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Abstract

A well-known feature of the Northern Hemisphere (NH) midlatitude storm tracks, namely

the Atlantic and Pacific storm tracks, is their poleward deflection with respect to the zonal

(east-west) direction. While this is a robust feature, which appears both in observations and

comprehensive General Circulation Models (GCMs), understanding its underlying mechanism

remains obscure. Even in the Southern Hemisphere (SH) storm track, which is more zonally

symmetric and appears to have no tilt, individual cyclonic storms still propagate poleward.

However, the basic mechanism for poleward motion of cyclones is not fully understood. In this

thesis we tackle these questions by building a hierarchy of models with increasing complexity.

We first study an idealized zonally symmetric GCM, where a mechanism for the poleward

motion of midlatitude cyclones is identified using cyclone tracking and Potential Vorticity (PV)

composites. The poleward tendency of cyclones is found to be a result of nonlinear advection

by the upper level PV and diabatic forcing due to latent heating that systematically occurs

in the northeastern side of the cyclones. We then turn to an idealized GCM with a localized

asymmetry in the form of a localized oceanic heat flux. This results with a localized storm

track that is tilted poleward, similar to the observed storm tracks in the NH on Earth, and

gives rise to a stationary wave. By repeating the PV tendency analysis we find that the

stationary wave contributes even further to the poleward deflection by advecting the cyclones

poleward in the downstream region of the storm track. Next, we examine how the poleward

propagation of cyclones is a↵ected by global warming, and investigate the possible relation to

the expected poleward shift of storm tracks under climate change. Performing idealized global

warming experiments and employing the feature-tracking approach, we demonstrate that the

poleward motion of individual cyclones increases with increasing global mean temperatures. A

PV tendency analysis of the cyclone composites shows that the mechanisms for poleward motion

of cyclones mentioned above intensify in a warmer climate. Finally, we examine the relevance

of these findings to more complicated and realistic climate prediction models, by employing a

cyclone-tracking analysis on an ensemble of Coupled Model Intercomparison Project Phase 5

(CMIP5) models forced by increased CO2 emissions. We demonstrate that in addition to a

poleward shift in the latitude of storm genesis, associated with the expansion of the Hadley cell,

the averaged track of cyclonic storms will become more tilted toward the poles. The CMIP5

results imply that by the end of the next century, the averaged cyclonic track will propagate

more toward the poles by about 0.9� (0.65�) in latitude in the Atlantic (Pacific) storm track,

and 0.8 in latitude in the SH storm track. This explains a large faction of the observed shift,

and could have a significant impact on the distribution of heat, momentum and moisture, and

on the local hydrological cycle, in the midlatitudes.
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אחד המאפיינים הבולטים של מסלולי הסופות בקווי הרוחב החוץ משווניים, במיוחד באיזורי 

האוקיינוס הפאסיפי והאטלנטי בחצי כדור הארץ הצפוני, הוא הנטייה של הסופות להתקדם לכיוון 

הקטבים. בעוד זוהי תופעה ידועה, המתקבלת גם בסימולציות נומריות של הזרימה הכללית 

. בתיזה זו אנו חוקרים את כים הגורמים לנטייה זו עדיין אינה מלאהשל התהליבנה ה, הרהבאטמוספי

מודל אידיאלי  תחילה אנו בוחניםם. ההטייה של מסלולי הסופות על ידי שימוש בהיררכיה של מודלי

. על ידי מערב)(מזרח/ הזונאלי אטמוספירה, בעל סימטריה ביחס לכיווןשל הסירקולציה הכללית ב

 הפוטנציאלית של הזרימה משוואת הערבליותאחר סופות, ופתירת זיהוי ומעקב באלגוריתם שימוש 

, אנו מזהים את התהליך הבסיסי הגורם לסופות ציקלוניות להתקדם לכיוון תוך כדי תנועת הציקלונים

הקטבים. שני תהליכים נמצאו תורמים לנטייה זו של הסופות הציקלוניות: אדווקציה לא לינארית 

אה מאינטרקציה של הציקלון עם השקע ברום, ושיחרור חום כמוס שתורם להתכנסות האוויר כתוצ

של הציקלון (עבור  הצפון מזרחי קורה באופן סיסטמטי ברביעאשר  בקרקע, והסירקולציה הציקלונית

ציקלון בחצי הכדור הצפוני). לאחר מכן אנו שוברים את הסימטרייה הזונאלית על ידי הוספת שטף 

 מוגברת של מסלולי סופות באיזור זהגורם ליצירת אשר דבר החוץ משווני,  קומי באיזורחום מ

. אנליזה דומה מגלה תהליך נוסף שכעת תורם להטייה )בדומה למה שנצפה בחצי הכדור הצפוני(

תפתח דווקציה על ידי הגל הסטציונארי שהמוגברת של הציקלונים כלפי הקטבים, כתוצאה מא

בוחנים כיצד ההתחממות הגלובלית עשויה להשפיע  בשלב הבא אנו כתוצאה משבירת הסימטרייה.

להסטה לכיוון הקטבים של אזורי הסופות אשר צפויה עם  לולי הסופות, ואת הקשר האפשריעל מס

להטייה של אנו מראים שהמנגנונים שמצאנו  ,על ידי שימוש במודלים אידיאליים ים.שינויי האקל

לכיוון ההתקדמות . כתוצאה מכך,התחממות גלובליתעם  לולי הסופות הציקלוניות מתחזקיםמס

. לבסוף, אנו בוחנים את הטמפרטורה הממוצעת בקרקע עם ה עםגדל סופות ציקלוניות שלהקטבים 

. לשם כך, אנו מיישמים את של שינויי אקלים ריאלייםמודלים יותר צאים האלו בהרלוונטיות של הממ

מודלים עם פליטת גזי חממה מוגברים  18ם זיהוי ומעקב הציקלונים על אנסמבל של אלגורית

). אנו מראים שבנוסף להסטה צפונה CMIP5( 5מפרויקט ההשוואה של מודלים מצומדים פאזה 

הסירקולציה של האדלי, הסופות  כתוצאה מהתרחבות של תאבקווי הרוחב שבהם נוצרות הסופות, 

תנועה מוגברת ן הקטבים. לפי מודלים אלו, צפויה ות בממוצע יותר לכיווהציקלוניות עצמן אכן נע

) נטי (פאסיפילהאטמעל האוקיינוס ) מעלות בקווי רוחב במסלולי הסופות 0.8( 0.9לכיוון הקטבים של 

 גלובלית עבור התחממות, מעלות בקווי רוחב בחצי הכדור הדרומי 0.65בחצי הכדור הצפוני, וכמו כן 

לגרום לשינויים משמעותיים  יםעלולבמסלולי הסופות אלו  םיישינו. מעלות צלזיוס 4צעת של ממו

                                          בהתפלגות הטמפרטורות, הגשמים והרוחות באיזורים החוץ משווניים.
                                                             

 תקציר:
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Chapter 1

Introduction

Midlatitude storm tracks and the weather systems that compose them control Earth’s extra-

tropical climate as they transfer heat, momentum and moisture towards the poles. These

weather systems are generated preferentially in the midlatitudes, specifically in regions where

meridional temperature gradients are maximized (Peixoto and Oort 1992; Vallis 2006; Chang

et al. 2002). In the NH, the two main storm tracks reside over the Pacific and Atlantic oceans

(Fig. 1.1). The localization of the storm tracks is mainly related to the ocean-continent tem-

perature di↵erence; it maximizes in the NH during winter (DJF, Fig. 1.1a), when relatively

warm oceanic water meet the cold continent. The lesser amount of continents in the Southern

Hemisphere (SH) results in a single storm track that is more zonally symmetric. However, even

in the SH, during winter (JJA, Fig. 1.1b), the storm track spirals toward the pole (Williams

et al. 2007; Hoskins and Hodges 2005), which implies poleward deflection of the storms there.

Traditionally, there have been two complimentary approaches to study storm tracks. In a

statistical time-mean approach, storm tracks can be defined as regions where the atmospheric

variability is maximized. A bandpass filter of 3-10 days is commonly used to determine the

eddy fields, which can be applied to velocity, temperature, geopotential height or any other field

of interest (Blackmon et al. 1977). Derived eddy fluxes can then be obtained, and the eddy

kinetic energy (EKE) distribution is frequently used to identify the storm tracks (Fig. 1.1).

This approach is Eulerian in character, as it gives the local distribution of the eddy field (as

measured in statistical equilibrium).

Alternatively, a Lagrangian approach to storm tracks employs a ’single storm perspective’,

where storm tracks are defined as an ensemble of tracks of individual storms (e.g., Hoskins

and Hodges 2002). One major advantage of the Lagrangian tracking approach is that it allows

to accumulate separate statistics for cyclones and anticyclones, which are indistinguishable

8
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Figure 1.1: Vertically integrated eddy kinetic energy (EKE) (MJm-2), based on NCEP reanalysis data and

calculated using a 3-10 day bandpass filter, averaged over the years 1970-2015 during (a) the NH winter (DJF),

and (b) the SH winter (JJA).

in the statistical time-mean approach. This enables one to construct composites of cyclones

and anticyclones throughout their track, which gives further information on their evolution,

structure and lifecycle (e.g., Catto et al. 2010). Several automated tracking algorithms have

been developed (e.g., Murray and Simmonds 1991; Hodges 1995; Blender et al. 1997; Sinclair

1997), and were shown to give similar results when applied to various observational data sets

(Neu et al. 2013). The current study employs the feature tracking algorithm developed by

Hodges (1995), which was used previously in many studies of extratropical storms (e.g., Hoskins

and Hodges 2002; Bengtsson et al. 2006a; Catto et al. 2010; Harvey et al. 2012; Zappa et al.

2013).

The localized storm tracks in NH are characterized by a downstream maxima in EKE that is

tilted poleward (Fig. 1.1). The poleward deflection has been attributed to local asymmetries

such as land-sea contrasts and orography, which give rise to a stationary feature (e.g., Hoskins

and Karoly 1981; Held 1983; Held and Ting 1990; Inatsu et al. 2002; Broccoli and Manabe 1992;

Brayshaw et al. 2008, 2009; Kaspi and Schneider 2013). The role of transient eddies in these

localized storm tracks and their feedback with the mean flow has been subject of many studies,

and is known to have an important influence in shaping the time mean circulation (e.g., Hoskins

et al. 1983; Trenberth 1986; Hoskins and Valdes 1990; Orlanski 1998; Cai et al. 2007; Rivière

2009; Novak et al. 2015). Specifically, as was diagnosed in observations by Orlanski (1998),

transient eddies play an important role in maintaining the poleward tilt of the localized storm

tracks in the NH. In the Southern Hemisphere (SH), a single storm track exists that is more

zonally symmetric, due to the lack of longitudinal asymmetries (Trenberth 1991; Nakamura
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and Shimpo 2004). However, poleward propagation of zonal mean flow anomalies is known to

occur in both NH and SH (e.g., Riehl et al. 1950; James et al. 1994; Feldstein 1998; Hoskins

and Hodges 2005; Lee et al. 2007; Robinson 2000).

Understanding the tracks of cyclones and anticyclones are of particular interest for the study

of climate dynamics, owing to their obvious importance for weather prediction. Observational

studies have shown that while cyclones tend to move on average towards the northeast di-

rection, anticyclones exhibit a slight equatorward path and move on average to the southeast

(e.g., Petterssen 1956; Macdonald 1967; Klein 1957; Zishka and Smith 1980; Wallace et al.

1988; Blender et al. 1997; Mendes and Mendes 2004). It was also shown that cyclones form

and intensify in midlatitudes and decay at higher latitudes (Hoskins and Hodges 2005; Sinclair

1997), thus implying poleward propagation. The poleward tendency of cyclones also appeared

clearly in studies of specific storms (e.g., Wernli et al. 2002; Rivière et al. 2012), as well as in

idealized nonlinear numerical simulations (e.g., Simmons and Hoskins 1978; Davies and Bishop

1994; Schär and Wernli 1993). In addition, it is known that storms often tend to move poleward

relative to the jet axis (e.g., Palmen and Newton 1969).

In this study, we investigate the poleward tendency of cyclones, by tracking mid-latitude tran-

sient eddies in an idealized GCM. The poleward tendency of cyclones is studied by performing

a detailed PV tendency analysis of cyclone composites. The composite allows studying the

actual tendency of the storms throughout their tracks, thus to investigate the basic mechanism

for poleward propagation. This is opposed to studying the storm tracks from a statistical per-

spective, using the time mean balance at equilibrium, which does not allow understanding of

how such a balance is achieved.

The advantage of using the PV framework is that it allows us to include and easily interpret

the role of diabatic heating (e.g., Davis 1992; Davis et al. 1993; Stoelinga 1996; Lackmann 2002;

Posselt and Martin 2004; Ahmadi-Givi et al. 2004). Understanding the influence of latent heat

release (LHR) on cyclone dynamics at the individual storm scale has been gaining interest in

recent years, due to the expected increase in water vapor content with climate change (Pfahl

et al. 2015; Marciano et al. 2015). It is known that diabatic warming often tends to produce a

positive PV tendency at lower levels, thus to amplify the PV anomaly associated with the low

level cyclone (e.g., Davis et al. 1993; Ahmadi-Givi et al. 2004). This is especially crucial for

type-C cyclogenesis, in which the intensification of the surface cyclone is dominated by LHR

and can occur even in the absence of a strong temperature gradient (Plant et al. 2003). The

PV tendency analysis shown here emphasizes the importance of LHR also in propagating the

PV anomaly towards the northeast direction.

When zonal asymmetries are present, baroclinicity and associated cyclogenesis are enhanced
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Figure 1.2: Eddy Kinetic Energy at 300 hPa in current climatology (black contours) and the projected change

(the end of the 21th century minus the 20th) (colors), from Phase 5 of the Coupled Model Intercomparison

Project (CMIP5) simulations, for a NH winter (DJF).

(e.g., Kaspi and Schneider 2011b, 2013). In this case, the PV analysis needs to be modified

to include the influence of the stationary circulation on the spatial downstream evolution of

the storm track. We consider the case of a zonally asymmetric storm track by introducing a

localized ocean heat flux, which results in enhanced baroclinicity downstream of the heating.

The stationary wave then contributes to the poleward tendency by advecting the cyclones

poleward in the downstream region of the storm track.

In addition, understanding how the storm tracks respond to climate change, and how that

may influence our climate and weather, is of major importance. Previous studies using climate

change prediction models have shown that the corresponding maximum of eddy kinetic energy

are likely to expand upward and shift poleward as a result of climate change (Yin 2005; Bengts-

son et al. 2006a; Ulbrich et al. 2008; Bengtsson et al. 2009; Wu et al. 2011; Chang et al. 2012),

and the latter is especially clear in the SH (Chang et al. 2012) (Fig. 1.2). The poleward shift

of the storm tracks was found both in reanalysis data of recent years (Fyfe 2003; Son et al.

2008) and in multi-mean ensemble projections of models forced with enhanced greenhouse gas

concentrations (Yin 2005; Bengtsson et al. 2006a; Ulbrich et al. 2008; Bengtsson et al. 2009;

Chang et al. 2012; Barnes and Polvani 2013). The latter suggest that the storm tracks will

shift on average by about 2� in latitude poleward under a CO2 doubling scenario. Several

mechanisms have been proposed to explain the poleward shift, including changes in meridional

location of maximum baroclinicity (Yin 2005), increased static stability in the subtropics and

midlatitudes (Lu et al. 2010), increased tropical convective stability (Mbengue and Schnei-

der 2013), enhanced tropical heating (Butler et al., 2010), increased sea surface temperatures

(Caballero 2005; Kodama and Iwasaki 2009; Gra↵ and LaCasce 2014), and changes in eddy

characteristics (Kushner and Polvani 2006; Chen and Held 2007; Lorenz and DeWeaver 2007;

Kidston et al. 2010; Rivière 2011). However, there is currently no agreement on what is the
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dominant dynamical process responsible for the poleward shift.

In chapter 5 we use the ’single storm perspective’ to study the poleward motion of storms in

a warmer climate, by examining idealized GCM experiments with increased surface tempera-

tures and employing the feature tracking technique (Hodges 1995). This is di↵erent than most

previous studies, which examined the poleward shift of the storm track from an Eularian per-

spective, as a whole. It is shown that horizontal advection associated with the nonlinear self

advection of the cyclones, as well as the PV tendency due to diabatic processes associated with

latent heat release, both intensify in a warmer climate. Consistent with that, we find that the

poleward propagation of the cyclones is enhanced in a warmer climate.

Finally, in chapter 6 we turn to comprehensive climate prediction models, to examine whether

this is a robust response. This is done by analyzing 18 model members of the Coupled Model

Intercomparison Project Phase 5 (CMIP5) forced by the high emissions scenario RCP8.5, and

employing a storm-tracking algorithm on each one of the ensemble members. It is shown that

in addition to a shift in the genesis latitude of the storms, it is also the cyclones themselves

that propagate more poleward, as well as more eastward. Significant results are found both for

the Pacific and Atlantic storm tracks, as well as for the SH storm track.

This thesis is organized as follows. In chapter 2, the numerical methods are described. Chapter

3 describes the case of a zonally symmetric storm track, and explains the basic mechanisms for

poleward propagation of cyclones. In chapter 4, the zonally asymmetric storm track is examined

and an additional mechanism for poleward propagation is identified, namely advection by the

stationary wave. Chapter 5 examines the poleward propagation of cyclones in idealized global

warming experiments, while chapter 6 compares these results with the CMIP5 comprehensive

climate change models. Finally, the results of this work and final concluding remarks are

summarized in chapter 7, and appendices are given in chapter 8.



