cp
+ SωT

)
dp
p

dp
]
, (20)

(
∂Z

∂t

)
A

=
f

g(ps −pt )
∇
−2
[ ps∫
pt

(
−
∂ζag

∂t
−ωA

∂ζ

∂p

+(ζ + f )
∂ωA

∂p
+ k ·

(
∂V

∂p
×∇ωA

))
dp

−
R

f

ps∫
pt

 pL∫
p

∇
2 (SωA)

dp
p

dp
]
. (21)

The equation system used in this study has been adopted
partly from Räisänen (1997). However, whereas Räisänen
(1997) used the vorticity equation and the non-linear bal-
ance equation to obtain height tendencies, the Zwack–Okossi
equation is used here. The main advantage of this choice is its
smaller sensitivity to numerical errors. Our method produces
quite smooth vertical profiles of height tendencies because
the tendencies at neighbouring levels are bound to each other
by the vertical integration in Eq. (14). On the other hand,
our method differs from earlier applications of the Zwack–
Okossi equation (e.g. Zwack and Okossi, 1986; Lupo and
Smith, 1998) because the use of the generalised omega equa-
tion eliminates vertical motion as an independent height ten-
dency forcing. This is an important advantage because these
earlier studies have shown a tendency of compensation be-
tween vertical motions and the other forcing terms.

Earlier diagnostic tools have come close to our tech-
nique. The most similar approach is probably used in the
DIONYSOS (Caron et al., 2006) tool. Regardless of many
similarities, there are still three major differences between
DIONYSOS and OZO. First, DIONYSOS eliminates the
ageostrophic vorticity tendency as an independent forcing us-
ing an iterative procedure. Second, DIONYSOS uses simple

Geosci. Model Dev., 10, 827–841, 2017 www.geosci-model-dev.net/10/827/2017/



M. Rantanen et al.: OZO software 831

parameterisations of diabatic heating and friction, whereas
OZO relies directly on model output. Third, DIONYSOS
uses the method of Räisänen (1997) to convert vorticity ten-
dencies to height tendencies, whereas the Zwack–Okossi
method is used in OZO.

2.3 Vorticity and temperature advection by
non-divergent and divergent winds

Following the Helmholtz theorem, the horizontal wind can
be divided to non-divergent (V ψ ) and divergent (V χ ) parts.
Their contributions to vorticity advection and temperature
advection can be separated as

−V ·∇ (ζ + f )=−V ψ ·∇ (ζ + f )−V χ ·∇ (ζ + f ), (22)
−V ·∇T =−V ψ ·∇T −V χ ·∇T , (23)

and the same applies to the corresponding ω and height ten-
dency contributions. This separation between V ψ and V χ

contributions is included in OZO because Räisänen (1997)
found it to be important for the height tendencies associated
with vorticity advection.

OZO calculates the divergent part of the wind (V χ ) from
the gradient of the velocity potential χ (Eq. 24), which is de-
rived from the horizontal divergence by inverting the Lapla-
cian in Eq. (25).

V χ =∇χ (24)

∇
2χ =∇ ·V (25)

The non-divergent wind is obtained as the difference be-
tween V and V χ . The output of OZO explicitly includes the
vorticity advection and temperature advection terms of the ω
and height tendency equations due to both the full wind field
V and the divergent wind V χ . The contributions associated
with the non-divergent wind V ψ can be calculated as their
residual.

3 Numerical methods

The first version of the OZO software package is tailored to
use output from WRF simulations in idealised Cartesian ge-
ometry. The computational domain is periodic in the zonal
direction, whereas symmetric boundary conditions are used
at the northern and southern boundaries. Before the calcula-
tion, the WRF data need to be interpolated to pressure coor-
dinates.

3.1 Calculation of right-hand side terms

All of the right-hand side terms of the omega equation (Eq. 5)
and the Zwack–Okossi equation (Eq. 16) are calculated in
grid point space. Horizontal and vertical derivatives are ap-
proximated with two-point central differences with the ex-
ception at the meridional and vertical boundaries, where one-
sided differences are used. In the calculation of the imbalance

term of the omega and Zwack–Okossi equations (Eqs. 11 and
21), also tendencies of T , ζ and Z are needed. These ten-
dencies are approximated by central differences of the corre-
sponding variables.

Because the calculations are done in pressure coordinates,
the lower boundary of the domain does not correspond to
the actual surface. To mitigate the impact of this, vorticity
and temperature advection, friction, diabatic heating, and the
ageostrophic vorticity tendency are all attenuated below the
actual surface by multiplying them by a factor varying from
0 to 1. The multiplication factor at each level depends on
how far down the level is below the ground. For example, for
a surface pressure of 950 hPa and vertical mass-centred grid
spacing of 50 hPa, the multiplication factor is 0 at 1000 hPa,
0.5 at 950 hPa, and 1 at 900 hPa and all higher levels.

3.2 Inversion of left-hand side operators

The omega equation is solved using a multigrid algorithm
(Fulton et al., 1986). Each multigrid cycle starts from the
original (finest) grid, denoted below with the superscript (1).
A rough solution in this grid (ω̃(1)) is found using ν1 itera-
tions of simultaneous under relaxation, starting either from
the previous estimate of ω or (in the first cycle) ω = 0. The
residuals,

Res(1) = F −L(ω̃(1)), (26)

are then upscaled to a coarser grid (superscript (2)), in which
the number of points is halved in all three dimensions. In this
grid, the equation

L(ω(2))= Res(1) (27)

is then roughly solved replicating the method used in the first
grid. The residual of this calculation is fed to the next coarser
grid, and the procedure is continued until the grid only has
five points on its longest (meridional) axis. Thus, for an ide-
alised baroclinic wave simulation with horizontal resolution
of 25 km, the meridional axis has 320 grid points. That makes
six coarser resolutions (160, 80, 40, 20, 10, and 5 points on
the meridional axis) in addition to the original one.

Having obtained the estimate ω̃(N) for the coarsest grid, a
new estimate for the second coarsest grid is formed as

ω̃
(N−1)
NEW1 = ω̃

(N−1)
+αω̃(N), (28)

where α is a relaxation coefficient. To reduce the effect of
regridding errors, this estimate is refined using ν2 iterations
of simultaneous under relaxation. The result, ω̃(N−2)

NEW2 , is then
substituted to the next finer grid

ω̃
(N−2)
NEW1 = ω̃

(N−2)
+αω̃

(N−1)
NEW2 (29)

and the sequence is repeated until the original grid is reached.
After each multigrid cycle, the maximum difference be-

tween the new and the previous estimate of ω in the original
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(finest) grid is computed. If this difference exceeds a user-
defined threshold (by default 5× 10−5 Pas−1), the multigrid
cycle is repeated. Typically, several hundreds of cycles are
required to achieve the desired convergence.

OZO has four parameters for governing the multigrid algo-
rithm, with the following default values: the under relaxation
coefficient (α = 0.017), the number of sub-cycle iterations in
the descending (ν1 = 30) and ascending phases of the multi-
grid cycle (ν2 = 4), and the threshold for testing convergence
(toler= 5× 10−5 Pas−1). All these parameters can be ad-
justed via a name list. The mentioned default values of α, ν1
and ν2 have been optimised for a 25 km grid resolution. At
lower resolution, α can be increased and ν1 and ν2 reduced
to speed up the algorithm.

In the Zwack–Okossi equation, geostrophic vorticity ten-
dencies are converted to geopotential height tendencies us-
ing Eq. (13), which is a 2-D Poisson’s equation. To solve this
equation computationally effectively, we utilise Intel’s MKL
(Math Kernel Library) fast Poisson solver routines, which
employ the DFT (discrete Fourier transform) method. Intel’s
MKL is widely available and free to download, although reg-
istration is required.

3.3 Boundary conditions

In the omega equation, homogeneous boundary conditions
(ω = 0) at both the meridional and the lower and the up-
per boundaries are used. For the Zwack–Okossi equation, a
slightly more complicated procedure is used to ensure that
the area means of the individual height tendency components
are consistent with the corresponding temperature tenden-
cies. First, for all of V , T , F , Q and A, the height tendency
is initially solved from Eq. (13) using homogenous boundary
conditions ( ∂Z

∂t
= 0) at the northern and southern boundaries.

Then, the area mean temperature tendencies for these five
terms are calculated, taking into account both the direct effect
of temperature advection (for T ) and diabatic heating (for
Q) and the adiabatic warming–cooling associated with the
corresponding omega component. These temperature tenden-
cies are substituted to the hypsometric equation to calculate
the corresponding area mean height tendencies. In the ver-
tical integration of the hypsometric equation, the area mean
height tendency at the lower boundary (1000 hPa) is set to 0,
following the expectation that the total atmospheric mass in
the model domain is conserved. Horizontally homogeneous
adjustments are then made to the initial height tendencies for
V , T , F , Q and A, forcing their area means to agree with
those derived from the hypsometric equation.

4 The WRF set-up

WRF is a non-hydrostatic model and can generate atmo-
spheric simulations using real data or idealised configura-
tions (Wang et al., 2007; Shamarock et al., 2008). The cal-
culations presented in this paper used input data from an ide-
alised moist baroclinic wave simulation, which simulates the
evolution of a baroclinic wave within a baroclinically unsta-
ble jet in the Northern Hemisphere under the f-plane approx-
imation (Blázquez et al., 2013). The value of the Coriolis
parameter was set to 10−4 s−1 in the whole model domain.

The simulation presented in Sects. 6–7 was run for
10 days with a 30 min output interval, in a domain of
4000 km×8000 km×16 km, with 25 km horizontal grid spac-
ing. The horizontal grid was Cartesian and staggered, and
64σ levels were used in the vertical direction. The boundary
conditions were symmetric in the meridional direction and
periodic in the zonal direction. Cloud microphysics is pa-
rameterised using the WRF single-moment 3-class scheme
(Hong et al., 2004). Cumulus convection is treated with the
Kain–Fritsch scheme (Kain and Fritsch, 1993) and boundary
layer turbulence with the YSU scheme (Hong et al., 2006).
The radiation scheme was switched off in our model integra-
tion.

After running the simulation, data were interpolated from
model levels to 19 evenly spaced pressure levels (1000, 950,
. . . , 100 hPa). The interpolation was done with WRF utility
wrf_interp, which is freely available from the WRF website.
During the interpolation, the horizontal data grid was unstag-
gered to mass points, thus having 160 grid points in the zonal
and 320 grid points in the meridional direction.

The model output data contained all the variables needed
in solving the generalised omega equation and the Zwack–
Okossi equation: temperature, wind components, geopoten-
tial height, surface pressure, and parameterised diabatic heat-
ing and friction components. Diabatic heating and friction
in WRF included contributions from various physical pro-
cesses, such as cumulus convection, boundary layer physics
and microphysics. The physical tendencies are not in the de-
fault WRF output, and need to be added by modifying the
WRF registry file.

To study the performance of OZO at a resolution that is
more similar to that used in several earlier diagnostic stud-
ies of synoptic-scale dynamics (Räisänen, 1995, 1997; Caron
et al., 2006; Stepanyuk et al., 2017), WRF was also run in the
same domain at 100 km grid spacing. Results for this simu-
lation are presented in the supplementary material. An in-
termediate simulation at 50 km resolution was also made to
study the resolution dependence of the computational perfor-
mance.
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Table 2. The dependence of computing time on model resolution.
Note that the numbers of grid points are per vertical level, whereas
the computing times are per the whole 3-D domain.

DX Number of grid points Average computing time
per vertical level per timestep

100 km 3200 3.1 s
50 km 12 800 1.1 min
25 km 51 200 19 min

5 Computational aspects

OZO can be run on a basic laptop with Linux environment,
provided that standard NetCDF library, Intel’s MKL and
some Fortran compiler, preferably GNU’s gfortran, are avail-
able. The source code of OZO is written in Fortran 90 stan-
dard and can be currently compiled only for a serial version.

The inversion of the left-hand side operator of the omega
equation (Eq. 6) is computationally quite a heavy process.
Hence, in our previously described test runs, the calculation
of the five plus two ω components took almost all of the to-
tal computing time. For the height tendencies, the inversion
of the horizontal Laplacian (Eq. 13) is much more straight-
forward to do and, moreover, MKL fast Poisson solver rou-
tines are employed. For that reason, only a small fraction of
the computing time is spent for the height tendency calcula-
tion. Table 2 provides information on the absolute comput-
ing times and how they depend on the number of grid points
in the model domain. It is our goal to improve the computa-
tional performance by utilising better scalable solver routines
for the omega equation in a future version of the software.

6 Results – vertical motion

6.1 Comparison between calculated and
WRF-simulated vertical motions

Figure 1 compares the solution of the generalised omega
equation (ωTOT) with ω as being obtained directly from the
WRF output (ωWRF), at the 700 hPa level after 118 h of sim-
ulation when the cyclone is approaching its maximum inten-
sity. The agreement is excellent. A strong maximum of ris-
ing motion (ω ≈−3 Pas−1) occurs near the occlusion point
to the east of the surface low in both cases, with a somewhat
weaker ascent along the cold frontal zone to the south-west
and in the north-eastern sector of the low. Descent prevails
further east of the low and behind the cold front. However,
lots of mesoscale details are visible in both the simulated and
the calculated ω, although with some not perfect agreement
between these two. The difference between ωTOT and ωWRF
(Fig. 1c) is noisy, although it suggests slightly more discrep-
ancy behind the cold front where shallow convection takes
place.

The QG omega equation (Eq. 1) also captures the large-
scale patterns of rising and sinking motion reasonably well
(Fig. 1d). However, it substantially underestimates the ascent
to the east of the low and along the cold front, and there are
two bands of strong descent (behind the cold front and to the
east of the low) that are much weaker in ωWRF and ωTOT.
Furthermore, many of the mesoscale details shared by ωWRF
and ωTOT are missing in the QG solution.

The majority of the differences between ωTOT and ωWRF
most likely result from numerical errors. One source of these
errors is the approximation of the time derivatives in FA
in Eq. (11) with central differences. As shown in Fig. 2,
the agreement between ωTOT and ωWRF gradually improves
when the half-span of these time differences is reduced from
2 h to 1 min (i.e. the time step in the WRF simulation). The
30 min output interval used for the other calculations shown
in this paper is a compromise between accuracy and the need
to control the data volume of the WRF output for the 10-day
simulation.

A more comprehensive statistical evaluation of the cal-
culated vertical motions is given in Figs. 3 and 4, by us-
ing data from the whole model area and the 8 last days
of the simulation. The first 2 days, when both the cyclone
and the vertical motions are still weak, are neglected. Fig-
ure 3 shows the time-averaged spatial correlation between
ωWRF and various omega equation solutions. The correla-
tion between ωTOT (line VTFQA) and ωWRF is excellent,
reaching 0.95 in the mid-troposphere and exceeding 0.88
at all levels from 250 to 850 hPa. However, leaving out
ωA, which requires non-synoptic information from the time
derivatives of temperature and vorticity, deteriorates the cor-
relation substantially (line VTFQ). The solution of the QG
omega equation only correlates with ωWRF at r ∼ 0.6 in the
mid-troposphere (line VT(QG)), although the correlation ap-
proaches 0.65 at 300 hPa where diabatic heating is less im-
portant than at lower levels.

Caron et al. (2006) reported excellent correlations (at most
levels, from 0.9 to 0.96) between the vertical motions calcu-
lated by the DIONYSOS tool and their original model output
(their Figs. 2a and 3a), for two cases and nine synoptic times
at 3 h intervals for both. These correlations are similar to or
even higher than those shown in Fig. 3. However, in these
tests the horizontal resolution of DIONYSOS was 100 km,
whereas we used 25 km resolution in our WRF simulation.
In fact, the correlations for OZO are also improved and reach
0.97 in the mid-troposphere for a 100 km resolution WRF
simulation (see the Supplement, Fig. S3). Naturally, the per-
formance may also depend on the synoptic case studied.

Figure 4 compares the root-mean-square (RMS) ampli-
tudes of ωWRF and ωTOT. RMS(ωTOT) is typically about
5 % smaller than RMS(ωWRF), which is presumably due to
the truncation errors that occur when the derivatives in the
forcing terms are approximated with second-order central
differences. An exception to this is the lower troposphere
where vertical motions calculated by OZO(ωTOT) are slightly
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Figure 1. (a) The sum of all ω components from Eq. (5) (ωTOT), (b) ω from WRF (ωWRF), (c) difference (ωTOT−ωWRF) and (d) solution
of the QG omega equation (ωV (QG)+ωT (QG)) at 700 hPa level at time 118 h. Unit is Pas−1. Contours show geopotential height at 900 hPa
level with an interval of 50 m. Labels on x and y axes indicate grid point numbers. Note that the area covers only half of the model domain
in the meridional direction.

stronger compared to the direct WRF output (ωWRF). The
RMS amplitudes of the individual ω components will be dis-
cussed in the next subsection.

6.2 Contributions of individual forcing terms to ω

Figure 5 shows the contributions of the five individual forc-
ing terms to ω(700 hPa) for the situation studied in Fig. 1.
Vorticity advection and thermal advection both contribute
substantially to the vertical motions (Fig. 5a–b), but the max-
imum of ascent is further east for ωT (Fig. 5b) than ωV
(Fig. 5a). Due to this phase shift, there is a cancellation be-
tween rising motion from ωV and sinking motion from ωT
behind the cold front. This cancellation effect is well-known
and typically occurs just behind the cold front, where cold
advection and increasing cyclonic vorticity advection with
height take place (Lackmann, 2011). On the other hand, these
two terms both induce rising motion to the south-east of the
centre of the low. Diabatic heating, which is dominated by la-
tent heat release, strongly enforces the ascent along the main
frontal zones of the cyclone (Fig. 5d). Compensating sub-
sidence prevails in the surrounding areas, except for spots

of localised ascent associated with convective precipitation
well behind the cold front. The imbalance term ωA is re-
markably large but noisy. Friction induces ascent close to
the centre of the low and descent around and to the north-
east of the surface high (Fig. 5c), but its contribution is quite
weak at the 700 hPa level. Figures S1 and S2 in the Supple-
ment present the actual forcing fields for the vertical motions
fields in Fig. 5a–e.

In terms of the RMS amplitudes evaluated over the whole
model area and the last 8 days of the simulation, temperature
advection makes the largest contribution to the calculated ω
(line T in Fig. 4). Vorticity advection (line V ), diabatic heat-
ing (lineQ) and the imbalance term (lineA) are all similar in
magnitude in the mid- and upper troposphere. Near the sur-
face, the imbalance term has a tendency to compensate the ef-
fects of temperature advection, as their RMS values are even
larger than the RMS of the total vertical motion (line TOT).
RMS(ωQ) peaks at 850 hPa, which is mostly due to shallow
convection behind the cold front (not shown). This peak is
visible also in the RMS(ωTOT). Our sensitivity experiments
with different output intervals suggest that the half-hour tem-
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Figure 2. The difference ωTOT−ωWRF at 700 hPa level at time 118 h at (a) 2 h, (b) 1 h, (c) 30 min and (d) 1 min time resolution in the
computation of the imbalance term. Unit is Pa s−1.

Figure 3. Correlation of the omega equation solutions with
ωWRF. VTFQA= ωTOT, VTFQ= ωTOT−ωA, VT(QG)=
ωV (QG)+ωT (QG).

Figure 4. RMS amplitudes of ωWRF, ωTOT, and the individual ω
components from Eq. (5).
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Figure 5. Vertical motions induced by individual forcing terms at level 700 hPa at time 118 h. (a) ωV , (b) ωT , (c) ωF , (d) ωQ, (e) ωA and
(f) ωTOT. Unit is Pas−1 and contour lines show 900 hPa geopotential height with 50 m interval.

poral resolution is too sparse for proper estimation of the im-
balance term in the presence of fast-moving convection cells,
which causes the over-estimation of total vertical motion in
the lowest troposphere. RMS(ωF ) is at its maximum near the
top of the boundary layer at 900 hPa but remains weak even
at this level.

These results are partly consistent with similar calcula-
tions made for observation-based analysis data (Räisänen,
1995) and for model data (Stepanyuk et al., 2017) at lower
spatial resolution. However, the imbalance term was rela-
tively small in the study by Räisänen (1995), because the 6 h
time resolution of its input data was not sufficient for a proper
estimation of this term. In addition, RMS(ωT ) is more dom-
inant in our study than in Räisänen (1995) and in Stepanyuk
et al. (2017). The main reason for this is the improved hori-
zontal resolution. Räisänen (1995) found that the influence of
thermal advection compared to vorticity advection increases
when the horizontal resolution is improved. This is because
vertical motions induced by thermal advection typically have
a smaller horizontal scale than those induced by vorticity ad-
vection (Räisänen, 1995). In this paper, the horizontal resolu-
tion is almost 10 times higher than in the study by Räisänen
(1995). Conversely, RMS(ωF ) is smaller in Fig. 4 than found
for the midlatitudes in Räisänen (1995) and Stepanyuk et al.

(2017). This may be at least in part because Räisänen (1995)
and Stepanyuk et al. (2017) included both land and sea ar-
eas, whereas our WRF simulation was made for an idealised
ocean surface.

A further division of ωV and ωT to contributions from ad-
vection by rotational and divergent wind reveals that they
both are largely dominated by the rotational wind (not
shown).

7 Results – height tendency

7.1 Comparison between calculated and
WRF-simulated height tendencies

In this subsection, the calculated total height tendencies are
compared with height tendencies from the WRF simulation.
The latter were estimated as central differences from the
30 min time series of the simulated geopotential heights.

Figure 6 shows the distributions of the calculated height
tendency, the WRF height tendency and their difference
slightly before the cyclone reaches its maximum intensity
(t = 118 h). The values are shown at the 900 hPa level, which
is sufficiently low to represent the processes affecting the
low-level cyclogenesis. Negative (positive) height tendency
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Figure 6. As Fig. 1, but for the height tendency at 900 hPa. Unit is mh−1.

Figure 7. Time mean (a) rms error and (b) spatial correlation co-
efficient between the calculated and WRF height tendency over the
last 8 days of the 10-day simulation.

over the low centre indicates deepening (weakening) of the
low. In general, a very close agreement between the fields is
seen, although a somewhat more positive bias is visible be-
hind the cold front.

Figure 7 shows the time-averaged RMS error and correla-
tion coefficient between the calculated and WRF height ten-
dency as a function of height. The RMS error is quite con-
stant from 950 hPa up to the 250 hPa level (Fig. 7a). Above
this level, the error grows rapidly towards the stratosphere.
This error growth is accompanied by a decrease of correla-
tion coefficient at the same altitude. This deterioration is pre-
sumably at least partly due to the 50 hPa vertical resolution in
the OZO, which is too coarse for an adequate representation
of stratospheric dynamics.

The correlation between the calculated and WRF height
tendency is highest in the upper troposphere, which is
roughly 0.97. The correlation weakens slightly closer the sur-
face, but still exceeds 0.95. Thus, the calculated height ten-
dency is generally in very good agreement with the tendency
diagnosed directly from the WRF output. These correlations

are comparable but mostly slightly higher than those reported
by Caron et al. (2006) for DIONYSOS (their Fig. 6a).

7.2 Contributions of individual terms during the
mature stage

The contributions of the individual height tendency compo-
nents at the 900 hPa level at 118 h are shown in Fig. 8. Vor-
ticity advection (Fig. 8a) produces a wide and strongly posi-
tive height tendency behind the surface low (see Sect. 7.4 for
further analysis of this term). Thermal advection (Fig. 8b)
causes a positive height tendency in the area behind the
surface low and a negative height tendency at the opposite
side. This large negative height tendency ahead of the low
is caused by warm air advection in the mid- and upper tro-
posphere. In this baroclinic life cycle simulation, thermal
advection is the main contributor to the movement of the
cyclone, which is in agreement with the study of Räisänen
(1997).

Friction (Fig. 8c) always acts to damp synoptic-scale
weather systems and is thereby inducing a positive (nega-
tive) height tendency over the surface low (high). Diabatic
heating (Fig. 8d) is causing uniformly negative lower tropo-
spheric height tendencies in the vicinity of the surface low.
The largest negative height tendency due to diabatic heating
is located south-east from the low centre, where strong latent
heat release occurs in connection with frontal precipitation.

The imbalance term (Fig. 8e) shows more small-scale
structure than the other terms. In general, however, it is in
phase with the total height tendency near the centre of the
low, with negative values to the east and positive values to the
west. The reason for this feature is most probably the follow-
ing. The conversion from geostrophic vorticity tendencies to
height tendencies for the other terms was done by assuming
a geostrophic balance according to Eq. (13). However, in cy-
clones the wind is typically sub-geostrophic (e.g. Holton and
Hakim, 2012). Therefore, the tendency of geostrophic vor-
ticity exceeds the actual vorticity tendency. This implies that
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Figure 8. As Fig. 5, but for height tendency components at 900 hPa level. Unit is mh−1. Note that the colour scale of (f) differs from Fig. 6a.

height tendencies calculated from the actual vorticity ten-
dency under the geostrophic assumption will be too small.
The imbalance term takes care of this and makes the calcu-
lated total height tendency to correspond better to the actual
change of the geopotential height field.

7.3 Height tendencies in the cyclone centre

Figure 9 shows the 900 hPa level height tendencies induced
by the five individual terms in the cyclone centre during the
deepening period. The low deepens vigorously roughly be-
tween 72 and 120 h of simulation, as shown by the negative
total height tendency (black line) during this period. The to-
tal height tendency is also in a good agreement with the WRF
height tendency (dotted line). The deepening is mostly due to
vorticity advection (blue line) and the imbalance term (grey
line). Later on, roughly from 96 h onward, diabatic heating
(red line) and thermal advection (orange line) together with
the imbalance term make the largest contributions to main-
taining the intensity of the surface low. Friction (green line)
systematically destroys cyclonic vorticity over the cyclone
centre and thus produces a slightly positive height tendency
during the whole life cycle. After circa 96 h, vorticity advec-
tion also acts a damping mechanism for the surface low (see
also the next subsection).

Figure 9. Time series of individual height tendency components at
the 900 hPa level from the cyclone centre during the deepening pe-
riod. V is vorticity advection, T is thermal advection, F is friction,
Q is diabatic heating, A is imbalance term, Tot is total and WRF
is WRF height tendency. Height tendencies at the cyclone centre
were averaged over all grid boxes in which the 900 hPa geopoten-
tial height was less than 5 m above its minimum. In addition, the
values are 2.5 h moving averages.
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Figure 10. Height tendency associated with vorticity advection by
the (a) divergent and (b) nondivergent winds at 900 hPa at time
118 h. Unit is m h−1.

7.4 The effect of vorticity and thermal advection by
divergent and non-divergent winds

Figure 10 presents the height tendencies associated with
vorticity advection by V χ and V ψ separately. The diver-
gent wind vorticity advection causes widespread and strong
positive height tendency over and around the surface low
(Fig. 10a). According to Räisänen (1997), the divergent wind
transports anticyclonic vorticity from the surroundings of the
surface low, and is thus acting to reduce the cyclonic vortic-
ity at the centre of the low. In the case of the non-divergent
wind component (Fig. 10b), positive (negative) height ten-
dencies behind (ahead of) the low originate from the upper
troposphere, where the non-divergent wind and thereby vor-
ticity advection is the strongest. Cyclonic vorticity advection
ahead of the trough produces negative height tendency in the
same area, while anticyclonic vorticity advection ahead of
the ridge does the opposite. Furthermore, the non-divergent
vorticity advection is substantially contributing to the deep-
ening of the cyclone, since the area of the negative height
tendency reaches the centre of the low as well.

In contrast to vorticity advection, thermal advection by di-
vergent winds was found to cause a negligible height ten-
dency (not shown).

8 Limitations and plans for future developments

The idealised baroclinic wave simulation provides an effec-
tive and widely used tool for studying cyclone dynamics in
an easily controlled model environment. For this reason, we
chose to begin the development work of OZO from a rel-
atively simple Cartesian implementation. Nevertheless, the
idealised Cartesian geometry obviously reduces the number
of potential applications of OZO. We aim to extend OZO
to more complex spherical grid applications in the future.
However, in principle the use of OZO is possible with some

limited-area real cases where spherical geometry has been
used, if the data are regridded to Cartesian geometry after-
wards. However, in this case, one must change the lateral
boundary conditions of OZO since they are tailored for peri-
odic model domain by default.

Another limiting factor in the current version of OZO is
the weak scalability in the multigrid omega equation solver
together with the lack of parallelisation of the source code.
For high-resolution runs, this means significant slowing of
the calculations (Table 2). To reduce the lengthy computing
times, we are currently developing a parallel version of OZO,
which uses a different solving method for the omega equa-
tion. We aim to release this parallel version by the end of the
year 2017.

An issue associated with the physical interpretation of
high-resolution simulations should also be noted. In OZO,
the vertical motion and height tendency contributions of
vorticity advection, thermal advection, friction, and diabatic
heating are calculated assuming geostrophic balance be-
tween the vorticity and temperature tendencies, while the
deviations from this balance are attributed to the imbalance
term. As the balance assumption is increasingly violated
at higher resolution, the imbalance term grows larger. This
complicates the interpretation of the results particularly when
the imbalance term opposes the other terms. Such compensa-
tion is indeed apparent in our results for vertical motions in
the lower troposphere, where the contributions of thermal ad-
vection and diabatic heating are strongly opposed by the im-
balance term (Fig. 4). At resolutions much higher than 25 km,
issues like this are likely to become increasingly problematic.

9 Conclusions

In this paper, a software package called OZO is introduced.
OZO is a tool for investigating the physical and dynamical
factors that affect atmospheric vertical motions and geopo-
tential height tendencies, tailored for WRF simulations with
idealised Cartesian geometry. As input to OZO, the output of
the WRF model interpolated to evenly spaced pressure levels
is required.

