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Abstract

Storm Track Variability and Interaction with the Background Flow on Daily,
Interannual and Climate Change Time Scales

Justin J. Wettstein

Chair of the Supervisory Committee:
Professor John M. Wallace

Atmospheric Sciences

Variability in the observed Northern and Southern Hemisphere storm tracks is dominated

by “pulsing” and “latitudinally shifting” modes in sectors of each hemisphere. These modes

are useful simplifications of the full complexity of storm track variability and are ubiquitous

in di!erent variables, at di!erent levels in the troposphere and over di!erent time scales.

Variability associated with the pulsing mode almost always accounts for a larger fraction of

the variance than the latitudinally shifting mode, but the latitudinally shifting mode is more

strongly associated with persistent anomalies in the background flow and with dominant

climate variability patterns. At monthly time scales, both the pulsing and latitudinally

shifting modes of storm track variability are associated with zonal wind anomalies con-

sistent with eddy-forced acceleration of the zonal wind. At daily time scales, the pulsing

mode is associated with an evolution of zonal wind anomalies and eddy activity that shift

poleward over time. In model simulations associated with climate change time scales of

variability, indicators of storm track intensity near the level of the jet are suppressed in cold

climates relative to warm climates, whereas indicators in the lower troposphere indicate an

enhancement of eddy activity. Investigating the seasonality and dynamics of these o!setting

tendencies between upper and lower tropospheric levels and the relationship between the

dominant modes of storm track variability and the background flow remain as motivations

for future work.
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Chapter 1

INTRODUCTION

Midlatitude storms are a major component of the day-to-day weather variability at the

Earth’s surface and throughout the troposphere. Redistributions of heat and momentum

by storms help to maintain the mean atmospheric temperature profile and contribute to

the basic configuration of the extratropical atmospheric general circulation. The vertical

and horizontal structures of a storm determine how it will develop and, ultimately, how it

will a!ect the preexisting temperature and wind distribution during its life cycle. Midlat-

itude storms also modulate the energetics of the background state during their life cycles,

initially converting available potential energy into eddy kinetic energy and eventually con-

verting some of this eddy kinetic energy into zonal kinetic energy (Lorenz, 1955). The

coupled interaction of storms with the mean flow can generate important variability in the

atmospheric circuation with lower frequencies than that associated with the storm itself.

1.1 Storm Tracks as a Concept

Klein (1957) possibly represents the first systematic e!ort to identify and catalog weather

systems by tracking their change in position over time to describe the climatology of cyclone

and anticyclone genesis and movement through the atmosphere.

The work of Sawyer (1970) represents an early e!ort to quantify the variability of the

atmospheric flow into di!erent regimes based on frequency. Maps of 10-day high-pass filtered

500 hPa root-mean-square (rms) geopotential height variance were shown to be related to

the major cyclone tracks of the Northern Hemisphere, while 20 to 60-day bandpass filtered

variability was found to be dominated by persistent blocking patterns in the atmospheric

circulation.

Blackmon (1976) investigated the contribution of three di!erent temporal frequency



2

bands (low, medium and high frequency) and three di!erent ranges of spatial spherical

harmonics (planetary, medium-scale and short waves) to the rms of geopotential height at

500 hPa from 1963-1972 in the Northern Hemisphere. Medium-pass frequency (roughly

equivalent to a bandpass filter from 2-6 days) variability is mainly due to synopotic scale

eddies, with smaller contributions from short waves during winter. During summer, short

(with a period less than 2 days) waves contribute slightly more than half of the rms pattern

of the medium-pass filtered field, but synoptic scale eddies continue to provide a significant

secondary contribution. In general, Blackmon (1976) demonstrated the utility of frequency

filters for isolating components of atmospheric variability. Lau (1978) elaborated on previous

works by describing the three-dimensional structure of the climatological storm tracks and

documenting that frequency-filtered data provide structures and imply energetics that are

consistent with the development of baroclinic waves.

1.1.1 Ways to define a storm track

The variables most often considered for analyzing the storm tracks include the geopotential

height, vorticity, geostrophic wind components, ageostrophic wind components, tempera-

ture, eddy momentum flux, eddy heat flux and eddy kinetic energy, though other variables

have also been used (Trenberth, 1981; Lim and Wallace, 1991). Trenberth (1981) noted that

the autocorrelation of Southern Hemisphere zonal (meridional) wind is well represented by

red noise with an 1-day lagged autocorrelation of roughly 0.5 (0.2). Relatedly, Chang (1993)

postulated that the meridional wind perturbation is already a “di!erentiated” quantity, one

that naturally (without filtering) is dominated by baroclinic waves, with their relatively

short meridional wavelengths, whereas the geopotential field and other more slowly evolv-

ing fields will tend to be dominated by planetary-scale features. Hoskins and Hodges (2002)

examined the storm tracks using a variety of the indicator variables listed above, along with

potential temperatures on a potential vorticity surface and potential vorticity on an isen-

tropic surface. They show that di!erent variables yield di!erent estimates of the relative

magnitudes of the storm tracks. For example, the Atlantic winter storm track is gener-

ally indicated to be stronger than the Pacific storm track using sea level pressure, 250 hPa
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geopotential height, 250 hPa meridional wind, 250 hPa relative vorticity, potential vorticity

on the 330 Kelvin isentrope and 850 hPa temperature. The Pacific and Atlantic are of

roughly comparable magnitudes in 850 hPa geopotential height, meridional wind and rela-

tive vorticity. The Pacific storm track appears stronger in the 500 hPa vertical velocity and

the potential temperature on the 2 potential vorticity unit surface. Past and more recent

papers use a variety of variables as indicators of the storm track, though geopotential height

and meridional wind continue to be heavily used.

Two fundamental approaches exist for characterizing the variability in the storm tracks.

Lagrangian feature tracking follows peaks in the geopotential height, vorticity or other fields

and is useful for life cycle studies. Eulerian based statistics such as variance or covariance

of filtered fields are another common way of characterizing the climatological position and

intensity of the storm tracks. Because information about each passing storm is incorporated

into a single set of variance and covariance maps, these products tend to be very robust, but

do not generally allow for the separate identification of highs and lows or for the tracking

of the propagation of individual features.

Feature Tracking: A Lagrangian Approach

Feature tracking of atmospheric cyclones and anticyclones has a history that is as long as

the identification of storm tracks. As mentioned above, Klein (1957) identified and cata-

logued storms according to their generation, development and position over time to create

one of the first comprehensive storm track climatologies that includes evolution. Streten

and Troup (1973) applied feature tracking diagnostics to satellite observed cloud vortices to

describe not only the position, but also the development characteristics of Southern Hemi-

sphere storms over their life cycles. Williamson (1981) describes an objective computational

method for describing cyclone and anticyclone magnitudes, locations, size and shape, but

this methodology was prepared primarily for forecast verification. Hodges (1993) describes

a more general methodology for objectively automating feature tracking and describes the

utility of such an approach in assessing climatological features from general circulation

model output.
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Variability at fixed geographic points: An Eulerian Approach

Blackmon et al. (1977) calculated the variance in filtered fields (geopotential height at 1000

and 300 hPa, meridional and zonal wind at 500 hPa and 850 hPa temperature along with

meridional heat transport at 850 hPa) to identify storm tracks in the Northern Hemisphere

winter. Band-pass filters that emphasize the 2.5 to 6-day variance tend to be associated

with baroclinic wave development and zonally elongated patterns of maximum variance in

this frequency band were identified as the storm tracks. Lau and Wallace (1979) provided

another early description of the long-term transient eddy climatology, focusing on the hori-

zontal fluxes of geopotential, heat, momentum, relative vorticity and potential vorticity on

select pressure surfaces. In their Figure 6, Wallace et al. (1988) discuss the teleconnectivity

of 6-day highpass filtered geopotential height fields as an indicator of the coherent spatial

pattern associated with storm propagation. Zonally elongated structures in this teleconnec-

tivity pattern are referred to as “waveguides” for storms of the Northern Hemisphere Pacific

and Atlantic storm tracks. Lim and Wallace (1991) use one-point correlations based on a

reference time series of high-pass filtered 500 hPa geopotential height to identify the clima-

tological horizontal and vertical structure of disturbances describe their evolution. Chang

(1993) critiques the use of time filtering such as that used in Lim and Wallace (1991) in the

development of wave packet diagnostics, saying that the use of filters e!ectively broadens

the time spectrum of each individual disturbance. Chang (1993) notes that the observed

broadening of the time spectrum can be misleading in its own right, but may also disallow

detection of somewhat delicate features such as the development of perturbations on the

downstream flank of existing perturbations.

Hoskins and Hodges (2002) contrasts the di!erent interpretations of the Eulerian and

Lagrangian approaches to storm track diagnosis over a wide range of atmospheric heights

and using di!erent variables for the storm tracks of the Northern Hemisphere. The variance

statistics yield a comprehensive picture of the distribution of storms and make comparisons

between basins more straightforward. Feature tracking allows for the separation of cyclones

from anticyclones and can therefore provide a more detailed structural look than is possible

via variance statistics, but it can be di"cult to track disturbances completely through their
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life cycle or when disturbances interact. In general, the Eulerian approach may be preferred

for comparing the relative magnitudes of storm tracks and the Lagrangian approach is useful

and necessary to follow the detailed evolution of individual storms and to separate cyclones

from anticyclones.