Chapter 2

Numerical methods

2.1 Idealized GCM

The idealized GCM is that of NOAA’s GFDL Flexible Modeling System (FMS), which is a three-

dimensional model that solves the hydrostatic primitive equations for an ideal-gas atmosphere

(Frierson et al. 2006; O’Gorman and Schneider 2008). The horizontal resolution used for this

study is T85, corresponding to about 1.4� ⇥ 1.4�, and the vertical resolution includes 30 sigma

levels (� = p

ps
, where p

s

is the surface pressure). The idealized model includes a simplified

radiation scheme (Frierson et al. 2006) and a simplified representation of water vapor. A

two-stream gray radiation scheme is used, with longwave optical thickness that depends only

on pressure and latitude. Solar radiation is identical in both hemispheres (perpetual equinox

conditions are used). A moist convection scheme relaxes the temperature of a convectively

unstable parcel towards a moist-adiabat with a time scale of 2 hours, and the water vapor

towards to a fixed relative humidity of 70%. In addition, a grid-scale condensation scheme

removes water vapor from the atmosphere whenever the specific humidity exceeds saturation

(Frierson et al. 2006). The lower boundary of the model is water covered (a slab ocean), and

its surface temperature evolves according to a surface energy balance, which includes thermal

radiative fluxes and surface fluxes of latent heat and sensible heat. The idealized model does

not include, for example, continents, clouds, aerosols, sea-ice, and the diurnal and seasonal

cycles. The model is first run for 2000 days, to make sure that the system is in statistical

equilibrium, and only then statistics are accumulated for another 3000 days.

13
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2.1.1 Idealized GCM with a zonal asymmetry

In order to produce the localized storm tracks, we included a localized ocean heat flux in a square

domain of length 10 degrees in the midlatitudes, centered around latitude 40� and longitude

130� (thick small box in Fig. 1.1). The heating is introduced as an ocean heat flux (often referred

to as Q-flux) in the surface boundary condition of the slab ocean. It enters through the surface

temperature tendency equation (e.g., Eq. (1) of Frierson et al. 2006), as an additional anomalous

heating on the right-hand side. The localized heating ideally represents the e↵ect caused by

land-ocean contrasts and the resulting western boundary currents (such as the Gulf Stream or

Kuroshio), which transport warm ocean currents that enhance the temperature gradients and

atmospheric heating during winter (Kaspi and Schneider, 2011a). Note that a similar analysis

can be done with other types of zonal asymmetries, such as continents or mountains (e.g., Held

and Ting 1990; Brayshaw et al. 2009; Wills and Schneider 2015), or other forms of localized

heating (e.g., Rivière 2009; Gra↵ and LaCasce 2014) .

2.2 Storm tracking algorithm

The feature point tracking algorithm used in this study was developed by Hodges (1995). The

tracking technique is performed on a sphere, and involves minimizing a cost function for the

ensemble track (by restricting changes in speed and propagation). The cyclones’ centers in this

study are identified by a minimum in the pressure field, though tracking the vorticity field gives

similar results. The fields are first reduced to a T42 grid, and then filtering is applied to reduce

noise (Hodges 1995). The background flow is removed before tracking is performed (all spatial

wavenumbers smaller than five), to isolate the synoptic scale features. The level of 780 hPa is

chosen here as representing the average of the lower layers (500-980 hPa), though similar results

are obtained if the 850 hPa level is used instead. The storms are being tracked every six hours,

and only mobile features traveling for more than two days are considered for the analysis. We

use a cuto↵ of 1 hPa for identification of the pressure anomalies, but the results are insensitive

to this cuto↵ value.
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2.3 Cyclone composites

2.3.1 Zonally symmetric storm track

The tracking data is used to construct composites of cyclones. For each cyclone, a box sized 30

degrees in latitude by 40 degrees in longitude is placed around its center, at every time step.

Each cyclone is tracked during its growth stage, until it reaches maximum intensity. Fields

of interest are being accumulated along the trajectory, and then averaged together with all

other tracks. The composites presented in this section are averaged over ⇠ 1000 storms, taking

snapshots every six hours along the trajectory of each storm.

2.3.2 Zonally asymmetric storm track

The tracking results are used to construct cyclone composites in di↵erent regions downstream

of the localized heating source. For each region, only the part of the track of cyclones whose

center passes in that region is kept for the analysis. Any field of interest is then accumulated

along the trajectory of the cyclonic storms, and then averaged together with all other tracks

that passed in that region. Overall, in each composite representing a region ⇠ 200 storms are

averaged over the 3000 simulation days.



Chapter 3

Zonally symmetric storm track

We perform the tracking on an aquaplanet configuration of the GCMwith no zonal asymmetries,

accumulating separate statistics for cyclones and anti-cyclones. The dynamics studied here

therefore resemble better those of the SH on Earth, which are characterized by a more zonally

symmetric storm track compared to the localized storm tracks in the NH (Fig. 1.1). A snapshot

from the simulation is shown in Fig. 3.1, with pressure zonal anomalies at 780 hPa (colors) and

geopotential height at 300 hPa (black contours). Also plotted are the low levels pressure centers

(white dots), identified by the tracking algorithm. It is evident that the tracking works well in

capturing the low-level pressure centers of the main features. The algorithm then follows the

center of each pressure anomaly, and statistics for their tracks are collected for further analysis.

3.1 Tracking results

The actual tracks of ⇠ 1000 pressure systems at 780 hPa, which first appeared between latitudes

20� and 60� in the NH, are shown for cyclones and anti-cyclones (Fig. 3.2a and Fig. 3.2c,

respectively), where colors indicate the intensity of the systems (in units of 10�5 s�1). The

level of 780 hPa is chosen here as representing the average of the lower layers. In Fig. 3.2b

and Fig. 3.2d all the tracks are translated to start from the origin, and the black arrow points

towards the averaged final position. Although these simulations are zonally symmetric, there

is a latitudinal drift during the path of each storm. The benefit of plotting the actual tracks

instead of the time mean or zonally averaged track density is that the poleward propagation can

be clearly seen. Low levels cyclones tend to propagate mainly poleward, whereas anti-cyclones

exhibit both equatorward and poleward tracks. There is an indication that cyclones intensify as

they travel poleward, and that stronger cyclones also propagate more poleward. Anticyclones,

16
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Figure 3.1: A snapshot from the simulation. Shown are geopotential height at 300 hPa (black contours) and

pressure zonal anomalies at 780 hPa (colorbar units are in hPa). White dots are the low pressure centers as

identified by the tracking algorithm.

which are generally much weaker than cyclones, also seem to intensify as they travel, but don’t

exhibit a clear latitudinal bias for stronger intensities.

The averaged track (black arrow in Fig. 3.2b,d) shows that the average cyclone drifts 7.9�

in latitude poleward and 29.9� in longitude eastward, while the averaged anti-cyclone has a

small equatorward drift of �1.9� in latitude and 28.2� in longitude eastward. For cyclones

at midlatitudes, this corresponds roughly to a deflection of 1300 km poleward, as they travel

3500 km eastward (assuming an averaged latitude of 45�). Note that these averages take

into account all storms identified at midlatitudes, regardless of their size, intensity or any

other dynamical di↵erence between them. Hence, there is a large spread in tracks shown in

Fig. 3.2b,d. Nonetheless, the cyclones in our simulation clearly tend to propagate more poleward

than anticyclones. This is in agreement with observational studies (e.g., Macdonald 1967;

Storari and MacDonald 1973; Blender et al. 1997), who found similar poleward deflection of

cyclones. In the following sections, we explore this fundamental poleward tendency of cyclones

by performing a composite analysis of midlatitude cyclones, and analyzing their dynamics from

a PV perspective.
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Figure 3.2: Tracks for lower level (780 hPa) (a), (b) cyclones and (c), (d) anti-cyclones, color indicating the

intensity of the system (relative to the background flow and scaled by 10�5 s�1). (b) and (d) show the tracks

translated to a common starting point. Black arrows show the averaged cyclone track.

3.2 Cyclone composites and PV tendency analysis

The composite analysis in the idealized GCM configuration used here is consistent with cyclone

composites of reanalysis data and full GCMs (e.g., Catto et al. 2010; Bauer and Genio 2006).

The main features of extratropical cyclones, such as temperature fronts and the warm conveyer

belt, can be identified in the composites (Fig. 3.3). Looking at the position of the low level

cyclone shows the classic picture of baroclinic instability (e.g., Martin 2006), where the low level

cyclone is located on the eastward side of an upper level open wave trough (Fig. 3.3a). This has

an important implication for the poleward propagation, as will be shown in the next section. In

the quasigeostrophic framework, the upper level divergence on the eastward side of the trough,

explained either using the omega equation or the ageostophic divergence (e.g., Martin 2006), is

accompanied by rising air (Fig. 3.3b) and surface convergence, associated with the low pressure

anomaly. The eastern side of the cyclone is also characterized by strong poleward meridional

wind (Fig. 3.3c) that lies in a region of high equivalent potential temperature ✓

E

(Fig. 3.3d).

This is associated with the warm conveyer belt (Harrold 1973), which acts to bring moist and
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warm subtropical air poleward and upward. This results in LHR, which in turn influences the

cyclongenesis process. As will be shown, the LHR is also important for the cyclone’s poleward

motion.

From a PV perspective, which is taken here, cyclongenesis can be described as the mutual

interaction between an upper level PV anomaly and a lower level one to its east (Bretherton

1966). The advantage of using a PV approach is the relatively simple way of including the

influence of diabatic heating on the dynamics. In the following sections we analyze the di↵erent

contributions to the PV tendency equation, and show the crucial role of moisture and the upper

level PV in the poleward motion of the cyclone.

The Ertel PV in pressure coordinates, defined as

q = �g

⇣
fk̂ + ~r

p

⇥ ~u

⌘
· ~r

p

✓, (3.1)

satisfies the equation
dq

dt

= Q+ F, (3.2)

where ~r
p

=
⇣

@

@x

,

@

@y

,

@

@p

⌘
is the gradient operator in pressure coordinates, d

dt

= @

@t

+ u

@

@x

+

v

@

@y

+ !

@

@p

is the material derivative with ! = dp

dt

, f is the planetary vorticity, ~r
p

⇥ ~u is the

relative vorticity and ✓ is the potential temperature. Note that the horizontal derivatives are

calculated on a sphere, i.e., @

@x

= @

Rcos✓@�
, @

@y

= @

R@✓

, where � and ✓ are the zonal and meridional

coordinates. The RHS includes nonconservative processes such as diabatic heating, given by

Q = �g

⇣
fk̂ + ~r

p

⇥ ~u

⌘
· ~r

p

✓
d✓

dt

◆
, (3.3)

and a friction term F . In the absence of friction (F = 0), adiabatic motion (Q = 0) will

conserve its PV, which is why PV is considered an insightful conceptual approach. At the

level of 780 hPa considered here, the friction term can be neglected to leading order. The

main contributors to the PV tendency @q

@t

are thus the horizontal advection terms, the vertical

advection and the diabatic terms, which include LHR and radiation (internal dissipation has

negligible contribution and is therefore neglected).

The tracks of low level cyclones are used to construct a composite of the Ertel PV budget

(note that the results are almost identical if vorticity features are tracked instead). The level of

780 hPa is chosen here for the analysis of the low level PV, as it serves to represent the average of

the lower layers. The lower level PV anomaly (black contour in Fig. 3.4) is located in the middle

of the box, implying that lower pressures are associated with positive PV anomalies. The upper
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Figure 3.3: Cyclone composites at lower levels (780 hPa) of (a) pressure anomaly (hPa), (b) vertical velocity

(m s�1), (c) meridional velocity (m s�1), and (d) equivalent potential temperature (K). In panel (a), black

contours show the upper level (300 hPa) geopotential height. In panels (c) and (d) black arrows are the

perturbation horizontal winds from the composite at 780 hPa. Black contours in panels (b)-(d) show the

780 hPa PV anomaly, with contours values from 0.15� 0.42 PVU and contour intervals equal to 0.09 PVU. L
x

and L
y

denote the longitudinal and latitudinal extent of the composite box, respectively.

level PV field (colored contours) is deformed by the low-level cyclonic winds (not shown). There

is a signature of the deepening process of the upper level PV, which leads eventually to the

treble clef shape characteristic of a mature occluded cyclone (Posselt and Martin 2004). The

location of the low level PV anomaly to the east of the positive upper PV maximum implies

that the upper level winds (black arrows in Fig. 3.4) induce positive meridional velocities on

the low level cyclone. This configuration is not only favorable for the cyclone’s growth, but

also contributes to its poleward motion. The total PV tendency at lower levels (red contours

for positive values and blue for negative in Fig. 3.4) reveals that PV destruction occurs at the

southwestern side of the low level cyclone, while positive PV tendency occurs on its northeastern
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Figure 3.4: Cyclone composites of the PV anomaly at lower levels (780 hPa, black contours) and PV at upper

levels (300 hPa, colored), superimposed with total PV tendency at lower levels (red contours are positive values

and blue contours negative values). Low level PV contours range from 0.15 to 0.42 PVU (with contour intervals

equal to 0.09 PVU). PV tendency contour values range from 1.5⇥ 10�6 to 8.4⇥ 10�6 PVUs�1 for the positive

values (with contour intervals equal to 1.15⇥ 10�6 PVUs�1), and from �9.5⇥ 10�6 to �1.5⇥ 10�6 PVUs�1

for the negative values (with contour intervals equal to 1.3⇥ 10�6 PVUs�1). Black arrows show the composite

of upper level winds, with a reference wind vector (white arrow in the upper left side) included to indicate the

wind strength at upper levels. L
x

and L
y

denote the longitudinal and latitudinal extent of the composite box,

respectively.

side. Hence, the total motion of the cyclone and its associated positive PV anomaly is eastward

and poleward.

A quantitive analysis of the separate contributions to the PV tendency at lower levels is per-

formed next. We first decompose the flow into a background flow and a perturbation. The

background flow is chosen to be the climatological mean. This choice is particularly convenient

since it is both time independent and zonally symmetric (as long as statistics are accumulated

for long enough), i.e., in our decomposition, a(x, y, p, t) = a(y, p) + a

0(x, y, p, t), where a is any

field of interest.

Since the meridional background flow v̄ is small, its contributions to the tendency equation are

an order of magnitude smaller. It follows that the PV tendency equation for our analysis can

be approximately written as

@q

0

@t

= �ū

@q

0

@x

� v

0 @q̄

@y

� u

0@q
0

@x

� v

0@q
0

@y

� !

@q

@p

+Q. (3.4)

The first term on the RHS denotes the advection of the PV perturbation by the background

zonal mean flow. The second term is the meridional advection of the background vorticity by
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the perturbation velocity associated with the cyclone, which in the PV perspective is the term

related to the Rossby wave propagation. The next two terms are the nonlinear perturbation

advection terms, and the last two terms are the vertical advection and diabatic heating Q,

respectively. The contribution of the advection terms and the diabatic terms to the PV tendency

equation are analyzed next in the following two sections.

3.3 PV tendency from horizontal advection terms

The horizontal advection terms from Eq. (3.4) for the low level PV are calculated separately

and plotted in Fig. 3.5. In each panel of Fig. 3.5, the low level PV anomaly (defined here as the

PV at 780 hPa relative to the climatological composite at that level), is shown in black contours

for reference. The zonal advection of the low level PV by the background flow (Fig. 3.5a) gives

the expected eastward advection of the anomaly, hence positive (negative) PV tendency to the

east (west). The black arrows show the background zonal flow, which is eastward and slightly

decreases poleward, implying that the average cyclone resides on the poleward flank of the

jet. The advection of the mean PV by the perturbation meridional wind (Fig. 3.5b) tends to

propagate the anomaly westward. The low level perturbation horizontal winds are also shown

(black arrows). This term is the classic Rossby wave propagation mechanism (Rossby 1948);

since the background PV increases poleward1, a positive PV anomaly, which is associated with

cyclonic winds, advects high (low) PV to its west (east). This produces a positive (negative)

anomaly to its west (east), so the perturbation propagates westward. Note that the contribution

of this term is weaker than the opposite contribution of the zonal advection of the perturbation

PV (Fig. 3.5a), consistent with the overall eastward motion of the low level PV anomaly.

The nonlinear term tends to propagate the anomaly poleward and slightly westward (Fig. 3.5c).

Decomposing the nonlinear advection into contributions from the zonal and meridional direc-

tions (Fig. 3.5d and Fig. 3.5e, respectively) shows that each of them is characterized by a

quadrupole structure. However, the meridional advection term is characterized by much weaker

magnitudes on the western side. This is a result of the stronger magnitude of poleward velocity

on the eastern side of the cyclone relative to the western side (Fig. 3.3c).