The generalised omega equation diagnoses the contribu-
tions of different physical and dynamical processes to ver-
tical motions: vorticity advection, thermal advection, fric-
tion, diabatic heating, and imbalance between temperature
and vorticity tendencies. Then, analogously with the vertical
motion, the height tendencies associated with these forcings
are calculated. As an advance over traditional applications of
the Zwack–Okossi equation (Zwack and Okossi, 1986; Lupo
and Smith, 1998), the use of the generalised omega equation
allows OZO to eliminate vertical motion as an independent
forcing in the calculation of height tendencies.

The calculated total vertical motions and height tenden-
cies in the test case are generally in excellent agreement with
the vertical motions and height tendencies diagnosed directly
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from the WRF simulations. The time-averaged correlation
between the calculated and the WRF height tendency was
0.95–0.97 in the troposphere. For the vertical motion as well,
a correlation of 0.95 was found in the mid-troposphere. Our
analysis further illustrates the importance of both adiabatic
and diabatic processes to atmospheric vertical motions and
the development of the simulated cyclone.

The OZO software is applicable to different types of
WRF simulations, as far as Cartesian geometry with peri-
odic boundary conditions in the zonal direction is used. One
example of potential applications are simulations with in-
creased sea surface temperatures as the lower boundary con-
dition. Combined with OZO, such simulations provide a sim-
ple framework for studying the changes in cyclone dynamics
in a warmer climate.

10 Data and code availability

The source code of OZO is freely available under MIT
licence in GitHub (https://github.com/mikarant/ozo). OZO
v.1.0 described in this manuscript is also archived at http:
//doi.org/10.5281/zenodo.157188. In addition to the source
code, the package also includes a makefile for compiling
and running the program, a small sample input dataset for
testing the functionality, and two README files contain-
ing the instructions for both generating input data with WRF
and running the OZO program. The WRF model as well as
the interpolation utility (wrf_interp) are downloadable from
the WRF users page (http://www2.mmm.ucar.edu/wrf/users/
downloads.html). Intel’s MKL can be downloaded after reg-
istration from their web page (https://software.intel.com/
en-us/articles/free-mkl). OZO v1.0 is guaranteed to work
with WRF version 3.8.1.

The Supplement related to this article is available online
at doi:10.5194/gmd-10-827-2017-supplement.
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Abstract
The sensitivity of idealised baroclinic waves to different atmospheric temperature changes is studied. The temperature changes 
are based on those which are expected to occur in the Northern Hemisphere with climate change: (1) uniform temperature 
increase, (2) decrease of the lower level meridional temperature gradient, and (3) increase of the upper level temperature 
gradient. Three sets of experiments are performed, first without atmospheric moisture, thus seeking to identify the underlying 
adiabatic mechanisms which drive the response of extra-tropical storms to changes in the environmental temperature. Then, 
similar experiments are performed in a more realistic, moist environment, using fixed initial relative humidity distribution. 
Warming the atmosphere uniformly tends to decrease the kinetic energy of the cyclone, which is linked both to a weaker 
capability of the storm to exploit the available potential energy of the zonal mean flow, and less efficient production of 
eddy kinetic energy in the wave. Unsurprisingly, the decrease of the lower level temperature gradient weakens the resulting 
cyclone regardless of the presence of moisture. The increase of the temperature gradient in the upper troposphere has a more 
complicated influence on the storm dynamics: in the dry atmosphere the maximum eddy kinetic energy decreases, whereas 
in the moist case it increases. Our analysis suggests that the slightly unexpected decrease of eddy kinetic energy in the dry 
case with an increased upper tropospheric temperature gradient originates from the weakening of the meridional heat flux 
by the eddy. However, in the more realistic moist case, the diabatic heating enhances the interaction between upper- and 
low-level potential vorticity anomalies and hence helps the surface cyclone to exploit the increased upper level baroclinicity.

Keywords WRF model · Idealised simulation · Extratropical cyclone · Energy conversion

1 Introduction

Extra-tropical cyclones are ubiquitous in the mid-latitude 
atmosphere, occurring most frequently during the winter 
season. They affect our everyday life by inducing variations 
and extremes of weather, sometimes with severe impacts 
to the society (e.g., Wernli et al. 2002; Fink et al. 2009). 
Extra-tropical cyclones also transport large amounts of heat 
and momentum, and are thus an important component of the 
atmospheric general circulation.

A large number of previous studies have investigated the 
changes in the intensity (e.g., Bengtsson et al. 2009), fre-
quency (e.g., Lambert and Fyfe 2006; Zappa et al. 2013), 
and tracks (e.g., Yin 2005; Bengtsson et al. 2006) of extra-
tropical cyclones in a warmer climate. All of these changes 
in cyclone characteristics partly result from the different 
atmospheric temperature distribution in the future climate. 
For example, climate change projections made with General 
Circulation Models (GCM) suggest that in mid-latitudes, 
the meridional low-level temperature gradient will decrease 
whereas the gradient at upper levels will increase (Woollings 
2008; Catto et al. 2011).

One widely used method for studying the dynamics of 
extra-tropical cyclones is idealised simulations (e.g., Fantini 
2004; Boutle et al. 2010, 2011; Booth et al. 2013; Blázquez 
et al. 2013; Kirshbaum et al. 2018). One specific example 
is the baroclinic lifecycle simulation, in which only one low 
pressure system is simulated. This technique allows one 
to explore the changes in extra-tropical cyclone dynamics 
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much more easily than the simulations created using e.g. 
complex Earth System models. Most of the recent studies 
carried out with idealised baroclinic wave simulations have 
investigated the effect of atmospheric moisture on cyclone 
characteristics. For instance, Boutle et al. (2010) studied the 
dry and moist boundary layer structure and vertical transport 
of moisture within the idealised cyclone. They found that the 
kinetic energy of the storm was doubled with the inclusion 
of moisture. Furthermore, the changes in cyclone dynamics 
and intensity with increased atmospheric moisture content 
have been studied in detail by Booth et al. (2013). The robust 
result in that study was that nearly all the important metrics 
of storm strength increase when the moisture is increased.

However, less emphasis has been given to studying 
how changes in the large-scale temperature distribution, as 
anticipated for the future climate, affect the strength and 
development of numerically simulated cyclones in idealised 
cases. Boutle et al. (2011) studied the sensitivity of moisture 
transport by idealised cyclones to some large-scale environ-
mental variables, such as initial relative humidity, absolute 
temperature, and the meridional temperature gradient and 
thus the strength of the zonal jet. They concluded that rela-
tive humidity has little impact on the ability of a cyclone to 
transport moisture, whereas the absolute temperature and its 
meridional gradient provide much stronger controls. They, 
however, did not focus on the mechanisms by which the 
change of temperature and its gradient affect the dynamics 
and intensity of the storm.

The sensitivity of idealised moist baroclinic waves to 
environmental temperature and moisture content was studied 
by Kirshbaum et al. (2018). They initialized the model runs 
with different mean surface temperatures, varying between 
275–290 K, and found that the eddy kinetic energy did not 
increase at larger temperatures due to unfavourable phasing 
between vertical motion and buoyancy within the warm sec-
tor. Another methodological novelty of their study was that 
the model domain was much larger in the zonal direction 
( Lx = 16,000 km) than typically used in baroclinic life cycle 
experiments (e.g., Boutle et al. 2010 used Lx = 4000 km) and 
that two types of simulations were performed: one set using 
a single domain-centered initial perturbation and the second 
set using three equally spaced perturbations. The simulations 
initialised with three perturbations show a different response 
to the environmental temperature than than simulations with 
a single perturbation as the wave was found to interact nega-
tively with itself. Thus, Kirshbaum et al. (2018) conclude 
that periodic waves exhibited faster decrease in intensity at 
larger temperatures compared to isolated waves, which had 
not been documented previously.

Very recently, Tierney et al. (2018) reported how extra-
tropical cyclones respond to changes in baroclinicity and 
temperature in an idealized environment. This study was an 
important addition to the existing literature, as the changes in 

baroclinicity have received relatively little attention amongst 
recent idealized studies. Tierney et al. (2018) changed simul-
taneously both the baroclinicity and the bulk temperature of 
the cyclone environment, and thus discovered the relative 
effects of these two factors to the cyclone intensity.

In general, the main consensus among the recent studies 
is an amplification of the storm when the moisture content 
is increased from zero to typical present-day values (Boutle 
et al. 2010; Booth et al. 2013; Kirshbaum et al. 2018; Tier-
ney et al. 2018). However, increasing the atmospheric mois-
ture further from the present-day values has led to partly 
contradictory results in previous idealised experiments. For 
example, keeping the relative humidity fixed, Boutle et al. 
(2011) found that the eddy kinetic energy tends to increase 
with increasing atmospheric temperature. A similar result 
was found in Whitaker and Davis (1994), who reported more 
rapid cyclogenesis when the mean surface temperature was 
increased by 10 K. However, inconsistent with these two 
studies, the main conclusion of Kirshbaum et al. (2018) 
was that the increase of temperature with constant rela-
tive humidity makes the storm weaker. In addition, Tierney 
et al. (2018) documented the non-monotonic behavior of 
the storm intensity with increasing temperature, regardless 
of the magnitude of baroclinicity. These two outcomes are 
in agreement with recent idealised aqua-planet GCM stud-
ies, where the sensitivity of eddy kinetic energy to global 
mean atmospheric temperature has been studied: O’Gorman 
(2011) and Pfahl et al. (2015) show that with present-day 
temperature values the eddy kinetic energy is very close to 
its maximum, and tends to decrease with further warming.

Nonetheless, in addition to increased moisture content, 
changes in the meridional temperature gradient with chang-
ing climate are also expected to impact the development of 
baroclinic eddies. Thus, the main objective of this paper is to 
study the sensitivity of extra-tropical cyclones to meridional 
temperature gradient changes. Since opposing changes in the 
temperature gradient are expected to occur in the Northern 
Hemisphere at lower and upper levels (Woollings 2008), 
the effects of the lower and upper level changes are studied 
separately. Before that, the response of the simulated mid-
latitude cyclone to an uniform increase of temperature is 
reported. This experiment of uniform warming is included 
in our paper to address the three different temperature forc-
ings predicted to occur in the warmer climate: (1) uniform 
increase of atmospheric temperature, (2) decreased lower 
level temperature gradient and (3) increased upper level tem-
perature gradient. Based on earlier, slightly contradictory 
results, we cannot formulate a clear hypothesis of how the 
uniform increase of temperature will affect to the intensity 
of the storm. On the other hand, we would expect that the 
changes in lower level and upper level temperature gradient 
will have opposing effects on the intensity of the cyclone, 
due to their opposing effects on atmospheric baroclinicity. 
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To assess the changes in the adiabatic dynamics of cyclones, 
the experiments are first conducted without atmospheric 
moisture. After that, the experiments are repeated in a moist 
environment.

First, in Sect. 2, the model set-up, the experiments and the 
energy metrics used in this paper are described. Then, the 
results of our experiments are reported in Sect. 3, which is 
divided to three subsections, according to the three tempera-
ture experiments. A brief discussion of some pertinent issues 
arising from the results is then given in Sect. 4. Finally, in 
Sect. 5, the main conclusions of the study are reported.

2  Methods

2.1  The model

We used the Weather Research and Forecast (WRF) model 
v. 3.8.1 (Shamarock et al. 2008), in its idealized mode in a 
Cartesian geometry. The model configuration was a periodic 
channel, with symmetric north-south boundaries and peri-
odic east-west boundaries. The simulations were run for 10 
days, in a domain of 5000 km × 8000 km × 16 km, in the x, y 
and z directions, respectively. The horizontal grid spacing in 
our study was 50 km. We tested different zonal wavelengths, 
and thus different zonal domain sizes, varying between 3500 
and 6000 km. 5000 km was finally chosen because the long-
est wavelengths were found to generate unwanted secondary 
lows, whereas wavelengths shorter than 5000 km produced 
a less deep cyclone. Although Kirshbaum et al. (2018) used 
a much wider domain in the zonal direction, our choice of 
domain is more closely comparable with the domains used 
in other baroclinic wave studies. In the vertical direction, 
64 sigma levels were used. The pressure at the model top 
varied between 125 and 100 hPa, depending on the experi-
ment and location in south-north direction. After running 
the simulations, the model output data were interpolated to 
19 evenly spaced pressure levels, from 1000 to 100 hPa. 
Thus, a small part of our data at the upper boundary were 
extrapolated above the model top. The Coriolis parameter 
was held constant, with value of 10−4 s−1 , corresponding to 
the real value at the latitude � = 43◦.

Cloud microphysics were parameterized using the WSM3 
scheme (Hong et al. 2004), which has 3-class microphysics 
(raindrops, cloud droplets and water vapor) for liquid water, 
but assumes ice processes below the freezing point. The 
WSM3 scheme assumes immediate cloud formation above 
water saturation at temperatures above − 40 °C (Dudhia 
1989), which may effect the simulations as latent heat 
release is suppressed until the entire grid box is saturated. 
For cumulus convection, the Kain–Fritsch scheme (Kain 
and Fritsch 1993) was used, and the YSU scheme (Hong 

et al. 2006) was selected to parameterize the boundary layer 
turbulence. Surface fluxes were calculated using the MM5 
similarity scheme (e.g., Paulson 1970). For simplicity, the 
radiation scheme was switched off in our experiments. Even 
though this choice of neglecting radiation moves our experi-
ments further from reality, it makes the interpretation of 
diabatic heating easier, leaving latent heat release as the only 
major source of diabatic heating in the free atmosphere.

For the model runs, we used the standard initial condition 
of the baroclinic test case, which is included in the WRF 
model package. The unperturbed initial states of zonal wind 
and temperature were zonally symmetric and in thermal 
wind balance, resembling their distributions in the North-
ern Hemisphere winter (Fig. 1). The same initial conditions 
were used e.g. by Sinclair and Keyser (2015), and the zonal 
jet is described in the paper of Waite and Snyder (2009). 
To enable others to reproduce our results, we have archived 
the initial condition files of our experiments, the namelist 
used in the WRF simulations, and a piece of WRF source 
code which sets up the initial conditions needed to run the 
model. These data are available from https ://zenod o.org/
recor d/10449 80.

The evolution of the baroclinic disturbance was triggered 
by applying a sinusoidal temperature perturbation to the 
mid-tropospheric temperature field. The maximum of the 
initial perturbation was 1 K, located vertically at the level 
of 8 km and in the middle of the domain in the y-direction. 
The magnitude of the disturbance decreased to zero when 
approaching the top and the bottom of the domain. See Sect. 
S1.1 of the Supplementary material for details.

2.2  Numerical experiments

Three sets of experiments were performed. These are 
denoted as Experiment UNI, LOW and UP, referring to 
temperature forcings uniformly in the atmosphere, at lower 
levels, and at upper levels, respectively. Each of the experi-
ments consisted of three numerical simulations with dif-
ferent amplitudes of the temperature forcing. Technically, 
the initial atmospheric temperature distribution was first 
changed. After this, the new pressure distribution was cal-
culated, by integrating the hydrostatic equation from the bot-
tom of the domain to the top, maintaining the surface pres-
sure constant in all the experiments. To keep the initial state 
in a hydrostatic balance, new density values were calculated 
with the ideal gas law, using the new temperature and pres-
sure values. Finally, the zonal wind field was adapted to the 
modified temperature and pressure fields by applying the 
geostrophic wind law. Thus, in addition to temperature, this 
procedure yielded slightly different initial conditions also for 
zonal wind speed and pressure in all three experiments. Nev-
ertheless, the resulting initial states were in a perfect thermal 

https://zenodo.org/record/1044980
https://zenodo.org/record/1044980
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wind balance and did not evolve with time when simulations 
were performed without the initial disturbance (not shown).

In all the numerical simulations, the same initial dis-
tribution of relative humidity was used, meaning that the 
moisture content of the atmosphere varied based on the 
temperature change. Keeping relative humidity constant 
is a reasonable assumption based on global climate model 
simulations (Solomon 2007).

A control run (hereafter denoted as CTRL) with no 
temperature change was also performed. The sea surface 
temperature (SST) in CTRL varied from 298 K (southern 
boundary) to 259 K (northern boundary), being 279 K in 
middle of the domain, in the area where the baroclinic wave 
developed. In CTRL, as well as the other experiments, the 
SST was uniformly 0.5 K colder than the initial air tempera-
ture at the lowest model level. Thus, the SST was changed in 
all experiments, according to the change of the lowest level 
air temperature.

First, in Experiment UNI, the mean atmospheric tem-
perature was increased uniformly everywhere in the model 
domain by T0 = 2, 4 and 6 K. The initial state of the potential 

temperature in the T0 = 6 K run and the difference from 
CTRL are shown in Fig. 1a. Note that the uniform increase 
was imposed to the initial temperature field, whereas Fig. 1 
shows the initial potential temperature. The warming of the 
whole domain by 6 K caused the deceleration of the initial 
jet stream by up to 1.5 ms−1 (Fig. 1d). This was because the 
uniform warming made pressure increase relatively more in 
the northern part of the domain, which reduced the meridi-
onal pressure gradient and hence decreased the geostrophic 
wind speed.

In Experiment LOW, the meridional temperature gradi-
ent in the lower troposphere was decreased. The northern 
boundary of the model domain was warmed and the south-
ern boundary cooled by T0 = 2, 4 and 6 K, with a linear 
interpolation in-between, giving zero change in the middle 
of the domain. The initial temperature change as a function 
of the meridional coordinate (y) and pressure (p) was

(1)

ΔT(y, p) = T0 ∗
2y − (yn + 1)

yn − 1
∗

{
p−pth

pS−pth
if p > pth

0 if p < pth
.

Fig. 1  Zonal mean potential temperature (contours) and differences 
from the control run (shading) for a uniform temperature increase, b 
the decrease of lower level temperature gradient and c the increase of 
upper level temperature gradient. d–f Same experiments but for the 

zonal wind speed. The contours show the initial potential temperature 
or wind speed for the T 

0
 = 6 K runs and the shading shows the differ-

ence T 
0
 = 6 minus control
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Here T0 = 2, 4 or 6 K is the amplitude of the gradient change 
and yN = 160 is the number of grid points in the meridi-
onal direction. The change had its maximum amplitude at 
the surface (pressure pS ) and was linearly reduced to zero 
at the level pth = 600 hPa. In the T0 = 6 K run of Experi-
ment LOW, the initial zonal wind speed was roughly 1 ms−1 
reduced compared to the control run over all of the simula-
tion domain, except at the surface (Fig. 1e), because of the 
decreased baroclinicity in the lower troposphere.

Thirdly, in Experiment UP, the meridional temperature 
gradient in the upper troposphere was increased. The imple-
mentation was analogous to Experiment LOW except for 
the sign of the temperature change and the layer in which it 
was applied:

where again T0 = 2, 4 or 6 K. pTOP is the pressure at the 
model top (at the altitude of 16 km), and pth = 600 hPa. 
Increasing of the upper level temperature gradient by T0 = 6 
K accelerated the zonal wind speed near the top of the model 
domain by over 3 ms−1 (Fig. 1f).

In Experiment LOW at the surface and Experiment UP 
at the model top, the changes T0 = 2, 4 and 6 K correspond 
to changes of 4, 8 and 12 K in the meridional temperature 
difference across the model domain. In the vertical direction, 
the gradient changes in both experiments were gradually 
attenuated to zero at the level of 600 hPa. Note that even 
though the thicknesses of the modified temperature layers in 
Experiment LOW and UP are almost equal in terms of the 
pressure interval, the zonal wind speed change in Experi-
ment UP was notably larger, due to the lower density in the 
upper troposphere.

In order to better understand the adiabatic dynamics in our 
numerical experiments, we first conducted the experiments in 
a dry mode. The absence of moisture in the dry experiments 
simplifies the dynamics of the simulated weather system, and 
in that way helps to elucidate the consequences of the environ-
mental temperature changes without the effect of latent heat 
release. Dry integrations are used in idealized simulations, for 
example when studying the boundary-layer characteristics of 
mid-latitude cyclones (Sinclair et al. 2010; Boutle et al. 2010). 
Some studies have also been done with dry initial conditions, 
but allowing moisture to enter the atmosphere through the 
surface fluxes during the simulation (e.g., Boutle et al. 2011; 
Booth et al. 2013). In our dry cases, however, the atmosphere 
was kept dry throughout the whole integration. This was done 
by turning off the cloud microphysics and cumulus convec-
tion, and switching off the surface moisture fluxes. After that, 
similar experiments were performed with moisture. These 
moisture-including simulations are hereafter called “MOIST”, 

(2)

ΔT(y, p) = T0 ∗
(yn + 1) − 2y

yn − 1
∗

{
pth−p

pth−pTOP
if p < pth

0 if p > pth

and “DRY” refers to simulations done without moisture. Note 
that in both dry and moist simulations, the surface sensible 
heat and momentum fluxes were on all the time.

2.3  Cyclone energetics

To shed light on the mechanisms by which the changes in tem-
perature affect the cyclone development, more in-depth analy-
sis of the cyclone energetics was conducted. To this end, time 
series of different energy quantities for each experiment, and 
for both dry and moist simulations were calculated. The values 
of the energy quantities are area-averaged and integrated over 
the whole air column, thus representing the state of the whole 
model domain. Furthermore, only the most important parts of 
the atmospheric energy cycle in terms of mid-latitude cyclone 
dynamics are analysed in this paper. A complete list of atmos-
pheric energy components and conversion terms can be found 
from Boer and Lambert (2008). The equations were derived 
originally by Lorenz (1955) and Oort (1964). The notation in 
the following equations is conventional and the symbols are 
listed in Table 1.

The available potential energy of the zonal mean flow ( AZ ) 
is calculated as follows:

AZ acts as a source of energy for the baroclinic wave, and 
therefore decreases with time. The corresponding eddy 
available potential energy AE

(3)
⟨
AZ

⟩
= ∫

p0

pT

1

2
cp�

⟨[
T
]��2⟩dp

g
.

Table 1  Notation in the energy metrics

[ ] Zonal mean
∗ Deviation from the zonal mean
⟨ ⟩ Area mean
” Deviation from the area mean
cp = 1004 J kg−1 Specific heat of dry air at constant volume
� Friction force per unit mass
g = 9.81 m s −2 Gravitational acceleration
p Pressure
pTOP Upper boundary of the model domain
p0 = 1000 hPa Lower boundary of the analysis domain
pT = 100 hPa Upper boundary of the analysis domain
R = 287 J kg−1 Gas constant of dry air
T Temperature
� Horizontal wind vector
� Specific volume

� =
R

cpp
(
p0

p
)� (−

�⟨�⟩

�p
)−1 Stability parameter

� = R∕cp Kappa parameter
� Potential temperature

� =
dp

dt
Isobaric vertical motion
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represents the potential energy that can be further converted 
to eddy kinetic energy KE:

The conversion terms between the mentioned energy quanti-
ties are also calculated. The conversion between AZ and AE 
( C(AZ ,AE)) , which is usually positive in the atmosphere, is 
given by:

This means that the eddy is receiving potential energy from 
the zonal mean flow, which occurs when the meridional heat 
flux is directed towards lower temperatures, i.e. the cyclone 
acts to reduce temperature differences in the meridional 
direction but increase them in the zonal direction. Further-
more, AE can be converted to KE through the sinking of 
relatively cold air and the rising of warm air in the eddy:

Finally, the dissipation of KE by friction and turbulence is 
calculated as follows:

Before going to the results of our experiments, we need to 
pay attention to one technicality of AZ . As will be discussed 
in Sect. 3, the inclusion of moisture reduces AZ . This is 
because we held the air density the same between the cor-
responding dry and moist simulations. Thus, with the same 
density, the run with moisture needs to be slightly colder, 
particularly in the southern part of the model domain where 
the moisture content is larger. Consequently, the meridional 
temperature gradient at lower levels is slightly stronger in 
dry simulations. Note that although the air density was fixed 
between dry and moist simulations, it was changed between 
CTRL and the different temperature experiments.

The energy equations used in our analyses are all for a dry 
atmosphere, which means that they are not fully accurate for 
the moist waves. In particular, the amount of AZ may differ 

(4)
⟨
AE

⟩
= ∫

p0

pT

1

2
cp�

⟨
T∗2

⟩dp

g

(5)
⟨
KE

⟩
= ∫

p0

pT

1

2

⟨
|
|
|
�

∗||
|

2
⟩dp

g
.

(6)

C
(⟨

AZ

⟩
,
⟨
AE

⟩)
= − ∫

p0

pT

cp�

⟨
[
T∗v∗

]�T
�y

⟩
dp

g

− ∫
p0

pT

cp�

(
p

p0

)�⟨[
T∗�∗

]�� �[�]��

�p

⟩
dp

g
.

(7)C
(⟨

AE

⟩
,
⟨
KE

⟩)
= −∫

p0

pT

⟨
�∗�∗

⟩dp

g
.

(8)
⟨
DE

⟩
= −∫

p0

pT

⟨
�

∗
⋅ �

∗
⟩dp

g
.

largely between moist and dry atmospheres, and can also 
show opposite sensitivity to increased atmospheric tempera-
ture (Kirshbaum et al. 2018). However, as the calculation of 
AZ for moist flows is not a straightforward task (Stansifer 
et al. 2017), we acknowledge this limitation of our analyses 
and leave it for a potential further investigation.

As a last note, only the results of the T0 = 6 K runs are 
shown in Sect. 3. The differences in the responses between 
the T0 = 2, 4 and 6 K runs are in most cases sufficiently lin-
ear, and thus showing only the T0 = 6 K run serves the pur-
pose. These T0 = 6 K runs of Experiments UNI, LOW and 
UP are denoted in the text as UNI6, LOW6 and UP6. How-
ever, the corresponding figures for the T0 = 2 and 4 K runs 
are included in Sect. S1.2 of the supplementary material.

3  Results

Figure 2 gives a snapshot of the structure of the cyclone in 
DRY-CTRL and MOIST-CTRL, 5 days after the start of the 
simulation. The cyclone without moisture (Fig. 2a) has 1.3 
hPa higher central surface pressure compared to the one with 
moisture (Fig. 2b). This difference in their intensities is still 
growing, reaching 7.4 hPa at their deepest stage (see Table 2 
for the numerical values). This is because diabatic heating, 
dominated by latent heat release, acts as a deepening mecha-
nism in this idealized baroclinic wave simulation, which was 
diagnosed with height tendency equation in Rantanen et al. 
(2017). However, in both simulations the initial disturbance 
develops eventually to a very typical, text-book type extra-
tropical cyclone.

Figure 3 shows the time evolution of minimum surface 
pressure (hereafter SPmin ) and KE for both DRY-CTRL 

Fig. 2  Surface pressure (contours) and 850 hPa temperature (colors) 
in a DRY-CTRL and b MOIST-CTRL at t = 5 days
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and MOIST-CTRL, and for the T0 = 6 runs of the experi-
ments. Firstly, besides being deeper (compare Fig. 3a and 
b), the cyclones formed in a moist environment clearly 
have also more kinetic energy (compare Fig. 3c and d) 
than the ones formed in a dry environment. Furthermore, 
the response to the temperature forcings is greater in the 

moist simulations, as there is more variation in minimum 
of SPmin and maximum of KE.

The numerical values of SPmin and KE at two different 
times are given in Table 2. The values for the three temper-
ature experiments are given as differences relative to the 
relevant CTRL run (e.g. DRY-CTRL or MOIST-CTRL). 
In the table, the SPmin and KE values at t = 5 days are used 
as a proxy for the initial deepening rate and the KE growth 
rate of the cyclone, respectively. In addition, the minimum 
of SPmin and maximum of KE are given. It is important to 
consider both the rate of change and the peak values when 
studying the intensity of cyclones.

The uniform increase of temperature by 6 K in the dry 
atmosphere slows down the deepening of the cyclone by 
2.4 hPa during the first 5 days (Table 2). This difference in 
the depth is slightly reduced when the deepest stage of the 
low is reached, being then only 1.5 hPa. In line with these 
SPmin values, DRY-UNI6 has less KE than DRY-CTRL both 
during the deepening stage and at the mature stage of the 
cyclone.

In DRY-LOW6, the response is similar to but slightly 
larger than that in DRY-UNI6: both the deepening rate and 
the maximum intensity are reduced when the lower level 
temperature gradient is decreased (see Table 2). Finally, 
in DRY-UP6, the upper level temperature gradient was 

Table 2  SPmin and KE at t = 5 days and the minimum of SPmin and 
maximum of KE during the 10-day simulations

The results for the T0 = 6 K runs of the three experiments are shown 
as differences from the control run values. The values at t = 5 days 
can be used as a proxy for the initial growth rate whereas the mini-
mum/maximum values reflect the maximum intensity of the cyclone. 
The unit for SPmin is hPa and that for KE 105 Jm−2

Run SP SP KE KE

(5 days) (min) (5 days) (max)

Dry CTRL 957.5 947.5 3.2 10.3
Dry UNI6-CTRL 2.4 1.5 − 0.33 − 0.15
Dry LOW6-CTRL 2.8 1.9 − 0.48 − 0.58
Dry UP6-CTRL − 1.7 − 0.6 0.39 − 0.19
Moist CTRL 956.2 940.1 4.5 18
Moist UNI6-CTRL 4.8 − 6.8 − 0.25 − 2.8
Moist LOW6-CTRL 1.9 3.1 − 0.64 − 1.2
Moist UP6-CTRL − 3.4 − 3.1 0.66 1.2

Fig. 3  Time evolution of a 
the minimum surface pressure 
in the dry experiments, b the 
minimum surface pressure in 
the moist experiments, c eddy 
kinetic energy in the dry experi-
ments and d eddy kinetic energy 
in the moist experiments. In 
addition to CTRL, only the T 

0
 

= 6 K runs from each experi-
ment are included
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increased, which slightly accelerates the deepening and 
the KE growth rate of the cyclone during the first 5 days 
(Table 2). However, even though the cyclone remains 
marginally (by 0.6 hPa) deeper than in DRY-CTRL at 
the deepest stage, it actually contains less kinetic energy 
when its maximum intensity is reached. We will analyze 
the causes of this unintuitive behaviour later, in Sect. 3.3.