1.2 Variability in the storm tracks

1.2.1 Seasonal variability and the mid-winter suppression of storms

Klein and Winston (1958) note that the prevalence of high-frequency troughs o! the east

coasts of North America and Asia is most pronounced between November and April, prob-

ably indicating a wintertime maximum in storminess in both basins of the Northern Hemi-

sphere. Trenberth (1982) noted that the spatial distribution and intensity of the storm

track is roughly similar in the Southern Hemisphere winter and summer, though the vari-

ance in intensity and latitudinal extent of the storm track is larger in winter. The Southern

Hemisphere storm track is also more zonally symmetric in summer than it is in winter and

the storm track may actually shift slightly equatorward in summer (Trenberth, 1991). This

is opposite the situation in the Northern Hemisphere, where storm track activity is much

weaker in summer and shifts poleward relative to winter. The storm track is strongest over

the southern Indian Ocean and weakest over the South Pacific in all months (Trenberth,

1982, 1991), but the seasonal variability is largest over the South Pacific (Trenberth, 1982).

The geographic confinement in Southern Hemisphere summer appears to result from the

mid-latitude meridional temperature gradients that are more localized in Southern Hemi-

sphere summer than in winter (Trenberth, 1991).

Nakamura (1992) applied a modified 6-day high-pass filter to time series of geopotential

height at 850, 500 and 250 hPa and to temperature at 850, 700 and 500 hPa to generate

maps of the high-frequency rms amplitude in each variable for the Northern Hemisphere.

Indicator variables document a Pacific midwinter suppression of eddy activity throughout

the depth of the troposphere, but especially near jet level. This suppression occurs despite

the fact that near surface baroclinicity and jet strength are both strongest in midwinter.

The North Atlantic does not exhibit a similar mid-winter suppression of eddy activity.
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Others have noted the midwinter suppression of storms in the Northern Hemisphere Pacific,

notably Christoph et al. (1997), who also documented suppression in both observations and

models. One interpretation of the lack of seasonality in the Southern Hemisphere storm

track, relative to the Northern Hemsiphere storm track, is that the Southern Hemisphere

exhibits a rather more intense form of mid-winter eddy suppression. This interpretation

would be consistent with Nakamura and Shimpo (2004), who describe midwinter suppression

of eddy activity in the Southern Hemisphere Pacific despite a maximum in baroclinicity

observed in that season.

1.2.2 Non-seasonal variability

Lau (1988) identified two primary modes of Northern Hemisphere wintertime storm track

variability from 1963-1981 by performing principal component analysis on rms statistics

from November to March bandpass filtered (2.5-6 day) twice-daily sea level pressure and

geopotential height fields from 500 and 300 hPa. The first two modes of storm track vari-

ability in the Pacific and Atlantic sectors are a monopole without any displacement from

the climatological storm track axes and a meridional dipole that straddles the climatological

storm track. The monopole (dipole) was identified as dominant in the Pacific (Atlantic).

Chang and Fu (2002) identified significant month-to-month and interdecadal covariance

between monopole patterns in the PCs of squared high-pass filtered (24-hour di!erenced) 300

hPa meridional winds of the Northern Hemisphere Pacific and Atlantic. Because of the co-

variance between sectors and the same-signed dipole in the North Pacific and North Atlantic

from the whole-hemisphere analysis, the authors suggest the existence of a hemispheric-

scale storm track with important month-to-month and interdecadal variability. Chang and

Fu (2002) utilize this coherence and the low frequency variability in the leading principal

component from the hemispheric analysis to describe a systematic shift toward enhanced

Northern Hemsisphere storminess in the early 1970’s. Chang (2004) corroborates this earlier

finding by demonstrating the existence of high inter-basin correlations (up to 0.5) between

the Northern Hemisphere Pacific and Atlantic for monthly winter meridional wind variance

at 250 hPa in two reanalysis products and from aircraft observations. However, the same
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paper also concludes that inter-basin correlations are somewhat specific to the time interval

of analysis and are not generally reproduced in a set of four accompanying General Circu-

lation Model (GCM) simulations or in covariance between eddy statistics in the Southern

Hemisphere Pacific and Atlantic, casting some doubt on the interbasin coherence of the

Northern Hemisphere storm track.

Kageyama et al. (1998) noted that the strongest response in both the storm tracks

and the planetary waves in simulations of the Last Glacial Maximum (LGM) climate were

downstream of the large Northern Hemisphere ice sheets. Kageyama and Valdes (2000) in-

vestigated eddy structures in modern and Last Glacial Maximum (LGM) simulations from

uncoupled general circulation models and found that eddies in the LGM simulations had

longer wavelengths and shallower structures than those in the modern simulation. Yin

(2005) detected a consistent poleward shift of storm tracks in a suite of general circulation

model simulations for the future under the influence of enhanced greenhouse gas concen-

trations. Li and Battisti (2007) noted that North Atlantic eddy activity is subtantially

decreased in a LGM simulation relative to a modern one and that the decrease is proba-

bly due to a stronger and more meridionally confined jet due to the presence of the large

North American ice sheet. In general, the investigation of coherent changes in the position,

intensity and structure of eddies in di!erent climatological mean states using fully-coupled

GCM simulations is a relatively new area of research.

1.3 Relating storm tracks to the mean flow and background state in observa-
tions

1.3.1 Storm track location with respect to jets and baroclinic zones

As described in Blackmon et al. (1977, 1984), the storm tracks in the Northern Hemisphere

winter lie slightly downstream and poleward of the jet stream maxima in the Pacific and

Atlantic. Because there is no apparent eddy convergence of westerly momentum into the

regions upstream of the climatological jet streams, the subtropical jets are generally viewed

as the thermally direct atmospheric response (Blackmon et al., 1977) to strong meridional

temperature gradients throughout the depth of the troposphere. The thermally indirect

meridional circulations (i.e. local enhancements of the Ferrel cell) induced by baroclinic
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waves tend to limit the zonal extent of the jets by damping zonal winds in the jet exit

region (Blackmon et al., 1977; Lau, 1978).

Eichelberger (2005) and Eichelberger and Hartmann (2007) used a dynamical model to

demonstrate that the relative position of the subtropical and subpolar jets is important in

moderating wave-mean flow interaction associated with the annular modes, broadly consis-

tent with the results of Codron (2007) for the winter Southern Hemisphere Pacific. Both

results are also consistent with Lee and Kim (2003), who note that the most favorable re-

gions for baroclinic wave generation often lie 20 to 30 degrees poleward of the subtropical

jet, resulting in distinct subtropical and eddy-driven jets.

The storm tracks also exist downstream of near-surface zones of baroclinicity, but the

role of baroclinicity in eddy development is complex. The zonal extent of eddy activity in

relation to the source zones of baroclinicity was described by Chang and Orlanski (1993),

who note that the extension of eddy activity over regions downstream of the baroclinic

zone depends not only on the strength of the baroclinicity, but also on the maintenance

of the eddy activity via the eastward ageostrophic geopotential fluxes. Hoskins and Valdes

(1990) and Robinson (2000) demonstrate the e!ect of an indirect baroclinic reinforcement

mechanism in models where the deveopment of storms in a region of anomalously high

baroclinicity eventually results in reinvigorated baroclinicity via stronger barotropic flow,

as long as the eddies propagate away from the original baroclinic zone during their life cycle.

The relationship between baroclinicity and reinforcing fluxes of vorticity is partly related

to the general life cycle of storms described in experiments conducted by Simmons and

Hoskins (1978). In those experiments, perturbations to a background state were allowed

to grow by baroclinic instability, but as the disturbances amplified, the growth rate near

the surface decreased more rapidly than aloft, resulting in larger amplitude disturbances

aloft. Later in the non-linear part of the life cycle, barotropic processes typically became

dominant and caused eddy decay at a rate comparable to the initial baroclinic growth.

Simmons and Hoskins (1980) performed a set of numerical experiments to examine storm

life cycles under di!erent barotropic background states and showed that the evolution of

a storm life cycle could be categorically di!erent. Although Simmons and Hoskins (1980)

focused on the evolution of two idealized life cycles to characterize distinctly di!erent be-
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havior, other canonical life cycles may exist. Thorncroft et al. (1993) elaborated on the

description of the life cycles identified by Simmons and Hoskins (1980), categorizing LC1

and LC2 life cycles by the late stages of a storm’s development and decay. Waves that ex-

hibit strong equatorward dispersion at the jet stream level, with predominantly anticyclonic

air trajectories late in their evolution were given the name “Life Cycle 1” (LC1); waves that

exhibit strong cyclones (and often cut-o! lows) late in their life cycle are referred to as LC2.

The preceding discussion is an introduction to the complexities in the interaction between

eddies and the mean flow and also between eddy development and background conditions

that encourage development (e.g., strong baroclinicity) or discourage development (e.g.,

unfavorable background flow that stifles eddy development).