In fact, the horizontal nonlinear advection terms of an idealized symmetric cyclone should

cancel out exactly, in analogy to a point vortex that cannot move itself. This is illustrated

schematically in Fig. 3.6. The zonal and meridional nonlinear PV advection terms of a sym-

metric cyclone (Fig. 3.6a and Fig. 3.6b, respectively), create each a symmetric quadrupole

1The background flow, defined as the zonal mean of the climatology composite, reflects mostly the beta term
and hence increases towards the pole.
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Figure 3.5: The low level (780 hPa) PV tendency from (a) advection of PV perturbation by the background

zonal velocity, (b) advection of background PV by the meridional perturbation velocity, (c) sum of nonlinear

advection terms, (d) nonlinear zonal advection, (e) nonlinear meridional advection, and (f) total sum of hori-

zontal advection terms. All quantities are normalized by 10�6 PVU s�1. The black arrows in (f) show the total

low level winds, in (d) the mean low level winds, and in all other panels the perturbation low level winds. Black

contours in all panels show the 780 hPa PV anomaly, with contour values from 0.15 � 0.42 PVU and contour

intervals equal to 0.09 PVU. L
x

and L
y

denote the longitudinal and latitudinal extent of the composite box,

respectively.

structure of PV tendency, but of opposite sign. Since PV decreases from the center of the PV

anomaly, positive meridional velocity on the eastern side of the cyclones advects high PV to

the northeastern corner of the PV, thus produces a positive PV anomaly, and low PV to the

southeastern side of the PV anomaly, thus produces a negative PV anomaly there. The oppo-

site occurs on the western side of the cyclone, where the meridional cyclonic wind is negative.

The same argument explains why the nonlinear advection term in the zonal direction acts to

produces negative PV anomaly on the northeastern and southwestern corners, and a positive

PV tendency on the northwestern and southeastern corners. Hence, the overall horizontal ad-

vection terms of a symmetric cyclone cancel each other exactly, and therefore do not contribute

to any net propagation of the cyclone.
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Figure 3.6: A schematic illustration of the PV tendency from the “self-induced” nonlinear terms of a positive

axisymmetric PV anomaly. The nonlinear PV advection in the zonal (left panel) and meridional (right panel)

directions form two anti-symmetric quadrupoles, , hence the overall nonlinear tendency from the self-advection

of an idealized PV anomaly cancel out.

The zonal and meridional nonlinear advection terms clearly do not cancel out in the cyclone

composites (Fig. 3.5c). Thus, the nonlinear terms produce a poleward and slightly westward

tendency, which is significant for the poleward motion of the low level cyclone. The total sum

of the horizontal advection terms (Fig. 3.5f) is characterized by a positive PV tendency in the

northeastern side of the low level PV anomaly, and a negative PV tendency on the southwestern

side of the low level PV anomaly. This gives an overall eastward and poleward advection of the

low level PV.

The apparent strong asymmetry between the zonal and meridional nonlinear advection terms,

which is crucial for creating the poleward tendency, provides a hint for the role of the upper

level anomaly in advecting the cyclone poleward. In order to study the origin of this asymmetry,

we next decompose the low level velocity using the piecewise PV inversion technique developed

by Davis and Emanuel (1991) and Davis (1992). This allows decomposing the nonlinear PV

advection term into a contribution originating from the upper level PV, the lower level PV and

the surface temperature anomaly, and to distinguish what is the influence of each of them in

isolation. We demonstrate the important role played by the upper level PV in this asymmetry,

which results in a strong positive meridional velocity that contributes to the poleward tendency

of the cyclone. The details of the algorithm, decomposition and composite analysis of the

piecewise PV inversion are presented next.
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3.4 Composites of piecewise PV inversion

In order to quantify the contribution from the upper level PV to the PV tendency of the lower

PV, we perform a piecewise PV inversion (Davis and Emanuel 1991). The invertability of PV

is one of its basic and most powerful characteristics Hoskins et al. (1985). Given a distribution

of PV, one can invert back the field and find the balanced wind, pressure and temperature

associated with that PV field. Piecewise inversion (Davis 1992) allows one to decompose the

flow into several significant parts (e.g., di↵erent vertical levels), and the PV associated with

each one of them can be studied separately. Previous studies used piecewise PV inversion

to study the role of upper and lower PV anomalies in the extratropical cyclongenesis process

(e.g., Davis and Emanuel 1991; Davis 1992; Black and Dole 1993; Hakim et al. 1996; Huo

et al. 1999b,a; Brennan et al. 2008; Rosting and Kristjansson 2012), the role of moisture and

LHR in the storm development (e.g., Stoelinga 1996; Lackmann 2002; Posselt and Martin 2004;

Ahmadi-Givi et al. 2004), and to the study tropical cyclones and Hurricanes (e.g., Wu and

Emanuel 1995; Wang and Zhang 2003; Kieu and Zhang 2010).

The piecewise PV inversion algorithm of Davis and Emanuel (1991) is used here, which employs

the nonlinear balance equation of Charney (1955). This is similar to the gradient wind balance,

and thus gives good results for highly curved flows. The linearized version of the Charney

balance is essentially the quasi-geostrophic balance equation. The balanced equations are solved

using a standard successive overrelaxation technique (for full details see Davis and Emanuel

1991; Davis 1992). Each piecewise inversion is achieved by setting the other PV perturbations

to zero, and using homogeneous lateral boundary conditions. The piecewise inversion procedure

returns the balanced three-dimensional streamfunction and geopotential height associated with

each of the anomalies considered. Thus, winds originating from specific PV perturbations can

be derived at any level of interest.

We follow Davis and Emanuel (1991) and decompose the flow field into three components: the

upper level Ertel PV perturbation (780 hPa and above, denoted UPV), the lower level Ertel

PV perturbation (780 hPa and below, denoted LPV), and the surface temperature anomaly

(potential temperature at 980 hPa, denoted as ✓

S

). This idealization of the flow is based

on Hoskins et al. (1985), who describe baroclinic instability as the interaction and mutual

amplification of two counter-propagating Rossby waves, similar to the classic models of Eady

(1949) and Charney (1947) and described also by Bretherton (1966).

A composite analysis of the piecewise inversions is done in the following manner. For each

cyclone identified, we perform a piecewise PV inversion in a box around its center, for each time

step. The inversion is employed every six hours during the time development of the cyclone,
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Figure 3.7: Piecewise PV decomposition of the nonlinear PV advection terms. Contribution to the PV

tendency at 780 hPa from the meridional nonlinear advection (panels (a)-(d)), the zonal nonlinear advection

(panels (e)-(h)), and the sum of the nonlinear advection terms (panels and (i)-(l)). Shown are contribution to

the PV tendency at 780 hPa from upper level (UPV, leftmost column), lower level PV (LPV, second column

from left), the surface temperature anomaly (✓
S

, second column from right), and the sum (rightmost column),

All quantities are normalized by 10�6 PVUs�1. In each figure the associated winds (black arrows) induced by

each of the PV pieces (UPV, LPV, ✓
S

and the total PV, respectively) are added. The PV anomaly at 780 hPa

is also shown in all panels for reference, with contours values from 0.15� 0.42 PVU and contour intervals equal

to 0.09 PVU). L
x

and L
y

denote the longitudinal and latitudinal extent of the composite box, respectively.

until it reaches maximum intensity, and then averaged for each cyclone. The composite of

piecewise PV inversions is then calculated as the mean over all cyclones identified.

In order to study the di↵erent contributions to the low level meridional PV tendency term,

we decompose the 780 hPa wind into velocities induced from upper level PV (black arrows

in Fig. 3.7a), lower level PV (black arrows in Fig. 3.7b), and from the surface temperature

anomaly (black arrows in Fig. 3.7c). The wind induced from ✓

S

(Fig. 3.7c) is almost opposite

to that induced by the upper level PV, since the temperature anomaly is approximately half

wavelength out of phase with the UPV.
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Figure 3.8: A schematic figure illustrating the influence of upper level PV and surface potential temperature

anomaly on the lower level PV associated with the low level cyclone. The two layers represent the surface

(z = 0) and the tropopause (z = H). The solid line at the upper layer represent the upper level PV wave,

the ’plus’ sign marks positive PV, and solid brown arrows are the velocities associated with the positive PV

anomaly at upper levels. The dashed grey line at the lower level represents an isotropic line, and grey arrows

represent the circulation associated with that PV anomaly. The yellow circle with ’L’ is the low level (780 hPa)

cyclone, and the light arrows show the induced poleward velocity from the upper level PV (light red) and from

the surface potential temperature anomaly (light grey).

The di↵erent contributions of each PV perturbation to the zonal and meridional nonlinear PV

tendency advection terms (Fig. 3.5d and Fig. 3.5e, respectively) are shown in Fig. 3.7. The

meridional nonlinear advection from the UPV (Fig. 3.7a) produces a positive and negative PV

tendency on the northern and southern sides of the low level PV anomaly, respectively, and thus

advects the low level cyclone poleward. This is consistent with the positive meridional velocity

it induces at lower levels (black arrows). The zonal nonlinear PV advection from the UPV

(Fig. 3.7e) is maximized on the north western side of the low level PV, although it is much

weaker than the nonlinear meridional term. This reflects the weak induced zonal velocities

from upper levels, compared to meridional velocities. Their sum (Fig. 3.7i) is indeed entirely

dominated by the meridional nonlinear PV advection.

The velocity field induced by the UPV is in fact characterized by two gyres that are a baroclinic

version of the barotropic “beta-gyres” (induced by the UPV perturbation rather the lower PV

anomaly itself). These results are consistent with Gilet et al. (2009) and Oruba et al. (2013),

who showed in idealized two-layer quasigeostrophic experiments how the upper level PV advects

the low level PV when the two are initialized such that the upper level PV is to the west of the
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low level PV. The westward tilt with height, which is a characteristic of baroclinic instability,

implies that the upper level PV induces poleward meridional velocity on the low level PV

associated with the cyclone.

In contrast, the meridional nonlinear PV advection associated with the surface potential tem-

perature anomaly, ✓
S

, tend to advect the low level cyclone equatorward (Fig. 3.7c). Since the

low level PV anomaly is slightly to the west of the PV anomaly associated with ✓

S

, but to

the east of the UPV, it is influenced by them in opposite directions. This is illustrated in the

schematic Fig. 3.8, which is based on the classic conceptual picture of interacting PV anomalies

as in Hoskins et al. (1985). The zonal nonlinear PV advection associated with the surface po-

tential temperature (Fig. 3.7g) is weaker, and mainly advects westward the northern side of the

low level PV. The sum of the nonlinear advection terms associated with the surface potential

temperature (Fig. 3.7k) is again dominated by the meridional nonlinear advection.

The meridional and zonal nonlinear PV advection terms from the winds induced by the LPV,

associated with the low level cyclone itself, (Fig. 3.7b and Fig. 3.7f, respectively), show a more

symmetric quadrupole structure that is similar and opposite in sign, as expected. This structure

is a result of the self advection of the cyclone in the zonal and meridional directions, just like

in the schematic in Fig. 3.6. The sum of the meridional and zonal nonlinear PV advection

terms induced by the LPV (Fig. 3.7j) is indeed small. Hence, these terms do not contribute

significantly to the propagation of the low level cyclone. Note that the cancelation is not

complete, probably because the low level PV is not perfectly axisymmetric.

The sum of the PV tendency from the meridional and zonal nonlinear advection terms at lower

levels (Fig. 3.7d, which is the sum of panels a, b and c, and Fig. 3.7h, which is the sum of panels

e, f and g), are similar to the original terms (Fig. 3.5e and Fig. 3.5d, respectively). Accordingly,

the sum of the horizontal nonlinear PV advection terms at lower levels (Fig. 3.7l, which is the

sum of panels d and h, or alternatively panels i, j and k) is similar to the original term (Fig. 3.5c).

This proves that the inversion procedure recovers well the wind field. The overall sum (Fig. 3.7l),

gives, as before, a poleward and westward advection of the low level PV. Combined with the

eastward zonal advection by the mean background flow, this gives an eastward and poleward

advection of the low level PV (similar to Fig. 3.5f), which is consistent with the observed

motion of the low level cyclones. The decomposition of the nonlinear advection term presented

here shows clearly the important role of the meridional advection by the UPV in the poleward

tendency of the low level PV anomaly.
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3.5 Diabatic heating and vertical advection

Next, we present the contributions of the diabatic heating terms to the PV tendency (Eq. 3.3),

arising from LHR (Fig. 3.9a) and the background radiation (Fig. 3.9b). Diabatic processes

associated with extratropical cyclones have been studied extensively, and are known to have an

important role in the cyclongensis process (e.g., Reed et al. 1992; Davis et al. 1993; Stoelinga

1996; Posselt and Martin 2004; Ahmadi-Givi et al. 2004; Willison et al. 2013). The release

of latent heating is particularly important for the cyclone growth. The warm conveyor belt

(Browning and Roberts 1994; Harrold 1973), which is associated with the motion of warm

air that originates in the warm sector of the cyclone, travels parallel to the cold front and

ascends upwards in the vicinity of the warm front. As the warm and moist air travels upward

and poleward, it cools and condenses, releasing latent heat. The resulting mid-tropospheric

warming tends to produce a positive PV anomaly at low levels, slightly downstream of the

warming Stoelinga (1996), and a negative PV anomaly at upper levels (e.g., Ahmadi-Givi et al.

2004; Schemm and Wernli 2014; Methven 2015).

The contribution of diabatic heating associated with LHR can be calculated using Eq. (3.3),

with the rate of latent heating
�
d✓

dt

�
LHR

evaluated using the expression derived by Emanuel et al.

(1987), ✓
d✓

dt

◆

LHR

= !

✓
@✓

@p

� �

m

�

d

✓

✓

E

@✓

E

@p

◆
, (3.5)

where ✓
E

is the equivalent potential temperature, �
m

and �

d

are the moist and dry lapse rates,

respectively, and ! is the vertical velocity in pressure coordinates. For a dry atmosphere,

�

m

= �

d

, ✓ = ✓

E

and hence by definition
�
d✓

dt

�
LHR

= 0.

Focusing on the vertical axis, the PV tendency due to LHR is then approximately given by

dq

dt

= �g(f + ⇣)
@

@p

✓
d✓

dt

◆

LHR

, (3.6)

where ⇣ is the relative vorticity in the vertical direction.

The PV tendency associated with LHR from the cyclone composite (Fig. 3.9a), shows a large

positive maximum on the northeastern side of the cyclone. Thus, LHR acts to propagate the

low level PV anomaly eastward and poleward. Note that the maximum PV tendency from

LHR coincides with the location of strong positive vertical and poleward velocities (Fig. 3.3b

and Fig. 3.3c, respectively), residing in a region of warm and moist air (Fig. 3.3d).

The latent heating in the mid-troposphere acts, in general, to widen the isentropes at upper

levels, above the warming, and to narrow them at lower levels, below the warming (see the
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Figure 3.9: PV tendency from (a) diabatic heating due to LHR, (b) diabatic heating due to background

radiation, (c) the vertical advection term, and (d) the sum of all the PV tendency terms. All quantities

are normalized by 10�6 PVUs�1. Black contours show the 780 hPa PV anomaly, with contours values from

0.15 � 0.42 PVU and contour intervals equal to 0.09 PVU. L
x

and L
y

denote the longitudinal and latitudinal

extent of the composite box, respectively.

schematic illustration in Fig. 3.10a). Thus, the static stability increases at lower levels (as @✓̇

@p

becomes larger in absolute value), and decreases upper levels. In addition, the warming tends to

increase the geopotential height at upper levels, and the resulting unbalanced outward pressure

gradient force produces divergence at upper levels. This leads to upward vertical motion and

convergence at lower level that increase the relative vorticity there. Since the PV tendency is

proportional to the product of the absolute vorticity and to the rate of change of static stability

(Eq. 3.6), the two processes therefore act to increase the low level PV and deepen the low level

cyclone.

As a result of the inherent asymmetry of the cyclone, which advects high temperatures to its
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east and cold temperatures to its west, the mechanism described above occurs on the eastern

side of the cyclone. Hence, LHR and its associated low level PV tendency are maximized on

the northeastern side of the cyclone, where warm and moist air ascends, cools and condenses

(as illustrated in the schematic Fig. 3.10b). This contributes to an eastward and poleward

propagation of the low level cyclone.

The propagation mechanism described above is reminiscent to that of diabatic Rossby vortices

(Parker and Thorpe 1995; Moore and Montgomery 2005; Moore et al. 2008, 2013). DRVs can

grow as a result of an approximate phase locking and mutual amplification of two diabatically

generated PV anomalies: a low-level positive (cyclonic) PV anomaly and a mid-tropospheric

negative (anticyclonic) PV anomaly. In the absence of an upper trough, these vortices can

’self-advect’ themselves through the diabatic generation of PV along the warm frontal zone.

The diabatic heating by LHR probably has an additional indirect e↵ect on the poleward propa-

gation of the low level PV (Coronel et al. 2015). At upper levels, above the area of heating, the

diabatic PV tendency is negative, thus acting to enhance the downstream ridge (anticyclone)

in our simulation (not shown). As a result, an upper level PV dipole is formed. This enhances

the poleward advection of the low level PV.

Next, we also present the PV tendency from diabatic heating associated with radiation, calcu-

lated using Eq. (3.2) with
�
d✓

dt

�
rad

, which has a smaller negative contribution (Fig. 3.9b). Since

radiation overall warms the surface of Earth, it tends to widen the isentropes above. Hence,

at every level above the ground, the cyclone experiences a negative PV tendency. Note that

the SW-NE structure observed originates from the elongation of the absolute vorticity in that

direction.

The vertical advection term (Fig. 3.9c) is found to be of even smaller magnitude, and acts in

general to weaken (strengthen) the PV anomaly on its eastward (westward) side. This is a

result of the structure of the background PV, which increases with height, and dominates the

vertical gradient. Hence, the upward motion associated with the cyclone on its eastern side,

and the much weaker downward vertical velocity to its east (Fig. 3.3b), advects low (high) PV

to the east (west) of the low level PV.