In MOIST-UNI6, the surface low is 4.8 hPa shallower 
than in MOIST-CTRL at t = 5 days, but still reaches a 6.8 
hPa lower minimum pressure at the mature stage. This is 
due to enhanced diabatic processes, as will be discussed 
in Sect. 3.1. Furthermore, the kinetic energy of MOIST-
UNI6 stays constantly below MOIST-CTRL, as also seen 
from Fig. 3d (red line). Similarly as in the dry simulation, 
the cyclone in MOIST-LOW6 is weaker than the cyclone 
in MOIST-CTRL. This is a direct consequence of the 
weakened baroclinicity and holds true with all the SPmin 
and KE measures in Table 2. Lastly, the increase of upper 
tropospheric temperature gradient in the moist atmosphere 
induces 3.4 hPa/5 days faster cyclogenesis, with the even-
tual minimum value being 3.1 hPa below MOIST-CTRL. 
In contrast with the dry simulation, the maximum value 

of KE in MOIST-UP6 exceeds that in MOIST-CTRL (see 
also Fig. 3d, violet line).

3.1  Experiment UNI: uniform temperature increase 
(dry + moist)

In DRY-UNI6, the cyclone formed in a 6 K warmer envi-
ronment is slightly weaker than in DRY-CTRL (see Table 2 
and the red lines in Fig. 3a and c). This modest weakening 
of the cyclone with the warming is related to the weakening 
of the jet stream and thus baroclinicity with the warming 
(Fig. 1d). This is because the uniform warming of the atmos-
phere increased pressure relatively more in the northern side 
of the domain, which weakened the meridional pressure gra-
dient and thus also decelerated the geostrophic wind speed. 
The reduction of the baroclinicity is visible also in Fig. 4a 
where the T0 = 6 run (red dashed line) has less AZ compared 
to the control run (blue dashed line).

Diabatic processes become important when moisture 
enters the simulations. The warming of the whole domain 
by 6 K raises the atmospheric moisture content, which then 
materializes as an increased latent heat release in the vicinity 

Fig. 4  Time evolution of a available potential energy of the zonal 
mean flow ( A

Z
 ), b available potential energy of the eddy ( A

E
 ), c 

kinetic energy of the eddy ( K
E
 ), d energy conversion from A

Z
 to A

E
 , 

e energy conversion from A
E
 to K

E
 and f eddy kinetic energy dissi-

pation. In all of the panels, blue dashed line is DRY-CTRL and red 
dashed line is DRY-UNI6. The solid lines are the same, but for moist 
simulations. Unit for the energy terms (a–c) is Jm−2 and that for the 
conversion terms (d–f) Wm−2



2711Sensitivity of idealised baroclinic waves to mean atmospheric temperature and meridional…

1 3

of the surface low. This enhanced diabatic heating results in 
the surface low reaching a lower minimum pressure than in 
MOIST-CTRL (Fig. 5). However, the deepening does not 
occur steadily. Figure 5 shows that the rapid deepening peri-
ods starting on days 5 and 6 coincide with increased diabatic 
heating above the surface low (Fig. 5, red line). During the 
last deepening period, on day 6, the centre of surface low 
in MOIST-UNI6 is located near the occlusion point of the 
cyclone (Fig. 6d), which differs noticeably from MOIST-
CTRL (Fig. 6c). Thus, these separate deepening periods 
are due to localized, small-scale features which intensified 
consecutively within the surface low. Similar type of rapid 
re-intensification of the surface low was found in Boutle 
et al. (2010). They attribute this to a localized spin-up near 
the surface caused by the latent heat release.

Nevertheless, even though the uniform warming of the 
environment by 6 K in the moist case produces the deep-
est surface low in our experiments, this cyclone actually 
has the lowest maximum KE of all the moist experiments, 
including MOIST-CTRL (Table 1; Fig. 3d). This is because 
the localized minima of surface pressure, induced by latent 
heat release, are so small scale features that they have very 
little effect on the domain-averaged KE (Boutle et al. 2010). 
Figure 4a shows that MOIST-UNI6 has less AZ (red solid 
line) than MOIST-CTRL (blue solid line) in the beginning 
of the simulation. Moreover, the cyclone in MOIST-UNI6 
also does not exploit AZ as efficiently as the one in MOIST-
CTRL, due to weaker C(AZ ,AE) (Fig. 4d). For this reason, 
MOIST-UNI6 has more AZ left in the end of the simulation 
than MOIST-CTRL.

Kirshbaum et al. (2018) studied closely the production of 
KE in their warmed and moistened simulations, and found 

that the warm-frontal updraft strengthens and migrates pro-
gressively eastwards when temperature is increased. For this 
reason, the area of updraft coincides less well with the warm 
sector, and thereby the baroclinic production of KE can be 
hindered. Although they increased the temperature more 
(from 275 to 290 K in the middle of the domain) than what 
is done in our simulations (from 279 to 285 K), our results 
seem to confirm this outcome. This can be seen from Fig. 6. 
On day 5, MOIST-UNI6 has two separate ascent maxi-
mums (Fig. 6b), while in MOIST-CTRL, the frontal ascent 
is located more evenly along the warm front. For this reason, 
less rising motion is taking place within the warm sector 
(indicated as red lines in Fig 6) in MOIST-UNI. Moreover, 
and consistent with the findings of Kirshbaum et al. (2018), 
the ascent in MOIST-UNI6 on day 5 and 6 extends further 
east, occurring more outside of the warm sector. Therefore, 
the phasing between �∗ and �∗(= RT∗∕p∗) weakens, which 
indicates reduced C(AE,KE) according to Eq. (7).

The reason why AE in MOIST-UNI6 also experiences 
such a major reduction ( −25 % in maximum value compared 
to MOIST-CTRL, solid lines in Fig. 4b) remains partially 
unclear for us. However, similar results were shown by Tier-
ney et al. (2018) who found that eddy available potential 
energy decreased when surface temperature in the middle 
of the domain increased above 276.5 K. Based on their 
results, the reduction of AE with the warming originated 
from decreased C(AZ ,AE) , which is consistent with our 
results. By contrast, the findings of Kirshbaum et al. (2018) 
are somewhat inconsistent: in their study, the tendency of 
AE is not noticeably dependent on temperature (Fig. 17a in 
their paper), which differs from Fig. 4b of our study, and 
Fig. 8a of Tierney et al. (2018). In any case, one explana-
tion for this reduction of AE could be that the weakening of 
winds associated with the weaker production of KE reduces 
the meridional heat flux induced by the eddy, which then 
appears as a lower maximum of AE later on, at day 8. Nev-
ertheless, the decreased C(AZ ,AE) combined with the fact 
that the cyclone in MOIST-UNI6 has initially less AZ leads 
to the situation where the cyclone in MOIST-UNI6 has less 
AE compared to MOIST-CTRL.

Booth et al. (2013) and Tierney et al. (2018) found that 
the horizontal scale of the cyclone also tends to decrease 
with increased moisture content in the atmosphere. Thus, 
they suggest that this contraction of the storm is intimately 
related to the decrease of KE . In our simulations, when rais-
ing the temperature 6 K from MOIST-CTRL, the meridi-
onal extent of the storm seems to decrease slightly (compare 
potential vorticity (hereafter PV) anomalies in Fig. 6e and 
f). In addition, Booth et al. (2013) and Tierney et al. (2018) 
found that the maximum of KE responds non-monotonically 
to increasing atmospheric moisture. Their results indicate 
that the amount of KE increases significantly when moisture 
is added from dry to normal conditions. Beyond that, the 

Fig. 5  Time evolution of the minimum surface pressure in MOIST-
CTRL (black solid line) and MOIST-UNI6 (black dashed line), and 
vertically averaged diabatic heating in MOIST-CTRL (blue line) and 
MOIST-UNI6 (red line) from an area of 350 km × 350 km centered at 
the surface pressure minimum. The time series of diabatic heating are 
smoothed by 2-h moving average
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increase of absolute moisture actually starts to reduce the 
maximum KE . This is consistent with our results (Fig. 4c) 
as well; KE increases considerably when the moisture is 
included (cf. blue dashed and solid lines in Fig. 4c), but 
then decreases when the moisture is further increased (blue 
solid and red solid lines in Fig. 4c).

3.2  Experiment LOW: decrease of lower level 
temperature gradient (dry + moist)

The time series of SPmin and KE of Experiment LOW are 
presented with yellow lines in Fig. 3. In this experiment, the 
low level meridional temperature gradient was decreased. 
The results are largely as expected: the cyclone remains 
weaker, regardless if moisture is present or not. The decrease 
in baroclinicity is explicit in Fig. 7a: both simulations show 
∼ 10 % a reduction of the initial AZ . Why the modification 
of the lower tropospheric temperature gradient has such a 

clear impact on AZ and consequently the development of the 
cyclone is partly explained by the vertical distribution of AZ . 
The northward decrease in temperature (and therefore AZ ) 
in these experiments, and in the Northern Hemisphere in 
general, is strongest near the surface; this makes the reduc-
tion of the initial temperature gradient to occur at the levels 
where AZ reaches its maximum. For this reason, even a small 
change in the temperature gradient in the lower troposphere 
can have a large impact on the total amount of AZ.

The mechanisms of the weakening can be traced further 
by studying the energetics of the cyclone: Fig. 7 shows that 
the maximum values of all energy components and conver-
sion terms are systematically smaller in the T0 = 6 K run 
than in the control runs. Although the changes in the moist 
simulations (solid lines) are somewhat larger, the sign of the 
T0 = 6 K runs relative to the control runs are qualitatively 
similar in both dry and moist simulations, which increases 
the robustness of the result.

Fig. 6  500–900 hPa mean � 
(colours, only negative values 
shown), 500–900 hPa mean T* 
(red contours for 5, 9 and 13 K 
values) and 700–900 hPa Ertel 
PV (black contours for 1 and 2 
PVU) for MOIST-CTRL (left) 
and MOIST-UNI6 (right) on 
day 5, 6 and 7. The cross marks 
the location of the surface low
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3.3  Experiment UP: increase of upper level 
temperature gradient (dry + moist)

As Table 2 reveals, the increase of baroclinicity in the 
upper troposphere does not increase the maximum KE in 
DRY-UP6. In fact, KE in DRY-UP6 exceeds DRY-CTRL at 
t = 5 days (Table 2), but the maximum of KE remains actu-
ally lower (see also Fig. 8c, dashed lines). In other words, 
the kinetic energy starts to increase faster, but the cyclone 
decays earlier. However, the situation changes when mois-
ture is present: the kinetic energy increases (Figs. 3d and 8c, 
solid lines) and the surface low also becomes notably deeper 
(Fig. 3b). Thus, in the more realistic case where the moisture 
is included, increasing the upper level temperature gradient 
leads to a more intense life cycle.

Because the results of the DRY-UP simulations were 
somewhat against our initial hypothesis, we studied in more 
detail the energetics of this experiment. To shed light on 
the changes in the dynamics of the cyclone, we first need to 
consider the dashed lines in Fig. 8a. Naturally, AZ is greater 
in DRY-UP6 than in DRY-CTRL due to the increase in the 
upper level temperature gradient. Despite the larger stor-
age of AZ , however, the maximum of AE (Fig. 8b, dashed 
lines) and the maximum of KE (Fig. 8c, dashed lines) remain 

lower compared to DRY-CTRL. In other words, the cyclone 
in DRY-UP6 has seemingly more favourable initial condi-
tions, but it cannot exploit as much of the potential energy 
in theory available from the zonal mean flow and thus stays 
weaker.

One reason for the weaker ability of the cyclone to exploit 
the increased baroclinicity is related to the fact that the tem-
perature gradient was only increased in the upper tropo-
sphere. There, the acceleration of zonal wind speed (Fig. 1f) 
induces faster development of the surface low, which is also 
seen as slightly lower values of SPmin during the deepen-
ing phase at t = 5 days (Table 2). This marginally stronger 
cyclogenesis, due to the positive anomaly of AZ in the upper 
troposphere, leads to a faster consumption of AZ also in the 
lower troposphere (not shown). However, since DRY-UP6 
does not have a larger storage of AZ to be utilized in the 
lower troposphere, this faster conversion makes the amount 
of lower tropospheric AZ in DRY-UP6 decrease faster com-
pared to DRY-CTRL.

Figure  8d (dashed lines) shows the time evolution of 
C(AZ ,AE) in DRY-UP6. Beginning from day 6, the conver-
sion is weaker than in DRY-CTRL, because a larger part of the 
lower tropospheric storage of AZ has already been consumed 
by that time DRY-UP6. Although the difference is quite small, 

Fig. 7  As Fig. 4, but for Experiment LOW
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the reduced energy conversion after day 6 is most likely the 
main reason behind the lower maximum of AE and KE in DRY-
UP6 compared to DRY-CTRL.

C(AZ ,AE) in the atmosphere is largely dominated by the 
meridional heat flux in the eddy (the first term on the right-
hand side of Eq. 6). By only taking into account this first term 
of the conversion equation, and using the fact that the correla-
tion between T∗ and v∗ is defined as

we can rewrite the conversion as follows:

Here the covariance [T∗v∗] has been substituted with the 
product of the correlation r(T∗v∗) and standard deviations 
(�T∗�v∗ ) of the named variables. The subscript x, y or z 
refers either to the DRY-CTRL ( x, y, z = 0 ) or DRY-UP6 
( x, y, z = 1 ). Thus, Eq. (10) can be used for investigating the 
conversion in more detail: we can calculate how C(AZ ,AE) 

(9)r(T∗v∗) =
[T∗v∗]

�T∗�v∗
,

(10)
Cxyz

(⟨
AZ

⟩
,
⟨
AE

⟩)

≈ −∫
p0

0

cp�

⟨

r(T∗v∗)x(�T∗�v∗ )y
�T

�y z

⟩
dp

g
.

changes when only some factors from DRY-UP6 are pre-
sent in the calculation of C(AZ ,AE) . The value of � in Eqs. 
(10)–(13) is from DRY-CTRL.

The blue line in Fig. 9a presents the conversion which has 
been calculated by using the values of DRY-CTRL ( x, y, z = 0

):

To study how much the intensity of the cyclone alone affects 
the conversion, the standard deviations of temperature and 
meridional wind speed in Eq. (11) have been replaced by the 
values from DRY-UP6 ( y = 1 , x, z = 0 ), while keeping the 
stability, the correlation between temperature and meridional 
wind speed, and the meridional temperature gradient at their 
values in DRY-CTRL:

(11)
C000

(⟨
AZ

⟩
,
⟨
AE

⟩)

≈ −∫
p0

0
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⟨

r(T∗v∗)0(�T∗�v∗ )0
�T

�y 0

⟩
dp

g
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⟨
AE
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0
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⟨

r(T∗v∗)0(�T∗�v∗ )1
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�y 0

⟩
dp

g
.

Fig. 8  As Fig. 4, but for Experiment UP
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This conversion C010 is shown with the red line in Fig. 9a. 
By comparing this with C000 (blue line), we can see that C010 
at its maximum is ∼ 9 % more efficient, on day 5. Hence, if 
the temperature gradient was unchanged, the conversion by 
the cyclone in DRY-UP6 would be initially larger simply 
because the cyclone develops faster and becomes stronger 
earlier. See also the anomaly relative to DRY-CTRL in 
Fig. 9d (solid line).

In Fig. 9b, the conversion depicted with the red line has 
been calculated in the same manner as in Fig. 9a, but now 
the meridional temperature gradient has been taken from 
DRY-UP6 and the other parameters from DRY-CTRL ( z = 1 , 
x, y = 0):

(13)
C001

(⟨
AZ

⟩
,
⟨
AE

⟩)

≈ −∫
p0

0

cp�

⟨

r(T∗v∗)0(�T∗�v∗ )0
�T

�y 1

⟩
dp

g

Surprisingly, the conversion C001 would be weaker on days 
4–7 (Fig. 9d, dashed line) regardless of the increased upper 
tropospheric temperature gradient. This weakened conver-
sion originates from the lower troposphere. The temperature 
gradients at lower levels are initially similar in both runs, but 
due to the more rapid cyclogenesis in DRY-UP6 the low-
level baroclinicity is consumed faster. This is the reason for 
the weakened conversion during days 4–7 in Fig. 9b (see 
also the dashed line in Fig. 9d).

The final factor affecting C(AZ ,AE) is the phasing 
between the temperature and wind fields. This reflects the 
structure of the disturbance: the more closely the area of 
relatively warm (cold) air matches with the area of south-
erly (northerly) wind, the more effective the meridional 
heat flux and thus the conversion is. This factor is rep-
resented by the correlation r(T∗, v∗) in Eq. (6). Thus, the 

Fig. 9  The effect of different factors on energy conversion from A
Z
 

to A
E
 . In the calculation of the conversion term in Eq. (10) (red line), 

only the named factors have been taken from DRY-UP6: a standard 
deviations of temperature and meridional wind speed, b meridional 

temperature gradient, and c correlation between temperature and 
meridional wind speed. The other factors are from DRY-CTRL. For 
full explanation of the method, see Sect. 3.3. Finally, in d, the anoma-
lies of a–c relative to the control run (blue line) are shown
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conversion with the red line in Fig. 9c has been calculated 
by taking r(T∗, v∗) from DRY-UP6 but the other param-
eters from DRY-CTRL. Clearly, the effect of r(T∗, v∗) on 
the conversion remains very small until day 6, but after 
that the weakening of the correlation starts to decrease the 
energy conversion.

As a summary of Fig.  9, the retardation of the fast 
development in DRY-UP6 originates from the weakened 
C(AZ ,AE) . This reduced energy transfer is first due to a 
loss of baroclinicity in the lower troposphere (Fig. 9b), and 
slightly later also due to unfavorable phasing between tem-
perature and wind fields (Fig. 9c). The unfavorable phas-
ing is ultimately because of the increased wind speed in 
the upper troposphere (Fig. 1f), which disturbs the verti-
cal structure of the cyclone. Furthermore, the trough axis 
is more vertically aligned in DRY-UP6 than in DRY-CTRL 
after day 4 (not shown). According to Hoskins et al. (1985), 
too strong upper-level winds can disrupt the phase-locking 
and sustained growth of a synoptic-scale disturbance whose 
amplitude is initially small. This also seems to be the case 
in the DRY-UP6. Finally, after day 7, the weakening of the 
disturbance itself starts to decrease its energy production 
(Fig. 9a). As the net effect of all these three factors, the 

decrease in KE starts earlier in DRY-UP6 than in DRY-CTRL 
and the maximum of KE is slightly lower.

To get a more concrete understanding of the weaken-
ing C(AZ ,AE) in DRY-UP6, T∗v∗ maps of the T0 = 6 K run 
and their differences to DRY-CTRL at 600 hPa are shown 
in Fig. 10 for four different times. Furthermore, the zonal 
means of the differences are depicted to the right of each 
map. On day 5, the meridional heat flux T∗v∗ is generally 
larger in DRY-UP6 (map of Fig. 10a) than in DRY-CTRL, 
which is mostly due to higher v∗ in DRY-UP6. This makes 
the conversion stronger (sum of Fig. 9a and c). However, 
on day 6, the meridional heat flux starts to become weaker 
than in DRY-CTRL, decreasing first around the centre of 
the surface low (Fig. 10b). After that, on days 7 and 8, the 
zonal mean of the meridional heat flux ( [T∗v∗] ) becomes ∼ 
5–10 K ms−1 weaker than in DRY-CTRL (Fig. 10c and d, 
blue lines), which means a ∼ 15–20 % reduction in relative 
terms (not shown). This reduction in [T∗v∗] originates from 
the narrow area on the western edge of the warm sector 
(map of Fig. 10c). Another visible feature in the maps is the 
reduction of the positive (red) [T∗v∗] anomaly within the 
warm sector, which ends up being negative (blue) on day 
8 (Fig. 10d). The decrease in the warm-sector heat flux is 

Fig. 10  T∗
v
∗ (contours) and its difference to the control run (colours) 

at the 600 hPa level in DRY-UP6, at a day 5, b day 6, c day 7 and d 
day 8. Zonal means of the T∗

v
∗ differences are shown next to each 

map with blue line. In the maps, solid lines depict positive T∗
v
∗ val-

ues (contours for 50, 200 and 400 km s −1 ) while negative values are 

shown with dashed lines (− 50 km s −1 contour). The cross marks the 
location of the surface low. When calculating the difference between 
DRY-UP6 and DRY-CTRL, the T∗

v
∗ fields have been shifted so that 

the surface lows from both runs are aligned in x-direction
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consistent with the overall weakening of the cyclone relative 
to DRY-CTRL, and starts to weaken C(AZ ,AE) compared to 
DRY-CTRL after day 6.

In MOIST-UP6, the maximum of AE (Fig. 8b, solid lines) 
remains lower than in MOIST-CTRL, whereas KE (Fig. 8c, 
solid lines) peaks notably higher. The higher maximum 
of KE is due to more effective conversion from AE to KE 
(Fig. 8e, solid lines). Figure 11 shows the meridional aver-
ages (from 2000 to 6000 km in y-direction) of diabatic heat-
ing and PV∗ in DRY-UP6 and MOIST-UP6. DRY-UP6 does 
not contain moisture, thus the only contribution to diaba-
tic heating comes from the boundary-layer dissipation and 
surface heat fluxes. In any case, the upper level winds in 
both DRY-UP6 and MOIST-UP6 are increased relative to 
corresponding CTRL runs, hence implying faster eastward 
propagation of the upper level PV anomalies. We suggest 
the following explanation for why the increased upper-level 

baroclinicity leads to an increase in KE in MOIST-UP6 
despite a decrease in DRY-UP6. In MOIST-UP6, diabatic 
heating extends up to the height of upper level PV anoma-
lies ( ∼ 300 hPa level) (Fig. 11d, f). Thus, the heating helps 
to connect the upper- and low-level PV anomalies via the 
generation of low-level PV below the heating maximum. For 
example, in MOIST-UP6, as the upper level wind speeds are 
increased, the propagation speed of the heating maximums 
and thus the propagation speed of low-level PV generation 
increase accordingly. In addition, the heating enhances the 
negative PV anomaly and divergence aloft, which restricts 
the forward propagation of the positive PV anomaly asso-
ciated with the upper trough. This whole process allows 
the cyclone to exploit more effectively the increased baro-
clinicity in the upper troposphere, which is seen as higher 
maximums of C(AZ ,AE) (Fig. 8d) and C(AE,KE) (Fig. 8e) 
compared to MOIST-CTRL. However, this mechanism is not 

Fig. 11  Meridionally aver-
aged cross sections of diabatic 
heating (colours) and Ertel PV 
departure from the zonal mean 
(contours, positive values in 
solid lines, negative values in 
dashed lines) in DRY-UP6 (left) 
and MOIST-UP6 (right) on 
day 5, 6 and 7. The meridional 
average has been taken over 
2000–6000 km in y-direction of 
the domain. The cross marks the 
location of the surface low
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present in DRY-UP6 (Fig. 11c, e), where the phase-locking 
between upper and lower levels can break more easily if the 
upper level winds are increased too much.

4  Discussion

In order to identify the changes in adiabatic dynamics of 
the cyclones, all experiments were conducted first in a dry 
atmosphere. Naturally, this can raise a reasonable question: 
why focus on the effects in a dry atmosphere, as the results 
are not directly applicable to the real, moist atmosphere? 
Our answer is that the scope of this study is to identify the 
mechanisms by which modified temperature distributions 
affect the dynamics of mid-latitude cyclones. In this con-
text, idealized dry simulations provide a valuable bench-
mark, although they clearly must be complemented by more 
realistic moist simulations.

Our results do not necessarily apply to all baroclinic 
waves. As found in Kirshbaum et al. (2018), the sensitivity 
of KE to larger temperatures can be reversed using a different 
jet stream in the model initialization. In addition, the sur-
face type and the wavelength may also affect the sensitivity. 
However, as these caveats found by Kirshbaum et al. (2018) 
affect the production of KE , which is strongly dependent on 
the distribution of diabatic heating in the eddy, they are only 
directly applicable to the MOIST-UNI experiment. In the 
LOW and UP experiments instead, where the magnitude of 
diabatic heating was not changed significantly compared to 
corresponding CTRL runs, the changes in cyclone intensity 
are mainly related to the changed baroclinicity. Therefore, 
the results of the LOW and UP experiments might be more 
universal amongst various baroclinic waves, but of course 
more experiments are needed to confirm this.

Finally, although the temperature changes investigated in 
this study will occur simultaneously in the real atmosphere, 
investigating their effects on mid-latitude cyclogenesis sepa-
rately will help to understand and interpret e.g. the results of 
climate change projections made with GCMs. Nevertheless, 
one topic for additional studies would be to apply all three 
temperature modifications together, like they will occur in 
the real world. That would help to assess the linearity of the 
cyclone dynamics to the performed temperature changes. 
This is an important issue when drawing conclusions from 
our results to real-world changes in mid-latitude cyclones in 
a changing climate.

5  Conclusions

We investigated the response of extra-tropical cyclones to 
different atmospheric temperature changes: (1) uniform tem-
perature increase, (2) decrease of the lower level meridional 

temperature gradient and (3) increase of the upper level tem-
perature gradient. These temperature forcings are incorpo-
rated to the initial state of the idealised model experiments 
one at a time. Hence, this method allows one to identify how 
extra-tropical cyclones respond to changes in the environ-
mental temperature distribution and ascertain the underlying 
responsible physical mechanisms. The main tool for iden-
tifying the changes in the simulated weather systems is an 
energy cycle analysis, which is carried out for each model 
experiment.

Increasing the temperature and thus moisture content 
in the atmosphere from typical present-day values induces 
deeper cyclones with less amplified upper-level dynamic 
properties, such as eddy kinetic energy. This decrease of 
eddy kinetic energy with the warming is in line with recent 
studies by Kirshbaum et al. (2018) and Tierney et al. (2018), 
but contrary to Boutle et al. (2011). In addition, Kirshbaum 
et al. (2018) did not observe the decrease of minimum sur-
face pressure, which can be partly explained by the coarser 
horizontal grid spacing ( Δ x = 100 km) used in their simula-
tions. According to Kirshbaum et al. (2018), the reduction 
of eddy kinetic energy with warming can be traced further 
to be a consequence from unfavourable phasing between ris-
ing motion and buoyancy within the warm sector. This is 
also confirmed by our results. Furthermore, and similarly to 
Kirshbaum et al. (2018), the warming of the cyclone envi-
ronment uniformly decreases the capability of the cyclone 
to utilize the available potential energy from the zonal mean 
flow.

The main outcome emerging from our temperature gradi-
ent experiments is that the cyclone responds differently to 
the changes in lower and upper level gradients. The decrease 
of lower level meridional temperature gradient, a scenario 
expected with climate change in Northern mid-latitudes, is 
found to decrease the strength of the storm in a straightfor-
ward way: all the energy quantities used in this paper remain 
lower regardless whether moisture is present in the simu-
lation or not. This is a direct outcome from the decreased 
baroclinicity.

The increase of the upper level temperature gradient, 
also a scenario expected in a warmer climate, however, is 
found to affect the development of the cyclone in a more 
complex way. In the dry atmosphere, increasing the upper 
level temperature gradient decreases the eddy kinetic energy, 
whereas in the moist atmosphere the kinetic energy of the 
cyclone increases. The increase of baroclinicity in the 
upper troposphere boosts the jet stream considerably, which 
induces stronger cyclogenesis and thereby faster consump-
tion of the potential energy in the lower troposphere. This 
leads eventually to a loss of conversion from the available 
potential energy of the zonal mean flow to eddy potential 
energy during the mature stage, and consequently a prema-
ture decay of the storm. However, due to latent heat release, 
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the response in the moist atmosphere is different: diabatic 
heating enhances the interaction between upper- and low-
level PV anomalies, and hence helps the surface cyclone to 
exploit the increased upper level baroclinicity. As a result, 
the kinetic energy of the cyclone increases at larger meridi-
onal temperature gradients in the upper troposphere, when 
moisture is present.
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ABSTRACT
Hurricane Ophelia was a category 3 hurricane which underwent extratropical transition and made landfall in
Europe as an exceptionally strong post-tropical cyclone in October 2017. In Ireland, Ophelia was the worst
storm in 50 years and resulted in significant damage and even loss of life. In this study, the different physical
processes affecting Ophelia’s transformation from a hurricane to a mid-latitude cyclone are studied. For this
purpose, we have developed software that uses OpenIFS model output and a system consisting of a
generalized omega equation and vorticity equation. By using these two equations, the atmospheric vertical
motion and vorticity tendency are separated into the contributions from different physical processes: vorticity
advection, thermal advection, friction, diabatic heating, and the imbalance between the temperature and
vorticity tendencies. Vorticity advection, which is often considered an important forcing for the development
of mid-latitude cyclones, is shown to play a small role in the re-intensification of the low-level cyclone.
Instead, our results show that the adiabatic upper-level forcing was strongly amplified by moist processes,
and thus, the diabatic heating was the dominant forcing in both the tropical and extratropical phases of
Ophelia. Furthermore, we calculated in more detail the diabatic heating contributions from different model
parameterizations. We find that the temperature tendency due to the convection scheme was the dominant
forcing for the vorticity tendency during the hurricane phase, but as Ophelia transformed into a mid-latitude
cyclone, the microphysics temperature tendency, presumably dominated by large-scale condensation,
gradually increased becoming the dominant forcing once the transition was complete. Temperature tendencies
caused by other diabatic processes, such as radiation, surface processes, vertical diffusion, and gravity wave
drag, were found to be negligible in the development of the storm.