1.3.2 The relationship between modes of storm track varaibility and dominant modes of

climate variability

Variability in the structure and intensity of the storm tracks have been related to variability

in the dominant modes of monthly-averaged atmospheric flow variability. Lau (1988) asso-

ciated monopole patterns resulting from EOF analysis of the 2.5 to 6-day band-pass filtered

500 hPa geopotential height in the North Pacific and Atlantic with the dipolar Western

Pacific and Western Atlantic patterns, respectively, defined for monthly mean geopotential

height anomalies by Wallace and Gutzler (1981). A meridional dipole pattern in North

Pacific and North Atlantic storm track variability identified by Lau (1988) was found to

be associated with the Pacific North America and Eastern Atlantic teleconnection patterns

of Wallace and Gutzler (1981). Chang and Fu (2002) described significant correlations

between variabilty in the intensity of the Northern Hemisphere storm track and both the

Northern Annular Mode index of Thompson and Wallace (2000) and the El-Nino / Southern

Oscillation-like interdecadal variability of Zhang et al. (1997).
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1.4 Eddy Forcing of the Mean Flow

1.4.1 Vertical homogenization by the eddies

Lau and Holopainen (1984) described a general tendency of transient eddies to bring the

lower and upper tropospheric disturbances in a cyclone towards a more barotropic config-

uration through eddy fluxes of heat and momentum. Eddy poleward heat flux tends to

provide eastward accelerations in the lower troposphere and westward accelerations aloft,

reducing the vertical shear in zonal flow with height. This behavior, combined with east-

ward accelerations throughout the troposphere forced by eddy momentum fluxes results in

zonal flow anomalies that are likely to extend through the depth of the troposphere.

1.4.2 Zonal forcing of the mean flow

Storm propagation away from a region of stirring tends to accelerate the zonal wind anoma-

lies in the region from which eddies have departed (Held, 1975). Hoskins (1983) and Hoskins

et al. (1983) describe a localized extension to the zonal mean Eliassen-Palm flux (E-P flux)

diagnostic that incorporates the indirect forcing of the zonal wind from anomalous eddy

heat flux, eddy momentum flux and eddy kinetic energy. The E-P flux and its utility as a

diagnostic is more completely described in a subsequent methods section.

1.5 Interaction between storm tracks and the mean flow

1.5.1 A positive feedback between anomalous flow and eddies

There is a rich body of literature describing the coupled relationship between the low-

frequency component of zonal wind anomalies and eddy momentum fluxes that maintain

zonal wind anomalies against frictional dissipation and radiative damping (Trenberth, 1987;

Yu and Hartmann, 1993; Hartmann and Lo, 1998; Limpasuvan and Hartmann, 2000; Lorenz

and Hartmann, 2001, 2003; Codron, 2005, 2007; Yang and Chang, 2007). From a traditional

Eulerian perspective, the midlatitude westerlies appear, on average, to be maintained by the

convergence of eddy momentum flux, while the induced Ferrel cell decelerates the westerlies

aloft. Eddies transport momentum down through the troposphere and eventually dissipate
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momentum via surface friction.

Yu and Hartmann (1993) used a simple GCM constructed to be similar to the South-

ern Hemisphere to investigate eddy propagation, discovering a preference for equatorward

propagation of eddies when the jet is shifted anomalously poleward. When the jet is shifted

equatorward, eddies propagate both poleward and equatorward. Hartmann and Lo (1998)

document the same type of eddy propagation behavior while investigating Southern Hemi-

sphere zonal flow variations in the European Center for Medium-Range Weather Forecasts

(ECMWF) reanalyses from 1985 to 1994. Based on the previous discussion of the oppo-

site relationship between eddy propagation away from a region and the implied forcing of

a zonal wind acceleration in the region, one could infer that anomalously poleward shifts

in the jet would be accompanied by relatively large meridional fluxes of zonal momentum

that would work to reenforce the anomalously poleward displacement of the jet. By exten-

sion, a relatively equal dispersal of eddies both poleward and equatorward in the case of an

equatorward shifted jet implies a relatively balanced meridional flux of zonal momentum

and perhaps a more prominent role for the zonal forcing of the anomalous zonal wind po-

sition in the localized form of E-P flux introduced by Hoskins et al. (1983). Limpasuvan

and Hartmann (2000) demonstrated that anomalies in the zonal wind field from a 100-year

fully coupled general circulation model and in a reanalysis product are consistent with this

concept of wave-mean flow interaction described in both hemispheres, but especially in the

Southern Hemisphere.

Lorenz and Hartmann (2001, 2003) describe a more complete and detailed evolution of

eddy development over baroclinic zones, eddy fluxes of momentum into the anomalous jet

consistent with the positive feedback described in the previous paragraph and the eventual

response in the attraction of barotropic waves that remove momentum from the anoma-

lous jet and counteract the positive feedback. They found the positive feedback between

eddy momentum fluxes and zonal wind anomalies to be stronger for the first PC of zonal

wind anomalies (meridional shifts in anomalous zonal winds) than for the second PC (a

stronger/weaker midlatitude jet).

Seasonality of eddy-mean flow feedback

Codron (2005) demonstrated that anomalous meridional shifting of the zonal winds of
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the Southern Hemisphere during summer are associated with similar shifts in the eddy

momentum flux at all longitudes and for di!erent jet positions. Codron (2007) describes

the more complicated situation in austral winter, where the meridional displacement of

zonal winds is associated with meridional shifting of the jet about its mean position in the

Southern Hemisphere Indian Ocean, whereas anomaloously poleward zonal wind anomalies

in the Southern Hemisphere Pacific are associated with compensatory negative zonal winds

at lower, subtropical, latitudes. Yang and Chang (2007) also provide a seasonally-varying

analysis of eddy-mean flow in the Southern Hemisphere, noting that the second PC of

anomalous zonal winds identified by Lorenz and Hartmann (2001) has a positive eddy

feedback in winter, but not in summer. In summer, eddies reinforce the climatological jet,

increasing the vertical shear and the suppression of eddy development. The first PC of zonal

mean zonal wind is associated with a positive eddy feedback in both winter and summer

(Yang and Chang, 2007).

1.5.2 The North-South shifting of storms and the positive feedback

If the meridional dipole modes of storm track variability identified by Lau (1988) are robust

and exist in both hemispheres throughout the year, it supports the notion that the positive

feedback between eddy momentum flux and anomalous zonal winds identified by Lorenz

and Hartmann (2001, 2003) may not only be acting to positively reinforce anomalous winds,

but may also significantly favor a meridional shifting as a dominant mode of storm track

variability.

1.6 Objectives of this thesis

The three primary objectives for this thesis are: 1) to describe non-seasonal storm track

variability, 2) to introduce the terminology of “pulsing” and “latitudinally shifting” modes of

storm track variability and to emphasize the reproduceability and utility of these conceptual

models and 3) to further demonstrate consistent relationships between modes of storm

track variability (the “pulsing” and “latitudinally shifting” modes) and atmospheric flow

variability across a variety of time scales.
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Pulsing and shifting modes will be utilized as a conceptual model in analyzing variability

across daily to climate change time scales. At day-to-day resolution, the pulsing mode will

be related to the translation of eddies through the climatological storm track and to the

life cycles of eddies. Consistent evolutions in the mean flow associated with the pulsing and

shifting modes will be explored.

In exploring the role of the pulsing mode of storm track variability, I hope to find a

consistent evolution of mean flow forcing consistent with the base (i.e. LC1) case of Simmons

and Hoskins (1980) as implied by the cross section shown in Figure 3 of Edmon et al. (1980)

in which a pulse of storm track variability at the surface leads to eddy development aloft

and, eventually, to a meridional shift in zonal winds. Given the aforementioned existence

of the positive feedback between meridional shifts in the zonal wind and eddy momentum

fluxes, I anticipate that the pulsing mode of storm track variability will tend to occur

in association with a poleward shifting of the belt of strongest westerlies near the Earth’s

surface, with the latter lagging the former. If the relationship between pulses in eddy activity

and the meridional convergence of eddy momentum flux is a robust and important feature

of eddy-mean flow interaction, I anticipate anomalies in the intensity of the storm track

to be consistently related to shifting modes of zonal wind anomalies across a wide range

of time scales. More simply, I expect the pulsing mode of storm track variablity to play a

discernible role in preconditioning a shift toward positive (poleward shifted) anomalies in

the dominant, positively reinforced latitudinally shifting modes of zonal wind variability.

Depending on the longitudinal scale of the response in the zonal wind anomalies, the eddy-

mean flow interaction associated with the pulsing and latitudinally shifting modes of storm

track variability will be considered either hemispheric in scale or confined to sub-hemispheric

storm track basins.

Chapter 2 summarizes the consistent set of data and methods that will be used through-

out this thesis. Chapter 3 documents the existence, robustness and dynamical significance

of pulsing and latitudinally shifting modes of storm track variability. Chapter 3 also ex-

plains the month-to-month and interannual variability in basin-defined storm tracks and

describes how the fundamental modes of storm track variability are related to variability

in the atmospheric flow. Chapter 4 documents the day-to-day variability in basin-defined
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storm tracks and suggests a framework for considering how high frequency pulsing and

latitudinally shifting modes of storm track variability are related to the climatological evo-

lution of storms and the average eddy forcing of the mean flow. Chapter 5 describes the

seasonal cycle and mid-winter suppression of storminess in a reanalysis product and from

GCM output. Chapter 5 also describes the primary modes of storm track variability within

di!erent model simulations as well as di!erences in storminess between GCM simulations.