The sum of all the PV tendency terms (Fig. 3.9d), including the horizontal advection terms,

gives an overall positive (negative) PV tendency on the northeastern (southwestern) side of the

lower level PV, and negative PV tendency elsewhere. Hence, combined together, all the terms

on the RHS of Eq. (3.4) act to propagate the PV anomaly towards the north-east direction.

Comparing the total sum (Fig. 3.9d) with the actual PV tendency from the low level PV

composite (Fig. 3.4), shows good agreement, although the structure slightly di↵er. This could

be a result of friction, which is not taken into account in this balance. Although probably small
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Figure 3.10: (a) Schematic figure illustrating the influence of LHR on the PV field. Mid-tropospheric warming

associated with LHR increases (decreases) static stability at lower (upper) levels, thus producing a positive

(negative) PV tendency there (denoted as +PV and �PV, respectively). (b) Schematic figure illustrating the

role of LHR in the poleward motion of the low level cyclone. The yellow circle (’L’) with open black arrows

denote the low level cyclone and the direction of the velocity associated with it. The thick curved black arrows

to its east represent the induced winds associated with the cyclone, and thin arrows represent upward motion.

The warm and moist air to the south and east of the cyclone travels poleward and upward. As it cools, it

releases LHR (purple shading) in the mid-troposphere, which acts to produce positive PV tendency at lower

levels (light red circled arrow), which promotes an eastward and poleward motion of the low level cyclone.

at the levels chosen here, it is known in general to influence the PV at low levels (Stoelinga

1996). Nevertheless, the overall structure of the total PV tendency recovers well the positive

PV tendency on the northeastern side of the low level PV, consistent with the northeastward

motion of the low level cyclones.
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3.6 Time development of the cyclone composites

As a next step, we composite the cyclones at di↵erent stages of their evolutions, to examine

whether the dominant mechanisms through which cyclones propagate poleward change over

the course of their evolution.

The composites are centered on the time of peak intensity (denoted as ⌧0), and then calculated

every six hours, from one day prior to the time of peak PV intensity, and up to a day after.

Fig. 3.11 shows selected PV composites at ⌧0-24h, ⌧0-12h, ⌧0 and ⌧0+24h (from left to right,

respectively), of the total PV tendency (Fig. 3.11a), the PV tendency due to LHR (Fig. 3.11b),

the PV tendency due to horizontal advection (Fig. 3.11c), and the time development of the

low level (colored contours) and upper level (black contours) PV anomalies (Fig. 3.11d). In all

panels of Fig. 3.11a-c, the low level PV anomaly at that time is shown in black contours for

reference.

The basic mechanism for poleward propagation is similar during the growth of the cyclone

(compare the three first columns in Fig. 3.11), while the composites di↵er greatly in the weak-

ening phase of the cyclone, as expected (rightmost column in Fig. 3.11). The total PV tendency,

the PV tendency due to LHR and the PV tendency due to horizontal advection are all max-

imized at the time of peak intensity. This is consistent with the PV tendency terms being

proportional to both the PV anomaly and the velocity field, which are strongest at the time

of peak intensity. Note that the relative e↵ect of these PV tendencies depends on how big the

PV anomaly is at that time, and therefore the e↵ective tendencies should be normalized. The

normalized tendencies (not shown) reveal that, in fact, both the total PV tendency and the

LHR are maximized 12h prior to the cyclone peak intensity (at the time of maximal growth

rate). All other features are otherwise similar.

The PV tendencies in Fig. 3.11 appear to produce a more meridionaly tilted structure through-

out the growth stage of the cyclone. During the time development, the PV tendency due to

LHR (Fig. 3.11b) produces a positive PV tendency which is less east-west oriented, and more

concentrated in the northeastern side of the low level PV. This is a result of the location of

the upward motion of the warm and moist air, which is being concentrated more in this region.

The sum of the nonlinear advection terms (not shown), induces a stronger and more poleward

oriented tendency throughout the time development of the low level PV. This results in the

more tilted structure of the horizontal advection terms (Fig. 3.11c), as well as the overall PV

tendency (Fig. 3.11a). Thus, poleward propagation increases up to the time of peak intensity.

The time development of the lower and upper level PV anomalies, Fig. 3.11d, shows some

interesting features regarding their relative positions. During the growth of the low level cyclone
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(three first panels from left in Fig. 3.11d), the meridional phase di↵erence between the upper

level PV anomaly (black contours) and lower level PV anomaly (colored contours), remains

roughly the same during the life cycle of the cyclone. This implies that the upper and lower

PV anomalies propagate poleward essentially at the same speed. On the contrary, the zonal

phase di↵erence between them becomes smaller, since the upper level PV propagates faster

towards the east than the lower level PV, hence the westward tilt with height decreases. This

is consistent with classical theories of cyclogenesis and cyclolysis (e.g., Bjerknes 1919; Bjerknes

and Solberg 1921; Schultz and Mass 1993).

Indeed, 24h after the peak intensity, the upper level PV is almost entirely above the low level

PV (rightmost column in Fig. 3.11d), revealing a more barotropic structure. At that time,

the total PV tendency is mainly negative (rightmost column in Fig. 3.11a), consistent with the

decaying of the low level PV. In addition, the role of the LHR changes significantly at the decay

stage (rightmost column in Fig. 3.11b), with mostly negative PV tendency in the cyclone core.

This is associated with the intrusion of cold and dry air during the decay of the cyclone, which

result in loss of access to warm and moist air and decrease in the upward vertical velocity.

The structure of the horizontal advection also changes significantly during the decay stage

(rightmost column in Fig. 3.11c), with a much weaker eastward advection, and no sign for

any poleward deflection. In fact, the nonlinear advection terms at this stage (not shown)

now act to advect the low level PV westward and slightly equatorward, counterbalancing the

weak eastward advection by the mean. This is a result of the position of the upper level PV

relative to the lower level PV anomaly (rightmost column in Fig. 3.11d). Because there is no

longer a westward tilt with height, there is no induced poleward velocity at low levels from the

upper level PV. Hence, the mechanism of poleward advection by the upper level PV, that was

demonstrated in Section 53.4 using the piecewise PV inversion, is absent (or even reversed)

during the decay of the low level cyclone.
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Figure 3.11: Time development of PV composites. (a) The total PV tendency, (b) the PV tendency due

to LHR, (c) the PV tendency due to horizontal advection, and (d) the low level PV anomaly (colors) and

upper level PV anomaly (black contours), for composites at ⌧0-24h, ⌧0-12h, ⌧0 and ⌧0+24h (from left to right,

respectively). In all panels in rows (a)-(c), quantities are normalized by 10�6 PVUs�1. The low level (780 hPa)

PV anomaly at each time is shown in black contours for reference, with contour spacing equal to 0.1 PVU

and contour values ranging from 0.15 PVU to 0.25, 0.35, 0.65 and 0.35 for ⌧0-24h, ⌧0-12h, ⌧0 and ⌧0+24h,

respectively. In row (d), quantities are normalized by 10�7 PVU . The upper PV anomaly contour spacing is

0.15 PVU, and contour values range from 0.45 PVU to 1.05, 1.2, 1.2 and 1.3 PVU for ⌧0-24h, ⌧0-12h, ⌧0 and

⌧0+24h, respectively.
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3.7 Dependence on cyclone intensity

Finally, we examine how the cyclone composites and the poleward propagation depends on the

intensity of the cyclone. For this purpose, we partition the cyclones into categories, based on

peak intensity, and perform separate composites for every group. To improve the statistics, a

longer run of 2000 days (where nearly 4800 cyclones were identified) is used. The cyclones were

divided into six groups, from the weakest 800 cyclones, denoted as ’group 1’, to the strongest

800 cyclones, denoted as ’group 6’.

Fig. 3.12 shows the low level (colored contours) and upper level (black contours) PV anomalies,

for group 6 (Fig. 3.12a), group 5 (Fig. 3.12b), group 3 (Fig. 3.12c) and group 1 (Fig. 3.12d),

corresponding to an averaged low level maximum PV intensity of 0.58, 0.36, 0.2 and 0.07 PVU,

respectively. The relative positions of the upper and lower level PV anomalies reveal that the

vertical structure di↵ers for cyclones of di↵erent intensities. While stronger cyclones have the

characteristic baroclinic structure of a westward tilt with height (Fig. 3.12a,b), weaker cyclones

exhibit a more barotropic structure, where the two PV anomalies are more vertically aligned

(Fig. 3.12c,d).
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Figure 3.12: (a) The low level PV anomaly (colors) and upper level PV anomaly (black contours), for (a)

intensity group 6, (b) intensity group 5, (c) intensity group 3, and (d) intensity group 1, corresponding to an

averaged low level maximum PV intensity of 0.58, 0.36, 0.2 and 0.07 PVU, respectively. The upper level PV

contours range from 0.5-1.1 PVU, with contour spacing equal to 0.15 PVU.

This implies that the PV tendency due to LHR and due to the horizontal advection (and
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Figure 3.13: The dependence on the averaged low level maximum PV intensity of (a) the normalized total PV

tendency (red), the normalized PV tendency due to horizontal advection (blue), the normalized PV tendency

due to LHR (green), and (b) the averaged latitudinal drift of the cyclones. Normalization is achieved by dividing

the actual tendencies by the maximum intensity of the corresponding composite group. Dashed lines in each

plot show the corresponding line of best fit.

thus the overall PV tendency) are expected to be smaller for the weaker cyclones. Indeed,

Fig. 3.13a shows that the maximum values of the normalized total PV tendency (red), the

normalized PV due to horizontal advection (blue), and the normalized PV tendency due to

LHR (green), all increase as the averaged maximum intensity of the composite group increases.

Horizontal advection appears to be a more significant process for weaker intensities, while

LHR becomes more important at higher intensities. Note that for comparison purposes, the

normalized tendencies are shown (all PV tendency are normalized by the maximum PV anomaly

of the corresponding composite group, to give the e↵ective tendency). However, the results are

essentially the same for the unnormalized tendencies.

The net poleward propagation of each intensity group (calculated as the averaged latitudinal

di↵erence between the initial position and the position at the time of maximum intensity of all

the cyclones in the composite group), also increases with intensity (Fig. 3.13b). This confirms

our earlier conjecture that stronger cyclones also propagate more poleward. A more intense

PV anomaly is also associated with stronger velocities, hence both horizontal advection and

LHR are larger. In addition, the more barotropic structure of the weaker cyclones means that
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the nonlinear poleward advection by the upper level PV is weaker, as discussed for the case

of a decaying cyclone in the previous section. Hence, the larger poleward deflection and the

higher tendencies associated with the stronger cyclones are consistent with our propagation

mechanism.

3.8 Chapter summary

The poleward motion of midlatitude cyclones and the corresponding downstream poleward tilt

of localized storm tracks (Fig. 1.1) is studied here from a Lagrangian PV perspective. While

the crucial role of transient eddies in the poleward deflection of the storm tracks is known in

a statistical time-mean balance sense (e.g., Orlanski 1998), the equilibrium state cannot give a

complete understanding of how such a balance is achieved. The current study highlights the

basic mechanism for poleward tendency of storms from a ’single storm’ perspective.

A detailed PV budget, based on composites of extratropical cyclones in an idealized GCM,

reveals the important role of the upper level PV and the diabatic heating associated with LHR

in the poleward motion of the low level cyclone. The interaction with the upper level PV and

the release of latent heating are both well established processes in the context of cyclongenesis,

and are known to have an important role in the growth of surface cyclones (e.g., Hoskins et al.

1985). Here, we emphasize that these processes are also important for the poleward tendency

of the low level cyclones.

In the PV framework, the cyclongensis process is explained by the mutual amplification of the

upper and lower level PV anomalies. This interaction is linear since it involves advection of

the background PV by the perturbations at the other level. The cyclone’s poleward motion,

however, turns out to be related to the nonlinear advection terms (Fig. 3.5c).

A piecewise PV inversion technique is used to decompose the low level nonlinear PV advection

terms into contributions from upper, lower and surface PV anomalies (the latter is associated

with the surface temperature anomaly), and the contribution to the PV tendency resulting

from each of the PV perturbations is analyzed separately (Fig. 3.7). The nonlinear poleward

advection by the upper level PV is found to be the dominant term in this decomposition,

responsible for the overall poleward tendency in the nonlinear advection terms. The poleward

motion of the low level PV is thus a basic property of baroclinic instability (although, crucially,

it is a nonlinear phenomenon, and therefore does not occur for linear baroclinic waves). The

resulting westward tilt with height implies that the induced meridional velocity on the low level

cyclone, which is located to the east of the upper trough, is always poleward (Fig. 3.8). This
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can be considered a baroclinic analog to the barotropic beta e↵ect (Gilet et al. 2009; Oruba

et al. 2013), which is often used to explain the poleward motion of oceanic vortices and tropical

cyclones (e.g., McWilliams and Flierl 1979; Wu and Emanuel 1993).

The same considerations could lead us to the conclusion that the positive upper PV anomaly

should propagate equatorward. However, since the upper level PV is much stronger than the

lower level PV, the nonlinear advection from the lower level PV is weaker. This was verified

by performing a piecewise PV inversion for the upper level winds (not shown).

The PV analysis also emphasizes the crucial role of LHR in the poleward motion of the cyclone

(Fig. 3.9). As a result of the inherent zonal asymmetry of the cyclone, whose winds transport

warm and moist tropical air to its east, LHR is maximized on its northeastern side. This,

in general, increases both the static stability and the absolute vorticity at lower levels, hence

strength the PV perturbation at lower levels (Fig. 3.10). Thus, a strong positive PV tendency

forms at lower levels, propagating the anomaly eastward and poleward.

The conclusions drawn here may potentially be used to explain the di↵erences between cyclone

and anticyclone propagation. High pressure systems, associated with anticyclonic motion, are

usually located on the westward side of the upper level trough. Thus, the induced upper

level winds tend to advect anticyclones equatorward. However, high pressure systems are

characterized by downward motion (rather then upward as in cyclones). Hence, the additional

e↵ect caused by LHR that contributed to the poleward tendency of the low level cyclones, does

not occur for anticyclones. In addition, anticyclones are generally weaker than cyclones, hence

the PV tendencies associated with them are smaller. The equatorward tendency of anticyclones

is therefore weaker, and is possibly reduced even further by the nonlinear interactions with

neighboring cyclones.

Our study also showed that during the growth stage of the cyclone, the decomposition of the

low level PV tendency does not change much over time, although it changes significantly in

the decaying stage. The poleward deflection appears to increase as the cyclone matures, but

is completely halted by the end of the life cycle. This is consistent with the barotropization

and vertical alignment that occurs as the cyclone decays. In addition, it was found that

stronger cyclones tend to propagate more poleward (Fig. 3.13b). This is again related to the

larger westward tilt with height that was found for stronger cyclones, compared to the more

barotropic structure that characterizes the weaker ones.

Although the treatment in this study was zonally symmetric, the mechanism described here to

explain the poleward tendency of extratropical cyclones may also explain the poleward tilt of

localized storm tracks, such as those observed in the NH. The localized temperature gradients

o↵ the NH eastern continental boundaries result in regions of high baroclinicity, hence more
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storms are being generated locally in these regions. Once formed, the cyclones are drifted

poleward in a similar manner to that described above. The higher baroclinicity often results

with enhanced downstream EKE (e.g., Kaspi and Schneider 2011b, 2013), hence stronger storms

that are also characterized by stronger PV anomalies and stronger velocities. Thus, both the

nonlinear interaction and the LHR are larger. We therefore expect, in general, to find higher

deflection of storms in localized storm tracks compared to the zonally symmetric case presented

here.

These arguments may also help understand the observed di↵erence between the tilt of the

Pacific and the Atlantic storm track. Since the latter is characterized by larger EKE (Deng

and Mak 2006; Mak and Deng 2007, see also Fig. 1.1), which implies stronger cyclones, both

the LHR and the poleward advection by the upper level PV are expected to be larger. This

can result in larger poleward deflection of storms in the Atlantic storm track compared to

the Pacific, which is consistent with the more tilted storm track observed there (Fig. 1.1).

A detailed examination of the poleward motion of cyclones in localized storm tracks will be

presented in the next chapter.



Chapter 4

Zonally asymmetric storm track

The localized heating results in a storm track that is tilted towards the pole (Fig. 4.1). A

poleward deflection can be seen both in the transient field (Figs. 4.1a,c), where transient is

defined here as deviations from the time mean, as well as in the downstream region of the time

mean zonal flow (Fig. 4.1b). The vertically integrated EKE in the NH (Fig. 4.1a) maximizes

close to the heating box (small thick box), and deflects poleward when moving away longitudi-

nally from the source. The big thin box in all panels of Fig. 4.1 marks the downstream region

where the poleward tilt is maximized (later denoted as ”box C”). Upstream of this region,

the vertically averaged zonal flow appears to be much more zonally oriented, or even slightly

deflected equatorward (Fig. 4.1b, see also Fig. 4.3a,d that shows only stationary part of the

flow). Interestingly, the vertically averaged poleward heat flux (Fig. 4.1c) has a secondary peak

in the downstream region where the tilt is maximized (box C).