Keywords: extratropical transition, hurricane, omega equation, vorticity tendency

1. Introduction

Tropical cyclones which curve poleward and enter mid-
latitudes often lose their tropical characteristics and trans-
form into mid-latitude cyclones through a process called
extratropical transition (ET; Sekioka, 1956; Palm�en,
1958). The ET does not occur instantly, but is rather
defined as a time period during which the tropical charac-
teristics of the cyclone are replaced by the features typical
for mid-latitude cyclones, such as a cold core and fronts
(e.g. Evans et al., 2017). An objective and widely used
methodology to characterize the transformation process is
the cyclone phase space diagram (Hart, 2003). The

diagram describes both the thermal wind (�VL
T -param-

eter) and frontal asymmetry (B-parameter) during the
cyclone’s life cycle. Evans and Hart (2003) defined the
onset of ET when the cyclone becomes asymmetric
(B> 10m) and the completion of ET when the cold core
develops (�VL

T < 0m).
In the North Atlantic, up to half of all tropical cyclo-

nes undergo ET and become mid-latitude cyclones (Hart
and Evans, 2001; Bieli et al., 2019). Furthermore, out of
the tropical cyclones that undergo extratropical transition
in the North Atlantic, 51% undergo post-ET intensifica-
tion (Hart and Evans, 2001). This result is based on a
dataset covering 61 cases between 1979 and 1993. Thus,
according to the climatology, western Europe is impacted�Corresponding author. e-mail: mika.p.rantanen@helsinki.fi
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by a transitioning tropical cyclone once every 1–2years
(Hart and Evans, 2001). These post-tropical storms can
cause severe damage by themselves (e.g. Browning et al.,
1998; Thorncroft and Jones, 2000; Feser et al., 2015), or
downstream via amplification of the mid-latitude flow
(Grams and Blumer, 2015; Keller et al., 2018). Moreover,
due to the warming of climate, post-tropical storms impact-
ing Europe are projected to become more frequent
(Haarsma et al., 2013; Baatsen et al., 2015; Liu et al., 2017).

For this reason, understanding the atmospheric forcing
mechanisms that cause tropical cyclones to intensify as post-
tropical cyclones is of great importance. The energy source
of tropical cyclones is the warm sea surface temperatures,
which allow latent heat release via deep, moist convection.
Extratropical cyclones are, in contrast, primarily driven by
baroclinic processes due to meridional temperature and
moisture gradients at mid-latitudes. Therefore, the ET of
tropical cyclones involves often complex dynamics as the
tropical storm enters the mid-latitudes and starts to experi-
ence the baroclinic environment.

The complexity of dynamics and the strong involvement
of both thermodynamic and dynamic processes in the transi-
tioning cyclones raises a relevant question: What is the rela-
tive importance of different forcing mechanisms for the
cyclone during its transition process? This paper is a case
study that attempts to answer this question by examining
the contributions of different synoptic-scale forcing terms to
the evolution of Hurricane Ophelia, which hit Ireland as a
strong post-tropical storm in October 2017.

Earlier diagnostic case studies about extratropical cyclo-
nes have discovered the equal importance of diabatic heat-
ing and thermal advection to the Presidents’ Day cyclone in
1979 (R€ais€anen, 1997), the primary contribution from cyc-
lonic vorticity advection to continental cool-season extra-
tropical cyclones over the U.S. (Rolfson and Smith, 1996),
and warm-air advection (diabatic heating) having the largest
influence on explosive development in cold-core (warm-core)
cyclones over the North Atlantic (Azad and Sorteberg,
2009). Bentley et al. (2019) studied the extratropical cyclones
leading to extreme weather events over Central and Eastern
North America. They concluded that both baroclinic and
diabatic processes are important during the life cycles of the
cyclones that lead to extreme weather. However, the study
did not make an attempt to directly quantify the magnitude
of the baroclinic and diabatic processes affecting the evolu-
tion of the cyclones. A very recent study (Seiler, 2019), per-
formed with an inversion of potential vorticity, suggests that
in about half of the extreme extratropical cyclones in the
Northern Hemisphere the largest contribution to the max-
imum intensity is associated with condensational heating in
the lower-level atmosphere.

There are numerous diagnostic studies about tropical
cyclones that undergo extratropical transition in the

literature. Milrad et al. (2009) studied poleward-moving
tropical cyclones occurring in Eastern Canada during
1979–2005. According to their results, the differential vor-
ticity advection above the surface cyclone played a major
role in the post-ET intensification. The vorticity advec-
tion was associated with a decrease of the trough-ridge
wavelength, which, in turn, led to a stronger circulation
and larger values of warm-air advection. Consistently, the
advection of vorticity by the non-divergent wind in the
upper-troposphere was found to be a considerable forcing
also for the reintensification of Tropical Storm Agnes
along the East Coast of United States (DiMego and
Bosart, 1982) and the extratropical cyclone developed
from the remnants of Typhoon Bart in the Western
North Pacific (Klein et al., 2002). Conversely, one reason
for the post-tropical decay of Typhoon Jangmi in 2008
was its weak phasing with upper-level forcing for broad-
scale ascending motion (Grams et al., 2013). Ritchie and
Elsberry (2007) reported significantly stronger midtropo-
spheric cyclonic vorticity advection and lower-tropo-
spheric thermal advection above intensifying transitioning
cyclones compared to the decaying ones. In summary,
based on both real world examples and idealized simula-
tions, there is clear evidence that baroclinic forcing terms
can act substantially in the post-ET intensification.

We expect that diabatic processes were dominant in
the tropical phase of Ophelia. We hypothesize also that
that baroclinic processes became approximately as
important as diabatic heating for the cyclone develop-
ment when it moved to mid-latitudes and strengthened
after the ET. In this study, the contributions of different
forcing mechanisms to Ophelia’s evolution are assessed
using a generalized omega equation and the vorticity
equation. This equation system was adapted from
R€ais€anen (1997), and the first version of the diagnostic
software used in this paper was documented in Rantanen
et al. (2017) (hereafter R17). The equations, the model
simulation, and the diagnostic software are presented in
Section 2. Section 3 provides the synoptic overview of
Ophelia’s life cycle, and the performance of the model
simulation is evaluated in Section 4. The main results,
namely the contributions of different forcing terms to the
atmospheric vertical motion and vorticity tendency of
the cyclone, are presented in Section 5. Some aspects
of the results are further discussed in Section 6, and
finally, the main conclusions are given in Section 7.

2. Equations and model simulation

2.1. OpenIFS model and simulations

The life cycle of Ophelia was simulated with the Open
Integrated Forecast System (OpenIFS) model, which is
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the open version of the Integrated Forecast System (IFS)
model by the European Centre for Medium-Range
Weather Forecasts (ECMWF). OpenIFS is not an open-
source model, but available to academic and research
institutions under licence.

IFS is a state-of-the-art global forecast model, which
includes a data assimilation system and forecast systems for
the atmosphere, ocean, waves, and sea ice. OpenIFS has
only the atmospheric and wave model parts of the IFS, but
contains exactly the same dynamics and physical parametri-
zations as IFS. OpenIFS does not have the data assimila-
tion, so it can be used only for research purposes with
externally generated initial conditions. The version of
OpenIFS used in this study is cycle 40r1, which was in oper-
ational use at ECMWF from November 2013 to May 2015.

The initial conditions for the model simulations were
generated from the ECMWF operational analyses. The
model was run at a spectral resolution of T639, corre-
sponding to 0.28125� � 0.28125� grid spacing, and with
137 model levels. One-hourly output was generated for 20
evenly spaced pressure levels, from 1000 hPa to 50 hPa.
Some variables were also archived on constant potential
vorticity and potential temperature levels. Coarser-reso-
lution simulations with T159 and T255 spectral trunca-
tion were found to not capture the ET of Ophelia with
sufficient accuracy (not shown).

The initialization time of the OpenIFS simulation was
12 UTC 13 October 2017. Ophelia developed into a hurri-
cane at 18 UTC 11 October (Stewart, 2018). Model simu-
lations with different initialization times, starting from 6
October to 16 October, were also examined. The runs
with earlier initialization times, however, had larger
errors in the track of Ophelia, and they also simulated
the ET less accurately. The model simulations with later
initialization times were mostly more accurate, but the
length of the cyclone’s tropical phase in the simulation
was shorter. Hence, the selected initialization time was a
compromise between the skill of the forecast and the
length of the simulation. The length of our simulation
was six days, from which the first four days are examined
in this paper.

2.2. ERA5 reanalysis

To verify that the transition of Ophelia was simulated
correctly by OpenIFS, we compare the model output to
reanalysis data. Reanalysis datasets are useful for analy-
sing synoptic-scale weather systems, because reanalyses
combine the available observational data with the model
analysis, resulting in a consistent dataset over the years.
For this study, we used ERA5 reanalysis from ECMWF.
ERA5 covers the period from 1979 to present and has
one-hourly temporal resolution with 31-km spatial grid

spacing (T639 in spectral space). There are 137 levels
from the surface up to a height of 80 km. ERA5 has been
produced with a four-dimensional variational (4D-Var)
data assimilation system by the cycle 41r2 of ECMWF’s
IFS model. ERA5 reanalysis data was downloaded from
Copernicus Climate Data Store (cds.climate.copernicu-
s.eu) for both pressure levels and the 2.0 potential vorti-
city unit (PVU) level for October 2017. The horizontal
grid spacing of the ERA5 data was the same as in the
OpenIFS model simulation. ERA5 alone is not used for
this study as temperature and wind tendencies due to dia-
batic and frictional processes are not available for ERA5.
These variables are required for our analysis and can be
output from OpenIFS.

2.3. Equations

The equation system in this study consists of a generalized
omega equation and the vorticity equation. The combin-
ation of these equations is adapted from R€ais€anen (1997).

2.3.1. Generalized omega equation and vorticity equation.
The generalized omega equation is a diagnostic equation
for analysing the causes of atmospheric vertical motions
(Stepanyuk et al., 2017), which can be derived directly
from the primitive equations in isobaric coordinates
(R€ais€anen, 1995). The equation’s better-known form, the
quasi-geostrophic (QG) omega equation, applies many
assumptions such as use of geostrophic winds and omis-
sion of diabatic heating and friction. These simplifications
in the QG omega equation markedly deteriorate its accur-
acy, and thus make it less useful for a detailed analysis of
atmospheric vertical motions. By contrast, the generalized
omega equation used in this study does not include any
of the simplifications used in the QG theory, except for
hydrostatic balance, which is always implicitly assumed
when isobaric coordinates are used (R€ais€anen, 1995).

The generalized omega equation used here is the same
as in R17:

LðxÞ ¼ FV þ FT þ FF þ FQ þ FA (1)

where

L xð Þ ¼ r2 rxð Þ þ f fþ fð Þ @
2x
@p2

� f
@2f
@p2

x

þ f
@

@p
k � @V

@p
� $x

� �� �
(2)

and the right-hand side (RHS) terms have the expressions

FV ¼ f
@

@p
½V � $ðfþ f Þ�, (3)

FT ¼ R
p
r2ðV � $TÞ, (4)
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FF ¼ �f
@

@p
½k � ð$� FÞ�, (5)

FQ ¼ � R
cpp

r2Q, (6)

FA ¼ f
@

@p
@f
@t

� �
þ R

p
r2 @T

@t

� �
: (7)

The symbols used in all the equations are listed in
Table 1. The RHS terms of the equation represent the
effects of different forcing mechanisms on vertical motion:
differential vorticity advection (Eq. 3), the Laplacian of ther-
mal advection (Eq. 4), the curl of friction (Eq. 5), and the
Laplacian of diabatic heating (Eq. 6). The last term (Eq. 7)
describes the imbalance between temperature tendencies and
vorticity tendencies. At mid-latitudes, and with constant R,
the imbalance term (Eq. 7) is proportional to the pressure
derivative of ageostrophic vorticity tendency (R€ais€anen,
1995). The left-hand side (LHS) operator of the generalized
omega equation (Eq. 2) is linear with respect to x. Hence,
the contributions of the five RHS terms (Eqs. 3–7) can be
solved separately provided that homogeneous boundary
conditions (x¼ 0 at the upper (p¼ 50hPa) and lower
(p¼ 1000hPa) boundaries of the atmosphere) are used.

By solving the generalized omega equation, and then
using the vorticity equation

@f
@t

¼ �V � $ðfþ f Þ�x
@f
@p

þ ðfþ f Þ @x
@p

þ k � @V
@p

� $x

� �

þ k � $� F

(8)

we can separate the atmospheric vertical motion (Eq. 9)
and vorticity tendency (Eq. 10) fields into components
caused by the five forcing terms:

x ¼ xV þ xT þ xF þ xQ þ xA (9)

@f
@t

¼ @f
@t

� �

V
þ @f

@t

� �

T
þ @f

@t

� �

F
þ @f

@t

� �

Q
þ @f

@t

� �

A
:

(10)

Here the subscripts follow Eqs. 3–7. In Eq. 10, the
components are defined as follows:

@f
@t

� �

V
¼�V � $ðfþ f Þ�xV

@f
@p

þ ðfþ f Þ @xV

@p

þ k � @V
@p

� $xV

� � (11)

@f
@t

� �

F
¼ k � $� F�xF

@f
@p

þ ðfþ f Þ @xF

@p

þ k � @V
@p

� $xF

� � (12)

@f
@t

� �

X
¼ �xX

@f
@p

þ ðfþ f Þ @xX

@p

þ k � @V
@p

� $xX

� �
,X ¼ T,Q,A

(13)

Hereafter, the RHS terms of Eqs. 9 and 10 are called
omega and vorticity tendency due to vorticity advection,
thermal advection, friction, diabatic heating, and the
imbalance term, respectively. Vorticity advection and fric-
tion have both their direct effect on vorticity tendency
(RHS term 1 in Eqs. 11 and 12), and indirect effects that
come from the vertical motions induced by them (RHS
terms 2–4 in Eqs. 11 and 12). The thermal advection, dia-
batic heating, and imbalance term only contain the indir-
ect contributions (RHS terms 1–3 in Eq. 13).

It is important to note that some of the five forcing
terms cannot be considered to be totally independent
forcings for vertical motion as they can be affected by
vertical motions themselves. For example, a large propor-
tion of the total diabatic heating is due to latent heat
release, however, latent heat release primarily occurs in
regions of ascent forced by adiabatic processes (RHS
terms 1 and 2 in Eq. 1). Thus, latent heating acts to
enhance, rather than cause, ascent. Furthermore, based
on the continuity equation, divergent winds and hence
vorticity and temperature advection by divergent winds
depend largely on the field of existing vertical motions
(R€ais€anen, 1997). The importance of the divergent circu-
lation for the vorticity advection term is explained in the
next subsection.

In many previous diagnostic studies in which the vorti-
city tendency budget has been studied, the atmospheric

Table 1. List of mathematical symbols.

cp ¼ 1004 J kg�1 Specific heat of dry air at constant
volume

f Coriolis parameter
F Forcing in the omega equation
F Friction force per unit mass
k Unit vector along the vertical axis
L Linear operator on the left-hand-side

of the omega equation
p Pressure
ps Surface pressure
Q Diabatic heating rate per unit mass
R¼ 287 J kg�1 Gas constant of dry air
t Time
T Temperature
V Horizontal wind vector
Vv Divergent wind vector
Vw Rotational wind vector
v Velocity potential
w Stream function
r ¼ � RT

ph
@h
@p Hydrostatic stability

f Vertical component of relative vorticity
x ¼ dp

dt Isobaric vertical motion
$ Horizontal nabla operator
r2 Horizontal Laplacian operator
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vertical motion is treated as an independent forcing for
weather systems (e.g. Rolfson and Smith, 1996; Azad and
Sorteberg, 2009). This treatment is problematic, since the
vertical motion should be considered to be a result of
other processes rather than an independent forcing. For
example, the vorticity advection increases vorticity dir-
ectly by the advection itself. But vorticity advection also
affects vertical motions and thus can generate vorticity
via the stretching term. Another example is warm-air
advection, which causes rising motion. The rising air
adiabatically cools the atmosphere and compensates
partly the warming caused by the advection itself. The
novel part of our methodology is that the vertical motion
is decomposed into contributions from various forcing
terms and thus the vorticity tendency terms include also
the indirect effects coming from the vertical circulation.

Another benefit of our methodology is that it is free
from the geostrophic assumptions used e.g. in Rolfson
and Smith (1996) and Azad and Sorteberg (2009). A very
similar method was used in Azad and Sorteberg (2014)
for investigating the vorticity budgets of North Atlantic
winter extratropical cyclones. However, in their study the
effect of diabatic heating was estimated with the thermo-
dynamic equation, and the effect of friction was estimated
assuming balance between the pressure gradient, fric-
tional, and Coriolis forces in the boundary layer. In our
study, the temperature and wind tendencies due to dia-
batic heating and friction are parametrized and come dir-
ectly from the OpenIFS model.

2.3.2. Vorticity advection by rotational and divergent
winds. R€ais€anen (1997) identified negative low-level vorti-
city advection by divergent winds as an equally important
damping mechanism for extratropical cyclone evolution
as surface friction. Consistent with that, R17 also found
the divergent vorticity advection to cause a substantial
positive geopotential height tendency at the centre of
their idealized cyclone. By contrast, the rotational (non-
divergent) vorticity advection was found to strongly
deepen the extratropical cyclone in both studies.

As the effects of divergent and rotational vorticity
advections on the evolution of cyclones are fundamentally
different, it is useful to study their contributions separ-
ately. Thus, following R€ais€anen (1997) and R17, vorticity
advection is divided into contributions from rotational
(Vw) and divergent (Vv) winds as follows:

�V � $ðfþ f Þ ¼ �Vw � $ðfþ f Þ�Vv � $ðfþ f Þ: (14)

This division can also be applied to thermal advection,
but because both R17 and R€ais€anen (1997) found the
divergent part of thermal advection to be usually negli-
gible compared to the rotational part, this division is not
made here.

Note that in many traditional forms of the omega
equation (e.g. in the QG omega equation) the vorticity
advection is calculated using only the non-divergent part
of the wind. In our method, however, the vorticity and
thermal advection terms account also for the divergent
circulation, which can have quite a substantial effect on
the evolution of the surface low.

2.3.3. Diabatic heating components. The total diabatic
heating rate Q in Eq. 6 is the net effect of many different
processes, such as radiation, latent heat release, and sur-
face heat fluxes. In numerical weather prediction models,
these processes need to be parametrized. For example, in
OpenIFS, the total heating rate Q consists of five differ-
ent temperature tendencies

Q ¼ Qr þQd þQg þQc þQmp (15)

which all come from different model parametrization
schemes and are explained in Table 2. Substituting Eq. 15
into Eq. 6, we solved the generalized omega equation and
vorticity equation for these diabatic heating components
separately. This decomposition provides new insight espe-
cially in systems that involve both convective and large-scale
precipitation during their life cycle. Tropical cyclones under-
going ET, such as Ophelia, are good examples of such
a system.

2.4. Solving the equations with OZO
diagnostic software

The equations described in Section 2.3 are solved with
the diagnostic software OZO. The first version of OZO
(v1.0), tailored for Weather Research and Forecasting
(WRF) model output, was documented in R17. The ver-
sion used in this study, OZO v2.0, is tailored for
OpenIFS output, and is freely available from GitHub:
https://github.com/mikarant/cozoc2.0. For this study,
OZO was substantially advanced from v1.0. The main
difference is that the software is now suitable to global
model data with spherical geometry, while OZO v1.0
only works with an idealized Cartesian coordinate chan-
nel domain. Furthermore, the software is now parallelized
and employs a faster solving algorithm by the Portable,
Extensible Toolkit for Scientific Computation (PETSc)
library. Parallelization and the use of PETSc reduce the
computation time markedly when running the software
on a supercomputer or cluster.

As input for OZO, temperature (T), wind (V), relative
vorticity (f), surface pressure (ps), stream function (w),
velocity potential (v), and temperature and wind tenden-
cies associated with diabatic heating (Q) and friction (F)
are required. In R17, geopotential height tendencies were
calculated using the Zwack–Okossi tendency equation.
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This functionality does not yet exist in OZO v2.0, but is
planned for a future version of the software.

2.5. Cyclone tracking algorithm

After running the OpenIFS model, the location of
Ophelia at each time step was determined by using the
feature-tracking algorithm called TRACK (Hodges, 1994,
1995), which has been widely used in previous studies
(e.g. Zappa et al., 2013; Hawcroft et al., 2018; Sinclair
and Dacre, 2019). As an input for TRACK, the fields of
relative vorticity averaged over the 900–800-hPa layer
and mean sea level pressure were given. TRACK smooths
the vorticity field with T63 spectral truncation and then
identifies the maxima (minima) of the smoothed vorticity
field in the Northern (Southern) Hemisphere. Ophelia is
identified by objectively comparing the tracks to
Ophelia’s best track data by National Hurricane Center
(NHC). After identifying Ophelia’s track using the vorti-
city maximum, the minimum of sea level pressure within
a 5

�
radius around the vorticity maximum is obtained at

each time step. Furthermore, area-averages of all the vor-
ticity tendency components (Eq. 10) centred on the cyc-
lone centre are calculated. This area is defined as a circle
with 1.5� radius centred on the location of the vorticity
maximum at each time step. The sensitivity of our results
for smaller and larger radii, ranging from 0.5� to 5�, was
also examined. The main conclusions of this study were
found to be insensitive to this choice of radius
(not shown).

3. Synoptic overview

This section gives a synoptic overview of Ophelia’s evolu-
tion based on the post-season NHC report (Stewart,
2018) and ERA5 reanalysis data, focusing primarily on
the transition and extratropical phase of the storm.

Ophelia was the farthest-east major hurricane observed
in the satellite era (Stewart, 2018). At its peak intensity at
12 UTC 14 October Ophelia was classified as a category
3 hurricane, with minimum surface pressure of 959 hPa
and maximum 1-minute sustained winds of 51m s�1

(Stewart, 2018). Ophelia’s formation was strongly influ-
enced by anticyclonic wave breaking in the western

North Atlantic, which caused high potential vorticity air
from mid-latitudes to fold south towards the subtropics.
This high potential vorticity air was thinned and detached
from the westerly flow, and turned into an isolated
upper-level positive potential vorticity anomaly above the
central sub-tropical Atlantic on 6 October (not shown).

The upper-level potential vorticity anomaly above a
warm sea surface destabilized the atmosphere, which
induced shallow convection and, eventually, the forma-
tion of a surface low. As the sea beneath the low was
warm (T¼ 27 �C), the convection gradually became
deeper. On 9 October, a tropical storm had formed.
Based on NOAA Optimum Interpolation Sea Surface
Temperature (OISST) v2 data (Reynolds et al., 2007), the
sea surface temperatures were close to 1971–2000 average
on the area where the storm formed (not shown).

The storm, which was named as Ophelia, was located
between two ridges: one to the north over the mid-lati-
tude North Atlantic, and another to the south, over the
subtropical Atlantic. Due to this synoptic configuration,
the steering currents in the central and eastern North
Atlantic were weak. Ophelia stayed almost in the same
place during the next few days (note the crosses close to
each other in the lower left corner of Fig. 1). Even
though the sea surface temperatures beneath Ophelia
were only moderately warm (T¼ 26 �C, see Fig. 1), the
relatively cold mid- and upper-troposphere, associated
with the positive potential vorticity anomaly resulted in
steep lapse rates and vigorous deep convection in the
vicinity of the storm’s centre (not shown), which eventu-
ally led to the strengthening of Ophelia to a category 1
hurricane on 11 October (Stewart, 2018).

The tropical, transition, and extratropical phases of the
storm are estimated using both the phase space diagram
of Ophelia (Fig. 2; Hart, 2018) and the NHC report
(Stewart, 2018). The phase space diagram is based on
ERA5 reanalysis. The storm became asymmetric
(B> 10m) at 12 UTC 14 October, which indicates the
onset of the ET. The completion of ET is defined as �VL

T

< 0m, which in Ophelia’s case took place at 18 UTC 16
October. In the NHC report, however, Ophelia is classi-
fied as a hurricane until 18 UTC 15 October, and then as
an extratropical storm onwards from 00 UTC
16 October.

The spatial fields of 900–800-hPa relative vorticity and
tropopause level (2.0-PVU) potential temperature based
on ERA5 reanalysis are depicted in Fig. 3a, d and g. The
figures are from three different times with a 24-hour
interval: 9 UTC 14 October, 9 UTC 15 October, and 9
UTC 16 October. At the first time (9 UTC 14 October)
the storm has just started ET (Fig. 2), but was still classi-
fied as a category 3 hurricane based on the NHC report
(Stewart, 2018). The second time (9 UTC 15 October)

Table 2. Temperature tendencies in OpenIFS model.

Qr Temperature tendency from radiation
Qd Temperature tendency from vertical diffusion,

orographic drag, and surface processes
Qg Temperature tendency from gravity wave drag
Qc Temperature tendency from convection
Qmp Temperature tendency from cloud and

semi-Lagrangian physics
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represents the transition phase of the storm, and the lat-
est time (9 UTC 16 October) corresponds with the time
of Ophelia’s maximum intensity as an extratropical
storm, which falls between the classified extratropical
phases of the diagram and the NHC report. Hereafter,
these three times represent the tropical, transition, and
extratropical phases of the storm. The location of
Ophelia at these three times is also marked in Fig. 1 with
black crosses.

From Fig. 3a, Ophelia can be identified as a circular
area of low-level vorticity roughly at the location of 35�N
and 30�W. To the north and northeast of Ophelia, there
is a long vorticity maximum associated with a frontal
zone. On 12 October, Ophelia was steered by increased
upper-level winds due to a large long-wave trough, which
had propagated from North America to the North
Atlantic (not shown). Two days later, on 14 October, the
trough is visible in Fig. 3a with blue colours (lower
potential temperature on the dynamic tropopause).
Ophelia is experiencing south-westerly upper-level flow

(arrows in Fig. 3a). The trough started to direct Ophelia
towards Europe, and at 12 UTC 14 October, regardless
of relatively cool sea surface temperatures (T¼ 25 �C,
Fig. 1), Ophelia reached its peak intensity as a category 3
hurricane (roughly at the time of Fig. 3a). The strength-
ening was possible because of strong deep convection
near the storm centre allowed by steep lapse rates due to
cooler than average ambient temperatures in the mid-
and upper troposphere (Stewart, 2018).

Later, on 15 October, Ophelia started losing its trop-
ical characteristics due to the increased wind shear caused
by the jet stream associated with the upper-level trough
(Fig. 3d). The low-level vorticity maximum was no longer
circular, but slightly stretched meridionally towards the
frontal zone (Fig. 3d). Although this behaviour led to a
decrease of surface wind speeds (Stewart, 2018), the
favorable interaction with the upper-level trough ensured
that the minimum surface pressure did not start to
increase (Fig. 4, red dashed line). The decrease of max-
imum wind speeds with steady surface pressure can be

Fig. 1. National Hurricane Center best track for Hurricane Ophelia (red) and OpenIFS track based on minimum sea level pressure
(blue). The colours in the OpenIFS track denote minimum sea level pressure in the OpenIFS simulation. The background colours show
the sea surface temperatures at 12 UTC 14 October, with 25 �C isotherm contoured. The locations of Ophelia at its peak intensity as a
hurricane (9 UTC 14 October), and 24 (9 UTC 15 October) and 48hours later (9 UTC 16 October) are also indicated.
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explained with the growing horizontal size of the storm.
This can be seen from Fig. 2 as growing size of the circles,
indicating larger radius of 925-hPa gale-force winds when
the storm is approaching the extratropical phase.

The favorable interaction with the upper-level trough
is consistent with the results of Hart et al. (2006). They
showed that tropical cyclones interacting closely with
negatively tilted large-scale troughs are more likely to
undergo post-ET intensification than cyclones interacting
further apart and with positively tilted troughs.
Investigation of ERA5 reanalysis data revealed that the
500-hPa trough preceding Ophelia’s transition was indeed
slightly negatively tilted, and the location of Ophelia rela-
tive to the trough (not shown) was very similar to fig.
12b in Hart et al. (2006). In addition, the enhanced
upper-level divergence caused by the right entrance region
of the jet stream (see Fig. 3a and d) most likely enhanced
Ophelia’s vertical mass flux during the ET, and, thus,
helped Ophelia to remain as an intense storm during the
transition phase. The fact that Ophelia remained its inten-
sity is in line with the results of Davis et al (2008) and

Leroux et al. (2013), who both showed tropical cyclones
intensifying in a presence of vertical wind shear caused
by the upper-level trough.

Based on the ERA5 reanalysis, at 9 UTC 15 October
the circular area of high vorticity associated with Ophelia
had almost merged with the more linear frontal vorticity
(Fig. 3d). The presence of both areas of vorticity indicates
that the system had both tropical and extratropical char-
acteristics and, thus, Ophelia is undergoing extratropical
transition at this time. Based on Stewart (2018), the ET
of Ophelia was completed at 00 UTC 16 October, which
falls in between the times in Fig. 3d and 3g.

Favourable interaction with the upper-level trough
helped Ophelia still deepen slightly as a powerful post-
tropical cyclone. NHC analysis suggests a pressure min-
imum of 957 hPa at 9 UTC 16 October (Fig. 4), when
Ophelia was just about to make landfall to Ireland (Fig.
3g). Soon after hitting Ireland, Ophelia started to weaken
quite rapidly (Fig. 4). The storm further moved across
northern Scotland on 17 October, and finally dissipated
over Norway on 18 October (Fig. 1).