Chapter 5 concludes by examining the relationship between mean storminess and modes

of flow variability across the vastly di!erent model simulations. Chapter 6 provides overall

conclusions from the preceding results chapters and recommends a course for future work.
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Chapter 2

DATA AND METHODS

2.1 Data sources

The primary data source in this thesis is the daily and monthly output fields from the

National Centers for Environmental Prediction / National Center for Atmospheric Re-

search (NCEP / NCAR) Reanalysis product. The meridional wind, zonal wind, geopotential

height, temperature and sea level pressure (SLP) are used over the interval from 1948 to

2005 unless otherwise noted. Daily averaged meridional winds, zonal winds, geopotential

height and temperature data fields were obtaind from 1000, 850, 700, 500, 400, 300, 200,

100, 50, 30 and 10 hPa. The European Center for Medium-Range Weather Forecasting

(ECMWF) Reanalysis product is used from 1958-2001 as a verification dataset.

In Chapter 5, output from the NCAR’s Community Climate System Model, version 3

(CCSM3) is used along with NCEP / NCAR data to investigate the sensitivity of storm

tracks to changes in the mean state. One hundred years of output from four di!erent equi-

librium simulations from this model are analyzed: 1) The Last Glacial Maximum (LGM): a

simulation of climate during the time of maximum land ice extent roughly 20,000 years ago,

2) 1870’s / Pre-industrial (PI): a simulation of climate prior to significant accumulation of

anthropogenic greenhouse gases, 3) 1990’s / Modern (Mod): a simulation corresponding to

carbon dioxide concentrations roughly equal to those in the last decade of the 20th Cen-

tury and 4) quadrupled carbon dioxide (4xCO2): a simulation of climate with greenhouse

gas forcing equivalent to roughly quadrupled pre-industrial carbon dioxide concentrations.

Because of archiving errors discovered in the daily files associated with some CCSM3 runs

and the non-availability of daily data for other CCSM3 runs, monthly average output from

each simulation is compared for now.
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2.2 Methods

Temporal filtering is applied to the daily timeseries of variables from the reanalysis prod-

ucts. Low-order 6-day Butterworth filters were chosen to have a relatively sharp frequency

response without imparting artifacts to the time series or requiring much lost data at the

beginning or end of the time series. In general, a relatively low-order filter is acceptable

for both criteria when designing high-pass filters for the frequencies considered here. This

result was verified by examining the influence of di!erent high-pass filters.

The only temporal filtering done to the monthly averaged eddy statistic data from the

GCM output is to remove the monthly mean fields for the variance and covariance fields

explored (e.g., remove the squared value of the monthly-averaged meridional wind from the

monthly average value of meridional wind squared).

Anomalies are used throughout the thesis and are calculated by removing the monthly

mean from monthly data or the long term mean for a given calendar day from the daily

data. When seasonal definitions are used, winter is defined as the months December through

March in the Northern Hemisphere and May through October in the Southern Hemisphere

for both daily and monthly data. Summer in the Southern Hemisphere is considered to be

November through April.

Principal component (PC) analysis is performed on the anomaly fields described above.

The corresponding Empirical Orthogonal Functions (EOFs) are displayed by regressing the

entire field onto the associated standardized PC unless otherwise noted and so the ampli-

tudes shown correspond to the anomalies observed in association with with an amplitude

of one standard deviation in the PC. EOFs refer to the spatial patterns and PCs refer to

the corresponding time series throughout this document.

Indices for the Northern Annular Mode (NAM) / Arctic Oscillation (Thompson and

Wallace, 1998, 2000), Pacific North America (PNA) pattern (Wallace and Gutzler, 1981)

and Southern Annular Mode (SAM) (Thompson and Wallace, 2000) are constructed in

accordance with the papers that defined them. The NAM is defined as the first EOF of

anomalous SLP poleward of 20!N, the PNA pattern is based on 500 hPa geopotential height

anomalies at the four designated points in Wallace and Gutzler (1981) and the SAM is the
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first EOF of 850 hPa geopotential height anomalies poleward of 20!S. The North Atlantic

Oscillation (NAO) is defined as the first EOF of anomalous SLP poleward of 20!N between

110!W and 30!E.

In many sections of this thesis, the Northern and Southern Hemispheres are partitioned

into sectors that represent a subset of longitudes, as shown in Figure 2.1. The North Pacific

sector is defined as everything poleward of 20!N and between 140!E and 110!W. The North

Atlantic sector is defined as everything poleward of 20!N and between 110!W and 30!E,

which is the same sector used to develop the NAO. The South Pacific sector is defined as

everything poleward of 20!S and between 150!E and 30!W. The combined South Atlantic

/ Indian sector is defined as everything poleward of 20!S and between 30!W and 150!E.

When PCs or averages are taken over such sectors, the EOFs or other spatial patterns are

displayed in the manner described above, by regressing the entire hemispheric field onto the

standardized time series.

Figure 2.1: Sector definitions in the Northern and Southern Hemisphere plotted over the
climatological mean of squared high-pass filtered meridional wind velocities at 200 hPa.
The contour interval for the climatological field is 10m2/s2 and the lightest visible contour
is 10m2/s2. Latitude and longitude ranges used for the definitions of the highlighted sectors
are described in the accompanying text.
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The Eliassen-Palm (E-P) flux (Eliassen and Palm, 1961; Andrews and McIntyre, 1976;

Edmon et al., 1980) provides a useful diagnostic for eddy activity and implied forcing of

the zonally-averaged flow over zonally-averaged latitude versus height cross-sections. The

E-P flux contains a vertical component that is proportional to the eddy heat flux and a

meridional component that is proportional to the eddy momentum flux. The E-P flux

vectors describe the magnitude and direction for net wave propagation and the divergence

of E-P flux vectors is associated with the total forcing of the zonal mean by the eddies

(Eliassen and Palm, 1961). For the strong non-linear decay of eddy kinetic energy in the

base case of Simmons and Hoskins (1980), Edmon et al. (1980) show in their Figure 3 that

E-P fluxes originate near the surface and then propagate upward and then equatorward as

the life cycle of the idealized disturbance ends its linear growth stage.

To investigate zonal assymetries in eddy activity and their forcing of the mean flow

requires an expanded form of the E-P flux vector such as that introduced by Hoskins (1983)

and Hoskins et al. (1983). The expanded form of the E-P flux vector includes a zonal

component that is proportional to the squared di!erence in eddy meridional velocity and

eddy zonal velocity. The schematic in Figure 7.9 of Hoskins (1983) describes the time-mean

forcing of the atmospheric flow by the climatological storm track by applying the expanded

form of the E-P flux concept. The largest forcing of the mean flow by the storm track is the

nearly zonal acceleration near the core of the climatological storm track. Trenberth (1986)

provides an alternate localized form of the E-P flux vector.

Throughout this thesis, I will concentrate on the variability in four di!erent variance or

covariance indicators of storm track intensity, which I define here as:

1. Eddy activity aloft: the squared 6-day highpass-filtered meridional wind speed at

200 hPa;

2. Eddy activity in the lower troposphere: the squared 6-day highpass-filtered

meridional wind speed at 850 hPa;

3. Eddy momentum flux aloft: the covariance between 6-day highpass-filtered zonal

and meridional wind speed at 200 hPa; and
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4. Eddy heat flux in the lower troposphere: the covariance between 6-day highpass-

filtered merdional wind speed and temperature at 850 hPa.
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Chapter 3

LOW FREQUENCY STORM TRACK VARIABILITY AND
INTERACTION WITH THE MEAN FLOW

This chapter is concerned with the patterns of storm track variability associated with

time scales longer than one month, but shorter than the 58-year time span used from the

NCEP-NCAR Reanalysis. Discussions of climate change time scale variability are reserved

for Chapter 5. The first section of this chapter describes the dominant patterns of storm

track variability as defined by EOF analysis. The second section considers the e!ect of

temporal filtering, a di!erent reanalysis product and using only satellite-era data on the

patterns identified in the first section. The third and final section is concerned with the

covariability of the storm tracks and the background atmospheric flow.

3.1 Low Frequency Storm Track Variabililty

This section on low frequency storm track variability is divided into three subsections. The

first subsection describes primary modes of storm track variability based on the analysis of

monthly-mean data for all calendar months. The second subsection investigates how robust

these patterns are in di!erent storm track indicator variables. The third and final subsection

evaluates how robust the dominant modes of variability are in di!erent calendar months by

analyzing the EOFs of interannual and lower-frequency variability for each calendar month

separately.