In Fig. 4.2a the actual tracks of cyclones at the 780 hPa level, which first appeared between

latitudes 20� and 75� in the NH, are plotted (where color indicates the intensity of the system

in hPa). Comparing the EKE (Fig. 4.1a) and the cyclonic tracks (Fig. 4.2a) shows clearly that

in both cases there is an enhancement of the storms downstream of the localized heating. In

addition, the poleward motion of cyclones downstream of the heating is strengthened. Trans-

lating to a common point all the tracks of cyclones that originated downstream of the heating

box, between longitudes 120� to 210� (Fig. 4.2b), shows that the averaged cyclone in that region

drifts approximately 13.9� latitudes poleward and 43.9� longitudes eastward (the cyclone drift

is computed over the interval between the first and last detection of the cyclone). This gives

a tilt angle of about 22.4�. On the other hand, translating to a common point all the tracks

of cyclones for a case without a localized heating source (Fig. 4.2c), gives an overall averaged

track of 8.8� latitudes poleward and 46.4� longitudes eastward. The resulting averaged track

angle is much smaller, about 13.9�. Note that anticyclonic systems also compose the storm

41
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Figure 4.1: Climatology of the simulation. (a) Vertically integrated EKE (MJm-2), (b) Vertically averaged

zonal flow (ms�1), and (c) Vertically averaged meridional heat flux (Kms�1). In all the panels, small thick box

shows the region where the localized ocean heat flux is applied, and the big thin box shows the area where the

poleward deflection of the storm track is maximized (”box C”).

track, and hence the EKE, but these are not the focus of the current study and hence their

analysis is omitted here.

4.1 Stationary and transient decomposition

When a localized asymmetry is included, such as the localized ocean heat flux considered here,

a stationary wave is formed (Held 1983; Held et al. 2002; Kaspi and Schneider 2011a). The

stationary wave influences the dynamics and thus the track of the low level cyclone. In this

study, we repeat a similar analysis to that performed in the zonally symmetric case, except we

now include the stationary part of the flow and examine how its contribution varies spatially.

For that purpose, we decompose the flow into:

a(x, y, p, t) = [a](y, p) + a

⇤(x, y, p) + a

0(x, y, p, t), (4.1)

where a is any field of interest. Here bar represents time averaging, square brackets represent

zonal averaging, prime represents transient eddy (deviation from time mean), and the asterisk

represents deviation from zonal mean.

The resulting stationary wave for our simulation is shown in Fig. 4.3. In all panels, the small

thick square shows the heating box, and the four bigger boxes show the downstream locations

chosen for further composite analysis. Downstream of the the heating box, the stationary zonal

flow anomaly at upper level is positive to the north and negative to the south (Fig. 4.3a),
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Figure 4.2: (a) Tracks for lower level (780 hPa) cyclones, color indicating the intensity of the system (relative

to the background flow and scaled by hPa). In (b), only the tracks that originated in the heating box (black

thick box) are shown, and are translated to a common starting point. In (c), all the cyclones from a zonally

symmetric run are translated to a common starting point. Black arrows show the averaged cyclonic track for

each case.

suggesting a poleward jet shift in this region (consistent with Fig. 4.1b). At lower levels

(780 hPa, Fig. 4.3d), the stationary zonal flow has a di↵erent structure. Close to the heating,

a cyclonic stationary circulation is formed, opposite to the sign of the stationary zonal flow at

upper levels. Downstream, however, the stationary zonal flow is similar to that seen in upper

levels. At both heights, the third downstream box captures the region where the zonal flow is

tilted poleward. The downstream regions are chosen to roughly collocate with the alternating

sign of the stationary meridional velocity. At upper levels, the stationary meridional flow

(Fig. 4.3b) is positive in the region of the heating box, and then changes sign periodically
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Figure 4.3: The stationary part of the flow at upper levels (300 hPa), panels (a)-(c), and lower levels (780 hPa),

panels (d)-(f). Shown are (a),(d) stationary zonal velocity (ms�1), (b),(e) stationary meridional velocity (ms�1),

and (c),(f) stationary PV (PVU). In each panel, the small thick box shows the region where the localized ocean

heat flux is applied. The four larger and thiner boxes are the selected regions for further composite analysis.

over a finite region downstream. At lower levels (Fig. 4.3e), the stationary meridional velocity

close to the heating box is consistent with a cyclonic circulation. Downstream, the stationary

meridional velocity aligns with that of the upper levels (last three boxes). The stationary PV

at upper level (Fig. 4.3c) is characterized by a positive PV anomaly to the west of the heating

box. In contrast, at lower levels (Fig. 4.3f) the stationary PV anomaly is to the east of the

heating box, and is stretched eastward and poleward.

4.2 Cyclone composites and downstream evolution

In each downstream region marked by a box in Fig. 4.3 we perform a composite analysis (based

on the tracking data shown in Fig. 4.2), as explained in the numerical methods section. The

downstream evolution of the composites is shown in Fig. 4.4. The composites of the stationary

part of the flow at low levels (Fig. 4.4a-c) resemble the stationary climatology within each region

(Fig. 4.3d-f)1. In all the panels of Fig. 4.4, the black contours show the composite of the low

1The composites of the stationary flow (Fig. 4.4a-c) are composites in the sense that they are calculated
as an average of selected time steps, following the cyclones, though these are composites of fields which are
stationary (zonal asymmetries of the climatological flow). They are averaged over each region and are therefore
similar but not identical to the stationary time mean field. For example, note that the sizes of the figures in
panels (a)-(c) (Lx,Ly) are the latitude and longitude centered around each cyclone identified, and not the sizes
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level transient PV anomaly associated with the cyclone, and the arrows show the stationary

velocity at each region. Close to the heating area, in box A, there is a stationary cyclonic

circulation (arrows in Fig. 4.4a-c, box A). The low level stationary PV anomaly (Fig. 4.4c, box

A) is centered around the low level transient PV anomaly, though it is stretched in the SW-NE

direction.

Downstream of that, in box B, the stationary flow is mainly zonal (Fig. 4.4a,b, box B). The

stationary PV anomaly (Fig. 4.4c, box B) is weaker and concentrated on the southwestward

corner. Further downstream, in box C, the stationary flow at low levels is both eastward

(Fig. 4.4a, box C) and poleward (Fig. 4.4b, box C). In this region, the low level cyclone and

the associated transient PV anomaly reside between a stronger positive stationary PV to its

west, and a weaker negative stationary PV to its east (Fig. 4.4c, box C). Finally, in box D, the

cyclone is already far from the heating source, and the stationary velocities are much weaker.

The low level transient PV anomaly is now at the edge of the stationary zonal jet (Fig. 4.4a,

box D), in a region of weak equatorward velocity (Fig. 4.4b, box D). The low level stationary

PV is to the northwest of the cyclone, though it is much weaker now (Fig. 4.4c, box D).

Fig. 4.4d shows the transient upper level PV anomaly (300 hPa) and transient upper level

velocity (arrows). In all regions, the transient upper level PV anomaly has a similar structure,

and it is always to the west of the low level transient PV anomaly (Fig. 4.4d, boxes A-D).

However, moving downstream with the boxes (from box A to box C), the upper and lower

transient PV anomalies become more aligned. This is possibly a manifestation of the life cycle

of individual storms and their downstream development; as the growing baroclinic cyclones drift

eastward they strengthen until they reach their maximum intensity. However, by the end of

their lifecycle they align with the upper level perturbation, and eventually decay barotropically

(e.g., Simmons and Hoskins 1978).2

The structure of the stationary circulation in the di↵erent regions described above will help us

understand the observed stationary advection terms in the PV tendency budget. Performing

the composites over the di↵erent regions is crucial when a localized zonal asymmetry is present,

since the influence of the stationary wave is otherwise eliminated (if the composite is performed

throughout the whole length-scale of the storm track).

of the actual regions marked by boxes A-D (as in Fig.Ê4). In the limit of very small regions (boxes A-D), panels
(a)-(c) would just look exactly like the climatological stationary flow.

2Note, however, that cyclones are generated not only in the storm track entrance region (for example, there
is a secondary downstream peak in the EKE, Fig. 4.1). Hence, this simplistic view does not necessarily hold
everywhere within the storm track.
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Figure 4.4: Composites of low level (780 hPa) flow at di↵erent regions. Box A corresponds to the most

upstream region (close to the localized heating), and box D corresponds to the most downstream region (furthest

from heating). Shown are (a) composites of stationary zonal velocity, u⇤ (ms�1), (b) composites of stationary

meridional velocity, v⇤ (ms�1), (c) composites of stationary PV, q⇤ (10�1PVU), and (d) composites of transient

PV at upper levels (300 hPa), q
0
(PVU). In panels (a)-(c), the arrows show the composite of the corresponding

stationary velocities in each region, and in panel (d) the composite of the corresponding transient upper level

(300 hPa) velocities in each region. The black contours show the corresponding low level (780 hPa) transient

PV anomaly (with lowest contour equal to 0.1 PVU, and contour intervals equal to 0.1 PVU). L
x

and L
y

denote

the longitudinal and latitudinal extent of the composite, respectively.
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4.3 Composites of PV tendency

The tracking data is used to construct a composite of the PV budget. This is similar to the PV

tendency analysis performed in the zonally symmetric case, except for the added contribution

of the stationary field, and the necessity to perform composite over specific regions due to the

stationary field.

Using the decomposition given in Eq. (4.1), the PV tendency for the stationary case becomes3
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+Q. (4.2)

For simplicity we used here Cartesian notation (x,y), but all calculations are done in spherical

coordinates. Note that the meridional background flow [v̄] is small (two orders of magnitude

smaller then the leading terms) and its analysis was therefore omitted here.

We first concentrate on box C, which is the region where the poleward tilt of the storm track is

maximized (see Fig. 4.1 and Fig. 4.3), and then compare selected terms from the PV tendency

budget for all regions in section 6. The total PV tendency budget is summarized in Fig. 4.5. The

instantaneous PV tendency (@q
@t

, Fig. 4.5a), shows that the overall structure is indeed tilted in

the SW-NE direction. Hence, on average, the cyclone and its associated low level PV anomaly

move toward the northeast direction. We then decompose the instantaneous PV tendency into

its di↵erent components, using the right-hand side of Eq. (4.2), to find explicitly which terms

contribute to the SW-NE tilt and therefore to the poleward propagation. The PV tendency from

diabatic heating due to LHR (Fig. 4.5b) is positive mainly over the warm sector of the cyclone,

and maximizes in the northeastern side of the low level PV, thus contributes significantly to the

poleward propagation of the low level cyclone. As was explained in the zonally symmetric case,

this occurs since LHR systematically produces a positive PV tendency in the northeastern side

of the low level PV. The contribution of the diabatic term due to radiation (Fig. 4.5c) gives

a weaker negative PV tendency. The vertical advection of the transient PV anomaly gives a

mostly negative PV tendency (Fig. 4.5d), concentrated in the southeastern side of the low level

3Note that the left-hand side of Eq. (4.2) satisfies by definition @q

@t

= @q

0

@t

. However, the right-hand side
of Eq. 4.2 also includes terms that involve only the stationary wave. These do not influence directly the PV
tendency of the transient anomaly, @q

0

@t

, but rather they cancel out with the time mean value of Q. These terms
are small and negligible in comparison to the terms involving the transient anomaly, as shown in the appendix.
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Figure 4.5: The low level (780 hPa) PV tendency composites in box C: (a) instantaneous PV tendency, @q

@t

,

(b) PV tendency due to diabatic processes associated with latent heat release, (c) PV tendency due to diabatic

processes associated with radiation, (d) PV tendency from vertical advection. Panel (e) shows the PV tendency

from horizontal advection terms, and (f)-(h) are decomposition of this term into horizontal advection of the

transient PV by: (f) the background time-zonal mean flow, (g) the transient velocity, and (h) the stationary

velocity. In each panel of (e)-(h), the arrows show the corresponding velocity field. All quantities are normalized

by 10�6 PVU s�1. The black contours show the low level (780 hPa) transient PV anomaly (with lowest contour

equal to 0.1 PVU, and contour intervals equal to 0.1 PVU). L
x

and L
y

denote the longitudinal and latitudinal

extent of the composite, respectively.

PV. The latter two terms obviously do not contribute to the poleward tendency.

The sum of the horizontal advection term also gives a SW-NE tilted PV tendency (Fig. 4.5e).

Breaking this term into advection of the transient perturbation by the time-zonal mean (Fig. 4.5f),

the transient field itself (Fig. 4.5g) and the stationary field (Fig. 4.5h), shows the first is domi-

nating the downstream advection, while the latter two contribute to the poleward propagation

and are of similar order (note that the colorbar scale in the last two panels is smaller than the

previous panels).

Three processes are therefore responsible for the poleward tendency felt by the low level cyclones

in the downstream region of box C; PV tendency due to diabatic processes associated with LHR,

nonlinear advection of the transient PV by its own field (induced from upper levels, as explained

in the zonally symmetric case), and a stationary poleward advection.

The third mechanism discussed here, the stationary poleward advection of the transient PV,

appears only in the zonally asymmetric case. Its amplitude depends on the strength of the
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stationary wave, and hence on the strength of the zonal asymmetry. The fact that in this region

the advection by the stationary and the transient anomalies both act in the same direction

(Fig. 4.5g,h) is responsible for the strong poleward tilt and enhanced poleward motion seen in

this region. As shown next, this is not the case for all the downstream regions of the storm

track.

4.4 Downstream evolution of the PV tendency

In this section, the PV analysis of the previous section is repeated for the dominant terms in

the PV budget, at di↵erent spatial locations downstream of the localized heating. Comparing

the PV tendency of the storms as they move downstream, at di↵erent locations, allows under-

standing of how each component of the flow influences the cyclone instantaneously throughout

its track. This is especially crucial for the stationary advection, which varies significantly from

one region to another.

Close to the heating box (box A), the PV tendencies are in general strongest, and they become

weaker moving away from the heating box (boxes B-D). Note that the color scale in each row of

Fig. 4.6, which corresponds to di↵erent PV tendency terms, is di↵erent (since weak fields would

have otherwise been obscured). The instantaneous PV tendency (@q
@t

, Fig. 4.6a) is characterized

by a SW-NE tilt in all the boxes. However, the tilt is less pronounced in box B (where the zonal

flow appears to be more zonal, e.g., Fig. 4.3), and then increases again downstream (boxes C

and D in Fig. 4.6a).

The diabatic PV tendency due to LHR (Fig. 4.6b) is always positive in the northeastern side

of the low level PV anomaly. However, as the cyclones move downstream, the positive PV

tendency becomes weaker and smaller. This is probably because close to the localized ocean

heat flux, both the LHR and the PV anomaly itself are larger.

The nonlinear transient PV advection by the transient wind field (Fig. 4.6c) gives a poleward

and slightly westward tendency, except in box A where it is equatorward and eastward. In

boxes B-D, the transient nonlinear PV tendency does not vary much when the cyclone moves

downstream, and it is similar to what was found in the zonally symmetric case. In these cases,

the low level PV is influenced by the upper level PV (see Fig. 4.4d). Since the upper transient

PV anomaly is always to the west of the low level transient PV anomaly, positive meridional

winds are induced from upper levels and advect the low level cyclone poleward.
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Figure 4.6: Composites of selected low level (780 hPa) PV composites at di↵erent regions. Box A corresponds

to the most upstream region (close to the heating), and box D corresponds to the most downstream region

(furthest from heating). Shown are (a) instantaneous PV tendency (@q
@t

, (b) PV tendency associated with

diabatic processes (latent heat release and radiation), (c) transient horizontal advection of the transient PV

anomaly, and (d) stationary horizontal advection of the transient PV anomaly. In all panels, the black contours

show the corresponding low level transient PV anomaly (with lowest contour equal to 0.1 PVU, and contour

intervals equal to 0.1 PVU). In all panels in (c) and (d) the black arrows show the corresponding velocities

from the composite in that region. L
x

and L
y

denote the longitudinal and latitudinal extent of the composite,

respectively.

Close to the heating source, in box A, the low level PV is stronger than in the other downstream

regions, and is comparable in magnitude to the upper level PV (which is usually stronger).
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This is probably a result of strong diabatically produced PV at low levels, due to the proximity

to the heat source. Hence, cyclogenesis at the entrance of the storm track is dominated by

diabatic processes, with a strong low level PV and a weaker signature from the upper level

PV. Equatorward PV tendency induced by low level winds was found both in Coronel et al.

(2015) (see their Fig. 6c). The horizontal advection at the entrance of the storm track is

therefore dominated by low level advection, which gives rise to an overall equatorward advection

(Fig. 4.6c, box A).

The influence of the stationary flow (Fig. 4.6d) changes significantly throughout the down-

stream development of the cyclone. Close to the heating box (Fig. 4.6d, box A), the stationary

circulation (which is cyclonic) tends to advect the transient PV northwestward. Downstream

of that (Fig. 4.6d, box B), the stationary circulation advects the cyclones southeastward. This

opposes the northwestward advection associated with the transient nonlinear term, and as a

result the overall PV tendency is more zonal in that region (Fig. 4.6a, box B). Further down-

stream (Fig. 4.6d, box C), as discussed in the previous section, the stationary flow tends to

advect the cyclone towards the northeast. This, combined with northwestward tendency from

the transient nonlinear advection terms, gives an overall strengthened poleward tendency. This

is consistent with the enhanced poleward tilt seen in box C (e.g., Fig. 4.3). Finally, in box

D (Fig. 4.6d, box D), the stationary PV advection is much weaker, and is oriented again to

advect the low level cyclone equatorward. This contribution is very weak however, and the

overall PV tendency is therefore SW-NE oriented, and dominated by the transient nonlinear

advection (which is north-south oriented) and the PV tendency due to LHR.

4.5 Varying the relative role of the stationary wave

Finally, we examine how the relative role of the stationary wave in advecting the cyclones

poleward changes when the strength of the localized heating varies, and how that influences

the downstream poleward tilt of the storm track. This is done by performing simulations where

we systematically increase the strength of the localized ocean heat flux (denoted as Q
f

).