Fig. 2. Phase space diagram of Ophelia based on ERA5 reanalysis. The dots are plotted every six hours and the numbers labeled in
the dots indicate the days of October 2017. The figure is from Hart (2018) and is used with permission.
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4. Comparison of OpenIFS simulation to
ERA5 data

Figure 1 shows the track of Ophelia based on minimum
sea level pressure in the OpenIFS simulation and the ana-
lysed track according to NHC. The agreement between
the tracks is very good, and shows only slight difference
in the area west and southwest from the British isles.
This is the area where Ophelia was located when it under-
went ET, a process known to be challenging to simulate
correctly by numerical weather prediction models (e.g.
Evans et al., 2017).

Figure 3 compares the spatial fields of low-level vorti-
city and upper-level potential temperature between ERA5
(left column) and OpenIFS (middle column). Their differ-
ences (OpenIFS - ERA5) at the three time steps are
shown in the right column. The fields are very similar to
each other during the tropical phase at 9 UTC 14
October (Fig. 3a–c). This agreement continues the next
day, when the storm was in the middle of its transition
process (Fig. 3d–f). On 16 October, however, there is a
slight timing discrepancy between the ERA5 and
OpenIFS fields (Fig. 3g–i). While in ERA5 the storm

Fig. 3. Potential temperature (colours, K) and wind (arrows, reference arrow in the lower-right corner) on dynamic tropopause (2.0
PVU), and relative vorticity averaged over 950–850-hPa layer (contours, with 2� 10�4 s�1 interval starting from 10�4 s�1) from ERA5
(left column) and OpenIFS (middle column) at 9 UTC 14 October (upper row), 9 UTC 15 October (middle row), and 9 UTC 16
October (bottom row). The difference OpenIFS - ERA5 of potential temperature on 2.0 PVU (colours, with a separate colourbar) and
relative vorticity averaged over 950–850-hPa layer (contours) are shown in the right column. In panels (c), (f) and (i), the solid lines
show areas where the relative vorticity is higher in OpenIFS than in ERA5, and the dashed lines show the opposite.
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had already passed 50�N latitude by 9 UTC 16 October
(Fig. 3g), in our model simulation the storm propagates
slightly slower, and remains south of 50�N at this time (Fig.
3h). For this reason, the amplified downstream ridge is also
located somewhat further south in OpenIFS, which can be
seen particularly from Fig. 3i as an area of large positive
difference in upper-level potential temperatures west from
the British isles.

Figure 4 depicts the minimum surface pressure of the
storm based on the OpenIFS simulation (red solid line)
compared to the analysed minimum surface pressure by
NHC (red dashed line) and ERA5 reanalysis (black dashed
line). During the tropical phase of the storm, both OpenIFS
and ERA5 greatly overestimated the central surface pres-
sure. The difference OpenIFS - NHC exceeds 30hPa at
maximum, but was reduced as the storm transformed to a
mid-latitude cyclone. OpenIFS also deepened Ophelia more
steadily from 13 Oct to 16 Oct, while the NHC best track
data shows a clear deepening period on 13–14 October with-
out substantial changes in intensity during the following two
days (Fig. 4). Regardless of the large difference between
OpenIFS and NHC, the agreement between OpenIFS and
ERA5 is generally very good during the whole life cycle of
the storm. The implications of the large underestimation of
intensity by OpenIFS are discussed further in Section 6.

5. Vertical motion and vorticity tendency
diagnostics

5.1. Comparison between calculated and model-
simulated vertical motions and vorticity tendencies

In this subsection, the solution of the omega equation
(xTOT) and the vorticity equation ( @f

@tTOT
) are compared to

vertical motion and vorticity tendency from the OpenIFS
output (xOIFS and @f

@tOIFS
, respectively). The latter is esti-

mated as a central difference from the one-hour time ser-
ies of the simulated relative vorticity fields.

Figure 5a and b shows xTOT and xOIFS at 700 hPa at
21 UTC 15 October. Their difference is depicted in Fig.
5c. The similarity between the fields is striking. There are
some small differences, for example, in the area of des-
cent to the west of the storm.

Vorticity and particularly its tendency fields are often
very noisy and contain lots of small-scale variation. For
this reason, finding a signal related to synoptic-scale wea-
ther systems from the vorticity tendency fields can be
challenging. To make the interpretation easier, the vorti-
city tendencies presented in this paper are smoothed by
setting the coefficients for total wave numbers more than
127 to zero. This T127 spectral truncation, which corre-
sponds approximately to 165-km grid spacing, was per-
formed after solving the vorticity equation with OZO,
using data with full model truncation. The vorticity and
its tendency fields in full T639 resolution are attached in
the supplementary material of this study. For vertical
motion fields, no smoothing is applied because vertical
motion fields at T639 resolution are much smoother than
the corresponding vorticity tendency fields.

Figure 5d, e and f shows @f
@tTOT

, @f
@tOIFS

, and their differ-
ence at 21 UTC 15 October, respectively. The agreement
between the vorticity tendency fields is very good.
However, the @f

@tOIFS
field is overall slightly smoother,

which comes from the approximation of the time deriva-
tive with the central difference method using one-hour
time intervals. There is also a moderate positive bias in
the centre of the cyclone, which may result from the rela-
tively rough estimation of the imbalance term with one-

Fig. 4. Time series of mean sea level pressure at the cyclone centre based on OpenIFS (solid red line), ERA5 reanalysis (dashed black line), and
National Hurricane Center best track data (dashed red line). The vertical lines mark the tropical, transition, and extratropical phases of the cyclone.
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hour time resolution, which will be discussed further in
Section 6.

Spatial correlations between xTOT and xOIFS, and
between @f

@tTOT
and @f

@tOIFS
as a function of pressure are pre-

sented in Fig. 6. The correlations have been calculated
from a 10� � 10� moving box which followed the centre
of Ophelia, and averaged over the time period 15 UTC
13 October - 12 UTC 18 October. In addition, the

correlations of vorticity tendencies are given for both
T127 and T639 spectral resolutions.

The correlation of vorticity tendencies at T127 resolution
clearly exceeds the correlation at T639 resolution. T127
shows correlations of up to 0.97 in the mid-troposphere,
while T639 barely exceeds 0.85. The correlation for vertical
motions is between those for the vorticity tendencies at the
T127 and T639 resolutions. This order of performance

Fig. 5. The solution of the omega equation (xTOT) (a), omega directly from OpenIFS output (xOIFS) (b), and the difference xTOT -
xOIFS at 700hPa. The same but for vorticity tendencies at the 900–800-hPa layer is shown in panels (d)–(f). Time is at 21 UTC 15
October 2017. Unit in (a)–(c) is Pa s�1, and in (d)–(f) s�2. Contours in (a)–(c) show mean sea level pressure with 4-hPa interval, and in
(d)–(f) relative vorticity averaged over 900–800hPa starting from 5� 10�5 s�1, with 5� 10�5 s�1 interval.
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reflects the horizontal scale of the fields: the smaller the
scale, the worse the correlation. Nevertheless, the key point
from Fig. 6 is that the correlations are high, which means
that the method of solving the equations is valid.

5.2. Tropical phase

Figure 7 shows the 700-hPa vertical motion induced by
the individual forcing components (Fig. 7b–f) and their
sum (Fig. 7a) at 9 UTC 14 October, i.e. two days before
the maximum intensity of the storm. xTOT in Fig. 7a
shows strong ascent concentrated on the downshear (east-
ern) half of the storm, which is mainly caused by diabatic
heating (Fig. 7e). This is a typical place for convective
cells in tropical cyclones: previous studies have shown
that convection usually initiates downshear right and
intensifies downshear left of the storm (e.g. Foerster
et al., 2014; DeHart et al., 2014).

In addition to diabatic heating, a minor contribution
to vertical motion comes from thermal advection (Fig.
7c), which is due to advection of warm air from the sub-
tropics towards mid-latitudes. In contrast, vorticity
advection (Fig. 7b) contributes negligibly to the vertical
motion at 700 hPa during the tropical phase of the storm.
Similarly, the vertical motion caused by friction is near
zero (Fig 7d). Note, however, that the vertical motion
due to friction reaches its maximum at levels lower than
700 hPa (Stepanyuk et al., 2017).

Examination of vertical velocity fields from 500 hPa
and 300 hPa (not shown) revealed that the pattern does
not change substantially with height. In particular, the

vertical motion due to diabatic heating (xQ) is equally
strong higher up in the atmosphere, while vertical motion
due to thermal advection (xT) shows some signs of weak-
ening with height. Vertical motion due to vorticity advec-
tion (xV) is still negligible at 500 hPa, but has some weak
ascent at 300 hPa, located on the western half of the cyc-
lone centre.

Vorticity tendencies due to the different forcing mecha-
nisms at the same time are presented in Fig. 8. The total
vorticity tendency field (Fig. 8a) shows a typical positive-
negative dipole, which moves the storm eastward. Almost
all of this vorticity tendency is caused by vorticity advec-
tion (Fig. 8b). Note also that even though vorticity
advection is important for the movement of the cyclone,
it does not cause significant vertical motion (Fig. 7b).

A small part of the vorticity tendency originates also
from diabatic heating (Fig. 8e). This field has some posi-
tive values at the centre of the storm, which means that
the system is intensifying due to diabatic heating. The
latent heat release in the convective clouds enhances ris-
ing motion, which, in turn, causes low-level convergence
to the lower troposphere. The convergence increases vor-
ticity at the cyclone centre via stretching term (RHS term
2 in Eq. 13).

5.3. Transition phase

At 9 UTC 15 October, when Ophelia is in the middle of
its transition to a mid-latitude cyclone, baroclinic proc-
esses start to be more important for the cyclone develop-
ment. The sea level pressure field presented in Fig. 9

Fig. 6. Correlation between xOIFS and the solution of the omega equation (blue), and correlation between @f
@tOIFS

and the solution of
the vorticity equation (red) as a function of pressure. The values have been calculated from a 10� � 10� moving box centred to the
centre of Ophelia, and averaged over the time period 15 UTC 13 October–12 UTC 18 October.
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shows a trough-like feature to the north of the storm,
indicating the presence of a frontal zone (see also Fig.
3e). This area also features large-scale ascent induced by
vorticity advection (Fig. 9b). The area of ascent north of
Ophelia is caused by the upper-level forcing by the
approaching mid-latitude trough.

The vertical motion associated with thermal advection
(xT, Fig. 9c) has more small-scale structures compared to
the vertical motion associated with vorticity advection
(xV). Consistent with the studies of R€ais€anen (1995) and
R17, xV tends to have larger scale but lower magnitude
compared to xT. The rising motion caused by thermal
advection is concentrated on the eastern side of the
storm, in the area of warm air advection, while the cold
air advection on the western side the storm is causing
some sinking motion.

The largest contribution to xTOT (Fig. 9a) comes still
from diabatic heating (Fig. 9e), with very strong convect-
ive ascent on the downshear side of the storm, which is

starting to extend north, towards the frontal zone. One
notable difference compared to the situation during the
tropical phase (Fig. 7a) is the increased compensating
sinking motion west of the rising motion, which is caused
by diabatic cooling (Fig. 7e). As this descent due to xQ

coincides partly with the sinking motion caused by the
cold air advection (especially 6–9 hours after the time in
Fig. 9, not shown), we suspect that the cooling caused by
evaporation/melting of cloud droplets is enhancing the
sinking motion caused by the cold air advection in
this area.

The imbalance term (Fig. 9f) also shows some vertical
motion in the vicinity of the storm centre. The areas of
descent coincide with areas of ascent in xT (Fig. 9c) and
vice versa. This tendency of the imbalance term to com-
pensate the effect of thermal advection has been docu-
mented earlier in R17, and the physical reason for this
compensating effect is explained next. In the real atmos-
phere, the temperature tendencies caused by thermal

Fig. 7. Vertical motion (shading, Pa s�1) at 700 hPa at 9 UTC 14 October (tropical phase). The panel (a) shows the total vertical
motion due to all five forcing terms [the sum of terms (b)–(f)]. Panels (b)–(f) show the contributions from individual forcing terms:
vertical motion due to (b) vorticity advection, (c) thermal advection, (d) friction, (e) diabatic heating, and (f) the imbalance term. The
contours show sea level pressure with 4-hPa interval.
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advection are often small by their temporal and spatial
scales, particularly at low levels. For this reason, the
atmosphere usually does not have time to adjust to the
new situation and thus compensating vertical motion
does not take place. These situations are taken into
account by the imbalance term, which often cancels out
the effect of thermal advection.

In the transition phase, the low-level vorticity field
associated with Ophelia is no longer a symmetric, circular
blob, but is extended meridionally towards the frontal
zone (Fig. 10, and the full-resolution vorticity in Fig. 3c).
This extension of vorticity is mainly caused by diabatic
heating, which shows positive vorticity tendency both in
the frontal zone and in the vicinity of the storm’s centre
(Fig. 10e). Vorticity advection is still mainly contributing
to the motion of the storm, as the tendency at the storm’s
centre is close to zero. Vorticity tendencies caused by the
other processes (thermal advection, friction, and the

imbalance term) are very small. Only thermal advection
(Fig. 10c) contributes slightly to the eastward movement
of the storm by inducing a similar, but much weaker
dipole pattern as the vorticity advection.

5.4. Extratropical phase

Figure 11a presents the potential temperature at 850 hPa
at the extratropical phase of Ophelia (9 UTC 16
October). This is the time when Ophelia reaches its max-
imum intensity as an extratropical storm (Fig. 4) and
when fronts are evident. Based on Fig. 11a, the cold front
is approximately perpendicular to the warm front (so
called T-bone structure). The warm and cold fronts are
however not connected. This gap between the fronts is
filled by the warm air mass, which extends all the way to
the core of the cyclone, forming a classic warm seclusion.
The structure resembles the Shapiro–Keyser conceptual

Fig. 8. Vorticity tendency (shading, s�2) averaged over the 900–800-hPa layer at 9 UTC 14 October (tropical phase). The panel (a)
shows the total vorticity tendency due to all five forcing terms [the sum of terms (b)–(f)]. Panels (b)–(f) show the contributions from
individual forcing terms: vorticity tendency due to (b) vorticity advection, (c) thermal advection, (d) friction, (e) diabatic heating, and (f)
the imbalance term. The contours show relative vorticity, starting from 5� 10�5 s�1, with 5� 10�5 s�1 interval.
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model of extratropical cyclones (Shapiro and Keyser,
1990). Figure 11b shows the satellite image at 1243 UTC
16 October. The bent back warm front and the long cold
front are clearly visible.

Figure 12 represents the vertical motion induced by the
different forcing terms at the same time as Fig. 11a.
There is a notable expansion of the wind field of the
storm, which can be seen from the larger area of strong
pressure gradient compared to the situations 24 hours
(Fig. 9) and 48 hours (Fig. 7) earlier. The expansion of
wind field is a typical behaviour of cyclones undergoing
ET (Evans et al., 2017).

From Fig. 12a it can be seen that the ascent is concen-
trated on the edges of the warm sector. The ascent on the
western edge, namely within the warm front, is domi-
nated by diabatic heating (Fig. 12e). The ascent on the
eastern edge of the sector is more due to thermal advec-
tion (Fig. 12c). In addition, almost all of the sinking
motion within the storm is caused by thermal advection,
particularly on the southern side of the centre, due to
cold air advection as polar maritime air flows eastward
behind the cold front. This area of cold-air advection is

also visible in the satellite image as mostly cloud-free
(Fig. 11b).

Vorticity advection (Fig. 12b) generates ascent nearly
everywhere within the storm, and this ascent is more
evenly distributed in the warm sector of the storm than
the ascent caused by other forcings. In addition, xT tends
to compensate xV within the warm sector and near the
cold front.

Although the T127 truncation used in the low-level vorti-
city fields in Fig. 13 hides partly the frontal structures, the
vorticity field shows weak vorticity maxima north and east
of the storm centre, which are associated with the warm
and cold fronts of the system. The vorticity tendency caused
by vorticity advection (Fig. 13b) is still close to zero at the
storm centre and hence not contributing to the strengthen-
ing of the storm. Compared to the situation 24hours earlier
(Fig. 10b), the field shows now more smaller-scale struc-
tures. The most notable addition to the positive-negative
dipole centred at the storm centre (Fig. 10b) is a similar
dipole around the cold front.

Thermal advection, which only made a very small con-
tribution to Ophelia’s intensity in earlier stages (Figs. 8c

Fig. 9. As Fig. 7, but at 9 UTC 15 October (transition phase).
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and 10c), shows now a negative vorticity tendency on the
centre and the southern side of the storm (Fig. 13c). The
negative vorticity tendency is due to sinking motion caused
by the cold-air advection. Sinking motion leads to diver-
gence in the lower troposphere, which vertically compresses
the air column and, thus, decreases the vorticity.

Unlike during the tropical and transition phases, fric-
tion is now considerably damping the development of the
cyclone by inducing a negative vorticity tendency at the
cyclone centre (Fig. 13d). One reason for this behaviour
is because the maximum of xF (the ascent associated with
the Ekman pumping) rises from 950 hPa during the trop-
ical phase to 850 hPa during the extratropical phase (not
shown), consistently with the growth of the horizontal
scale of the storm. The ascent spreads the effect of the
surface friction upwards via the indirect terms (RHS
terms 2–4 in Eq. 12). For this reason, the vorticity ten-
dency due to friction at 900–800-hPa layer is quite weak
in the tropical and transition phases, but increases in the
extratropical phase. We also suspect the effect of friction
could be slightly underestimated in the tropical phase.
This issue is further discussed in Section 6.

The intense vorticity production by diabatic heating
within the bent back warm front to the west of the sur-
face low (Fig. 13e) probably contributes to the decay of
Ophelia. The reason is that diabatic heating in the mid-
troposphere leads to negative vorticity tendency higher
up in the atmosphere, to the west of the upper-level
trough (not shown). As the generation of vorticity due to
diabatic heating slows down the northeastward movement
of the surface low (Fig. 13e), the destruction of vorticity
does the opposite at the upper levels. As a consequence, the
diabatic heating acts to make Ophelia’s trough axis verti-
cally stacked faster which is unfavorable for further intensi-
fication, because the area of positive upper-level vorticity
advection is not situated above the surface low (not shown).
As a result, the vorticity tendency caused by the non-diver-
gent vorticity advection at the centre of low-level cyclone
remains very modest on 16 October (Fig. 14d).

5.5. Vorticity tendencies at the cyclone centre

Figure 15a shows the time evolution of the low-level vor-
ticity tendencies caused by the various forcing terms,

Fig. 10. As Fig. 8, but at 9 UTC 15 October (transition phase).
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averaged within 1.5� radius from the cyclone centre, as iden-
tified from the low-level vorticity maximum. The values
have been smoothed by a 12-hour moving average, and are,
thus, not exactly comparable with vorticity tendencies at the
cyclone centre in Figs. 8, 10 and 13. The reason for the 12-
hour smoothing is the fact that the amplitudes of the vorti-
city tendencies are very sensitive to the location of the circle
from which the tendencies have been calculated. The sensi-
tivity is especially true for terms which feature a strong posi-
tive-negative vorticity tendency dipole, such as the vorticity
advection term. In moving systems, the circle is located just
in the middle of the dipole, so a small displacement of the
circle drastically affects the tendency averaged over the cir-
cular area. For this reason, the raw time series has some
small time-scale variation which we wanted to eliminate
with the moving averaging.

In general, diabatic heating (Fig. 15a, purple line)
dominates the generation of cyclonic vorticity during the
whole life cycle of Ophelia. The contribution of diabatic
heating increases towards the transition period, and peaks
just before the deepest stage of the storm, at 3 UTC 16
October. We suspect that the major part of the vorticity
increase due to diabatic heating comes from the stretch-
ing term (RHS term 2 in Eq. 13). The contributions of
different model parametrization schemes to the diabatic
heating and the associated vorticity tendencies are studied
in more detail in subsection 5.7.

Vorticity advection (Fig. 15a, blue line) is often consid-
ered a very important forcing for the development of

mid-latitude cyclones, but is found to have neutral or
even negative influence for the evolution of Ophelia at
900–800 hPa, varying around zero with the largest nega-
tive vorticity tendency right at the deepest stage of the
storm. As discussed in the next subsection, the large
negative vorticity tendency at the deepest stage is associ-
ated with the divergent-wind contribution to vorti-
city advection.

Thermal advection (Fig. 15a, red line) has the
second largest effect on the development of Ophelia
during its tropical phase. For the atmosphere, the
effect of warm air advection is similar to the effect of
diabatic heating; both induce mid-tropospheric rising
motion, and hence by mass continuity horizontal con-
vergence in the lower troposphere, which acts to
increase cyclonic vorticity. After the transition, the
cold-air advection behind the cold front has the oppos-
ite influence on the cyclone.

The vorticity tendency caused by friction (Fig. 15a, yel-
low line) is continuously negative, and its effect grows
when Ophelia reaches the extratropical phase. As
explained in the earlier subsection, this is mostly due to
the increase of xF in the extratropical phase.

5.6. Effect of vorticity advection by divergent and
rotational winds

As shown in Fig 15a, vorticity advection causes a pre-
dominantly negative vorticity tendency near the cyclone

Fig. 11. Potential temperature at 850 hPa (colours, 294K isentrope contoured with dashed line) at 9 UTC 16 October (extratropical
phase) in the OpenIFS simulation (a), and a visible satellite image captured at 1243 UTC 16 October 2017 (b). Contours in (a) represent
mean sea level pressure with 4-hPa intervals, and the blue rectangle in (a) marks the area shown in Figs. 12 and 13. Satellite image
copyright NERC Satellite Receiving Station, Dundee University, Scotland (http://www.sat.dundee.ac.uk).
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centre during the life cycle of Ophelia. This negative vor-
ticity tendency peaks at 3 UTC 16 October, at the
moment when the total vorticity tendency is at its highest
(Fig. 15a, dashed line). To understand this behaviour, the
vorticity tendencies caused by Vw and Vv together with
their sum are presented in Fig. 14a–c. Figure 14d shows
the corresponding time series at the cyclone centre.

When looking at the spatial fields, there is notable
similarity between the vorticity tendency by total vorticity
advection (Fig. 14a, same as Fig. 13b) and the vorticity
tendency due to rotational wind vorticity advection (Fig.
14b). Thus, the major part of the total vorticity advection
is caused by the rotational wind.

However, the crucial issue for the cyclone intensity are
the vorticity tendencies at the vicinity of the cyclone
centre (Fig. 14d). It can be clearly seen that the increase
in negative vorticity tendency due to total vorticity advec-
tion on 16 October is solely due to vorticity advection by
Vv: Instead, vorticity advection by Vw induces weak, but
mainly positive vorticity tendency during the transition
period. The negative vorticity tendency due to vorticity

advection by Vv can be seen also from Fig. 14c, where
the negative values are spread over the cyclone centre.

The physical reason for the negative vorticity tendency
caused by Vv at the transition time is the secondary circu-
lation of the cyclone. When the hurricane transforms into
a mid-latitude cyclone, its wind field expands and the
convergent flow towards the cyclone centre near the sur-
face increases, in part due to friction but also due to
other processes that cause lower-tropospheric vertical
motion above the cyclone centre. The divergent compo-
nent of the wind transports air with lower cyclonic vorti-
city into the area of high cyclonic vorticity. This negative
vorticity advection produces negative vorticity tendency,
which peaks when the cyclone intensity and its secondary
circulation is at its highest. These results align well with
R17 and R€ais€anen (1997).

The divergent flow causing the anticyclonic vorticity
advection is due to all processes which causes conver-
gence towards the centre of the storm, including diabatic
heating. However, note that the vorticity tendency caused
by Vv accounts also for the stretching due to vorticity

Fig. 12. As Fig. 7, but at 9 UTC 16 October (extratropical phase). The dashed line shows the 294K isentrope at 850hPa.
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advection (RHS term 3 in Eq. 11). Nevertheless, we sus-
pect that the stretching due to vorticity advection is actu-
ally quite modest during the tropical and transition
phases of the storm, because of the weak xV at the cyc-
lone centre (Figs. 7b and 9b).

5.7. The contributions from different model
parametrizations to diabatic heating

Diabatic processes were the dominant forcing in the ET
of Ophelia (Fig. 15a). But which diabatic processes were
the most important?

In OpenIFS, the total temperature tendency by dia-
batic heating consists of five parts (Eq. 15 and Table 2).
Figure 15b shows the contributions of these five compo-
nents to the vorticity tendency in the centre of the storm.
The vorticity tendencies induced by radiation (blue), ver-
tical diffusionþ orographic dragþ surface processes (red),
and gravity wave drag (yellow) are negligible within 1.5�

radius of the storm centre and also elsewhere in the vicin-
ity of the storm (not shown). The vorticity tendencies due

to convection (purple) and cloud microphysics (green)
were much more important.

The vorticity tendency caused by convection (purple) is
the dominant forcing in the beginning of the simulation,
during the hurricane phase of Ophelia. From 15 October
onwards, the cloud microphysics scheme (green) becomes
more important. Finally, in the extratropical phase (at 9
UTC 16 October), the convection scheme does not any-
more enhance the cyclone development. At this point, the
heating generated by the cloud microphysics scheme is
the only diabatic process that produces positive vorticity
within 1.5� radius of the cyclone centre.

More information on the different sources of model-
simulated diabatic heating can be obtained from the
maps. Figure 16 shows the vertical motion induced by
the convection scheme (Fig. 16a) and the cloud micro-
physics scheme (Fig. 16b) at the tropical phase of the
storm (9 UTC 14 October). The convection scheme pro-
duces ascent which extends horizontally over a large area
around the storm, whereas the vertical motions generated
by the cloud microphysics scheme are more localized,

Fig. 13. As Fig. 8, but at 9 UTC 16 October (extratropical phase). The dashed line shows the 294K isentrope at 850hPa.
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mainly near the cyclone centre. Figure 16e and f repre-
sents the same situation but for the vorticity tendencies.
The convection scheme (Fig. 16e) produces cyclonic vorti-
city in the area of ascent, in the south-east quadrant of
the storm. The cloud microphysics scheme (Fig. 16f) gen-
erates negligible vorticity tendency, in agreement with
Fig. 15b.

Vertical motions and vorticity tendencies due to con-
vection and cloud microphysics schemes at the extratrop-
ical phase of the storm (9 UTC 16 October) are presented
in Fig. 16c, d, g and h. The convection scheme produces
ascent in localised spots within the warm sector and cold
front of the storm (Fig. 16c). In particular, there is strong
convective lifting occurring over southern Ireland.
However, the large-scale rising motion in the warm front
is enhanced by the diabatic heating generated by the
cloud microphysics scheme (Fig. 16d). Furthermore, there
are areas of cancellation between these two schemes. One
example is along the part of the cold front closest to the
cyclone centre, to the northeast of the storm, where the
compensating sinking motion from the cloud

microphysics scheme coincides with rising motion associ-
ated with the convection scheme. We suspect that convec-
tion produces heating via condensation and freezing of
water, but part of the rain is evaporated before reaching
the surface. Although the convective parametrization pro-
duces ascent within the warm sector of the storm, the
vorticity tendency caused by it is very weak (Fig. 16g).
Instead, the cloud microphysics parametrization generates
notably more cyclonic vorticity (Fig. 16h), which is co-
located with the frontal ascent.

This analysis illustrates how the emphasis of diabatic
heating, and more specifically the latent heat release from
the condensation/freezing of water vapour, changes from
the convective parametrization to the cloud microphysics
parametrization during the ET of the storm. This change
in the importance of parametrization schemes is particu-
larly notable in vorticity tendencies near the cyclone
centre (Fig. 15b), which effectively affect the strength of
the storm. The reason for this change is firstly the shift
of convective ascent further away from the storm centre
to the area of the warm sector, and secondly the

Fig. 14. Vorticity tendency induced by (a) total vorticity advection, (b) vorticity advection by rotational winds, and (c) vorticity
advection by divergent winds at 9 UTC 16 October (extratropical phase). In d), time series of vorticity advection by rotational winds
(red), divergent winds (yellow), and total winds (blue) averaged over 1.5� circle are shown. The times of tropical, transition, and
extratropical phases have been marked with vertical lines in (d).
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formation of the warm front in which the cloud micro-
physics scheme in the model is activated.

The diabatic heating components used in this analysis
(Table 2) are naturally OpenIFS-specific. In other numer-
ical models, the partitioning of Q into contributions from
different heating processes may be done differently.
Nevertheless, we would still expect that the shift from
convective heating towards latent heat release associated
with larger-scale ascent (which is represented by the cloud

microphysics scheme) is a typical characteristic of the
ET process.