3.1.1 Month-to-Month EOFs of Eddy activity aloft

The first two Empirical Orthogonal Functions of anomalous month-to-month eddy activity

aloft in the Northern Hemisphere as a whole and in the Northern Hemisphere Atlantic

and Pacific sectors are shown in Figure 3.1. The first EOF in both the hemispheric and

basin-specific analyses is characterized by a “pulsing” mode of variability in the sense that
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pattern of variance associated with the first EOF is congruent with the spatial distribution

of the climatological mean storm track itself. The amplitude of variability associated with

one standard deviation in the first principal component (PC) is about 35-40% of the mean,

which can be discerned by inspecting the relative magnitudes of the contour intervals in

Figure 3.1. Even though there is a strong seasonal cycle in the mean, large amplitudes

associated with the pulsing mode relative to the mean indicate that there is significant

month-to-month variability in the basin averages of eddy activity aloft. Because the EOF

maps are generated by regressing the entire field of eddy activity aloft onto the first PC

time series, the fact that there is little variance represented outside the Northern Hemisphere

Atlantic and Pacific Ocean basins suggests the pulsing modes of storm track variability are

largely confined to the basin for which the EOF analysis is based.

The second EOF in the whole Northern Hemisphere analysis is a see-saw in the strength

of the Northern Hemisphere Pacific and Atlantic storm tracks. This mode does not have

an obvious physical interpretation and it will be argued in a subsequent discussion that the

hemispheric modes in eddy activity aloft and other variables are statistical artifacts.

The predominantly north-south dipoles in the second EOFs of the Northern Hemisphere

Pacific and Atlantic sectors represent a “latitudinally shifting” mode of storm track variabil-

ity associated with meridional movement in storm track activity about the climatological

storm track axis. The amplitude of the contours associated with the second EOF are roughly

half as large as those associated with the first EOF over the respective ocean basins. As with

the pulsing mode of storm track variability, the latitudinal shifting mode is largely confined

to the North Atlantic and North Pacific basins over which the analysis was performed.

The first two EOFs of anomalous month-to-month eddy activity aloft in the Southern

Hemisphere and in the two sectors of the Southern Hemisphere are shown in Figure 3.2. The

first EOF in the hemispheric analysis also represents a “pulsing” mode somewhat analogous

to that shown for the Northern Hemisphere in Figure 3.1. One standard deviation in the

the sector-based pulsing mode of variability represents about 25% of the mean. The whole-

hemisphere pulsing EOF strongly resembles the EOF from the Atlantic and Indian Ocean

sector, where the mean storm track is also concentrated. The substantially weaker second

EOF of the whole hemisphere analysis represents mostly a shifting mode in the Southern
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32%
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Figure 3.1: The first (top) and second (bottom) EOFs (colored shading) of the 1948-2005
month-to-month anomalies from the seasonal cycle for all calendar months in eddy activity
aloft (the squared high-pass filtered meridional wind velocity at 200 hPa) and the percentage
of variance explained in this variable within the sector indicated by the green line. Repro-
duced in each panel is the long term climatology of the same variability (contours). The left
column shows the first two EOFs of eddy activity aloft for the entire Northern Hemisphere
poleward of 20 degrees. EOFs based on eddy activity aloft in the Pacific and Atlantic storm
tracks are shown in the middle and right columns, respectively. The contour interval for
the EOFs is 5 m2/s2 per standard deviation of the standardized principal component and
the lightest visible contours is positive or negative 5 m2/s2 per standard deviation. The
contour interval for the mean field is 10 m2/s2 and a bold reference contour is added at 10
m2/s2 for clarity.
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Hemisphere Atlantic and Indian Ocean storm track and a simultaneous strengthening or

weakening of the Southern Hemisphere Pacific storm track slightly on the poleward flank of

the climatological mean storm track. As with its counterpart in the Northern Hemisphere,

we will argue that the second EOF is not physically meaningful.

The second EOF over the South Pacific sector appears to be a modified ”shifting”

mode of storm track variability where the dipole pattern represents a simultaneous zonal

and meridional displacement of the storm track within the Pacific sector. It is unclear

whether or not this is a physically meaningful pattern of variability. The second EOF

over the Atlantic and Indian Ocean sector represents a shifting mode concentrated in the

Southern Hemisphere Indian Ocean and is analagous to the shifting modes in the Northern

Hemisphere.

15%

9%

19%

12%

24%

13%

Figure 3.2: As in Figure 3.1, but for the Southern Hemisphere.

As in the Northern Hemisphere, the patterns of storm track variance associated with one
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standard deviation in the second, “latitudinally shifting” PC are weaker than those associ-

ated with one standard deviation in the first “pulsing” PC. The variability pattern associated

with both the pulsing and latitudinally shifting modes in the Southern Hemisphere is largely

confined to the basins over which the EOFs are calculated, as in the Northern Hemisphere.

Though the choice of Southern Hemisphere sectors is arbitrarily chosen to split the hemi-

sphere equally into two quadrants where one contains the maximum intensity of the South

Indian storm track, the qualitative results described here are relatively robust to alternate

basin definitions of the storm track basins as long as the South Pacific sector is separate

from the South Indian sector. The latitudinally shifting mode of storm track variability is

more clearly indicated in the combined South Atlantic and Indian Ocean sector, which is

also the sector in which the dominant annual mean storm track resides.

3.1.2 Month-to-Month EOFs in Other Variables

The primary modes of variability in alternate indicators of the storm track were also explored

using EOF analysis. In particular, the eddy activity in the lower troposphere, as represented

by the squared high-pass filtered meridional wind velocity at 850 hPa, eddy heat flux in the

lower troposphere (covariance between high-pass filtered meridional wind and temperature

at 850 hPa) and in the eddy momentum flux aloft (covariance between high-pass filtered

meridional and zonal winds at 200 hPa) are explored here. These variables are selected

to provide a representative analysis from the lower and upper troposphere and to include

variables that are more directly linked to eddy forcing of the mean flow and the eddy

transport of heat and momentum through the atmosphere. The figures in this section show

only the Northern Hemisphere, where the pulsing and latitudinally shifting modes of storm

track variability are more robust.

Figure 3.3 shows the first two EOFs of month-to-month variability in lower tropospheric

eddy activity (squared high-pass filtered meridional wind variance at 850 hPa). The first

and second EOFs in the lower troposphere are dominated by pulsing and shifting modes that

are qualitatively similar to those described for eddy activity aloft. Southern Hemisphere

lower tropospheric eddy activity EOF patterns (not shown) are dominated by a pulsing
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mode of variability in the first EOF that is weaker than in the Northern Hemisphere. The

second EOF describes a mixed meridional and zonal dipole in the Southern Hemisphere

Pacific and a zonal, not meridional, dipole pattern in the combined Southern Hemisphere

Atlantic and Indian Ocean sector. As with the analyses based on eddy activity aloft, the

inter-basin covariance shown in the first EOF for the whole hemisphere is followed by a

second EOF that is a non-physical compensating see-saw between the North Pacific and

North Atlantic.

11%

9%

24%

12%

21%

10%

Figure 3.3: As in Figure 3.1, but for eddy activity in the lower troposphere (the squared
high-pass filtered meridional wind velocity at 850 hPa). The contour interval for the shading
of the EOF patterns is 1 m2/s2 and the lightest visible contour is 1 m2/s2. The contour
interval for the mean field is 5 m2/s2 and a bold reference contour is added at 5 m2/s2 for
clarity.

Figure 3.4 shows the first two EOFs of month-to-month variability in lower tropospheric

eddy heat flux. The patterns are analagous to those in Figures 3.1 and 3.3 for eddy activity
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aloft and in the lower troposphere. The first and second EOFs are dominated by a pulsing

and latitudinally shifting mode of variability, respectively, in both the North Pacific and

North Atlantic storm tracks. The first and second EOFs of storm track variability over the

whole Northern Hemisphere are monopoles in the Atlantic and Pacific basins, respectively.

The combination of the first and second EOFs of eddy activity aloft (Figure 3.1) and in

the lower troposphere (Figure 3.3) suggest the whole-hemispheric modes of eddy activity

represented by the first EOF are modulated by the di!erence in the strength of the North

Pacific and North Atlantic storm tracks. The first and second EOFs based on eddy heat

flux more directly support the notion that storm track variability in the North Atlantic and

North Pacific is largely independent because the first and second EOFS in the hemispheric

analyses are associated almost exclusively with anomalies in the North Atlantic and North

Pacific, respectively.

Southern Hemisphere EOFs 1 and 2 of eddy heat flux (not shown) are weaker than their

Northern Hemisphere counterparts and consist of a pulsing mode as the first EOF in both

Southern Hemisphere sectors and in the Southern Hemisphere as a whole. The pulsing

mode (first EOF) in the whole Southern Hemisphere analysis looks identical to that from

from the Southern Atlantic and Indian Ocean sector, as in Figure 3.2 for eddy activity aloft.

The second EOF is a meridional dipole in the South Pacific sector and a zonal dipole in the

South Atlantic / Indian Ocean sector.