Shown here are eight simulations, with a localized heat flux that varies monotonically from

Q

f

= 0 to Q

f

= 2Q0 (where Q0 = 1500 Wm�1 is the heat flux used for the reference simulation

analyzed in this previous sections).4

4The value chosen for the reference simulation is somewhat arbitrary and should be taken in a qualitative
sense, due to the idealized nature of the model used. A larger region of heating convergence would produce a
stronger storm track, and reduce the values of the heat source needed in order to produce temperature gradients
similar to those observed in EarthÕ’s storm tracks. The choice of the small heating box is done to keep the
zonal asymmetry local with respect to the width of the jet.
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Figure 4.7: EKE at upper levels (300 mb) (ms�1) for varying strength of the localized oceanic
heat flux Q

f

. Shown is EKE for simulations with Q

f

ranging from 0.6Q0 to 2Q0. In all panels,
the small thick box shows the region where the localized ocean heat flux is applied.

As the heating strength is increased, the EKE at upper levels (� = 0.3) becomes both stronger

and more tilted towards the pole (Fig. 4.7). At heating strengths weaker than the reference

simulation, the poleward tilt of the storm track is barely observed. As the heating increases, a

downstream tilt gradually appears. At heating strengths stronger than the reference simulation,

there is also an equatorward tilt farther downstream, a manifestation of the wavy structure that

appears when the amplitude of the stationary wave increases. Note also that a maximum in

the EKE is produced (from Q

f

= 1.4Q0 and higher), which is located immediately before the

region where the poleward deflection is observed.

Indeed, the tilt angle of the EKE in the downstream region where it deflects poleward increases

with the heat flux forcing (Fig. 4.8a, red). In agreement with this, the tilt angle of the averaged

cyclonic track increases with the strength of the heating source (Fig. 4.8a, black). Although

the deflection angle of the EKE and the tilt of the average cyclone track both increase with the

heating source, they are not equal. Without the heat source (Q
f

= 0), the EKE is obviously

zonally symmetric (zero tilt angle), while the cyclones still propagate poleward (tilt angle of

approximately 10�). As the heat source is increased, the angles become closer, but they are

still not identical.
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Figure 4.8: (a) Averaged latitudinal drift (in degrees) of cyclones downstream of the heating source, for

simulations with Q
f

ranging from 0 to 2.1Q0, (b) Averaged PV tendency (PVUs�1) calculated for box C

(the region where EKE is most tilted), for the dominant terms in the PV tendency budget: PV tendency

associated with latent heat release (blue,’LHR’), PV tendency associated with the nonlinear self advection

of the transient perturbations (red, ’NL’), and PV tendency associated with the stationary advection of the

transient perturbations (black, ’ST’). (c) The poleward tendency index (PVUs�1) (see definition in text) for the

dominant PV tendency terms as in (b). In each panel, the line shows the linear best fit to the corresponding

points, with R2 = 0.94 in (a), R2 = 0.74, 0.35, 0.96 in (b), and R2 = 0.57, 0.25, 0.92 in (c) for LHR, NL, and ST

respectively.

A detailed examination of the dominant PV terms (namely, latent heat release, transient non-

linear advection, and a stationary advection) for each of the runs, in the downstream region

where the tilt is maximized, reveals their relative role in the poleward advection of the cy-

clones as the heating is increased (Figs. 4.8b,c). First, the mean value of the PV tendency

terms (Fig. 4.8b) increases as the heating is increased (the mean PV tendency for each term

is calculated here as the average over the 25 points with strongest PV tendency values, i.e.,

around the maximum PV tendency). The enhancement of the mean PV tendency terms is

related to the enhancement of the PV anomalies, due to the increased localized baroclinicity.

Stronger cyclones imply stronger winds, both at upper and lower levels, hence the nonlinear

advection terms can be expected to increase. In addition, stronger cyclones are also associated

with stronger upward velocity, so latent heating can be expected to increase as well. Finally, it

is not surprising that the stationary advection increases with the heating, since the stationary

PV anomaly becomes stronger as the zonal asymmetry increases.

In order to measure and compare the contribution of each of these PV tendency terms to the

poleward propagation of the cyclones, we define an index (denoted as the ”poleward index”)

that takes into account both the orientation of the PV tendency and its amplitude with respect
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to the PV perturbation itself (Fig. 4.8c). The first point is important since a S-N oriented

PV tendency dipole would contribute more to a poleward propagation than a SW-NE oriented

PV tendency dipole. The second point is important since the same PV tendency would result

in a larger poleward drift if the PV perturbation is weak, and a smaller poleward drift if the

perturbation is strong.

The index is defined as

⌫ = �
<

@q

@t

· @q

@y

>

<

@q

@y

· @q

@y

>

, (4.3)

which is the normalized projection of @q

@t

onto @q

@y

, where <> denotes horizontal averaging. The

poleward index ⌫ is a scalar with units of [ms�1], and it represents the estimated poleward

velocity of the q perturbation due to the PV tendency @q

@t

(see Appendix B for the full details).

Here @q

@t

is either one of the PV tendency terms.

The poleward index of the dominant PV tendency terms (Fig. 4.8c) is useful for comparing

the relative contribution of each of the PV tendency terms to the poleward propagation. For

instance, although the PV tendency associated with latent heat release is strongest (blue line in

Fig. 4.8b), when taking into account its orientation (which is more eastward than northward),

this term appears to be less important for the poleward propagation (blue line in Fig. 4.8c), es-

pecially at high forcing values. The PV tendency associated with transient nonlinear advection

increases modestly as the heat flux strengthens (red line in Fig. 4.8b). However, the poleward

index of transient nonlinear advection actually decreases with the forcing (red line in Fig. 4.8c).

This occurs because the amplitude of the PV perturbation itself increases more rapidly than

the PV tendency associated with transient nonlinear advection, hence its overall contribution

to the poleward propagation decreases. Finally, although the PV tendency associated with

stationary advection is in general weaker than the other two terms, when taking into account

its orientation (which is entirely northward), at high heat flux forcing it becomes the most

dominant term for the poleward propagation. Hence, when the zonal asymmetry is large, the

stationary wave can become an important factor controlling and shaping the structure of the

storm track. This is also apparent in the spatial structure of the EKE (Fig. 4.7), where at high

heat flux forcing Q

f

the EKE becomes more wavy, being controlled by the stationary wave.

4.6 Chapter summary

In this chapter, mechanisms controlling the shape of midlatitude storm tracks were investi-

gated using an idealized GCM with a localized heat source, by employing a cyclone tracking
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algorithm and constructing PV tendency composites. The inclusion of a localized asymmetry

in the midlatitudes results in an enhancement of the EKE, and a poleward deflection in the

downstream region (Fig. 4.1).

Transient eddies are known to play an important role in maintaining the poleward tilt of

the storm tracks in the time-mean balanced state (Orlanski 1998). However, analyzing the

eddy-mean flow interaction in the equilibrium state cannot give a complete understanding of

how such a balance is achieved (i.e., it is di�cult to infer ’cause and e↵ect’). In the current

study we take a di↵erent approach to study the poleward deflection of the storm tracks. The

idealized GCM output is analyzed with a feature tracking algorithm, to identify cyclones and

track them Lagrangially. Cyclone composites are then produced at various spatial locations

downstream of the heating source. The advantage of such a semi-Lagrangian approach is that

it allows to calculate the actual tendency throughout the evolution and propagation of the

storms. Thus, the governing mechanisms controlling the motion of cyclone can be identified at

di↵erent locations and at di↵erent stages of their lifecycle.

A full PV budget in the downstream region where the tilt is maximized (denoted as ’box C’)

highlights three important processes for the poleward propagation: a PV tendency due to

diabatic heating associated with LHR, nonlinear advection of the transient perturbation by

its own eddy field, and a stationary advection of the transient perturbation. The first two

mechanisms for poleward propagation of cyclones are identical to those found for a zonally

symmetric case, while the last appears only in the case of a localized storm track considered

here.

The PV tendency associated with LHR always produces a positive PV tendency in the north-

eastern side of the low level PV anomaly, since this is where LHR is maximized. The nonlinear

transient PV advection results in a poleward and slightly westward tendency in most of the

downstream regions of the storm track, where the interaction with the upper-level PV domi-

nates. This occurs since the upper level PV, which is always to the west of the low level PV,

induces a poleward velocity on the low level PV. In the most upstream part of the storm track,

however, nonlinear advection is dominated by equatorward low level advection, probably as a

result of the strong diabatically produced low level PV. Finally, the stationary advection of the

transient PV may result in a poleward or an equatorward tendency, depending of the phase of

the stationary wave. In the downstream region of the storm track where the tilt is maximized

(box C), all three processes contribute positively to the poleward advection, which explains

why the poleward tilt is large in that region.

A systematic variation of the strength of the heating source shows that the storm track becomes

more tilted when the heating is increased, and correspondingly the poleward deflection of the
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cyclones increases. The mean value of the dominant PV tendency terms increase with the

heating, as a result of the increased localized baroclinicity and corresponding enhancement of

the PV anomalies. The relative role of the stationary PV advection, measured using a ’poleward

index’, increases significantly when the forcing is increased, and becomes the dominant term

when the zonal asymmetry is large; it therefore controls the shape of the storm track at high

forcing, and enhances its downstream poleward tilt.



Chapter 5

Idealized global warming experiments

Understanding how the storm tracks respond to climate change, and how that may influence our

climate and weather, is of major importance. Previous studies using climate change prediction

models have shown that the average intensity of cyclones is likely to increase and the total

number of cyclones to decrease, though the number of extreme cyclones could potentially

increase (Lambert and Fyfe 2006; Ulbrich et al. 2008; Bengtsson et al. 2009; Zappa et al. 2013).

In addition, the storm tracks and the corresponding maximum of eddy kinetic energy are likely

to expand upward and shift poleward as a result of climate change (Yin 2005; Bengtsson et al.

2006a; Ulbrich et al. 2008; Bengtsson et al. 2009; Wu et al. 2011; Chang et al. 2012), and the

latter is especially clear in the SH (Chang et al. 2012) (Fig. 1.2).

The poleward shift of the storm tracks was found both in reanalysis data of recent years

(Fyfe 2003; Son et al. 2008) and in multi-mean ensemble projections of models forced with

enhanced greenhouse gas concentrations (Yin 2005; Bengtsson et al. 2006a; Ulbrich et al. 2008;

Bengtsson et al. 2009; Chang et al. 2012; Barnes and Polvani 2013). The latter suggest that

the storm tracks will shift on average between 1� and 2� in latitude poleward under a CO2

doubling scenario (Chang et al. 2012). Several mechanisms have been proposed to explain the

poleward shift, including changes in the meridional location of maximum baroclinicity (Yin

2005), increased static stability in the subtropics and midlatitudes (Lu et al. 2010), increased

tropical convective stability (Mbengue and Schneider 2013), enhanced tropical heating (Butler

et al., 2010), increased sea surface temperatures (Caballero 2005; Kodama and Iwasaki 2009;

Gra↵ and LaCasce 2014), and changes in eddy characteristics (Kushner and Polvani 2006;

Chen and Held 2007; Lorenz and DeWeaver 2007; Kidston et al. 2010; Rivière 2011). However,

there is currently no agreement on what is the dominant dynamical process responsible for the

poleward shift.

57
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In this study, a ’single storm perspective’ is adopted to study the poleward motion of cyclones,

by employing the feature tracking technique (Hodges 1995). This is as opposed to most previous

studies, which examined the poleward shift of the storm track from an Eularian perspective.

The vorticity data is used to track cyclones and construct composites of the PV tendencies

associated with them. Thus, the dominant terms in the PV tendency analysis can be easily

interpreted. It is shown that horizontal advection associated with the nonlinear self advection

of the cyclones, as well as the PV tendency due to diabatic processes associated with latent

heat release, both contribute to the poleward motion of the cyclone. These mechanisms are

then shown to intensify in a warmer climate.

5.1 Idealized global warming setup

The global warming experiments are performed in the idealized GCM by increasing the op-

tical depth parameters at the equator and the pole (O’Gorman and Schneider 2008; Levine

and Schneider 2011; Pfahl et al. 2015). A reference simulation is used, with parameters of the

longwave optical thicknesses at the equator and pole chosen to reproduce a meridional temper-

ature similar to that on Earth. Additional 11 simulations are then performed where the optical

depths at the equator and the poles by multiplied by the same constant ↵, such that ⌧ = ↵⌧ref

(where ⌧ref is the longwave optical thickness for the reference simulation) and 1  ↵  1.85.

This results with a gradual increase in the global mean surface temperatures, of up to 296 K.

5.2 Control run

The tracks of the 500 most intense storm, over a period of 3000 days, are shown for a simulation

with conditions similar to current Earth’s conditions (T
s

= 286.8, Fig. 5.1a). The tracks are

computed using the vorticity field at 780 hPa, where color indicates the intensity of the storm

(normalized by 10�5s�1), and translated to start from a common point. Only tracks that

originated at midlatitudes (between latitudes 20� and 60� in the NH) are considered, and

tracking is performed only during the growth stage of the storms. The averaged cyclonic

system propagates approximately 10.9� latitudes poleward and 47.7� longitudes eastward (the

black arrow in Fig. 5.1a). The latitudinal displacement found here (approximately 1200 km) is

similar to that measured on Earth in a previous observational study (approximately 1500 km)

(Blender et al. 1997).

A composite of the low level (780h Pa) PV associated with these storms, during their growth
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Figure 5.1: Tracks for low level cyclones (780 hPa), translated to a common starting point, for a global mean

surface temperature of (a) T
s

= 286.8 K, and (b) T
s

= 298.2 K. The tracks are plotted until the cyclones reach

their maximum intensity. Black arrows show final location vector for the averaged cyclone. Color indicates the

intensity of the vorticity anomaly, and is scaled by 10�5 s�1).

.

stage, is shown in Fig. 5.2 (top row). The PV analysis reveals two dominant mechanisms

responsible for their poleward tendency. The horizontal advection of the perturbation PV

contributes to a positive PV tendency on the northeastern side of the anomaly and a negative

PV tendency on the west-southern side of the cyclone (Fig. 5.2a). The positive diabatically



CHAPTER 5. IDEALIZED GLOBAL WARMING EXPERIMENTS 60

L
y

a
Advection

10

15

20

b
LHR

 

 
c

Total

−5

0

5

L
y

Lx

d

10 20 30
10

15

20

Lx

e

10 20 30
 

 

Lx

f

10 20 30

−5

0

5

Figure 5.2: Cyclone composites of low level (780 hPa) PV tendency from (a),(d) horizontal PV advection by

low level winds (black arrows), and (b),(e) diabatic heating due to latent heat release. Panels (c),(f) show the

total PV tendency (@q
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) at low levels. PV tendencies are given in units of 10�6 PVUs�1. The low level PV

anomaly is shown in black contours. L
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are the latitudinal and longitudinal lengths of the composite

box, respectively.

produced PV tendency at low levels contributes to the northeastward propagation of the low

level cyclone (Fig. 5.2b). The total PV tendency (Fig. 5.2c) shows a dipole that is tilted SW-NE,

consistent with the overall eastward and poleward propagation of the low level cyclones.

5.3 Enhanced poleward motion in warmer climates

To analyze systematically how the mechanisms described above change when the background

climate warms, we perform a series of experiments where we gradually increase the global mean

surface temperature. This is achieved by varying the longwave optical thickness at the equator

and the pole (by multiplying them by the same constant). This idealized experiment of a

global warming-like scenario represents changes in longwave absorbers such as carbon dioxide

and water vapor.

Indeed, for a warmer climate (T
s

= 298.2, Fig. 5.1b), the poleward latitudinal drift increases,

and the averaged cyclonic system now propagates approximately 14.1� latitudes poleward and

46.9� longitudes eastward (black arrow in Fig. 5.1b). This implies that the averaged track of

cyclonic systems becomes more tilted towards the pole. In addition, both the PV tendency
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Figure 5.3: The dependence on the global mean surface temperature (K) of (a) the averaged latitudinal

displacement of cyclones, until their maximum intensity is reached, (b) the mean intensity of the composite

potential vorticity, (c) the mean values of the PV tendencies from the horizontal advection term (red) and

diabatic heating associated with latent heat release (blue) from the cyclone composites, and (d) the mean value

of the total PV tendency from the cyclone composites. In panel (a),(c) and (d) the dots are the values from

individual runs, and the lines show the best linear fit, while in panel (b) a quadratic fit is used.

due to the horizontal advection terms (Fig. 5.2d) and the PV production due to latent heat

release (Fig. 5.2e) intensify. The total PV tendency in a warmer climate (Fig. 5.2f) results in a

stronger motion of the low level cyclone towards the northeast. The PV tendencies in a warmer

simulation appear to be not only stronger, but also more SW-NE oriented. This is consistent

with the enhanced poleward propagation and overall tilt of the averaged cyclonic track in the

warmer simulation (Fig. 5.1b).

Gradually warming the background climate shows that the poleward motion of cyclones is

gradually enhanced, and the latitudinal distance travelled by the cyclones increases (Fig. 5.3a).