6. Discussion

Although the re-intensification of Hurricane Ophelia
when it struck Ireland as a post-tropical storm occurred
during favorable interaction with an upper-level trough,
we found the direct effect of the adiabatic upper-level

Fig. 15. Time series of vorticity tendencies caused by (a) different forcing terms and (b) different diabatic heating components. The
values have been averaged over the 900–800-hPa layer and over a circular area with a 1.5� radius centred on the maximum of the T127
vorticity field. All values are 12-hour moving averages. The times of tropical, transition, and extratropical phases have been marked
with vertical lines.
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Fig. 16. Panels (a) – (d) show vertical motion (shading, Pa s�1) at 700hPa and sea level pressure (contours, with 4-hPa interval), and
panels (e) – (h) show vorticity tendency (shading, s�2) and relative vorticity (contours, starting from 5� 10�5 s�1, with 5� 10�5 s�1

interval) averaged over the 900–800-hPa layer. The left-hand panels [(a), (c), (e), and (g)] show vertical motion and vorticity tendency
due to the convection parametrization, and the right-hand panels [(b), (d), (f) and (h)] show vertical motion and vorticity tendency due
to the microphysics parametrization. The upper panels in both vertical motion [(a) and (b)] and in vorticity tendency [(e) and (f)] show
the situation at 9 UTC 14 October (tropical phase), and the lower panels [(c), (d), (g) and (h)] at 9 UTC 16 October (extratropical
phase). The size of the panels is 16� longitude by 12� latitude, centred on the cyclone vorticity maximum.
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forcing on the lower tropospheric storm to be relatively
modest. Rather, our results suggest that the effect of the
upper-level forcing was strongly amplified by diabatic
processes. This outcome emphasizes the importance of
resolving diabatic processes correctly in climate models.
Since the effect of diabatic heating on the intensity of
extratropical cyclones is quite sensitive to the model reso-
lution (Willison et al., 2013), high-resolution simulations
are required to investigate the future projections of post-
tropical storms. Fortunately, this is already the case in
some recent studies (e.g. Haarsma et al., 2013; Baatsen
et al., 2015).

OpenIFS underestimated the intensity of Ophelia dur-
ing its tropical phase, seen as higher minimum sea level
pressure in OpenIFS than in the NHC analysis (Fig. 4).
Yamaguchi et al. (2017) reported that all the major global
numerical weather prediction models tend to underesti-
mate tropical cyclone intensity, especially when the min-
imum sea level pressure is 940 hPa or below. They found
this systematic error to be present even at the initializa-
tion time of the forecasts, which implies that the reso-
lution of the models may be the biggest culprit for the
error. Hodges and Klingaman (2019) reported approxi-
mately 8 hPa intensity error of tropical cyclones in the
Western North Pacific at the initial time of the IFS model
forecasts. As our model resolution was coarser than what
is typically used in operational weather prediction mod-
els, we suspect that the overestimation of sea level pres-
sure (Fig. 4) was primarily due to the coarse resolution.
Examination of initial states from the forecast used in
this study, and a forecast initialized 24 hours later (at 12
UTC 14 October) revealed that the large overestimation
of Ophelia’s minimum surface pressure was present
already in the initial conditions. Furthermore, the oper-
ational analyses by Climate Forecast System Version 2
(CFSv2), Global Forecast System (GFS) and the
Japanese 55-year Reanalysis (JRA-55) also underesti-
mated the minimum pressure of Ophelia approximately
30 hPa during the tropical phase (not shown). The fact
that the underestimation of intensity was clearly reduced
when the ET was completed and the horizontal scale of
the storm was increased, supports our conclusion about
low resolution of OpenIFS to capture the small-scale
pressure minimum during the tropical phase.

As the intensity of the storm during the tropical phase
was clearly underestimated, one can also question the
reliability of the magnitude of vorticity tendencies calcu-
lated in the centre of the storm during the tropical phase
(Fig. 15). This is a relevant aspect which needs to be
taken into account when interpreting the results. Firstly,
the scale of the storm relative to the size of the moving
circle from which the vorticity tendencies (1.5� radius)
were calculated is smaller in the tropical phase than in

the extratropical phase. This means that the averaging
smooths the tendencies more when the storm is small
relative to the area of the circle, and this has probably
had some effect on the smallness of the vorticity tendency
terms in the beginning of our simulation in Fig. 15.
Secondly, the model resolution also smooths the local
vorticity and its tendency structures close to the eye of
the hurricane. For these two reasons, the magnitude of
vorticity tendencies during the tropical phase are prob-
ably underestimated. A simple solution for this would be
to run OpenIFS with higher resolution. However, our
diagnostic software has some limitations regarding to the
high-resolution runs: the imbalance term grows larger
and thus the interpretation of the results becomes increas-
ingly problematic. This issue has been explained in detail
in Section 8 of R17. Nevertheless, as the main aim of this
study was to focus on the transition and extratropical
phases of the storm, we acknowledge the weakness of our
results in the tropical phase and leave it for a topic of a
possible follow-up study.

In our technical framework, we divided only the
atmospheric vertical motion and vorticity tendency into
contributions from different forcing terms. For consist-
ency, the division of divergent wind into the same contri-
butions could provide new interesting information on the
physical processes affecting the secondary circulation of
Ophelia. However, as far as we see, the realization of this
decomposition is technically complicated, and would lead
in an iterative solution that would significantly compli-
cate the solution of the omega equation. For this reason,
the implementation of this functionality is not included to
the current version of OZO, but it is something which
could be worth of carrying out in the future.

Regarding the performance of OZO, the correlations for
vertical motion (Fig. 6) are somewhat worse than in the
idealized case in R17. The largest source of numerical errors
is the calculation of time derivatives of vorticity and tem-
perature in Eq. 7. Because these time derivatives cannot be
output directly from OpenIFS, they are approximated with
the central difference method with one-hour time interval.
By decreasing the time interval, particularly the accuracy of
the imbalance term could be improved, which would
decrease the difference between xTOT and xOIFS as shown
in Fig. 2 in R17. This would however affect only the magni-
tude of the imbalance term, which plays a rather small role
for the development of Ophelia.

The diabatic heating rate Q and friction F are not avail-
able from OpenIFS as instantaneous values, but rather need
to be calculated from time-accumulated tendencies over
each output interval. Here, we used a one-hour output inter-
val and evaluated these terms as time-averages over a two-
hour time span. This averaging had to be done because
otherwise the tendencies would have contained information
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only from the past one hour and, therefore, have featured a
30-minute phase shift compared to other variables. For this
reason, a decrease of the output time interval could slightly
increase the accuracy of the diabatic heating and friction
terms. We do not expect this to affect significantly the main
results of this study, as the magnitude of the diabatic heat-
ing and friction terms would rather increase than decrease
when using a smaller time interval for the averaging.

Our main conclusion is that the diabatic heating was
the dominant forcing for the intensity of the low-level
cyclone. In the extratropical phase, the diabatic heating
came mainly from the microphysics scheme, but we did
not have information about the contributions of individ-
ual microphysical processes (such as condensation, evap-
oration, freezing) to the heating. The reason for this is
that currently OpenIFS does not have a functionality to
output the temperature tendencies associated with these
various microphysical processes.

In many previous studies the effect of vorticity advec-
tion for the development of post-tropical storms has been
estimated using the mid- or upper-level winds (e.g. Klein
et al., 2002; Ritchie and Elsberry, 2007) or geostrophic
winds (e.g. Milrad et al., 2009; Azad and Sorteberg,
2009). As we calculated the forcing terms at the lower
troposphere and accounted also for the divergent circula-
tion and the indirect contributions from vertical motion,
our results are naturally not comparable with those listed.
DiMego and Bosart (1982), who studied the transform-
ation of Tropical Storm Agnes into an extratropical cyc-
lone, stated that” Differential advection by the divergent
part of the wind, although generally weaker, act as a sink
of vorticity.” This statement is consistent with our results.
Azad and Sorteberg (2014) used a very similar method
for the examination of vorticity tendency budgets in regu-
lar North Atlantic winter extratropical cyclones. They
reported vorticity advection being the most influential
low-level forcing for the composite cyclone. Our results
with Ophelia do not agree with this, but on the other
hand we studied a post-tropical storm, which is somewhat
different by its dynamics than the pure extratropical
cyclones used in the study by Azad and Sorteberg (2014).

As a final note, this analysis was purposely performed
only for the surface cyclone, since we wanted to study the
forcing mechanisms responsible for the surface impacts.
This was the main motivation why the vorticity tenden-
cies were calculated for the 900–800-hPa layer, and the
choice of 700 hPa for the vertical motion analysis. Hence,
the main outcome of our study - the importance of dia-
batic heating for the strength of the surface cyclone -
does not apply at higher levels. In fact, the examination
of vorticity tendencies at 500 and 250 hPa levels revealed
thermal advection being the main contributor to the
strength of the upper trough (not shown).

7. Conclusions

This study investigated the extratropical transition of
Hurricane Ophelia with the generalized omega equation
and vorticity equation. The main aim was to determine
the contributions of different adiabatic and diabatic forc-
ing terms for the life cycle of the storm, and identify
which of them led to the strengthening of the storm into
a powerful post-tropical cyclone when it made landfall in
Ireland in October 2017. Our initial hypothesis was that
diabatic processes would be dominant in the tropical
phase of the cyclone, but baroclinic processes (vorticity
advection and thermal advection) would become more
important for the cyclone development after its extratrop-
ical transition.

The first part of our hypothesis was correct: diabatic
heating, and more specifically the release of latent heat,
was indeed the dominant forcing during Ophelia’s trop-
ical phase. Latent heat release, ascending motion, and
positive low-level vorticity tendency were first produced
via the convection scheme, but smoothly changed to the
cloud microphysics scheme later, during the transition
and the extratropical phases of the storm. Other diabatic
heating processes were found to be negligible for the cyc-
lone evolution.

Unlike what we hypothesized, the low-level relative
vorticity at the storm centre during the extratropical
phase was largely produced by diabatic heating rather
than adiabatic processes (vorticity advection or thermal
advection). In fact, the net-effect of vorticity advection
was actually detrimental for the surface cyclone because
the divergent winds within the secondary circulation of
the cyclone transported air with less cyclonic vorticity to
the centre of the storm, thus reducing the vorticity max-
imum at the centre. Vorticity advection by the rotational
winds did contribute to the intensification of the storm in
its extratropical phase, but its contribution was much
smaller than that of diabatic heating. Thermal advection,
which made a moderate contribution during the tropical
phase due to warm-air advection from the subtropics, no
longer enhanced the development of the storm during its
extratropical phase. The reason for this was the occlusion
process, which led cold air advection to wrap from the
southwest around the storm and, consequently, to a nega-
tive vorticity tendency at the vicinity of the storm centre.
The effect of friction was found to increase soon after the
extratropical transition, presumably due to the expansion
of the wind field. Together with the lack of baroclinic
forcings, the effect of friction led to the weakening of the
storm after the landfall.

Our results are valid for the surface cyclone, and, thus,
not applicable at higher levels. However, it is important
to note that diabatic heating, which is largely dominated
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by the latent heat release in the clouds, requires usually
existing rising motion to occur. Thus, although our ana-
lysis suggests a very modest direct role for the upper-level
forcing, it may still have been important in triggering the
large-scale rising motion that generated the latent heat
release above the low-level vortex. Based on one case
study it is not possible to conclude whether our outcome
is typical in post-tropical storms. Therefore, it would be
interesting to conduct a statistical study of cyclones
undergoing extratropical transition and investigate what
is the average role of different adiabatic and diabatic
forcing terms for the evolution of post-tropical storms.
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Abstract. Little is known about how the structure of extra-
tropical cyclones will change in the future. In this study aqua-
planet simulations are performed with a full-complexity at-
mospheric model. These experiments can be considered an
intermediate step towards increasing knowledge of how, and
why, extra-tropical cyclones respond to warming. A con-
trol simulation and a warm simulation in which the sea sur-
face temperatures are increased uniformly by 4 K are run for
11 years. Extra-tropical cyclones are tracked, cyclone com-
posites created, and the omega equation applied to assess
causes of changes in vertical motion. Warming leads to a
3.3 % decrease in the number of extra-tropical cyclones, with
no change to the median intensity or lifetime of extra-tropical
cyclones but to a broadening of the intensity distribution re-
sulting in both more stronger and more weaker storms. Com-
posites of the strongest extra-tropical cyclones show that to-
tal column water vapour increases everywhere relative to the
cyclone centre and that precipitation increases by up to 50 %
with the 4 K warming. The spatial structure of the composite
cyclone changes with warming: the 900–700 hPa layer av-
eraged potential vorticity, 700 hPa ascent, and precipitation
maximums associated with the warm front all move pole-
wards and downstream, and the area of ascent expands in
the downstream direction. Increases in ascent forced by di-
abatic heating and thermal advection are responsible for the
displacement, whereas increases in ascent due to vorticity ad-
vection lead to the downstream expansion. Finally, maximum
values of ascent due to vorticity advection and thermal advec-
tion weaken slightly with warming, whereas those attributed

to diabatic heating increase. Thus, cyclones in warmer cli-
mates are more diabatically driven.

1 Introduction

Extra-tropical cyclones (also referred to as mid-latitude cy-
clones) are a fundamental part of the atmospheric circula-
tion in the mid-latitudes due to their ability to transport large
amounts of heat, moisture, and momentum. Climatologi-
cally, extra-tropical cyclones are responsible for most of the
precipitation in the mid-latitudes, with over 70 % of precipi-
tation in large parts of Europe and North America due to the
passage of an extra-tropical cyclone (Hawcroft et al., 2012).
Extra-tropical cyclones are also the primary cause of mid-
latitude weather variability and can lead to strong winds. For
example, a severe extra-tropical cyclone Kyrill moved over
large parts of northern Europe in 2007, bringing strong winds
that resulted in 43 deaths and USD 6.7 billion of insured
damages (Fink et al., 2009). Intense extra-tropical cyclones
can also be associated with heavy rain or snow, which can
result in floods and travel disruption. Thus, given the large
social and economic impacts that extra-tropical cyclones can
cause, there is considerable research devoted to understand-
ing the climatology and governing dynamics of these sys-
tems.

Many studies have investigated the spatial distribution and
frequency of extra-tropical cyclones in the current climate
by analysing reanalysis data sets (e.g. Simmonds and Keay,
2000; Hoskins and Hodges, 2002; Wernli and Schwierz,
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2006) and consequently the location of the climatological
mean storm tracks, in both hemispheres, in the current cli-
mate is well known. Climatologies of cyclone number and
intensity in the current climate have also been created based
on reanalysis data sets and numerous different objective cy-
clone tracking algorithms (Neu et al., 2013). Globally there is
good agreement between methods for inter-annual variabil-
ity of cyclone numbers and the shape of the cyclone intensity
distribution but less agreement in terms of the total cyclone
numbers, particularly in terms of weak cyclones.

The spatial structure of extra-tropical cyclones in the cur-
rent climate has also been extensively examined (see Schultz
et al., 2019, for an overview). The starting point was the
development of the Norwegian cyclone model (Bjerknes,
1919), a conceptual framework describing the spatial and
temporal evolution of an extra-tropical cyclone. As consid-
erable variability was noted in cyclone structures, Shapiro
and Keyser (1990) subsequently developed a sister concep-
tual model. In a different theme, Harrold (1973), Browning
et al. (1973), and Carlson (1980) studied three-dimensional
movement of airstreams within extra-tropical cyclones, thus
developing the conveyor belt model of extra-tropical cy-
clones. This model incorporates warm and cold conveyor
belts, which are now accepted and well-studied aspects of
extra-tropical cyclones (e.g. Thorncroft et al., 1993; Wernli
and Davies, 1997; Eckhardt et al., 2004; Binder et al., 2016).
Recently, the structure of intense extra-tropical cyclones in
reanalysis data sets has been examined in a quantitative man-
ner by creating cyclone composites (e.g. Bengtsson et al.,
2009; Catto et al., 2010; Dacre et al., 2012). Cyclone com-
posites have also been created using satellite observations
of cloud fraction and precipitation (Field and Wood, 2007;
Naud et al., 2010; Govekar et al., 2014; Naud et al., 2018),
which enables cyclone structure in both reanalysis and model
simulations to be systematically evaluated. Thus, consid-
erable knowledge now exists of the spatial structure, dy-
namics, and variability of the major precipitation-producing
airstreams within extra-tropical cyclones.

A key question is then how the intensity, number, struc-
ture, and weather, for example precipitation, associated with
extra-tropical cyclones will change in the future as the cli-
mate warms. To answer this question, projections from cli-
mate models can be analysed. However, how the circulation
responds to warming, which includes the characteristics of
extra-tropical cyclones, is notably less clear and more un-
certain than the bulk, global mean thermodynamic response
(Shepherd, 2014). Champion et al. (2011) investigated the
impact of warming on extra-tropical cyclone properties with
one global climate model by comparing historical (1980–
2000) simulations to future (2080–2100) simulations forced
by the IPCC A1B scenario. They found small, yet statisti-
cally significant, changes to the 850 hPa maximum vorticity,
with the number of extreme cyclones increasing slightly in
the future and the number of average-intensity cyclones de-
creasing. Zappa et al. (2013b) analysed output from 19 mod-

els that participated in Phase 5 of the Coupled Model In-
tercomparison Project (CMIP5) and compared 30-year pe-
riods of the historical (1976–2005) present-day simulations
and the future climate simulations (2070–2099) forced by
the Representative Concentration Pathway 4.5 (RCP4.5) and
8.5 (RCP8.5) scenarios. In the RCP4.5 scenario, Zappa et al.
(2013b) found a 3.6 % reduction in the total number of
extra-tropical cyclones in winter, a reduction in the num-
ber of extra-tropical cyclones associated with strong 850 hPa
wind speeds, and an increase in cyclone-related precipita-
tion. In addition, they also note that considerable variabil-
ity in the response was found between different CMIP5
models. In a similar study, Chang et al. (2012) show that
CMIP5 models predict a significant increase in the fre-
quency of extreme extra-tropical cyclones during the win-
ter in the Southern Hemisphere but a significant decrease
in the most intense extra-tropical cyclones in winter in the
Northern Hemisphere. A similar result was obtained by
Michaelis et al. (2017), who used a mesoscale model to per-
form pseudo–global warming simulations over the North At-
lantic where the initial and boundary condition temperatures
were warmed to a degree consistent with predictions from
climate models forced with RCP8.5. They find a reduction in
the number of strong storms with warming and an increase
in cyclone precipitation.

Models participating in CMIP5 have systematic biases in
the location of the climatological storm tracks in histori-
cal simulations, particularly in the North Atlantic where the
storm track tends to be either too zonal or displaced south-
ward (Zappa et al., 2013a). In addition, the response of the
storm track to warming has been found to be correlated to
the characteristics of the storm track in historical simulations.
Chang et al. (2012) show that in the Northern Hemisphere in-
dividual models with stronger storm tracks in historical sim-
ulations project weaker changes with warming compared to
individual models with weaker historical storm tracks. More-
over, the same study shows that in the Southern Hemisphere
individual models with large equatorward biases in storm
track latitude predict larger poleward shifts with warming.

In order to increase confidence in climate model projec-
tions of the number and intensity of extra-tropical cyclones,
there is a clear need to better understand the physical mech-
anisms causing changes to these weather systems. This is
difficult to do based on climate model output alone as fully
coupled climate models are very complex, include numer-
ous feedbacks and non-linear interactions, and due to compu-
tational and data storage limitations offer somewhat limited
model output fields with limited temporal frequency. There-
fore in this study we undertake an idealized “climate change”
experiment using a state-of-the-art model but configured as
an aqua planet.

Idealized studies have been used extensively in the past
to understand the dynamics of extra-tropical cyclones. For
example, baroclinic wave simulations have been performed
to understand the dynamics of extra-tropical cyclones and
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fronts in the current climate (e.g. Simmons and Hoskins,
1978; Thorncroft et al., 1993; Schemm et al., 2013; Sin-
clair and Keyser, 2015). More recently baroclinic life cy-
cle experiments have also been used to assess, in a highly
controlled simulation environment, how the dynamics and
structure of extra-tropical cyclones may respond to climate
change. Given that diabatic processes, and in particular latent
heating due to condensation of water vapour, play a large role
in the evolution of extra-tropical cyclones (e.g. Stoelinga,
1996), many idealized studies have focused on how the inten-
sity and structure of extra-tropical cyclones change as tem-
perature and moisture content are varied (e.g Boutle et al.,
2011; Booth et al., 2013, 2015; Kirshbaum et al., 2018).
These studies show that when moisture is increased from low
levels to values typical of today’s climate, extra-tropical cy-
clones become more intense. This is a relatively robust result
across many studies and can be understood to be a conse-
quence of an induced low-level cyclonic vorticity anomaly
beneath a localized maximum in diabatic heating (Hoskins
et al., 1985). However, when temperatures and moisture con-
tent are increased to values higher than in the current climate,
baroclinic life cycle experiments show divergent results. For
example, Rantanen et al. (2019) found that uniform warming
acts to decrease both the eddy kinetic energy and the min-
imum surface pressure of the cyclone, whereas Kirshbaum
et al. (2018) showed that for large temperature increases with
constant relative humidity the eddy kinetic energy decreases
whereas the minimum surface pressure increases. Further-
more, Tierney et al. (2018) documented non-monotonic be-
haviour of the cyclone intensity in terms of both maximum
eddy kinetic energy and minimum mean surface pressure
with increasing temperature.

A disadvantage of baroclinic life cycle experiments is that
often only one cyclone and its response to environmental
changes are considered, whereas in reality there is consider-
able variability in the structure, intensity, size, and lifetime of
extra-tropical cyclones. Recent baroclinic life cycle studies
have suggested that the response of cyclones to warming in
these types of simulations may depend on how the simulation
is configured (Kirshbaum et al., 2018). An alternative, yet
still idealized approach, is to perform multi-year aqua-planet
simulations in which thousands of extra-tropical cyclones de-
velop and can be analysed. A benefit of this approach com-
pared to baroclinic life cycle experiments is that experimen-
tal set-up and initial conditions have a much weaker influence
on the evolution of the model state and thus on the struc-
ture and size of the simulated extra-tropical cyclones. Pfahl
et al. (2015) used a simplified general circulation model in an
aqua-planet configuration with a slab ocean to assess how the
intensity, size, deepening rates, lifetime, and spatial structure
of extra-tropical cyclones respond when the longwave opti-
cal thickness is varied in such a way that the global mean
near-surface air temperature varies from 270 to 316 K. Their
main result was that changes in cyclone characteristics are
relatively small except for the intensity of the strongest cy-

clones, which considerably increased in strength with warm-
ing. However, this study was based on an idealized gen-
eral circulation model, which contained simplified physics
parameterizations; for example, the large-scale microphysi-
cal parameterization only considers the vapour–liquid phase
transition.

The first aim of this study is to determine how the number,
intensity, and structure of extra-tropical cyclones change in
response to horizontally uniform warming. The second aim
is to identify the physical mechanisms which lead to changes
in vertical motion and precipitation patterns associated with
extra-tropical cyclones. These aims are addressed in an ide-
alized modelling context as it is anticipated that mechanisms
will be easier to identify than in complex, fully coupled cli-
mate model simulations. In particular, a full complexity at-
mospheric model is used to perform two aqua-planet simula-
tions: a control simulation and an experiment where the sea
surface temperatures are uniformly warmed. Extra-tropical
cyclones are then tracked and cyclone centred composites are
created. The omega equation is used to determine the forcing
mechanisms for vertical motion at different locations relative
to the cyclone centre and at different points in the cyclone
life cycle for extra-tropical cyclones in both the control and
warm experiments.

The remainder of this paper is set out as follows. In Sect. 2,
the full-complexity numerical model, OpenIFS, which is
used in this study, is described along with the numerical ex-
periments that are performed. In Sect. 3, the cyclone tracking
scheme and the omega equation diagnostic tool, which are
applied to the model output to assist with analysis, are de-
scribed. The results are presented in Sects. 4 to 7. The large-
scale zonal mean state and its response to warming are given
briefly in Sect. 4, and the results concerning changes to bulk
cyclone statistics are discussed in Sect. 5. The results con-
cerning changes to cyclone structure as ascertained from the
cyclone composites are presented in Sect. 6 and the impact
of warming on the asymmetry of vertical motion in extra-
tropical cyclones is considered in Sect. 7. The conclusions
are presented and discussed in Sect. 8.

2 OpenIFS and numerical simulations

2.1 Numerical model: OpenIFS

The numerical simulations are performed with OpenIFS,
which is a portable version of the Integrated Forecast Sys-
tem (IFS) developed and used for operational forecast-
ing at the European Centre for Medium Range Forecast-
ing (ECMWF). Since 2013, OpenIFS has been available un-
der license for use by academic and research institutions. The
dynamical core and physical parameterizations in OpenIFS
are identical to those in the full IFS as are the land sur-
face model and wave model. However, unlike the full IFS,
OpenIFS does not have any data assimilation capacity. The
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version of OpenIFS used here (Cy40r1) was operational
at ECMWF between November 2013 and May 2015. The
full documentation of Cy40r1 is available online (ECMWF,
2015).

2.2 Experiments

Numerical simulations are performed with OpenIFS config-
ured as an aqua planet. The surface of the Earth is therefore
all ocean, and the sea surface temperatures (SSTs) are speci-
fied at the start of the simulation and held constant through-
out the simulation. There is no ocean model included. How-
ever, the dynamics and physical parameterizations are ex-
actly the same as in the full IFS and the wave model is also
active in the aqua-planet simulations.

The control simulation (CNTL) is set up similarly to the
experiments proposed by Neale and Hoskins (2000), and
their QObs sea surface temperature distribution is used. This
SST distribution is specified by a simple geometric function
and is intended to resemble observed SSTs more so than the
other distributions specified by Neale and Hoskins (2000).
The resulting SST pattern is zonally uniform and symmetric
about the Equator. The maximum SST is 27 ◦C in the trop-
ics, and poleward of 60◦ N in both hemispheres the SSTs
are set to 0 ◦C. There is no sea ice in the simulation. The
atmospheric state is initialized from a randomly selected
real analysis produced at ECMWF. First the real analysis
is modified by changing the land–sea mask and setting the
surface geopotential to zero everywhere. The atmospheric
fields are then interpolated to the new flat surface in regions
where there is topography on Earth. The perturbed experi-
ment (hereinafter referred to as SST4) is identical to CNTL
except that the SSTs are uniformly warmed by 4 K every-
where. Both experiments have a diurnal cycle in incoming
solar radiation but no annual cycle; throughout the simula-
tions the incoming solar radiation is fixed at the equinoctial
value and is thus symmetric about the Equator.

Both aqua-planet simulations are run at T159 resolution
(approximate grid spacing of 1.125◦ equivalent to 125 km)
and with 60 model levels. The model top is located at 0.1 hPa.
Both simulations are run for a total of 11 years and the first
year of each simulation is discarded to ensure that the model
has reached a balanced state. Analysis of global precipita-
tion from the first year of simulation (not shown) reveals that
a steady state is achieved after 3–4 months. Model output,
including temperature tendencies from all physical parame-
terization schemes, is saved every 3 h.

3 Analysis methods

3.1 Cyclone tracking and compositing

In both numerical experiments, extra-tropical cyclones are
tracked using an objective cyclone identification and tracking
algorithm, TRACK (Hodges, 1994, 1995). Extra-tropical cy-

clones are identified as localized maxima in the 850 hPa rel-
ative vorticity truncated to T42 spectral resolution based on
6-hourly output from OpenIFS. All cyclones in the Northern
Hemisphere are initially tracked; however to ensure that no
tropical cyclones are included in the analysis, tracks which
do not have at least one point north of 20◦N are excluded.
Furthermore, to ensure that only synoptic-scale, mobile sys-
tems are considered, it is required that a cyclone track last
for at least 2 d and travel at least 1000 km. Finally cyclones
which have a maximum vorticity of less than 1×10−5 s−1 are
also excluded from the analysis. The output from TRACK
consists of the longitude, latitude, and relative vorticity value
of each point (every 6 h) along each individual extra-tropical
cyclone track from which statistics such as genesis and lysis
regions may be determined.

The cyclone tracks are then used as the basis to create com-
posites of extra-tropical cyclones following the same method
as Catto et al. (2010) and Dacre et al. (2012). Rather than
creating a composite of all identified extra-tropical cyclones,
only the 200 strongest cyclones in terms of their maximum
850 hPa relative vorticity are selected from the CNTL and
SST4 experiments, and composites of a range of meteorolog-
ical variables are created for these extreme cyclones at dif-
ferent offset times relative to the time of maximum intensity
(t = 0 h). Each composite is created by first determining the
values of the relevant meteorological variable, at each offset
time, and for each individual cyclone to be included in the
composite, on a spherical grid centred on the cyclone cen-
tre. The meteorological values are thus interpolated from the
native model longitude–latitude grid to this spherical grid,
which has a radius of 12◦ and is decomposed into 40 grid
points in the radial direction and 360 grid points in the an-
gular direction. To reduce smoothing errors, the cyclones are
rotated so that all travel due east. To obtain the cyclone com-
posite, the meteorological values on the radial grid are aver-
aged at each offset time. Thus, the composite extra-tropical
cyclone is the simple arithmetic mean of the 200 individual,
rotated cyclones.

In addition to composites of the 200 strongest extra-
tropical cyclones, composites of the 200 “most average” cy-
clones were also created for both the CNTL and SST4 exper-
iments. These cyclones were identified as the 100 cyclones
with maximum vorticity values lower than but closest to the
median relative vorticity and the 100 cyclones with maxi-
mum vorticity values higher than but closest to the median
relative vorticity. The results from these median composites
are shown in the Supplement as although uniformly warming
the SSTs led to increases in the total column water vapour
and precipitation, it had little coherent impact on the spatial
structure of the median extra-tropical cyclone.