Figure 3.5 shows the first two EOFs of month-to-month variability in eddy momentum

flux aloft. As with the patterns in Figures 3.1, 3.2, 3.3 and 3.4, the first and second EOFs

are dominated by a pulsing and latitudinally shifting mode of variability, respectively, in

both the Northern Hemisphere Pacific and Atlantic storm tracks. In the case of eddy

momentum flux aloft, however, the pulsing and latitudinally shifting modes appear to be

o!set somewhat poleward of the mean field, especially in the North Pacific. The first and

second EOFs from the whole Northern Hemisphere analysis suggest modes that appear to

be non-physical.

Southern Hemisphere EOFs 1 and 2 of eddy momentum flux aloft (not shown) have an

amplitude comparable to their Northern Hemisphere counterparts and consist of a pulsing

mode as the first EOF in both Southern Hemisphere sectors and in the Southern Hemisphere



27

14%

8%

25%

13%

26%

9%

Figure 3.4: As in Figure 3.3, but for eddy heat flux in the lower troposphere (the covariance
between high-pass filtered meridional wind velocity and temperature at 850 hPa). The
contour interval for shading associated with the EOF patterns is 0.5 K m/s and the lightest
visible contour is 0.5 K m/s. The contour interval for the climatology of eddy heat flux is
2 K m/s and a bold reference contour is added at 2 K m/s for clarity.
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as a whole and mostly zonal dipole patterns in the second EOF for the Southern Hemisphere

Pacific and for the combined Atlantic and Indian Ocean sector. The pulsing mode in the

first EOF of eddy momentum flux from the whole Southern Hemisphere analysis is quite

similar to the first EOF from the combined Atlantic and Indian Ocean sector, as was the

case for eddy heat flux as well as eddy activity aloft and in the lower troposphere.

7%

6%

17%

11%

13%

8%

Figure 3.5: As in Figure 3.4, but for eddy momentum flux in the upper troposphere (the
covariance between high-pass filtered meridional and zonal wind velocities at 200 hPa).
The contour interval for the shading associated with the EOF patterns is 2 m2/s2 and the
lightest visible contour is 2m2/s2. The contour interval for the mean is 3 m2/s2 and a bold
reference contour is added at 0 m2/s2 for clarity.

In each of the month-to-month analyses shown, the first EOFs of hemispheric variability

always represent some form of pulsing mode of variability, but in some cases the pattern of

this variability is nearly identical to the variability within one of the sectors or is strongly

dominated by one storm track sector. In the cases where the first EOF represents mostly
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a hemispheric mode of variablity, the second EOFs of hemispheric analyses seems to be

an unphysical compensation between the intensity in di!erent sectors. For this reason and

because of consistently low correlations in the pulsing and latitudinally shifting PCs between

the basins in all variables (shown in the following section), the pulsing and latitudinally

shifting modes of storm track variability are considered to be basin-dependent and results of

hemispheric analyses are discarded as largely if not completely aphysical. This interpretation

is in some degree of conflict with the results of Chang and Fu (2002) and Chang (2004) and

will be discussed in the following section.

3.1.3 Connectivity of storm track basins at monthly and interannual time scales

As noted in section 1.2.2, Chang and Fu (2002) described a hemispheric mode of storm

track variability and an associated time series with substantial interdecadal variability in

the Northern Hemisphere, including a systematic transition toward enhanced storminess in

the early 1970’s. They used squared highpass-filtered meridional winds at 300 hPa over the

winters from 1948/1949 to 1998/1999 in their analysis. The hemispheric pattern of Chang

and Fu (2002) is qualitatively indistinguishable from the hemispheric-scale mode shown

in Figure 3.1. Chang and Fu (2002) also note that PCs associated with the monopole

patterns derived from sector-based EOF analyses in the North Pacific and North Atlantic

(i.e. the sector-based EOFs in Figure 3.1) are well correlated during winter, with correlation

coe"cients for December to February of 0.43 based on monthly-mean PCs and 0.47 based on

seasonal-mean PCs. The corresponding correlations in the present analysis, which is based

on 200, rather than 300 hPa data, a slightly di!erent highpass filter and a di!erent period

of record (winters from 1948/1949 through 2004/2005) are 0.36 for the monthly correlations

and 0.53 for the seasonally-based PCs (see Table 3.2).

High inter-basin correlations such as those indicated above would generally suggest the

existence of a physical connection between the North Pacific and North Atlantic. How-

ever, it is notable that correlations comparing seasonally-based pulsing modes in sectors

of the Northern Hemisphere with those in the Southern Hemisphere during the Northern

Hemisphere winter are just as high as the inter-basin correlations in the Northern Hemi-
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sphere, ranging from 0.41 to 0.62 in the four possible combinations. In the absence of a

trend or other globally coherent mode of low-frequency variability (either real or spurious),

such a synchronous correlation between basins of the Northern and Southern Hemispheres

would seem to be non-physical. Chang (2004) corroborates the earlier findings of Chang

and Fu (2002) by demonstrating that high inter-basin correlations exist in the Northern

Hemisphere for both of the NCEP/NCAR and ECMWF reanalyses and in aircraft observa-

tions of meridional wind between 200 and 300 hPa that have not been assimilated into the

reanalysis. Chang (2004) also finds, however, that the high correlations are period-specific

(lower in the winters of 1957/1958 through 1971/1972 and higher subsequent to this) and

not evident in either data for the Southern Hemisphere or in data generated from general

circulation model experiments for the Northern Hemisphere.

To test the coherence of the variability between the basins, the basin-specific PCs based

on monthly anomalies from the seasonally-varying climatology (i.e. the PCs associated

with the EOFs in Figure 3.1) were treated with a 10-year highpass filter and the inter-

basin correlations were recalculated. Resulting month-to-month correlations for PCs based

on all months of the year are shown in Table 3.1. Winter-only correlations are shown in

Table 3.2. The correlations between the pulsing modes of storm track variability in the unfil-

tered month-to-month data are substantially reduced in both hemispheres when the PCs are

based on 10-year highpass-filtered data. Correlations between the area-weighted and basin-

integrated anomalies in the mean eddy activity aloft are similarly degraded when the data

are treated with a 10-year highpass filter. Correlation coe"cients of winter monthly and

seasonally-based PCs between basins of the Northern and Southern Hemisphere are also

degraded when based on 10-year highpass-filtered data, most remarkably in the seasonal

winter correlations for the Southern Hemisphere. The application of the 10-year highpass

filter also substantially reduce the high correlations between Northern and Southern hemi-

sphere seasonally-based pulsing indices; highpass filtered correlations range from 0.08 to

0.31 as compared with the unfiltered correlation range of 0.41 to 0.62 mentioned previously.

Figure 3.6 shows the first two EOFs for the Northern Hemisphere as a whole and for

the North Pacific and North Atlantic sectors as in Figure 3.1, but in this case EOFs are

calculated after applying a 10-year highpass filter to monthly anomalies from the seasonal
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Table 3.1: Correlation coe"cients representing the strength of inter-basin connectivity in
unfiltered and 10-year highpass filtered data. Correlations of the monthly time series for
all months associated with the principal modes of variability in eddy activity aloft (squared
high-pass filtered meridional velocity at 200 hPa) between the two sectors of the Northern
Hemisphere (NH) and Southern Hemisphere (SH) are shown. The first (“pulsing”) PC and
the time series of the area-weighted and basin-integrated mean are used to calculate the
correlation coe"cients shown in the table.

NH SH NH SH

unfiltered unfiltered 10-year highpass 10-year highpass

PC1 (“pulsing”) +0.25 +0.28 +0.09 +0.11

Mean +0.35 +0.39 +0.15 +0.23

Table 3.2: As in Table 3.1, but restricted to the winter season in each hemisphere. Correla-
tion coe"cients represent the strength of inter-basin connectivity during winter in unfiltered
and 10-year highpass filtered data. Correlations of the sector-based principal components
in eddy activity aloft (squared high-pass filtered meridional velocity at 200 hPa) based
on monthly and seasonally averaged data for winter months (December through February:
DJF) in the Northern Hemisphere (NH) and for winter months (May through October:
MJJASO) in the Southern Hemisphere (SH) are shown. The first (“pulsing”) PC is used to
calculate the correlation coe"cients shown in the table.

NH DJF NH DJF SH MJJASO SH MJJASO

monthly seasonal monthly seasonal

unfiltered PC1 +0.36 +0.53 +0.36 +0.56

10-year highpass PC1 +0.20 +0.34 +0.22 +0.22
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cycle at each gridpoint. The patterns in Figures 3.1 and 3.6 are qualitatively similar. Subtle

di!erences include the fact that the pulsing mode in the Northern Hemisphere is slightly

weaker and the North Pacific and North Atlantic sector pulsing modes no longer have the

weak covariance with the other sector in the 10-year highpass filtered EOFs of Figure 3.6 that

were associated with the unfiltered EOFs of Figure 3.1. In the whole Northern Hemisphere

EOFs, the separation in the percent variance explained by the first and second EOFs is

smaller for the EOFs based on 10-year highpass filtered data (13% and 10%) than for the

unfiltered EOFs (17% and 10%).

The results in this section imply that, to the extent that there is a hemispheric mode of

storm track variability, it is concentrated in low-frequency variability or in a trend and is not

as prominent in month-to-month variability for either the Northern or Southern Hemisphere.