Accordingly, both the maximum value of the horizontal PV advection (red dots in Fig. 5.3c),

and due to latent heat release (blue dots in Fig. 5.3c) increase. In addition, the maximum
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value of the PV perturbation increases (Fig. 5.3b). This is consistent with the increase of the

storms’ intensity often seen in model projections with increased greenhouse gases (Lambert and

Fyfe 2006; Bengtsson et al. 2006b; Ulbrich et al. 2008). The enhancement of the horizontal PV

advection in a warmer climate (red dots in Fig. 5.3c) is due to the enhancement of both the

upper level jet (not shown) and the low level PV perturbation (Fig. 5.3b). Stronger upper level

winds imply that the induced poleward velocity at low levels is stronger. Hence, stronger low

level PV anomalies, which are also associated with stronger upper level PV, tend to propagate

more poleward.

The increase of the PV tendency associated with latent heat release in a warmer climate (blue

dots in Fig. 5.3c) is a direct result of the Clausius-Clapeyron relation, which implies that a

warmer atmosphere has a larger saturation water vapor content (given that relative humidity

does not change significantly (e.g., O’Gorman and Schneider 2008). Hence, more latent heat

release occurs in a warmer climate, which both intensifies the low level cyclones and contributes

to their poleward propagation. Interestingly, in our model, at temperatures close to Earth’s

temperatures, the two processes responsible for the poleward propagation are of similar mag-

nitude. However, as the climate warms, latent heat release becomes more dominant. This is

possibly due to the nonlinear dependence of the Clausius-Clapeyron relation on temperature.

5.4 Chapter summary

In this study, it is suggested that the poleward shift of storm tracks in a warmer climate

can be viewed as an enhanced poleward motion of individual cyclones. From a ’single storm

perspective’, two mechanisms are shown to produce a poleward tendency: nonlinear horizontal

advection, which is associated with the upper level PV, and PV tendency due to latent heat

release. Both are shown to intensify in a warmer climate, which can explain the enhanced

latitudinal drift of cyclones. This potentially occurs in addition to other suggested mechanisms

that cause a poleward shift, such as the expected poleward shift of the meridional temperature

gradient and baroclinic zone due to the expansion of the Hadley cell (e.g., Yin 2005).

Note that in order to obtain a poleward shift in a zonally symmetric storm track, such as in

the SH, it is not enough to have a more tilted averaged track. Rather, it is the latitudinal

displacement that ultimately determines whether a poleward shift is obtained or not. For

example, if the averaged cyclonic track becomes more tilted, but its life time becomes shorter

(or if it propagates slower), then the overall storm track will not shift poleward. Enhanced

latitudinal displacement of cyclones necessarily implies that the storm track becomes wider in

its latitudinal extent. Hence, the peak in the intensity of the cyclones will likely occur more
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poleward, which also implies a poleward shift of the EKE. In a localized storm track such as

those observed in the NH, this picture is more complex. A larger latitudinal displacement, given

the same averaged cyclonic tilt, could just imply a downstream extension of the storm track

toward the NE direction. On the contrary, a larger averaged cyclonic tilt in a localized storm

track implies that the storm track becomes more deflected, but not necessarily a poleward shift

of the maximum EKE.

Our results imply that an additional latitudinal drift of 0.2� latitudes will occur for every 1 K

of warming. This is calculated from the slope of a linear best fit of Fig. 5.3a. This value is,

in fact, sensitive to the intensity and amount of cyclones on which the composite is performed

(as stronger cyclones result in a larger shift). However, it consistently shows an increase in the

averaged latitudinal displacement with warming. In addition, the longitudinal displacements

(not shown) predict a decrease of 0.2� for every K degree warming in the net longitudes that

the averaged cyclones propagate. Taking into account both the latitudinal and the longitudinal

displacements, it is suggested that an increase of approximately 1.2� in the tilt (i.e., the angle)

of the averaged tracks of cyclones is expected, for a global mean surface temperature that is

about 4 K warmer then the mean temperature today. This implies both a polewards shift of

the storm tracks as a whole, and that the localized storm tracks may become more deflected

towards the pole. This may have significant impact on regional climate in the midlatitudes,

especially for regions such as the British islands and the north American Pacific Northwest,

which are near the localized storm tracks in the NH.



Chapter 6

CMIP5 climate prediction models

Finally, we explore the relevance and validity of our results from the previous chapter to more

realistic models. It shown here that in addition to a shift in the genesis latitude of the storms,

it is also the cyclones themselves that propagate more poleward. Enhanced poleward motion

of cyclones was found previously in a simplified Aquaplanet GCM Gra↵ and LaCasce 2014,

but here we show that this is a robust response that is achieved also in comprehensive climate

prediction models. This is done by analyzing 16 model members of the Coupled Model In-

tercomparison Project Phase 5 (CMIP5) forced by the high emissions scenario RCP8.5, and

employing a storm-tracking algorithm on each one of the ensemble members. The data was

achieved from the World Data Center for Climate (WDCC), and a list of the models can

be found in table 6.1. The projected changes were calculated as the di↵erence between the

projected runs (years 2080–2100) and the historical runs (years 1980–2000). For the present

analysis we used the six-hourly data of the 850 hPa horizontal velocities to identify and track

vorticity features, though similar results are obtained if sea level pressure is used instead. The

full details of the tracking algorithm are given in the Methods section.

6.1 Projected changes

Both the projected EKE change (Fig. 6.1b) and the track density change (Fig. 6.2c) at 850 hPa

during NH winter time (December-February, DJF) show a poleward shift of the storm tracks,

and this is especially clear in the SH (Fig. 6.1b). In the NH, this picture complicates due

to the existence of zonal asymmetries, but there is a clear enhancement of the EKE on the

poleward side of the storm tracks (Fig. 6.1b), and a weakening of the cyclone track density on

the equatorward side (Fig. 6.2c). In addition, there is a strengthening of both the EKE and

64
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Model Model Horizontal resolution Vertical resolution
index name (longitude ⇥ latitude) (number of layers)
1 BCC-CSM1-1 2.8 ⇥ 2.8 26
2 CanESM2 2.8 ⇥ 2.8 35
3 CMCC-CM 0.7⇥ 0.7 31
4 CNRM-CM5 1.4 ⇥ 1.4 31
5 CSIRO-Mk3-6-0 1.9 ⇥ 1.9 18
6 FGOALS-g2 2.8 ⇥ 3.0 26
7 GFDL-CM3 2.5 ⇥ 2.0 48
8 GFDL-ESM2G 2.5 ⇥ 2.0 24
9 GFDL-ESM2M 2.5 ⇥ 2.0 24
10 INMCM4 2.0 ⇥ 1.5 21
11 IPSL-CM5A-LR 3.8 ⇥ 1.9 39
12 IPSL-CM5A-MR 2.5 ⇥ 1.3 39
13 MIROC5 1.4 ⇥ 1.4 40
14 MPI-ESM-LR 1.9 ⇥ 1.9 49
15 MRI-CGCM3 1.1 ⇥ 1.1 48
16 HadGEM-ES 1.9 ⇥ 1.3 60
17 HadGEM-CC 1.9 ⇥ 1.3 38
18 NorESM1-M 2.5 ⇥ 1.9 26

Table 6.1: List of CMIP5 models included in this study. Shown are the model index, name, horizontal resolu-

tion (in degrees) and the number of atmospheric vertical layers. In all models, the high emissions representative

concentration pathways 8.5 (RCP8.5) scenario is used for the projected runs, where the radiative forcing in-

creases to about 8.5 W m2 by the year of 2100. The historical runs include all the observed atmospheric forcing

(including both anthropogenic and natural sources). For all models, the single run of ensemble member r1i1p1

is used. The model index labels corresponds to the index in Fig. 4.

the track density in the downstream regions of the storm tracks, i.e., close to the eastern ocean

boundaries.

Consistent with an earlier study of observational data(Hoskins and Hodges, 2002), the ensemble

averaged genesis density of cyclones in the historical runs (Fig. 6.2b) picks up the genesis

regions associated with the baroclinic growth of the Pacific and Atlantic storm tracks, to the

east of Japan and o↵ the US eastern coast (black boxes in Fig. 6.2b,d). These coincide with

regions of strong cyclone growth rates caused due to large temperature contrasts between

the cold continents and the warmer oceans, while the along-track genesis regions in both the

central Pacific and Atlantic are associated with secondary development regions(Hoskins and

Hodges, 2002). The projected changes in the genesis densities (Fig. 6.2d) show some interesting

results, like a remarkable strengthening of the genesis over Mongolia and a weakening over

southeast China. In the baroclinic storm track genesis regions marked by the boxes, just o↵

the eastern continental seaboards, the main response is a weakening of the cyclones genesis
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densities (consistent with the overall decrease in the total number of cyclones). There is some

strengthening of the genesis density on the poleward side and in the downstream regions of

the storm tracks. However, the location of maximum genesis density in the regions marked by

the boxes does not change significantly. In the SH, the latitude of maximum zonally averaged

cyclone track density (Fig. 6.2e) shifts poleward by about 4.6�. The zonally averaged genesis

density in the projected runs (Fig. 6.2f) is weaker, wider, and peaks about 3� in latitude more

poleward.

Historical EKE (DJF)
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Figure 6.1: Eddy kinetic energy at 300 hPa in (a) the historical runs and (b) the projected changes (the last

20 years of the 21th century minus the last 20 years of the 20th (colors), from Phase 5 of the Coupled Model

Intercomparison Project (CMIP5) simulations, for a NH winter (DJF). In (b), the climatology of the historical

runs is shown in the black contours. The eddies are defined here as deviations from the time-mean flow with a

time-scale of 2-10 days.
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6.2 Tracking CMIP5

The objective feature-tracking algorithm used here is that of of Hodges (Hodges, 1995). We

use the 850 hPa zonal and meridional velocities to compute the vorticity filed, and identify the

cyclones as maxima of vorticity. Each CMIP5 model is first smoothed on a T42 grid by removing

spatial wavenumbers larger than 42 and smaller than 5, so both the small-scale noise and the

large-scale background flow are removed. This also makes the comparison between models

of di↵erent horizontal resolution easier. A cuto↵ of 10�5 s�1 is used to identify the vorticity

features, and their centers are then tracked every six hours. The tracking involves minimizing

a cost function for the track smoothness, by restricting changes in speed and propagation.

Only cyclones that have a lifetime greater than two days and that propagate distances larger

than 1000 km are kept for further analysis, to eliminate stationary or spurious cyclones. The

results presented here do not change qualitatively if these requirements are relaxed or if pressure

systems are tracked instead.

6.3 Tracking results

The actual tracks of all the cyclonic vorticity features in the historical runs during DJF (from

all the models), which first originated in the genesis regions marked by the black boxes, are

plotted in Fig. 6.3, for the NH storm tracks (Fig. 6.3a) and the SH storm track (Fig. 6.3b).

The magenta and black arrows show the averaged cyclonic track in the historical and projected

runs, respectively, and the starting points of the arrows denote the averaged starting locations

of the storms within each genesis region. The historical averaged cyclonic track in the Pacific

(Atlantic) is generated at latitude 36.9� (40.3�), and propagates 43.7� (46.2�) in longitude east-

ward and 12.6� (11.5�) in latitude poleward. This compares reasonably well with observational

data, using NCEP reanalysis data for the years 1980-2015 during NH winter, where we find

that the averaged cyclonic track in the Pacific (Atlantic) is generated at latitude 36.2� (41.8�)

and propagates 45.4� (48.2�) in longitude eastward and 13.9� (15.0�) in latitude poleward. Note

that it is known that CMIP5 models tend to produce an Atlantic storm track that is too zonal,

and this is well captured in the cyclonic tracks. In the projected runs, the averaged cyclonic

track in the Pacific (Atlantic) is now generated at latitude 37.4� (40.7�), and it propagates 45.4�

(48.2�) in longitude eastward and 13.1� (12.4�) in latitude poleward. Hence, averaged starting

point of cyclones shifts poleward by 0.5� (0.4�) in the Pacific (Atlantic), but the cyclones also

propagate on average 0.5� (0.9�) more poleward, and 1.7� (2.0�) more eastward, so the tracks

extend further both in the latitudinal and the longitudinal directions.
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Figure 6.2: The historical (a) cyclone track density, and (b) cyclone genesis density and the corresponding

projected changes in the cyclone tracks density (c) and genesis density (d) in the NH. For the SH, the zonally

averaged track density (e) and genesis density (f) are shown for the historical (projected) runs in blue (red).

The blue and red dashed lines denote the latitude of maximum track and genesis densities, for the historical

and projected runs, respectively.

For the SH storm track (Fig. 6.3b), the tracks of the 600 strongest cyclones from each model

during DJF that were generated between latitudes �40� and �70� are plotted. The latitudinal

positions of the arrows denote the averaged starting latitudes, while the longitudinal positions

are simply chosen in the middle of the domain. The averaged cyclonic track in the histori-

cal (projected) runs is generated at latitude �48.9� (�49.6�) and propagates 72.7� (78.2�) in

longitude eastward and �9.9� (�10.6�) in latitude poleward. This compare reasonably well

with the observational data, where the averaged cyclonic track in the same region in the SH is

generated at latitude �49.2�, and propagates 66.0� in longitude eastward and 10.4� in latitude

poleward. Hence, the averaged starting point of cyclones in the SH shifts by 0.7� poleward,

but the averaged cyclonic track also propagate 0.7� more latitudes poleward and 5.5� more
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Figure 6.3: The actual tracks of the low level cyclones (850 hPa), for all the cyclones that were generated

in the genesis regions marked by the black boxes in the NH, and for the 400 most intense cyclones generated

between latitude �40� and �70� in the SH. The black bold (dashed) arrows show the averaged cyclonic track

in the historical (projected) runs, respectively, for each genesis region. The bold and dashed lines in the SH

show the latitude of maximum zonally averaged track density in the historical and projected runs, respectively.

Color indicates the intensity of the system (scaled by 10�5 s�1).

longitudes eastward.

The model-to-model variability in the projected di↵erences of the mean latitudinal and longi-

tudinal displacements of the cyclones, as well as the averaged life times, are plotted in Fig. 6.4.

Each dot represents a model, where the abscissa is the model index (given in accordance with

the list in table 6.1). The averages are calculated for all cyclones that first appeared in the

corresponding genesis regions. In all the three storm tracks, most models agree that the lat-

itudinal (Fig. 6.4a,d,g) and longitudinal displacements (Fig. 6.4b,e,h) increase (note that a

negative latitudinal di↵erence in the SH imply that the cyclones propagate more poleward).
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Figure 6.4: Model-to-model variations in the projected di↵erences of (a) the mean latitudinal and (b) longi-

tudinal displacements of the cyclones, and (c) the averaged life times for the Atlantic storm track (first row),

the Pacific storm track (second row) and the SH storm track (third row). Each dot represents a model, where

the model index on the x-axis is given in accordance with the list in table 6.1. The averages are calculated for

all cyclones that first appeared in the genesis regions described in the text. Blue (red) color denotes positive

(negative) values.

There is no significant di↵erence in the life time of the storms across the Pacific and Atlantic

storm tracks (Fig. 6.4c,f, respectively), but a robust response is observed for the SH cyclone.

There, the cyclones not only propagate greater distances, but also propagate faster.

Two processes were shown previously to contribute to the poleward propagation of midlatitude

cyclones(Coronel et al., 2015; Tamarin and Kaspi, 2016). First, during their growth stage the

cyclones are located to the east of an upper level wave trough, hence they reside in a region

of strong poleward velocity at upper level levels and are continuously pushed poleward by the

upper level winds. Second, latent heating associated with the condensation of upward rising air

tends to maximize in the northeastern side of the cyclone. The resulting mid-troposphere warm-
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ing in the northeastern side of the cyclone enhances the low level mass convergence and cyclonic

circulation(Stoelinga, 1996), and thus contributes to the northeastward motion(Tamarin and

Kaspi, 2016). These mechanisms for poleward motion of cyclones could potentially intensity

in a warmer climate. The expected strengthening of the upper level winds(Grise and Polvani,

2014), presumably as a result of the increased upper level temperature gradient, implies that

the cyclones are advected more eastward, but they are also pushed more poleward by the upper

level trough, hence both the latitudinal and the longitudinal displacements of the cyclone in-

crease. In addition, the atmospheric water vapour content is expected to increase in a warmer

climateHeld and Soden (2006), which implies more latent heating and therefore more poleward

drift due to diabatic processes.

6.4 Chapter summary

While the poleward shift is a robust response across most models, there is currently no consen-

sus on what is the dominant dynamical mechanism. Here we study the poleward shift using

an ’individual-storm perspective’, by employing a storm-tracking algorithm on an ensemble of

CMIP5 models. We show that the averaged cyclonic storm is not only formed more poleward,

but also travels more latitudes toward the pole. This is speculated to occur due to increased

upper level jet and atmospheric water vapor, which contribute to the cyclone’s poleward prop-

agation.

Our results imply that under the RCP8.5 high emissions scenario, the average cyclone will

propagate more poleward by about 0.6� in latitude over the Atlantic storm track, 0.9� in

latitude over the Pacific storm track in the Northern Hemisphere (NH), and 0.7� in latitude in

the Southern Hemisphere (SH) storm track. This can have a significant impact on midlatitude

weather and climate.

The numbers found here for the enhanced latitudinal displacements of the cyclones may appear

small, however they are significant in comparison to the total projected shifts. For example,

the projected shift of the zonal mean jet is approximately 2� (1�) in the SH (NH)(Barnes and

Polvani, 2013), and the Hadley cell expands on average 1.5� (1�) in the SH (NH)(Hu et al.,

2013). Given that the averaged starting point of cyclonic tracks shifts by 0.7� in the SH and

0.5� (0.4�) in the Pacific (Atlantic), additional propagation of 0.7� latitudes poleward in the

SH and 0.5� (0.9�) in the Pacific (Atlantic), results in an overall shift of 1.4� in the SH and

1.0� (1.3�) in the Pacific (Atlantic). Hence, the enhanced latitudinal shift of the cyclones could

potentially explain a significant fraction of the observed shift.