3.2 Omega equation

The omega equation is a diagnostic equation from which
the vertical motion (ω) resulting from different physical pro-
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Figure 1. Zonal mean (a) temperature (K) and (b) zonal winds (m s−1) averaged over 10 years of simulation. Black contours show the CNTL
simulation and shading the difference between the SST4 and control simulations (SST4−CNTL). The green solid line shows the dynamic
tropopause (the 2 PVU surface) in CNTL and the dashed line in SST4.

cesses can be calculated. Different forms of the omega equa-
tion with differing degrees of complexity exist and range
from the simplest “standard” quasi-geostrophic (QG) form
with friction and diabatic heating neglected (Holton and
Hakim, 2012) to the complex generalized omega equation
(Räisänen, 1995; Rantanen et al., 2017). Here we solve the
following version of the QG omega equation in pressure (p)
coordinates:

σ0(p)∇
2ω+ f 2 ∂

2ω

∂p2 = f
∂

∂p
(v · ∇(ζ + f ))

+
R

p
∇

2(v · ∇T )−
R

cpp
∇

2Q. (1)

The static stability parameter, σ0, is only a function of
pressure and time and is given by

σ0(p)=
−RT0

p

1
θ0

∂θ0

∂p
, (2)

where θ0(T0) is the horizontally averaged potential tempera-
ture (temperature) profile over the global domain calculated
at every time step. The left-hand side operator of Eq. (1)
is identical to the standard QG omega equation. The terms
on the right-hand side of Eq. (1) represent forcing for ver-
tical motion due to differential vorticity advection, thermal
advection, and diabatic heating. The right-hand side differs
from the standard QG omega equation in that diabatic heat-
ing (Q) is retained, the advection terms are calculated us-
ing the full horizontal winds (v) rather than the geostrophic
winds, and the full relative vorticity (ζ ) is advected rather
than the geostrophic vorticity. Friction is neglected as on an
aqua planet this is expected to be small.

Overall good agreement is found between the model cal-
culated vertical motion and the vertical motion diagnosed by

Eq. (1). Correlation coefficients between the model calcu-
lated vertical motion and the diagnosed vertical motion were
calculated at each grid box and pressure level and averaged
over latitude bands (not shown). In the latitude band 30–
60◦ N the correlation coefficients were 0.84 at 700 hPa and
exceeded 0.9 at 500 hPa.

4 Climatology and large-scale response to warming

In this section the zonal mean climatology of CNTL is de-
scribed along with the response to the uniform warming. Fig-
ure 1 shows that the control simulation produces a realistic
distribution of temperature and of zonal winds. The dynamic
tropopause varies from 300 hPa in the polar regions to about
100 hPa in the tropics, similar to what is observed on Earth.
The zonal mean jet streams have maximum wind speeds of
45 m s−1 and are located on the tropopause at 35◦N/S. As
expected from the aqua-planet model set-up the two hemi-
spheres are almost symmetrically identical.

The response to the uniform 4 K warming is shown by the
shading in Fig. 1. The temperature increases everywhere in
the troposphere with the largest warming in the tropical up-
per troposphere, where temperature increases by up to 7 K.
Cooling takes place in the polar stratosphere, which acts
to increase the upper-level meridional temperature gradient.
The tropopause height increases at most latitudes with warm-
ing. The spatial pattern of these changes in zonal mean tem-
perature is similar to those found in more complex climate
models (e.g. Fig. 12.12, Collins et al., 2013). However, the
warming in the low to mid-troposphere is relatively uniform
with latitude. The lack of enhanced warming in the Northern
Hemisphere polar regions (polar amplification) and hence no
decrease in low-level baroclinicity is the most notable differ-
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ence in the atmosphere’s response to warming in these aqua-
planet experiments compared to in complex climate model
simulations.

At low levels, the increase in temperature in the SST4 ex-
periment relative to CNTL is typically of the order of 4 K,
which is of similar magnitude to the enforced increase in
SSTs. This temperature increase can be put into context by
comparison with predictions from CMIP5 models. Under the
RCP8.5 scenario, CMIP5 models predict that global mean
near-surface temperatures will increase by 2.6 to 4.8 K by
the end of the 21st century relative to the 1986–2005 mean.
Hence, the aqua-planet simulations performed here have a
degree of warming that could be expected to occur by the end
of the 21st century under large greenhouse gas emissions.

The response of the zonal mean zonal wind shows that
the subtropical jet intensifies and moves vertically upwards.
The eddy-driven jet, evident at low levels, displays a dipole
structure indicative of a poleward shift. This is confirmed
when the latitude of the maximum 700 hPa zonal mean zonal
wind speed is considered: this moves polewards by 3.3◦

in the SST4 experiment compared to in CNTL. These re-
sponses of the zonal mean jet streams to uniform warming
are similar to those found in more complex climate models
(e.g. Collins et al., 2013), particularly in the Southern Hemi-
sphere, demonstrating that the OpenIFS aqua planet can re-
alistically simulate an Earth-like atmosphere.

The zonal mean precipitation in both CNTL and SST4 ex-
periments are shown in Fig. 2a. Again strong similarities ex-
ist with real Earth observations and CMIP5 model projec-
tions (e.g. Lau et al., 2013). The largest rainfall is observed in
the tropics and a secondary peak occurs in the mid-latitudes,
which is associated with the mid-latitude storm track. The
effect of warming the SSTs is to increase the mean pre-
cipitation at almost all latitudes. The largest absolute in-
crease occurs in the tropics. In the Northern Hemisphere
mid-latitudes the maximum precipitation rate increases from
3.9 to 4.2 mm d−1 and the location of the maximum moves
polewards by 2.2◦. This is in agreement with the poleward
shift in the eddy-driven jet and strongly suggests that, on av-
erage, extra-tropical cyclones move poleward with warming.
This will be confirmed in Sect. 5.

Figure 2b shows the zonal mean mean sea level pres-
sure (MSLP). The highest zonal mean MSLP in the CNTL
experiment occurs in the subtropics and moves poleward
with warming. The lowest values of MSLP occur on the
poleward side of the jet stream and again move poleward
with warming. A notable difference between these MSLP
distributions and the MSLP distribution on Earth is the ab-
solute magnitude of the values. The mean MSLP on Earth is
1013 hPa, whereas in both the CNTL and SST4 experiments,
the global mean MSLP is 985.4 hPa. This difference is solely
due to the initialization method (see Sect. 2.2), and the aver-
age surface pressure of 985.4 hPa results, as it is the average
pressure at the actual surface height in the randomly selected
analysis used for the initialization. Figure 2c shows the zonal

Figure 2. Zonal mean (a) total precipitation (mm d−1), (b) mean
sea level pressure (hPa), and (c) 950 hPa temperature (◦C) averaged
over 10 years of simulation. Blue line shows CNTL and red SST4.

mean 950 hPa temperature, which indicates that the low-level
temperature increase is almost constant with latitude and im-
plies that the low-level baroclinicity does not change.

The impact of uniformly warming the SSTs on the baro-
clinicity can be quantified via the maximum (dry) Eady
growth rate, σ , which is given by

σ = 0.31
|f |

N

∣∣∣∣∂u∂z
∣∣∣∣ , (3)

where f is the Coriolis parameter, N is the Brunt–Väisälä
frequency, and u is the zonal wind component. In the CNTL
simulation (Fig. 3a) the Eady growth rate has maximum val-
ues of 0.75 day−1 in the mid-latitude middle to upper tro-
posphere. A secondary maximum is evident in the strato-
sphere; however, this most likely has little significance for
the growth of extra-tropical cyclones. The response of the
Eady growth rate to warming includes an increase just above
the dynamical tropopause and a decrease co-located with
the secondary maximum in the stratosphere. With the mid-
troposphere, the Eady growth rate decreases slightly with
warming; for example, at 700 hPa the maximum value de-
creases from 0.54 d−1 in CNTL to 0.50 d−1 in SST4. Close
to the surface, at 900 hPa, the maximum value of the Eady
growth rate also experiences a small decrease with warming,
from 0.92 to 0.89 d−1. The most notable impact of warming
on the Eady growth rate at 900 hPa is a poleward shift of 5.4◦

in the position of the maximum. Equatorward of 45◦ N the
900 hPa Eady growth rate decreases with warming, whereas
poleward of 45◦ N it increases.

Figure 3b and c show the vertical shear of the zonal wind
and the Brunt–Väisälä frequency respectively. There is lit-
tle change in the vertical wind shear with warming in the
mid-troposphere, which via thermal wind balance is con-
sistent with the lack of any large changes to the horizontal
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Figure 3. Zonal mean (a) maximum Eady growth rate (d−1),
(b) vertical shear of the zonal wind (s−1), and (c) Brunt–Väisälä
frequency (s−1) averaged over 10 years of simulation. Black con-
tours show the CNTL simulation, and shading shows the difference
between the SST4 and control simulations (SST4−CNTL). In (c)
contours are every 0.002 s−1 for values greater than 0.01 s−1, and
the dashed line shows the 0.005 s−1 contour. The green solid line
shows the dynamic tropopause (the 2 PVU surface) in CNTL and
the green dashed line in SST4.

temperature gradient in the troposphere (Fig. 1a). Near the
surface, there is a dipole pattern showing that the maximum
in wind shear moves polewards. This is consistent with the
poleward shift of the eddy-driven jet and also explains the
poleward shift in the 900 hPa Eady growth rates. The Brunt–
Väisälä frequency increases in the troposphere, which indi-
cates that the decrease in the Eady growth rates at 700 hPa,
and at lower latitudes higher up in the troposphere, is due pri-
marily to changes in the static stability. Near the tropopause
the decrease in the stability associated with an increase in the
tropopause height increases the Eady growth rate. In contrast,
the decrease in the secondary maximum in the stratosphere
is due to changes in the vertical wind shear.

5 Cyclone statistics

In this section bulk cyclone statistics are presented from
both the CNTL and SST4 simulations. All cyclone tracks
that meet the criteria described in Sect. 3.1 are included
in this analysis, and their mean and median characteristics
are summarized in Table 1. In the control simulation there
are 3581 extra-tropical cyclones which have a median life-
time of 108 h (4.5 d) and a median maximum vorticity of
5.94× 10−5 s−1 (Table 1). The uniform warming acts to de-
crease the total number of cyclone tracks by 3.3 % but does
not alter the median duration (lifetime) of extra-tropical cy-
clones (Table 1). The inter-annual variability in the number
of cyclone tracks, quantified by calculating the number of
cyclone tracks each year and then obtaining the standard de-
viation of these 10 values, is small (13.5 in CNTL and 10.1 in
SST4) relative to the absolute decrease in the number of cy-
clone tracks (119). This, and a two-sided Student’s t test,
shows that the decrease in the number of tracks is statisti-
cally significant.

Figure 4a shows histograms of maximum 850 hPa vortic-
ity (also referred to hereinafter as maximum intensity). There
are more stronger cyclones, for example with intensities ex-
ceeding 10× 10−5 s−1, in the SST4 experiment than in the
CNTL experiment. However, the mean intensity does not
change considerably and there is a 3.2 % decrease (equiv-
alent to 0.19× 10−5 s−1) in the median maximum vortic-
ity. This change (i.e. the signal) is very small compared to
the variation between individual cyclones quantified by the
standard deviation of the maximum relative vorticity of all
storms (2.55× 10−5 s−1 in CNTL). Furthermore, the mean
maximum vorticity for all cyclones occurring in each indi-
vidual year can be obtained and the standard deviation of
these 10 values calculated to obtain the inter-annual stan-
dard deviation of the maximum relative vorticity. For CNTL
this is 0.14× 10−5 and 0.10× 10−5 s−1 in SST4, which are
both larger than the absolute change in the mean maximum
relative vorticity (−0.04× 10−5 s−1, Table 1). A two-sided
Student’s t test further confirms that the mean intensity does
not differ in a statistically significant way between CNTL
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Figure 4. Normalized histograms of the extra-tropical cyclone’s (a) maximum 850 hPa relative vorticity, (b) average deepening rate between
time of genesis and time of maximum vorticity, (c) genesis latitude, and (d) lysis latitude. Blue shows CNTL and red shows SST4.

and SST4, and a Wilcoxon rank-sum test shows that the me-
dian maximum intensities are not statistically significantly
different between the CNTL and SST4 experiments. How-
ever, as evident from Fig. 4a, and confirmed by a one-tailed
F test applied to the maximum vorticity distributions, the
maximum vorticity distribution in the SST4 experiment has
a larger variance than in the CNTL experiment. Thus, it can
be concluded that the average population of all cyclones does
not change with warming but that there are more stronger and
more weak cyclones in the SST4 experiment than in CNTL.

Table 1 also includes the median deepening rates of all
extra-tropical cyclones. The deepening rate is the temporal
rate of change of the 850 hPa relative vorticity so that positive
values indicate a strengthening, or deepening, of the extra-
tropical cyclone. In CNTL, the relative vorticity increases
by 1.31× 10−5 s−1 every 24 h when evaluated from genesis
time to time of maximum intensity. In SST4, the correspond-
ing value is 1.28× 10−5 s−1 per 24 h. The change is very
small in comparison to the standard deviation of the deep-
ening rates (Table 1). Distributions of the deepening rates of
all identified extra-tropical cyclones calculated between the
time of genesis and time of maximum intensity are shown in
Fig. 4b. A rank-sum test performed on the deepening rates

between the time of genesis and time of maximum intensity
confirms that the median values are not statistically different.
The same test applied to the deepening rates calculated over
the 24 h before the time of maximum intensity also shows
that the control and SST4 experiments do not differ signifi-
cantly. However, similar to what is found with the maximum
vorticity distributions, the variance of the deepening rates
is statistically significantly larger in the SST4 experiment
compared to in CNTL. The lack of any notable change in
the median deepening rate of all extra-tropical cyclones dif-
fers somewhat from the zonal mean calculations of the Eady
growth rate (Fig. 3a), which indicate a 5 %–10 % decrease.
This difference likely arises because the Eady growth rate is
a measure of dry baroclinicity whereas moist processes are
acting in these simulations.

Distributions of the genesis and lysis latitudes for all extra-
tropical cyclones are shown in Fig. 4c and d. As hypothesized
in Sect. 4, both genesis and lysis regions move poleward with
warming. The median genesis region moves 2◦ polewards
from 44.2 to 46.2◦ N, and the median lysis region moves
poleward by 1.9◦ from 51.4 to 53.3◦ N (Table 1). The inter-
annual standard deviation of the genesis latitude is 0.27◦ in
CNTL and 0.69◦ in SST4, suggesting that the 2◦ poleward
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Table 1. Cyclone statistics from CNTL and SST4. Relative vorticity values have units of ×10−5 s−1. Duration (lifetime) is given in units of
hours. Deepening rates (units of ×10−5 s−1 (24 h)−1) are the temporal rate of change of the 850 hPa relative vorticity. Positive deepening
rate values indicate a strengthening, or deepening, of the extra-tropical cyclone. For vorticity, duration, and deepening rates, change is the
relative change ((SST4−CNTL)/CNTL) given as a percentage. For genesis and lysis latitude, change is the absolute change.

All cyclones Strongest 200 cyclones

Diagnostic CNTL SST4 Change CNTL SST4 Change

Number of tracks/cyclones 3581 3462 −3.3 % 200 200 0 %
Mean maximum 850 hPa vorticity 6.11 6.07 −0.7 % 11.55 11.87 +2.8 %
Median maximum 850 hPa vorticity 5.94 5.75 −3.2 % 11.24 11.56 +2.8 %
Standard deviation of maximum 850 hPa vorticity 2.55 2.80 +9.8 % 1.00 1.22 +22 %
Mean track duration 132.3 127.8 −3.4 % 209.7 190.8 −9.9 %
Median track duration 108.0 108.1 0 % 192.0 180.0 −6.25 %
Standard deviation of track duration 77.3 73.5 −4.9 % 83.0 83.2 +0.24 %
Median deepening rate (genesis to t = 0 h) 1.31 1.28 −2.3 % 2.63 3.36 +27.7 %
Standard deviation of deepening rate (genesis to t = 0 h) 1.13 1.25 +10.6 % 1.43 1.65 +15.4 %
Median deepening rate (−24 h to t = 0 h) 1.42 1.43 +0.7 % 3.57 4.41 +23.5 %
Standard deviation of deepening rate (−24 h to t = 0 h) 1.25 1.42 +13.6 % 1.53 1.75 +14.37 %
Median genesis latitude 44.2◦ N 46.2◦ N +2.0◦ 37.8◦ N 38.2◦ N +0.4◦

Median lysis latitude 51.4◦ N 53.3◦ N +1.9◦ 51.2◦ N 55.0◦ N +3.8◦

Standard deviation of genesis latitude 12.8◦ 13.7◦ +0.9◦ 8.6◦ 8.9◦ +0.3◦

Standard deviation of lysis latitude 13.8◦ 14.7◦ +0.9◦ 11.3◦ 11.0◦ −0.3◦

Median dlat (lysis–genesis latitude) 6.2◦ 6.0◦ −0.2◦ 13.7◦ 16.7◦ +3.0◦

Median dlat (max vort lat–genesis latitude) 2.9◦ 2.9◦ 0◦ 9.0◦ 9.3◦ +0.3◦

850 hPa relative vorticity threshold for strongest 200 cyclones – – – 10.44 10.88 +4.2 %
Vorticity of the strongest cyclone – – – 15.55 16.80 +8.1 %
Maximum deepening (genesis to time of max) – – – 7.05 9.10 +29.0 %

shift in genesis latitude is significant. Likewise, the inter-
annual standard deviation of the lysis latitude is 0.52 and
0.72◦ in CNTL and SST4 respectively and therefore also
smaller than the response to warming. Two-sided Student’s
t tests show that the mean genesis latitude differs between the
CNTL and SST4 experiments at the 95 % confidence level
and that both the median genesis and lysis latitudes differ
significantly at the 0.05 significance level. The standard de-
viation of both the genesis latitude (12.8◦ in CNTL, Table 1)
and lysis latitude (13.7◦ in CNTL, Table 1) of all cyclones
is larger than the mean change in genesis and lysis latitudes,
indicating that the change is small compared to the variation
between individual cyclones.

Table 1 also includes statistics for the strongest 200 extra-
tropical cyclones in each experiment as the structure of these
intense extra-tropical cyclones will be investigated in de-
tail in Sect. 6. Firstly, the median genesis latitudes of the
strongest extra-tropical cyclones are 6 to 8◦ farther equator-
ward than for all extra-tropical cyclones in both the CNTL
and SST4 experiments, which means that the strongest
storms form in climatologically warmer and more moist en-
vironments than average-intensity storms. The more equa-
torward genesis region, combined with similar (CNTL) or
more poleward (SST4) lysis regions, means that the strongest
extra-tropical cyclones have much larger latitudinal displace-
ments than extra-tropical cyclones do on average. Secondly,

the median genesis latitude of the 200 strongest extra-tropical
cyclones only moves 0.4◦ poleward with warming, which
is notably less than the 2.0◦ poleward shift found when all
extra-tropical cyclones are considered. Thirdly, deepening
rates increase much more with warming for the strongest
200 extra-tropical cyclones than for all extra-tropical cy-
clones. Finally, the mean, median, and maximum intensity
of the 200 strongest extra-tropical cyclones in the SST4 ex-
periment are larger than in the CNTL experiment.

6 Cyclone structure

6.1 Evolution of the composite cyclone in CNTL

The cyclone composite of the strongest 200 extra-tropical cy-
clones in the CNTL experiment is now discussed. The tem-
poral evolution of the composite mean cyclone in the CNTL
simulation, in terms of mean sea level pressure and total
column water vapour (TCWV) is shown in Fig. 5. A total
of 48 h before the time of maximum intensity (t =−48 h,
Fig. 5a) the composite cyclone has a closed low-pressure
centre with a minimum MSLP of 978 hPa. The location of
the cold and warm fronts is evident as enhanced gradients in
the TCWV and the warm sector, located between the cold
front and warm front, are well defined and have values of
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Figure 5. Composite cyclone of the strongest 200 extra-tropical cyclones in the CNTL simulation at (a) 48 h before time of maximum
vorticity, (b) 24 h before time of maximum vorticity, (c) time of maximum vorticity, and (d) 24 h after the time of maximum vorticity.
Shading shows the total column water vapour (g kg−1), and black contours show the mean sea level pressure (hPa). The plotted radius is 12◦.

TCWV exceeding 25 g kg−1. At 24 h before the time of max-
imum intensity (t =−24 h, Fig. 5b) the low-pressure centre
has become deeper (minimum MSLP of 960 hPa), the warm
sector has become narrow and the gradients in TCWV across
both the warm and cold fronts have become larger. The dry
air moving cyclonically behind the cold front now extends
farther south relative to the cyclone centre than it did 24 h
earlier. By the time of maximum relative vorticity (t = 0 h,
Fig. 5c), the MSLP shows a mature, very deep cyclone which
has a minimum pressure of 944 hPa. The TCWV over the
whole cyclone composite area is now considerably lower
than at earlier stages most likely because as the cyclones in-
cluded in the composite intensify they move poleward to cli-
matologically drier areas. The TCWV pattern also shows that
the composite cyclone starts to occlude by this point (t = 0 h)
as the warm sector does not connect directly to the centre of
the cyclone – instead it is displaced downstream. Finally 24 h

after the time of maximum intensity (t =+24 h, Fig. 5d), the
cyclone resembles a barotropic low and has weak frontal gra-
dients associated with it. The evolution of the composite cy-
clone in the CNTL experiment is, however, qualitatively very
similar to real extra-tropical cyclones observed on Earth.

6.2 Low-level potential and relative vorticity

The response of the cyclone structure to warming is now
considered primarily using changes to the mean values
(i.e. SST4−CNTL). First the temporal evolution of the low-
level potential vorticity (PV) and the changes to this variable
with warming are considered (Fig. 6). Before the compos-
ite cyclone reaches it maximum intensity (Fig. 6a and b), the
maximum in the 900–700 hPa layer-averaged PV in the con-
trol simulation is poleward and downstream of the cyclone
centre. By the time of maximum intensity (Fig. 6c), the max-
imum PV is co-located with the cyclone centre and there is
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Figure 6. Composite mean of the strongest 200 extra-tropical cyclones at (a) 48 h before time of maximum vorticity, (b) 24 h before time of
maximum vorticity, (c) time of maximum vorticity, and (d) 24 h after the time of maximum vorticity. Black contours show the 900–700 hPa
layer mean potential vorticity in CNTL (contour interval 0.1 PVU, starting at 0.4 PVU). Shading shows the difference in the 900–700 hPa
layer mean potential vorticity between SST4 and CNTL. Orange contours show the difference in the 850 hPa relative vorticity between SST4
and CNTL (contour interval 0.5× 10−5 s−1, the 0 contour is omitted). Solid orange contours show positive differences and dashed contours
negative differences.

a secondary maximum which extends downstream of the cy-
clone centre and is co-located with the warm front.

At t =−48 and t =−24 h, the largest absolute increases
in the 900–700 hPa PV occur poleward of the warm front
location (Fig. 6a and b). This low-level PV anomaly is pri-
marily caused by a diabatic heating maximum above this
layer and therefore the poleward movement of the maxi-
mum indicates that the maximum in diabatic heating has also
moved polewards with warming. The increase in PV is co-
located with an increase in relative vorticity (orange con-
tours in Fig. 6), which is consistent with an intensified cy-
clonic circulation beneath a region of localized heating. It
can therefore be concluded that the relative vorticity associ-
ated the warm front increases with warming. At t = 0 and
t =+24 h (Fig. 6c and d), two distinct regions of increased
low-level PV are evident. The first is poleward of the warm

front, as found at the earlier stages of development, and the
second is almost co-located with the cyclone centre yet dis-
placed slightly downstream. Both localized increases in low-
level PV are also associated with increases in relative vortic-
ity. In relative terms (not shown) the low-level potential vor-
ticity poleward of the warm front increases by 25 %–30 %,
whereas near the cyclone centre the low-level PV only in-
creases by 15 %–20 %.

The response to warming also shows that almost every-
where within a 12◦ radius of the cyclone centre, at all offset
times, there is an increase in low-level PV. The absolute val-
ues of increase are smaller, mostly less than 0.1 PVU, but
in relative terms the increase is similar in magnitude to that
found near the warm front and cyclone centre. Away from
the cyclone centre, where there is no significant relative vor-
ticity, this increase in low-level PV is primarily caused by an

www.weather-clim-dynam.net/1/1/2020/ Weather Clim. Dynam., 1, 1–25, 2020



12 V. A. Sinclair et al.: Extra-tropical cyclones in a warmer climate

Figure 7. Composite mean of the 900 hPa wind speed of the strongest 200 extra-tropical cyclones in the CNTL simulation (black contours,
every 5 m s−1) and the difference between SST4 and CNTL (shading) at (a) 48 h before time of maximum intensity, (b) 24 h before time of
maximum intensity, (c) time of maximum intensity, and (d) 24 h after the time of maximum intensity.

increase in stratification. However, given that the cyclones
are more poleward in the SST4 experiment, the increase in
planetary vorticity also plays a small role.

6.3 Low-level wind speed

Figure 6 highlights that the relative vorticity increases with
warming at all offset times. Associated with this increase
in relative vorticity is an increase in low-level horizontal
wind speeds. In the composite from the CNTL experiment, at
t =−48 and t =−24 h (Fig. 7a and b), the strongest 900 hPa
wind speeds exceed 20 and 25 m s−1 respectively and oc-
cur in the warm sector. At the time of maximum intensity
(Fig. 7c), the strongest 900 hPa winds in CNTL are located
equatorward of the cyclone centre, behind the cold front in a
very dry area, and exceed 30 m s−1. By t = 24 h (Fig. 7d)
the wind speeds have started to weaken. At t =−48 h, a
dipole structure in the change in wind speed due to warm-
ing is evident, indicating that the maximum wind speeds
move poleward and downstream relative to those in CNTL

(Fig. 7a). However, the positive values are greater in magni-
tude than the negative values, thus indicating an overall in-
crease in wind speed. At t =−24, 0, and 24 h (Fig. 7b–d)
the 900 hPa winds speeds of the composite cyclone increase
with warming by ∼ 1.5 m s−1 in a large area surrounding the
cyclone and by up to 3.5 m s−1 in the warm front area. Con-
sequently, the size of the area affected by wind speeds over a
fixed threshold value increases, indicating greater wind risk
in warmer climates. As the increase at all offset times is not
co-located with maximum wind speed in CNTL, this sug-
gests that the spatial structure of the composite extra-tropical
cyclone changes with warming.

6.4 Total column water vapour

The response of the TCWV is now considered (Fig. 8). The
uniform warming leads to an increase in TCWV everywhere
in the cyclone composite at all offset times. The largest ab-
solute increases occur at t =−48 and t =−24 h (Fig. 8a
and b). At both of these offset times, the largest absolute in-
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Figure 8. Composite mean of the total column water vapour (TCWV) of the strongest 200 extra-tropical cyclones in the CNTL simulation
(black contours, every 2 g kg−1) and the difference between SST4 and CNTL (shading) at (a) 48 h before time of maximum intensity, (b) 24 h
before time of maximum intensity, (c) time of maximum intensity, and (d) 24 h after the time of maximum intensity.

crease occurs in the warm sector where the mean values are
largest in the control simulation. In terms of percentage in-
crease (not shown), at t =−24 h, the TCWV increases the
least, approximately 25 %, in the cold sector upstream of the
cyclone centre and the most ahead of the warm front where
the increase exceeds 50 %. At the time of maximum intensity
(Fig. 8c), absolute increases of up to 6 g kg−1 are still evi-
dent in the warm sector and in a localized region northeast of
the cyclone centre, whereas at t =+24 h (Fig. 8d) increases
of this magnitude are constrained to the most southern part
of the cyclone composite. The composites also show the
meridional moisture gradient across the composite cyclone
increases notably with warming since the absolute increase is
much larger in the most equatorward regions (e.g. 12 g kg−1

at t =−48 h) than in the most poleward regions (e.g. an in-
crease of 2 g kg−1).

6.5 Precipitation

The response of the total, convective, and large-scale precip-
itation to warming is now considered. Composites of total,
large-scale, and convective precipitation are shown in Fig. 9
valid 48, 24, and 0 h before the time of maximum intensity.
Precipitation is calculated as the 6 h accumulated value cen-
tred on the valid time in units of millimetres per 6 h. In the
CNTL simulation the maximum total precipitation is down-
stream and poleward of the cyclone centre at all offset times.
At t =−48 h, the total precipitation has maximum values of
6 mm (6 h)−1 and is mainly located in the warm sector of the
cyclone and near the warm front (Fig. 9a). At t =−24 h, the
total precipitation in the CNTL simulation is slightly larger,
covers a greater area, and has a more distinct comma shape
than 24 h earlier (Fig. 9d). Also at this time, large values of
total precipitation are evident along the cold front to the south
of the cyclone centre. By the time of maximum intensity the
total precipitation in the CNTL experiment has started to de-
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Figure 9. Composites of total precipitation (a, d, g), large-scale precipitation (b, e, h), and convective precipitation (c, f, i) in the CNTL
simulation (black contours) and the difference between SST4 and control (shading). Panels (a)–(c) are valid 48 h before the time of maximum
intensity, panels (d)–(f) are valid 24 h before the time of maximum intensity, and panels (g)–(i) are valid at the time of maximum intensity.
All composites are of the strongest 200 extra-tropical cyclones in each experiment.

crease, with maximum values of 4 mm (6 h)−1, and the loca-
tion of the precipitation has rotated cyclonically around the
cyclone centre (Fig. 9g).