13%

10%

27%

17%

23%

15%

Figure 3.6: As in Figure 3.1, but the first two EOFs in the Northern Hemisphere, North
Pacific and North Atlantic are generated after a 10-year highpass filter is applied to the
monthly average anomalies from the seasonal cycle.
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3.1.4 The Seasonality of Pulsing and Shifting Modes

This section explores the robustness of the pulsing and latitudinally shifting patterns de-

scribed in previous sections through di!erent months of the annual cycle. EOF analysis is

performed on anomalies in a given calendar month with respect to the 1948-2005 mean for

that month.

Figure 3.7 shows the regression of eddy activity aloft (squared high-pass filtered merid-

ional winds at 200 hPa) onto the standardized first principal component of eddy activity

aloft from the Northern Hemisphere Pacific for each month, superimposed on the clima-

tological mean for each month. As in Figure 3.1, the first mode of interannual variability

within the Pacific storm track for each month is a pulsing mode that is generally coinci-

dent with the climatological mean eddy activity aloft in that month. The spatial pattern

of variance associated with the pulsing mode migrates zonally through the course of the

year, moving relatively upstream (westward) during the summer months and downstream

(eastward) during the winter months, in concert with the mean storm track and the zonal

extent of the jet. As in the month-to-month analysis for the Northern Hemisphere Pacific

in Figure 3.1, the variance pattern is largely confined to the basin over which the EOF is

calculated (the Northern Hemisphere Pacific in this case), though small areas of weak co-

variance are evident outside the sector in the North Atlantic during winter months. Pulsing

modes of storm track variability dominate the first EOF in each month for each of the other

Northern and Southern Hemisphere basins (not shown); the singular exception is February

in the NH Atlantic where a latitudinally shifting mode is dominant.

Figure 3.8 shows the corresponding results for the second PC. The second mode of

variability in eddy activity aloft in nearly all months except May and June is a latitudinally

shifting mode of storm track variability that straddles the climatological mean eddy activity

aloft for that month. As in the month-to-month analysis from Figure 3.1 and in the EOF

pattern associated with the first PC (i.e. Figure 3.7), most of the variability associated with

the second PC is confined to the Northern Hemisphere Pacific except for weak patterns of

simultaneous covariance in the North Atlantic during winter. As shown in Figures 3.9, 3.10

and 3.11, latitudinally shifted modes of storm track variability appear in most months for
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Figure 3.7: The first EOF (colored shading) of interannual and lower frequency variability
in eddy activity aloft, as defined by the squared high-pass filtered meridional wind speed
anomalies at 200 hPa over the North Pacific from 1948-2005 for each calendar month. The
fraction of interannual variance explained by the associated first PC for the sector is shown
as a percentage and the long-term climatology of eddy activity aloft in each month is also
shown (contours). The contour interval for the EOF patterns is 5 m2/s2 and the lightest
visible contour is 5 m2/s2. The contour interval for the mean is 20 m2/s2 and a bold
reference contour is added at 20 m2/s2 for clarity.
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the second EOF in the other basins shown in Figure 2.1, except in the South Pacific. In

Figure 3.9, the second EOF of eddy activity aloft in the North Atlantic during February

is a combination of a pulsing and latitudinally shifting mode and during October is mostly

representative of an upstream-downstream zonal dipole. The second EOF of eddy activity

aloft in the South Pacific shown in Figure 3.10 is quite variable from month to monthand

no clearly dominant spatial patterns are apparent. In the South Atlantic and Indian Ocean

sector, the second EOF of eddy activity aloft in Figure 3.11 is a latitudinally shifting mode

that exists from August (late winter) through March (early fall), though this canonical

pattern is absent in February. The fact that the latitudinally shifting mode occurs most

clearly in the non-winter months that exhibit the most meridionally confined and intense

storm track suggests that the seasonality of storm track variability is complicated in the

Southern Hemisphere Atlantic and Indian Ocean sector.

In general, the results of the interannual EOF analyses for each month substantiate the

results of the month-to-month analyses presented in Figures 3.1 and 3.2 and further suggest

that pulsing and latitudinally shifting modes of storm track variability are robust features of

the observed eddy activity aloft. Furthermore, the pulsing and latitudinally shifting modes

of eddy activity aloft are a persistent feature of storm track variability throughout the

year in the storm track basins of the Northern Hemisphere and in the combined Southern

Hemisphere Atlantic and Indian Ocean sector during austral spring and summer. EOFs

based on winter and summer averages in the Northern and Southern Hemisphere (not shown)

also exhibit pulsing and latitudinally shifting modes in all cases consistent with the month-

to-month and interannual plots of Figures 3.1 through 3.11 except the latitudinally shifting

mode is dominant in the winter North Atlantic, consistent with the results of Lau (1988). A

complete discussion of the influence of low-frequency variability, trends and the relationship

between low-frequency variability and seasonally-defined modes of storm track variability

such as those identified by Chang and Fu (2002) is reserved for Chapter 5.

3.2 A Few Verification Analyses

This section summarizes a set of analyses designed to test the robustness of the pulsing and

shifting modes of storm track variability to the application of di!erent frequency filters and
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Figure 3.8: As in Figure 3.7, but showing the second EOF of eddy activity aloft (squared
high-pass filtered meridional wind speed at 200 hPa) in the Pacific sector of the Northern
Hemisphere along with the monthly climatology in the same variable.
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Figure 3.9: As in Figure 3.8, but showing the second EOF in the North Atlantic sector.
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Figure 3.10: As in Figure 3.8, but showing the second EOF in the South Pacific sector.
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Figure 3.11: As in Figure 3.8, but showing the second EOF in the combined South Atlantic
/ Indian Ocean sector.
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using the ECMWF Reanalysis product for validation. A short discussion of the robustness

of the pulsing and latitudinally shifting modes using slightly di!erent variables and by

restricting the analyses to the post-satellite era of the reanalysis product is also included.

3.2.1 Sensitivity to temporal filtering

The purpose of this section is to document the sensitivity of pulsing and latitudinally shifting

modes of storm track variability to the choice of a high-pass filter. The results shown here

are representative of a relatively exhaustive exploration of the sensitivity to di!erent time

filters.

Figure 3.12 shows the first and second EOFs of month-to-month eddy activity aloft in

the Northern and Southern Hemisphere basins when no time filter is applied other than

the removal of the contribution from the monthly mean fields. As in the filtered analyses

of Figures 3.1 and 3.2, there is a pulsing and latitudinally shifting mode in the sectors of

the Northern and Southern Hemisphere, though the patterns are less coincident with the

mean and less geographically confined. Interestingly, the second EOF in the South Pacific

is a clear latitudinally shifting mode, suggesting that a high-pass filter with a somewhat

lower frequency cut-o! (though probably higher frequency than monthly) might make the

systematic detection of a latitudinally shifting mode possible in the South Pacific.

Figure 3.13 shows the seasonality of the first EOF in unfiltered eddy activity aloft

over the North Pacific. As for the filtered patterns in Figure 3.7, the first EOF in the

Northern Hemisphere Pacific is usually a “pulsing” monopole concentrated over the Pacific,

but the pattern is much less reproducible in individual months, less spatially coherent

and less coincident with the climatological mean. Throughout the winter months, but

especially in January and February, the months associated with mid-winter suppression of

eddy activity aloft in the North Pacific, the pattern associated with the first EOF breaks

from the canonical “pulsing” mode and is associated more strongly with a pattern of discrete

centers of the same sign. These patterns may be somewhat reflective of the interannual

variability in the strength of the mid-winter suppression, which may have a di!erent pattern

of variability than that associated with a “pulsing” or “latitudinally shifting” mode. The
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Figure 3.12: As in Figures 3.1 and 3.2, but showing the sector-based first and second EOFs
of month-to-month variability in eddy activity aloft when no frequency filter other than the
removal of the squared monthly mean meridional wind speed at 200 hPa is applied. The
contour level for the EOFs is 10 m2/s2 and the lightest visible contour is 10 m2/s2. The
contour level for the climatological mean field is 50 m2/s2 and a bold reference contour at
50 m2/s2 is added for clarity.
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second EOF of unfiltered meridional wind variance in the Northern Hemisphere Pacific

(not shown) is still sometimes indicative of a latitudinally shifting mode of variability, but

not in every month and the patterns are much less clearly discernible than those shown in

Figure 3.8. Similar qualitative degradations in the EOF patterns from the other basins of

both hemispheres are apparent in the unfiltered data (not shown).