Chapter 7

Summary and concluding remarks

In this thesis we apply a ‘single storm perspective’ to study mechanisms that control the

formation, intensity, and spatial distribution of storm tracks. Specifically, such approach is

useful for explaining the poleward deflection of the northern hemisphere storm tracks with

respect to the zonal direction. From a ‘single storm perspective’, the deflected structure of the

storm tracks implies that it is the storms themselves that propagate poleward as they move

downstream. Although the poleward motion of cyclonic storms was well known in the past,

no complete theoretical explanation was previously given to this phenomenon. We tackled this

question by building a set of experiments with an increasing complexity, using an idealized

general circulation model with moist dynamics and employing a Lagrangian feature-tracking

algorithm.

We first examined the poleward propagation of midlatitude storms in an idealized zonally

symmetric moist GCM, using a potential vorticity (PV) tendency analysis of the cyclone com-

posites. A detailed PV budget revealed the important role of the upper level PV and diabatic

heating associated with latent heat release in propagating the cyclones poleward. During the

growth stage, the classic picture of baroclinic instability emerges, with an upper level PV to

the west of a low level cyclone. This configuration not only promotes intensification, but also

a poleward tendency that results from the nonlinear advection of the low level anomaly by the

upper level PV. The separate contributions of the upper and lower level PV as well as the sur-

face temperature anomaly were analyzed using piecewise PV inversion, which verifies the role

upper level PV anomaly in advecting the cyclone poleward. The PV analysis also emphasizes

the important role played by latent heat release in the poleward motion of the cyclone. The

latent heat release tends to maximize on the northeastern side of cyclones, where warm and

moist air ascends. A positive PV tendency results at lower levels, propagating the anomaly

eastward and poleward. It is also shown that more intense cyclones have stronger latent heat

72
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release and poleward advection, hence larger poleward propagation. Time development of the

cyclone composites shows that the poleward propagation increases during the growth stage of

the cyclone, as both processes intensify. However, during the decay stage, the vertical align-

ment of the upper and lower PV anomalies implies that these processes no longer contribute

to a poleward tendency.

Next, we examined the spatial structure of localized the storm tracks, by tracking transient

cyclones in an idealized GCM with a localized ocean heat flux. The localized atmospheric

response is then decomposed in terms of a time-zonal mean background flow, a stationary wave

and a transient eddy field. The Lagrangian tracks are used to construct cyclone composites

and perform a spatially varying PV budget. Three distinct mechanisms that contribute to

the poleward tilt were found: transient nonlinear advection, latent heat release and stationary

advection. The downstream evolution of the PV composites shows the di↵erent role played

by the stationary wave in each region. Our results imply that in the region where the tilt is

maximized, all three mechanisms contribute to the poleward propagation of the low level PV

anomaly associated with cyclone. Upstream of that region, the stationary wave is opposing the

former two and the poleward tendency is therefore reduced. Through repeated experiments

with enhanced strength of the heating source, it is shown how the poleward deflection of the

storms enhances when the amplitude of the stationary wave increases. The relative role of the

stationary advection increases significantly with the heating, and becomes the dominant term

for large forcing values.

Note that suggesting a relation between the poleward tilt of the storm track (in the EKE sense)

and the tilt of the averaged cyclonic track is only meaningful when a localized asymmetry is

present. In the zonally symmetric case, even though cyclones propagate poleward, the EKE is

flat. This occurs since storms are being generated equally everywhere, hence when temporally

averaging the EKE appears zonally symmetric (as in the SH storm track). When a localized

asymmetry is present, many cyclones are being generated in the same location, and follow

similar path. Therefore, the tilt of the averaged cyclonic track can be expected to correlate

with the deflection of the EKE. However, the tilt of the storm track may depend on factors such

as the anticyclones, the spatial distribution of cyclogenesis and moisture, and even the variable

chosen to define the storm track (e.g., EKE Vs. geopotential height variance). In addition,

the averaged cyclonic tilt depends strongly on the intensity of storms kept for analysis and the

exact region chosen, as well as the variable one uses for defining the storms (e.g., pressure Vs.

vorticity). Hence, while the tilt of the averaged cyclonic track and the poleward deflection of

the storm tracks are clearly related, they are not necessarily identical.

The results presented in this study could potentially help understand the structure of the
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observed storm tracks on Earth, and the di↵erences between them. For example, the Pacific

storm track is characterized by a downstream tilt, similar to the results found in this study.

The Atlantic storm track appears to be more tilted, and its poleward deflection occurs much

upstream, closer to the continent on the western boundary. One hypothesis concerns the fact

that the two storm tracks di↵er by their latitudinal positions, which influences the temperature

gradients and baroclinicity at the entrance of the storm track (Rivière 2009). In addition, the

Atlantic storm track is thought to be more southwest-northeast tilted because of the shape of

the North American continent (Brayshaw et al. 2009). Hence, there is a strong indication that

the role of the stationary wave di↵ers in the two storm tracks, which may explain the di↵erent

structure observed.

Finally, we examined how the poleward propagation of cyclones is a↵ected by climate change,

and how these changes relate to the expected poleward shift of storm tracks. Comprehensive

models of climate change predictions have shown that the latitudinal band of storms will likely

shift poleward in a global warming scenario. Several mechanisms have been proposed to explain

the predicted shift, but currently no consensus exists on what is the dynamical mechanism. We

proposed a ‘single storm perspective’ to study the poleward shift of the storm tracks, through

simulations with an idealized general circulation model. We conducted idealized global warming

experiments, where we gradually increase the global mean temperatures by tuning the optical

depth. A potential vorticity tendency analysis of the cyclone composites highlighted that the

mechanisms responsible for poleward propagation of cyclones intensify when the global mean

temperatures increase. The idealized global warming experiments imply that for a 4 K rise

in the global mean surface temperature, the averaged poleward drift of cyclones increase by

approximately 0.8� in latitude.

We then turned to an ensemble of CMIP5 climate change prediction models, forced by the

high emissions RCP8.5 scenario, to verify whether the poleward motion of cyclones increases in

more realistic models. We demonstrated that in addition to a poleward shift in the latitude of

storm genesis, associated with the expansion of the Hadley cell, the averaged track of cyclonic

storms will become more tilted toward the poles. This occurs both in the Atlantic and Pacific

storm tracks in the Northern Hemisphere (NH), as well as in the Southern Hemisphere (SH)

storm track. Our results imply that by the end of the next century, the averaged cyclonic track

will become more deflected toward the poles by about 0.9� over the Atlantic storm track, 0.5

over the Pacific storm track, and 0.7� in the SH storm track. This numbers are similar to those

found using the idealized GCM experiments, and explain a large fraction of the predicted shift.

Note that enhanced latitudinal drift of cyclones directly implies a poleward shift of the storm

tracks (even if the genesis latitude of the storms remains the same). In a zonally symmetric
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storm track (e.g, the SH storm track), if cyclones propagate on average more latitudes poleward

until they reach their peak intensity, then the latitude of maximum EKE obviously shifts

poleward. In a localized storm track (e..g, the Pacific and Atlantic storm track in the NH), one

must distinguish between the shift and the tilt of the storm track, since enhanced poleward

motion of cyclones does not necessarily implies a more titled storm track. For example, if

both the latitudinal and longitudinal displacements of the cyclones increase but their ratio

remains similar, then the signature is mainly a positive EKE or track density anomaly in the

downstream region of the storm track. This is exactly what was found in the Atlantic and

Pacific regions in the projected CMIP5 data.



Chapter 8

Appendices

8.1 Appendix A- Decomposition of horizontal PV ad-

vection terms

We show here the decomposition of the low level (� = 0.78) horizontal PV advection in box

C, which is the downstream region where the poleward tilt of the storm track is maximized

(Fig. 4.1 ).

The first six terms on the right-hand side of Eq. (3.4) are the horizontal advection terms in

the zonal direction (Fig. 8.1). The zonal advection of the transient PV anomaly by the time-

zonal mean flow, �[ū]@q
0

@x

(Fig. 8.1a, arrows show the time-zonal mean flow) gives a positive PV

tendency to the east and negative PV tendency to the west the low level transient PV anomaly

(black contours). Hence, this term shows the eastward advection of the low level PV by the

eastward zonal flow. The nonlinear advection associated with the transient perturbation itself,

�u

0 @q0
@x

(Fig. 8.1b), gives a quadruple structure, due to the circular flow pattern associated with

the cyclone (arrows). This quadrapole structure would have cancelled out with the meridional

nonlinear advection of the transient PV anomaly (Fig. 8.2b), if the transient velocity field was

perfectly axisymmetric. The advection of the transient PV anomaly by the stationary zonal

flow, �ū

⇤ @q0
@x

(Fig. 8.1c, arrows show the stationary flow), also contributes in this region to an

eastward advection, though it is weaker in magnitude than the background time-zonal mean

flow advection. The first two terms shown here (Fig. 8.1a,b) are similar in all the downstream

regions, i.e., as the cyclone travels downstream. However, as shown below, the stationary

advection of the transient perturbation changes considerably in di↵erent locations. The terms

involving the advection of the stationary feature are an order of magnitude smaller than the first

three terms shown above, but they are discussed here for completeness. The time-zonal mean
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Figure 8.1: The low level (� = 0.78) PV tendency associated with the zonal advection terms
in box C: (a) advection of transient PV perturbation by the background time-zonal mean
flow, (b) nonlinear advection of transient PV perturbation by the transient zonal velocity,
(c) advection of transient PV perturbation by the stationary zonal velocity, (d) advection of
stationary PV perturbation by the background time-zonal mean flow, (e) advection of stationary
PV perturbation by the transient zonal velocity and (f) advection of stationary PV perturbation
by the stationary zonal velocity. All quantities are normalized by 10�6˜PVU˜s�1. The black
arrows in each panel show the corresponding advection velocities; (a), (d) the background
time-zonal mean flow, (b),(e) the transient velocity, and (c),(f) the stationary velocity. Black
thick contours in (a), (b), (c) and (e) show the transient PV anomaly (with lowest contour
equal to 0.1 PVU, and contour interval 0.1 PVU), while black thin contours in (c)-(f) show the
stationary PV anomaly (with contours ranging from 0.08-0.25 PVU, and contour interval 0.02
PVU), L

x

and L

y

denote the longitudinal and latitudinal extent of the composite, respectively.
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zonal advection of the stationary PV anomaly (�[ū]@q̄
⇤

@x

, Fig. 8.1d), produces as expected a

positive PV tendency to its east. The advection of the stationary PV anomaly by the transient

perturbation (�u

0 @q⇤
@x

, Fig. 8.1e) creates a dipole which is north-south oriented, a result of

the circular velocity associated with the transient PV anomaly. Finally, the nonlinear zonal

advection of the stationary PV anomaly with its own PV field (�ū

⇤ @q̄⇤
@x

, Fig. 8.1f), gives a weak

eastward advection.

The next six terms on the right-hand side of Eq. (3.4) are the horizontal advection terms in the

meridional direction (Fig. 8.2). The meridional advection of the time-zonal mean flow (which

mostly reflects the beta term) by the transient meridional velocity (�v

0 @[q̄]
@y

, Fig. 8.2a) acts to

propagate the transient PV anomaly westward. This is the classical Rossby propagation mech-

anism: by advecting the background PV (which increases poleward), a positive PV anomaly

will produce positive PV anomaly to its west, and negative PV anomaly to its east, thus prop-

agating westward. The nonlinear meridional advection of the transient PV perturbation by

its own field (�v

0 @q0
@y

, Fig. 8.2b) gives again a quadrapole structure, of opposite sign to the

corresponding nonlinear zonal advection term (Fig. 8.1b). However, the meridional term has

an east-west asymmetry; the PV tendencies to its east are much stronger. As discussed in the

zonally symmetric case, this asymmetry is a result of the stronger meridional velocity on the

eastward side of the cyclone, which is induced from the upper level PV anomaly. This occurs

during the growth stage of the cyclone, since the phase di↵erence between the upper and lower

PV anomalies is such that the upper level winds induce positive poleward velocity at low levels.

This was verified in the zonally symmetric case by performing a piecewise PV inversion, where

we showed explicitly the low level PV advection as a result of the upper level PV. Indeed, the

sum of the nonlinear advection of the transient perturbation by its own field gives a poleward

and slightly westward tendency (Fig. 4.5g). The northwestward tendency was also found in

Coronel et al. (2015) (see their Fig. 9b), and was attributed to winds induced by the upper

level PV. The meridional advection of the transient PV by the stationary meridional velocity

(�v

⇤ @q0
@y

, Fig. 8.2c), in this downstream region of the storm track, gives a significant poleward

PV tendency. As in the zonal advection, the terms involving the meridional advection of the

stationary feature are an order of magnitude smaller than those involving the advection by

the transient perturbation. The stationary meridional advection of the time-zonal mean flow

(�v

⇤ @[q̄]
@y

, Fig. 8.2d) is mainly negative, since the stationary meridional velocity in this region

is mainly positive. The advection of the stationary PV anomaly by the transient meridional

velocity (�v

0 @q⇤
@y

, Fig. 8.2e) creates a east-west oriented dipole, similar to the meridional advec-

tion of the time-zonal mean flow. Finally, the stationary meridional advection of the stationary

PV anomaly (�v

⇤ @q⇤
@y

, Fig. 8.2f) creates a weak and negative PV tendency to the east of the

stationary PV,
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Figure 8.2: The low level (� = 0.78) PV tendency associated with the meridional advection
terms in box C: (a) advection of the background time-zonal mean PV by the transient meridional
velocity, (b) nonlinear advection of the transient PV perturbation by the transient meridional
velocity, (c) advection of the transient PV perturbation by the stationary meridional velocity,
(d) advection of the background time-zonal mean PV by the stationary meridional velocity, (e)
advection of stationary PV perturbation by the transient meridional velocity and (f) advection
of stationary PV perturbation by the stationary meridional velocity. All quantities are nor-
malized by 10�6˜PVU˜s�1. The black arrows in each panel show the corresponding advection
velocities; (a), (d) the background time-zonal mean flow, (b),(e) the transient velocity, and
(c),(f) the stationary velocity. Black thick contours in (a), (b), (c) and (e) show the transient
PV anomaly (with lowest contour equal to 0.1 PVU, and contour interval 0.1 PVU), while black
thin contours in (c)-(f) show the stationary PV anomaly (with contours ranging from 0.08-0.25
PVU, and contour interval 0.02 PVU). L

x

and L

y

denote the longitudinal and latitudinal extent
of the composite, respectively.
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Note that the terms that involve only the stationary wave (Figs. 8.1d,f and Figs. 8.2d,f) do not

influence directly the PV tendency of the transient anomaly. Rather they cancel out with the

time mean value of the forcing due to diabatic processes (Q) and frictional forces (F ). However,

these are shown here for completeness.

8.2 Appendix B- Definition of the ’Poleward index’

The poleward index of a PV tendency @q

@t

, which estimates how much it contributes to a poleward

velocity of a PV anomaly q, is found by projecting the PV tendency onto @q

@y

. The index can

found by decomposing @q

@t

into its symmetrical and anti-symmetrical parts with respect to the

meridional direction y,
@q

@t

=
@q

@t

|
S(y) +

@q

@t

|
AS(y), (8.1)

where S(y) and AS(y) denote symmetrical and anti-symmetrical with respect to y, respectively.

The asymmetrical part of @q

@t

is involved in poleward propagation, hence can be written as-

@q

@t

|
AS(y)= �⌫

@q

@y

, (8.2)

where ⌫ is the estimated poleward velocity of the q perturbation due to the asymmetrical

distribution of the PV tendency @q

@t

(⌫ is a scalar with units of ms�1), and it is assumed here

that @q

@y

is asymmetrical with respect to y.

The symmetrical part of @q

@t

, denoted as @q

@t

|
S(y)= R, is the residual, i.e., the part of @q

@t

that is

orthogonal to @q

@y

and hence does not contribute to the poleward tendency.

Multiplying both sides of Eq. (8.1) by @q

@y

and performing horizontal integration, denoted as

<>, one finds

<

@q

@t

· @q
@y

>= �⌫ <

@q

@y

· @q
@y

> +0, (8.3)

since
´ ´

R

@q

@y

dxdy =
´
[
´
R

@q

@y

dy]dx = 0 (an integral over a product of symmetric and anti-

symmetric functions, which is anti-symmetric, is zero).

Hence, from Eq. (8.3), we get

⌫ = �
<

@q

@t

· @q

@y

>

<

@q

@y

· @q

@y

>

, (8.4)

which is the projection of @q

@t

onto the asymmetrical distribution that is involved in poleward

propagation, normalized by the squared magnitude of the PV perturbation meridional gradient.
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The choice of a minus sign in Eq. (8.1) can be motivated by noting that

Dq

Dt

=
@q

@t

+ u

@q

@u

+ v

@q

@y

, (8.5)

where Dq

Dt

is the change in magnitude or shape of the PV perturbation following the motion

of the PV anomaly, which is moving with a velocity (u, v). Rearranging Eq. (8.5) we find

that @q

@t

⇠ �v

@q

@y

. Hence, the minus sign actually corresponds to a positive meridional velocity,

motivating the choice for Eq. (8.1) .
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