The response to warming of the total precipitation is a
large absolute and relative increase at all offset times. The
maximum absolute increases are of the order of 2.5, 3.5, and

2.0 mm (6 h)−1 at t =−48, t =−24 h, and the time of max-
imum vorticity (t = 0 h) respectively. These values corre-
spond to relative increases of up to almost 50 %. The maxi-
mum increase in the total precipitation is not co-located with
the maximum in the CNTL simulation, indicating that the
spatial structure of the composite cyclone has changed with
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warming. The largest increases in total precipitation occur
in the warm front region, poleward and downstream of the
maximum in the CNTL simulation at all offset times. This
spatial change is largely similar to that found when the 900–
700 hPa potential vorticity response to warming was consid-
ered (Fig. 6). This is consistent in the sense that more precipi-
tation, and particularly more condensation, results in more la-
tent heating and thus a stronger positive PV anomaly beneath
the localized heating. However at t = 0 h, it is interesting to
note that while there is only one localized area where pre-
cipitation increases in SST4 compared to in CNTL (Fig. 9g),
which is ahead of the warm front, there are two regions where
the low-level PV increases (Fig. 6c). One of these regions is
co-located with the increase in precipitation but the second
region is closer to the cyclone centre. While this may be due
to the larger mean relative vorticity of the strongest 200 cy-
clones in SST4 compared to CNTL (Table 1), it is also pos-
sible that this second area of enhanced PV may be due to en-
hanced advection by the cold conveyor belt of PV produced
diabatically in the warm front region, beneath the ascending
warm conveyor belt. Schemm and Wernli (2014) noted such
a mechanism in their study linking warm and cold conveyor
belts.

The contribution of the large-scale stratiform precipitation
calculated from the cloud scheme and the convective precipi-
tation produced by the convection scheme to the total precip-
itation is now considered. In CNTL, the large-scale precip-
itation (Fig. 9b, e, and h) contributes more to the total pre-
cipitation than the convective precipitation (Fig. 9c, f, and i),
particularly at t =−24 h and the time of maximum inten-
sity. However, the convective precipitation is larger and of
equal magnitude to the large-scale precipitation in the more
equatorward parts of the warm sector of the CNTL compos-
ite cyclone where the temperature and moisture content are
higher. The large-scale precipitation increases in SST4 com-
pared to CNTL in the warm frontal region, poleward of the
maximum in the CNTL simulation, at all offset times. This
spatial shift is very similar to that observed for the total pre-
cipitation, meaning that the resolved precipitation is leading
to the poleward shift in the total precipitation with warming.
However, the large-scale precipitation also has a smaller in-
crease (1–1.5 mm per 6 h) in a narrow band along the cold
front, upstream of the maximum in the control simulation,
which is most evident at t =−24 h. In contrast, the convec-
tive precipitation, which increases by almost 50 %, has the
largest increases co-located with the maximum in the control
simulation, meaning that the position of convective precip-
itation relative to the cyclone centre does not change with
warming.

6.6 Vertical velocity

The mean cyclone composite of vertical velocity at 700 hPa
(given in pressure coordinates, Pa s−1) obtained directly from
the model simulations and the response to warming is shown

in Fig. 10a, c, and e. In the CNTL simulation at t =−48 and
t =−24 h, there is large coherent area of ascent downstream
of the cyclone centre largely co-located with the warm sector
indicative of the warm conveyor belt, an ascending airstream
associated with extra-tropical cyclones. At t = 0 h (Fig. 10e),
the area of ascent is still maximized in the warm sector region
but is further downstream relative to the cyclone centre than
at earlier times. The ascent at t = 0 h has also started to wrap
cyclonically around the poleward and upstream side of the
cyclone, meaning that the cyclone has formed a bent-back
warm front and likely has started to occlude. The absolute
magnitude of the largest values of ascent occur at t =−24 h
and exceed 0.6 Pa s−1 (Fig. 10c), approximately 6 cm s−1. A
region of weak descent is evident behind the cold front in the
drier air mass at all offset times.

Uniform warming changes the vertical motion in a com-
plex manner. The largest increases in ascent are not co-
located with the strongest ascent in the CNTL simulation and
instead occur poleward and downstream of the maximum.
This pattern is present at all offset times and suggests that
the warm front and the warm conveyor belt are located far-
ther poleward relative to the cyclone centre in the SST4 sim-
ulation. This is consistent with the response of the total and
large-scale precipitation, and the low-level potential vortic-
ity, which also showed a poleward shift in the warm frontal
region. A tri-pole structure is also evident in Fig. 10a, c,
and e, which show that the area of ascent either weakens in
the centre and broadens with warming or the ascent associ-
ated with the warm and cold fronts becomes more spatially
separate with warming. The first of these two options will
prove to be correct.

To further understand the spatial pattern of the response
of the vertical velocity to warming, the contribution to the
total vertical velocity from vorticity advection, thermal ad-
vection, and diabatic processes as diagnosed by the omega
equation (Eq. 1) is examined. The sum of these three terms
(Fig. 10b, d, and f) at 700 hPa is first compared to the to-
tal model calculated vertical motion (Fig. 10a, c, and e). At
t =−48 h, the diagnosed ascent in CNTL is slightly weaker
than the model-calculated (i.e. direct from OpenIFS) ascent,
particularly in the cold front region. The response of the
diagnosed vertical motion to warming is however spatially
similar to that of the model-calculated vertical motion. At
t =−24 h, the diagnosed ascent is slightly stronger than the
model-calculated ascent and covers a larger area, especially
in the zonal direction. In addition, the descent diagnosed
from Eq. (1) covers a smaller area than descent in the model-
calculated vertical motion field. Similar differences between
the model-calculated and diagnosed vertical motion occur
at t = 0 h. There is, however, broad agreement between the
model-calculated vertical motion and the vertical motion di-
agnosed using Eq. (1) in CNTL at all offset times, and the
response to warming in the diagnosed vertical motion field is
very similar to that in the model-calculated field. Thus, the
individual contributions to the diagnosed ascent will provide

www.weather-clim-dynam.net/1/1/2020/ Weather Clim. Dynam., 1, 1–25, 2020



16 V. A. Sinclair et al.: Extra-tropical cyclones in a warmer climate

Figure 10. Composite mean and change in 700 hPa vertical velocity in pressure coordinates for (a, c, e) total model calculated vertical
velocity and (b, d, f) vertical velocity calculated from the modified quasi-geostrophic omega equation (Eq. 1). Panels (a) and (b) are valid
48 h before the time of maximum intensity, panels (c) and (d) are valid 24 h before the time of maximum intensity, and panels (e) and (f) are
valid at the time of maximum intensity. All composites are of the strongest 200 extra-tropical cyclones in each experiment.
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Figure 11. Composite mean and change in 700 hPa vertical velocity in pressure coordinates due to thermal advection (ωT, a, d, g), due to
vorticity advection (ωV, b, e, h), and due to diabatic heating (ωQ, c, f, i). Panels (a)–(c) are valid 48 h before the time of maximum intensity,
panels (d)–(f) are valid 24 h before the time of maximum intensity, and panels (g)–(i) are valid at the time of maximum intensity. Contours
show the control values and shading the difference (SST4−CNTL). All composites are of the strongest 200 extra-tropical cyclones in each
experiment.

reliable estimates of how different physical processes influ-
ence the total vertical motion.

Figure 11 shows the contribution to vertical velocity from
thermal advection, vorticity advection, and diabatic heating
at three offset times in the CNTL experiment. The maximum

values of ascent attributed to the different forcing mecha-
nisms in the composite mean cyclones are also shown in
Table 2. In the CNTL composite cyclone thermal advection
leads to ascent in the warm sector downstream of the cyclone
centre and descent behind the cold front (Fig. 11a, d, and g).
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Table 2. Maximum values of ascent (Pa s−1) at 700 hPa directly from the model (ω) and attributed to vorticity advection (ωV), thermal
advection (ωT), and diabatic heating (ωQ) in the CNTL composite mean and the SST4 composite mean at different offset times.

CNTL SST4

Time (h) ω ωV ωT ωQ ω ωV ωT ωQ

−48 −0.5016 −0.2279 −0.1808 −0.195 −0.5238 −0.2162 −0.1423 −0.193
−24 −0.6722 −0.401 −0.3179 −0.2311 −0.6965 −0.3816 −0.3013 −0.2339
0 −0.4387 −0.3889 −0.1517 −0.1352 −0.4565 −0.3761 −0.1681 −0.1512
24 −0.1572 −0.1701 −0.0601 −0.0371 −0.1674 −0.1851 −0.054 −0.0358

Ascent and descent due to thermal advection reach a maxi-
mum 24 h before the time of maximum intensity (Table 2),
and as the composite cyclone evolves in time the region of
ascent wraps cyclonically around the poleward side of the cy-
clone centre. Vorticity advection (Fig. 11b, e, and h) leads to
stronger ascent at all offset times compared to either thermal
advection or diabatic heating in the CNTL composite cyclone
(Fig. 11, Table 2). At all offset times the ascent attributed to
vorticity advection covers a large area and is located down-
stream of the cyclone centre. As the cyclone evolves, the area
of maximum ascent moves further away from the cyclone
centre and a region of weak ascent wraps cyclonically around
the cyclone centre. This cyclonic behaviour, indicative of life
cycle 2 (LC2, Thorncroft et al., 1993) cyclone development,
occurs as the cyclones are located on the poleward side of
the jet at all offset times considered here. The contribution
to vertical motion from the diabatic heating term is shown in
Fig. 11c, f, and i. Ascent related to diabatic heating is con-
strained to a smaller area than ascent due to either vorticity or
thermal advection and is located in the poleward parts of the
warm conveyor belt. The maximum values of ascent related
to diabatic heating at t =−24 h and the time of maximum
intensity are also weaker than those due to either thermal ad-
vection or vorticity advection in both the CNTL and SST4
experiments (Table 2). This shows that at 700 hPa diabatic
heating has a smaller impact on the cyclone’s vertical motion
than the dynamical terms.

The response of vertical motion due to the different forc-
ing mechanisms to warming is also shown in Fig. 11 by
the shading. At t =−48 h, ascent due to thermal advection
weakens slightly with warming (orange shading co-located
with the maximum ascent in CNTL in Fig. 11a and Table 2),
and the descent associated with cold-air advection is also
weaker in SST4 than in the CNTL. The ascent due to warm-
air advection in the warm sector is slightly more poleward
in SST4 compared to CNTL. At t =−24 h, the region of as-
cent due to thermal advection in SST4 has moved poleward
and downstream relative to that in the CNTL. This is evident
in Fig. 11d as the positive difference values (weaker ascent,
orange shading) between the cyclone centre and the maxi-
mum ascent in the CNTL and as negative difference values
(stronger ascent, purple shading) poleward of the maximum
ascent in CNTL. This illustrates that at both t =−48 and

t =−24 h the warm front is more poleward and extends fur-
ther downstream away from the cyclone centre in SST4 com-
pared to in CNTL. A similar but weaker pattern also remains
at the time of maximum intensity (Fig. 11g).

The response of vertical motion due to vorticity advection
at 700 hPa has a similar spatial pattern at all offset times con-
sidered but is most pronounced in magnitude at t =−24 h
and at the time of maximum intensity. The most notable fea-
ture is that ascent due to vorticity advection in SST4 cov-
ers a greater area compared to in CNTL and that the ascent
expands polewards and downstream of the cyclone centre.
The second notable feature is that at 700 hPa the maximum
ascent due to vorticity advection decreases with warming
(Fig. 11b, e, and h and Table 2). This indicates that ascent
due to positive vorticity advection downstream of the cyclone
centre weakens in magnitude but becomes more spatially ex-
tensive.

To further understand the change in ascent due to vortic-
ity advection, the 500 hPa geopotential height fields are con-
sidered. To compare the 500 hPa geopotential height in the
SST4 and CNTL composite cyclones, first the composite cy-
clone mean (weighted by grid area) at each offset time was
subtracted to generate maps of the cyclone relative 500 hPa
geopotential height anomaly. This was necessary as in SST4
the 500 hPa heights are higher simply due to the warmer at-
mosphere, which makes a comparison of the shape and ex-
tent of the upper level trough difficult. Figure 12 shows the
differences in these anomalies. At t =−48 h (Fig. 12a) the
negative anomaly to the south of the cyclone centre indicates
that the 500 hPa trough is slightly deeper in SST4 compared
to in CNTL. Furthermore, the dipole of negative and positive
anomalies downstream of the cyclone centre at t =−48 h in-
dicates that the 500 hPa trough is sharper in SST4 compared
to in CNTL. At t =−24 h (Fig. 12b) an asymmetric dipole
pattern is evident, which has small positive values upstream
and larger negative values downstream of the cyclone centre.
This indicates that the 500 hPa trough is shifted downstream
relative to the cyclone centre in SST4 compared to in CNTL
but also that the trough is broader and extends more down-
stream in SST4 compared to CNTL. This pattern is also evi-
dent at t = 0 and t =+24 h. The broader upper-level trough
in SST4 is thus the likely reason why ascent due to vorticity
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Figure 12. Composite mean of 500 hPa geopotential height (dam) in CNTL (black contours) and the difference (SST4−CNTL) in the
cyclone relative anomalies at (a) 48 h before time of maximum intensity, (b) 24 h before time of maximum intensity, (c) time of maximum
intensity, and (d) 24 h after the time of maximum intensity.

advection expands over a greater area downstream in SST4
compared to CNTL.

Ascent attributed to diabatic heating has a larger relative
increase with warming in the warm front region compared to
both dynamical terms (Fig. 11). At all offset times, ascent due
to diabatic heating increases poleward of the maximum in the
CNTL composite, which combined with the absence of any
decrease in ascent results in an expansion of the area where
diabatic heating contributes notably to ascent. Furthermore,
in contrast to both thermal advection and vorticity advection,
there are no coherent regions where descent due to diabatic
heating has increased.

The spatial patterns of changes in ascent due to the dif-
ferent forcing mechanisms (Fig. 11) can be compared to the
patterns of change in the total model output vertical velocity
(Fig. 10). It can therefore be concluded that the increase in
ascent poleward and downstream of the cyclone centre oc-
curs due to a combination of all three processes. However,

thermal advection and diabatic heating are responsible for
most of the increase in ascent close to the cyclone centre,
whereas vorticity advection is the main cause of the down-
stream expansion of the ascent field. The decrease in total
ascent near the cyclone centre is found to be due to changes
in spatial pattern of thermal advection and the position of the
fronts. In the SST4 experiment, the warm front advances fur-
ther ahead of the cyclone centre than in the CNTL, which re-
sults in weaker ascent due to warm air advection close to the
cyclone centre. However, the decrease in ascent in the warm
sector is a direct result of weaker ascent due to vorticity ad-
vection in this location, which arises as a consequence of the
broader 500 hPa trough. In contrast, the weaker descent im-
mediately to the south of the cyclone centre is mainly due
to weaker cold-air advection in SST4 compared to CNTL,
which again relates to changing positions of the fronts. Fi-
nally, it should be noted that vertical velocities are likely to
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Figure 13. Normalized histograms of the (a) asymmetry parameter and (b) area asymmetry parameter (see text for more details) valid 24 h
before the time of maximum intensity. Both histograms include values for the 200 strongest extra-tropical cyclones in both experiments. Blue
shades show CNTL and red SST4.

be weaker for the same forcing in the warmer experiment due
to an increase in tropospheric static stability (e.g. Fig. 3c).

7 Asymmetry of vertical motion

Ascent is stronger and occupies a smaller and narrower re-
gion than descent, both in the context of extra-tropical cy-
clones and globally. O’Gorman (2011) proposed two pa-
rameters, λ and λArea, to quantify the asymmetry between
upward and downward motions. The asymmetry parameter,
λ, is given by

λ≡
ω′ω′↑

ω′2
, (4)

where in our study we define ω′ to be the perturbation from
the mean vertical velocity (Pa s−1) calculated over the 12◦

cyclone composite area. ω↑ denotes taking the upward part
of ω (i.e. applying a Heaviside function). The overbar de-
notes an average over the cyclone area. λArea is an alternative
(and more approximate) definition of asymmetry, which is
based on geometric considerations. λArea is given by

λArea =
1− au

1−ω/ωu
, (5)

where au is the fraction of the total area (in this case the 12◦

cyclone composite area) which is covered by ascent, ωu is
the spatial average over the cyclone area of the ascent, and
ω is the spatial average of all vertical motions.
λ and λArea are both calculated for each of the 200 individ-

ual extra-tropical cyclones in both the CNTL and SST4 ex-
periments at different offset times. Only vertical motions at
one pressure level, 700 hPa, are considered. Figure 13 shows
the distribution of both asymmetry parameters at t =−24 h,
which reveals that there is considerable spread across the
200 strongest extra-tropical cyclones, particularly in λ, with

values ranging from 0.55 to 0.9 in both experiments. How-
ever, it is also evident that there are larger values of both λ
and λArea in SST4 compared to in CNTL. The mean val-
ues for both parameters are shown in Table 3. At t =−24,
t = 0, and t =+24 h, both λ and λArea are statistically sig-
nificantly larger in SST4 compared to in CNTL; however the
increases are small in magnitude. The fractional area of as-
cent (au) is less than 0.5 at all offset times in both CNTL and
SST4 (Table 3), indicating that regions of ascent are smaller
relative to areas of descent. Warming does not cause large
changes to the fractional area of ascent; a statistically sig-
nificant decrease occurs at t = 0 h, a statistically significant
increase occurs at t =+48 h, and no significant changes oc-
cur at t =−48, −24, or +24 h. Thus the small changes in
both asymmetry parameters occur due to changes in the ra-
tio of mean descent to mean ascent. Small increases in the
maximum ascent (minimum ω, Table 2) are found and the
mean vertical motion averaged over the 12◦ cyclone area
also becomes more negative in SST4 (Table 3), indicating
either stronger ascent or weaker descent. The mean ascent,
calculated over areas where ω < 0 in the 12◦ cyclone area,
strengthens slightly at t =−24, t = 0, and t =+24 h (Ta-
ble 3) while the mean descent, averaged over areas where
ω > 0 in the 12◦ cyclone area, weakens slightly at all offset
times. The magnitude of ratio between the mean upward ve-
locity and mean downward velocity (i.e. |ωu/ωd|) increases
at all times, as does the ratio between the mean vertical mo-
tion and mean upward velocity (i.e. |ω/ωu|), such that λ in-
creases with warming.

The magnitude of the mean increase in both λ and λArea is
small; for example, at the time of maximum intensity λ in-
creases from 0.74 in CNTL to 0.77 in SST4, and λArea in-
creases from 0.64 in CNTL to 0.66 in SST4 (Table 3). This
result differs slightly from the results of O’Gorman (2011),
who, in idealized climate change simulations performed on
an aqua planet, found that λ has a value of ∼ 0.6 and that
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Table 3. Mean values of λ, λArea (see text for definitions), fractional area of ascent (au), mean vertical motion (ω), mean ascent (ωu), and
mean descent (ωd) at 700 hPa averaged over the strongest 200 extra-tropical cyclones in CNTL and in SST4 at different offset times.

CNTL SST4

Time (h) λArea λ au ω ωu ωd λArea λ au ω ωu ωd

−48 0.60 0.70 0.30 0.0011 −0.1618 0.1083 0.59 0.70 0.30 0.0006 −0.1578 0.1065
−24 0.63 0.75 0.41 −0.0137 −0.1922 0.1135 0.64 0.77 0.40 −0.0178 −0.1974 0.1091
0 0.64 0.74 0.43 −0.0183 −0.1801 0.1021 0.66 0.77 0.42 −0.0220 −0.1890 0.0966
24 0.60 0.69 0.45 −0.0116 −0.1322 0.0867 0.62 0.73 0.47 −0.0162 −0.1329 0.0805
48 0.59 0.69 0.41 −0.0066 −0.1142 0.0777 0.60 0.71 0.42 −0.0091 −0.1053 0.0703

it does not increase when the global mean surface temper-
ature increases. Tamarin-Brodsky and Hadas (2019), how-
ever, find a small increase in λ with warming and no changes
to the fractional area of ascent (au), which is in agreement
with what we find here. Previously Booth et al. (2015) cal-
culated λ, λArea, and au in dry and moist baroclinic life cy-
cle experiments and find that including moisture increases λ
from 0.58 to 0.74, increases λArea from 0.55 to 0.64, and de-
creases au from 0.45 to 0.40. These changes are much more
pronounced than those found in this study likely due to the
relative difference in the two sets of experiments, e.g. a dry
versus moist case compared to a moist case vs. a moist case
with 4 K warming.

8 Conclusions

Aqua-planet simulations were performed with a state-of-the-
art, full-complexity atmospheric model (OpenIFS) to quan-
tify how the number, characteristics, and structure of extra-
tropical cyclones respond to horizontally uniform warming
and to identify possible physical reasons for such changes.
This simplified climate change experimental method was se-
lected because it provides a very large sample size of cy-
clones for drawing statistically significant conclusions from
and because the initial conditions and experimental design
do not exert a strong control on the evolution of the model
state.

The aqua-planet model set-up is capable of producing a
zonal mean climate that is broadly similar to that observed
on Earth. The response of the zonal mean temperature and
zonal mean zonal wind to warming is in broad agreement
with multi-model mean predictions from CMIP5 models.
Namely, the greatest warming is observed in the tropical up-
per troposphere, the subtropical jet streams intensify, move
upwards and polewards with warming, and the eddy-driven
jet and mid-latitude storm track moves polewards with warm-
ing. The magnitude of the near-surface warming in the aqua-
planet SST4 simulation compared to CNTL is approximately
4 K, which is within the CMIP5 multi-model range predicted
to occur by 2100 under the RCP8.5 scenario.

Extra-tropical cyclones were tracked using an objective
tracking algorithm which identifies localized maxima of
850 hPa relative vorticity truncated to T42 spectral resolu-
tion. In both the control (CNTL) and warm (SST4) exper-
iment about 3500 cyclone tracks were identified. Warming
the SSTs did not change the cyclone lifetime and led to a
3.3 % decrease in the total number of extra-tropical cyclones.
Moreover, the median intensity of cyclones, as measured
by the maximum 850 hPa vorticity, does not change signifi-
cantly when SSTs are warmed uniformly; however, the inten-
sity distribution of extra-tropical cyclones broadens, result-
ing in more intense and more weaker cyclones. The median
deepening rate of all extra-tropical cyclones did not change
significantly with warming although the zonal mean Eady
growth decreased by 5 %–10 % due to an increase in the hy-
drostatic stability. This apparent conflict arises as moisture
acts to intensify the extra-tropical cyclones in these simula-
tions whereas the Eady growth rate is a measure of dry baro-
clinicity. In addition, both extra-tropical cyclone genesis and
lysis regions move poleward with warming, which is consis-
tent with the poleward shift of the eddy-driven jet.

These results can be compared to those from previous
idealized studies as well as to results obtained from full-
complexity climate models. Our result that the maximum rel-
ative vorticity of the most extreme cyclones increases with
warming is in agreement with results from previous aqua-
planet simulations (Pfahl et al., 2015). When our results of
extra-tropical cyclone intensity are compared to results based
on coupled climate models, a complex picture emerges. Our
result that the number of extreme cyclones increases with
warming agrees with the results from Champion et al. (2011)
and the Southern Hemisphere results of Chang et al. (2012)
yet disagrees with the results from Bengtsson et al. (2009)
and Catto et al. (2011), who both found that the number of
intense storms in Europe and the North Atlantic is likely to
decrease in the future.

Cyclone composites of the 200 strongest extra-tropical cy-
clones were created for both the CNTL and the SST4 exper-
iments. The structure of both composite cyclones is qualita-
tively and even quantitatively very similar to composite cy-
clones created from reanalysis (Dacre et al., 2012) and his-
torical climate model simulations (Catto et al., 2010). This
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strongly highlights the validity and usefulness of aqua-planet
simulations. The aim of our composite analysis was to iden-
tify how the structure of the most intense extra-tropical cy-
clones responds to warming. The main focus was on how
precipitation and vertical motion respond to warming, and
the omega equation was utilized to assess changes to ver-
tical motion forced by thermal and vorticity advection and
attributable to diabatic heating. The main results of how
the structure of the 200 most intense extra-tropical cyclones
change with warming include the following.

1. The total column water vapour (TCWV) increases ev-
erywhere within a 12◦ radius of the cyclone centre, and
the meridional TCWV gradient increases. The largest
absolute increases in TCWV occur in the warm sector,
whereas the largest relative increases occur poleward of
the warm front.

2. The 900–700 hPa layer average potential vorticity in-
creases at all stages of the cyclone evolution everywhere
within a 12◦ radius of the cyclone centre. The small
absolute increases away from the cyclone centre result
from increasing stratification.

3. The 900 hPa wind speed increases in particular in the
warm sector and thus the size of the area exposed to
wind speeds above a certain fixed threshold increases.

4. The low-level potential vorticity, total and large-scale
precipitation, and ascent at 700 hPa ahead of the warm
front increase at all times of the cyclone life cycle,
which occurs due to an increase in ascent forced by ther-
mal advection and an increase in how diabatic processes
enhance ascent.

5. The area of ascent downstream of the cyclone centre
expands due to increased ascent forced by vorticity ad-
vection. This is related to a downstream shift and broad-
ening of the 500 hPa trough.

6. The maximum values of ascent at 700 hPa decrease
slightly due to vorticity and thermal advection during
the cyclone intensification phase, and the maximum
value of ascent increases slightly due to diabatic heat-
ing.

7. The asymmetry of vertical motion (λ and λArea) in-
creases slightly with warming, and the fractional area
of ascent does not notably change. The small increases
in asymmetry arise as the absolute magnitude of the in-
crease in ascent is greater than the absolute decrease in
the magnitude of the descent.

First, these results show that ascent becomes slightly more
diabatically driven in the warmer experiment compared to
the CNTL experiment and that cyclone-related precipitation

increases by up to 50 % – a value much larger than pre-
dicted for global precipitation amounts. Second, these re-
sults indicate that the spatial structure of the most intense
extra-tropical cyclones does change with warming. The lo-
calized maxima of low-level PV, 900 hPa wind speed, maxi-
mum precipitation, and vertical velocity associated with the
warm front all move northeast relative to the centre of the cy-
clone. This demonstrates that in the warmer experiment the
warm front is farther poleward and downstream of the cy-
clone centre than in CNTL. Furthermore, the area of ascent
also increased with warming, particularly in the downstream
region due to changes in ascent forced by vorticity advection
and ultimately a broader trough at 500 hPa in SST4 compared
to in the CNTL experiment.

The cyclone composite analysis revealed that precipita-
tion increased everywhere relative to the cyclone centre with
warming. The same result was obtained by Yettella and Kay
(2017), who analysed a 30-member initial condition cli-
mate model ensemble. Furthermore, Yettella and Kay (2017)
find that precipitation in a cyclone composite of North-
ern Hemisphere wintertime extra-tropical cyclones increases
from maximum values of ∼9 mm per day to 11 mm d−1 in
the far-future (2081–2100) simulations forced with RCP8.5.
The relative increase is thus smaller than that found in our
aqua-planet simulations, which is likely due to the fact that
in the real world evaporation over land is limited, whereas
there is always a limitless source of moisture at the surface
in an aqua planet.

The most striking similarity found between our results and
previous studies is the downstream shift in the low-level vor-
ticity anomaly and precipitation relative to the cyclone cen-
tre. Kirshbaum et al. (2018) and Tierney et al. (2018) both
find very similar results of how extra-tropical cyclone struc-
ture responds to warming in their baroclinic life cycle ex-
periments. Kirshbaum et al. (2018) show that with increas-
ing environmental temperature the cyclonic potential vortic-
ity associated with the warm front strengthened and moved
downstream, while Tierney et al. (2018) show that in warmer
simulations the upper-level PV anomaly is much farther west
relative to the low-level PV anomaly than in colder and drier
simulations. Thus, this spatial change appears to be a robust
feature of how extra-tropical cyclones respond to warming.
We thus speculate that in a warmer climate the classical cou-
pling and mutual intensification of lower- and upper-level
anomalies may be disrupted and that extra-tropical cyclone
dynamics and associated weather may be notably different.

This study prioritized in-depth understanding of changes
to the dynamics and structure of extra-tropical cyclones
with warming, rather than quantifying extra-tropical cyclone
structure in specific future climate scenarios. Thus, the simu-
lations included numerous simplifications, and consequently
there are some caveats to this study. First, the aqua-planet
simulations contain no polar amplification, and thus the low-
level temperature gradient does not change with warming.
Chang et al. (2012) show that CMIP5 models predict a sig-
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nificant increase in the frequency of extreme cyclones during
the winter in the Southern Hemisphere, a result which is in
general agreement with our aqua-planet results. This means
that (1) our results may be more applicable to the Southern
Hemisphere and (2) our results, together with further addi-
tional simulations, could be used to ascertain the impact of
polar amplification on extra-tropical cyclone intensity. Sec-
ond, as there is no land in our simulations, the potential
impact of differential changes in land–sea temperatures on
extra-tropical cyclone dynamics is not considered, meaning
that our results are likely more applicable to oceanic extra-
tropical cyclones. Third, we applied uniform SST warming,
which neglects localized oceanic cooling that occurs in the
northern North Atlantic and parts of the high-latitude South-
ern Ocean in several CMIP5 models (Fig. 12.9, Collins et al.,
2013). Fourth, the simulations were performed at a resolu-
tion more typical of a climate model (125 km) than of a nu-
merical weather prediction model, meaning that in both the
CNTL and SST4 experiments extra-tropical cyclones may be
weaker and precipitation areas broader than if the simulations
had been conducted at higher resolution. Nevertheless it ap-
pears unlikely that repeating the experiments at higher reso-
lution would fundamentally change the main conclusions as
Jung et al. (2012) find that increasing the resolution of the
IFS from T159 to T1279 only increases the amount of pre-
cipitation by 6 % and does not alter the ratio of convective
to large-scale precipitation. Lastly, cyclone composites were
created from the strongest 200 storms and clearly the results
would differ if we considered a larger or smaller number.

We conclude by noting that the results obtained here can
be used as a stepping stone to better understand predictions
from coupled climate models of how the structure of extra-
tropical cyclones is likely to change in the future. A logical
next step would be to analyse climate model projections for
evidence of the downstream shift relative to the cyclone cen-
tre of increased low-level potential vorticity, vertical velocity,
and precipitation.
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