Figure 3.14 shows the seasonality of the second EOF associated with high-pass filtered

meridional wind variance at 200 hPa, where the filter is now a 10-day high-pass filter. As

for the 6-day high-pass filtered patterns of Figure 3.8, the second EOF in March, April

and September through December is dominated by a meridional shifting mode of variability

that straddles the climatological mean. The pattern is not representative of a latitudinally

shifting mode in January and February, the months of strongest suppression of eddy activity

aloft in the North Pacific, nor is it representative in the late spring or summer. In general,

the pattern is slightly less spatially confined and coherent than the meridional dipoles of

Figure 3.8, but the trade-o! is that the EOF patterns from the analyses based on 10-

day rather than 6-day high-pass filtering represent a larger proportion of the raw variance

because more raw variance is passed through the filter. Correspondingly, the first EOF

(not shown) in the NH Pacific still indicates a robust pulsing mode of variability, but the

pattern is also slightly less spatially confined and coherent than for the 6-day high-pass

filtered pulsing mode of Figure 3.7. Similar qualitative changes in the EOF patterns in

the other basins in both hemispheres occur when comparing 10-day and 6-day high-pass

filtered analyses (not shown). Other high-pass filters confirm the results here and suggest

that some degree of high-pass filtering is probably warranted to ensure coherent, robust and

physically meaningful patterns of variability, but the details of the high-pass filter chosen

are not of utmost importance. It also sugggests that the dominant dynamics associated

with the patterns described so far is occurring on sub-monthly time scales. Compared to

the other indicator variables for storm track intensity, EOF patterns associated with eddy

activity aloft (squared meridional wind at 200 hPa) are least sensitive to the application of

a high-pass filter or to the design details of the chosen high-pass filter.



43

Dec

20%

Nov

21%

Oct

26%

Sep

12%

Aug

18%

Jul

20%

Jun

22%

May

28%

Apr

23%

Mar

20%

Feb

16%

Jan

18%

Figure 3.13: As in Figure 3.7, but showing the first EOF of eddy activity aloft in the Pacific
sector of the Northern Hemisphere when no frequency filter other than the removal of the
squared monthly mean meridional wind speed at 200 hPa is applied. The contour interval
for the EOF is 10 m2/s2 and the lightest visible contour is 10 m2/s2. The contour interval
for the mean is 50 m2/s2 and a bold reference contour is added at 50 m2/s2 for clarity.
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Figure 3.14: As in Figure 3.7, but showing the second EOF of eddy activity aloft in the
Pacific sector of the Northern Hemisphere when an optimally-designed 10-day high-pass
filter is applied. The contour interval for the EOF is 10 m2/s2 and the lightest visible
contour is 10 m2/s2. The contour interval for the mean is 50 m2/s2 and a bold reference
contour is added at 50 m2/s2 for clarity.
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3.2.2 Pulsing and Shifting Modes in the ECMWF Reanalysis

This short subsection represents a summary of analyses conducted using the ECMWF Re-

analysis product to validate the veracity of pulsing and shifting patterns identified in the

NCEP – NCAR Reanalysis product. Figure 3.15 and Figure 3.16 document that the pulsing

and latitudinally shifting modes shown in Figures 3.1 and 3.2 are also robust features of

month-to-month variability from 1958-2001 at 300 hPa in the ECMWF reanalysis. The

analyses summarized in Figures 3.15 and 3.16 is qualitatively similar to that in the NCEP

/ NCAR reanalysis, but the NCEP / NCAR reanalysis was performed over a di!erent time

interval (1948-2005) and at a di!erent level (200 hPa). The seasonality of pulsing and lati-

tudinally shifting modes in ECMWF reanalysis (not shown) is as described for the NCEP

/ NCAR reanalysis.

3.2.3 Other verification results

The analysis was repeated using only the post satellite era (1980-2005) in the NCEP / NCAR

reanalysis. For each of the variables and basins described, qualitatively similar patterns of

pulsing and latitudinally shifting modes of variability were obtained when considering only

the post-satellite era from the reanalyses.

A few additional alternate variables were generated and analyzed for the pulsing and

latitudinally shifting patterns of storm track variability. These included the rms of high-

pass filtered meridional velocity at 200 hPa and the very closely related absolute value of

high-pass filtered meridional velocity. These variables generated nearly identical EOFs and

robust pulsing and latitudinally shifting modes of storm track variability, often even in the

South Pacific.

3.3 Relating Low-frequency Storm Track Variability to Variability in the Mean
Flow

The previous sections of this chapter have shown that the pulsing and shifting modes in

storm track variability are robust in di!erent variables and in most months within storm

track basins of both hemispheres. Based on the discussion of the dynamical interaction
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Figure 3.15: As in Figure 3.1, but for squared high-pass filtered meridional winds at 300
hPa in the ECMWF Reanalysis from 1958-2001. The whole hemispheric patterns shown in
Figure 3.1 are excluded. Contour intervals are identical to those used in Figure 3.1 and a
bold reference contour is added at 20 m2/s2 for the climatological mean field.
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Figure 3.16: As in Figure 3.15, but for the Southern Hemisphere.
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between storms and the mean flow in the introduction chapter and utilizing the schematic

of implied mean forcing by a climatological storm track (Hoskins, 1983), we might expect

that anomalies in the intensity or position of the storm track would be associated with

anomalies in the mean flow. This section explores the covariance of pulsing and shifting

modes of the storm track with the background flow at monthly time scales.

Others (Wallace and Gutzler, 1981; Thompson and Wallace, 2000) have previously de-

scribed dominant modes of atmospheric flow variability in the extratropics, namely the

Pacific North America pattern (PNA), Northern Annular Mode (NAM) and Southern An-

nular mode (SAM). The North Atlantic Oscillation, a pattern closely related to the NAM, is

defined here as the first EOF of sea level pressure in the North Atlantic, similar to the defini-

tion used to create Figure 6 in Hurrell et al. (2003). Each of these climate variability modes

is associated with a coherent pattern of storm track variability as shown in Figure 3.17.

Figure 3.17 shows the regressions of eddy activity aloft and geopotential height at 200

hPa onto the canonical modes of atmospheric flow variability during winter. The shifting

patterns of eddy activity aloft associated with the NAM, NAO and PNA look somewhat

similar to the shifting modes of storm track variability identified in previous sections of

this chapter, though the PNA regression also contains a pulsing signature because the

equatorward pole is clearly dominant relative to the higher latitude pole. The signature of

the NAO is qualitatively similar to that of the NAM, but the amplitude of the geopotential

height centers in the North Atlantic are slightly stronger and the Pacific geopotential height

centers are slightly weaker than those associated with the NAM. The 200 hPa geopotential

height signature of the NAO is longitudinally displaced relative to the NAM and is closer

to the center of the North Atlantic. The signature of the NAO and NAM in eddy activity

aloft is qualitatively similar, but the lower-latitude pole associated with the NAO is slightly

stronger.

In the Southern Hemisphere, the winter pattern of storm track variability associated

with the SAM looks like a weak pulsing mode in the Pacific and Atlantic Oceans and a

somewhat stronger latitudinally shifting mode in the Indian Ocean. The same pattern is

observed for the regression onto the summer SAM (not shown), but the amplitudes of the

eddy activity and geopotential height regressions are larger, implying that the seasonality of
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the SAM in these variables at 200 hPa has a peak intensity that occurs outside the winter

season used here. Where a latitudinal shift in eddy activity aloft is associated with the

PNA, NAM, NAO and SAM, it straddles the axis of the climatological storm track (not

shown) as was the case for the second EOF of eddy activity aloft in the North Pacific, North

Atlantic and South Atlantic and Indian Ocean sectors.

In Figures 3.18, 3.19, 3.20 and 3.21, the pulsing and latitudinally shifting modes of storm

track variability in winter months are reproduced along with regressions onto geopotential

height and zonal wind fields at 200 hPa. The 200 hPa climatological zonal wind is also

shown for reference. Positive zonal wind anomalies associated with the pulsing mode of

eddy activity aloft in the Northern Hemisphere sectors are meridionally coincident and

upstream of the pulsing EOFs. Secondary negative zonal wind anomalies exist poleward and

equatorward of the pulsing mode of storm track variability, consistent with the schematic

of Hoskins (1983), which describes eddy forcing of the mean flow by a climatological storm

track.

Anomalous zonal winds associated with pulsing modes in the Southern Hemisphere win-

ter are less straightforward to interpret. Zonal wind anomalies associated with the South

Pacific pulsing mode are larger in amplitude than those for the modified shifting mode in

the South Pacific and, in general agreement with Codron (2007), seem to be associated

with an o!setting compensation in winter zonal wind speeds in the subtropical and subpo-

lar jets. The zonal wind anomalies associated with the second PC of storm track variability

may be non-physical as the second PC of South Pacific eddy activity aloft may itself be

non-physical.

As shown in Figure 3.21, the first and second PCs of eddy activity aloft in the com-

bined Southern Hemisphere Atlantic and Indian Ocean sector are associated with zonal flow

anomalies that are weaker, but analogous to those in the Northern Hemisphere. Despite

the fact that the pulsing mode of storm track variability is the dominant first EOF in the

South Atlantic and Indian Ocean, the zonal wind anomalies associated with the first PC

are small, especially relative to the other sectors.

The geopotential height and zonal wind anomalies aloft associated with the second PCs

are generally larger than those associated with the first PCs of eddy activity aloft except
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Figure 3.17: The regression of eddy activity aloft (colors) and geopotential height at 200
hPa (contours) onto indices for the dominant modes of climate variability in the Northern
and Southern Hemispheres during winter, including the Northern Annular Mode (NAM),
Pacific North America pattern (PNA), North Atlantic Oscillation (NAO) and Southern
Annular Mode (SAM). Monthly data from December through March is used to generate
the NAM, PNA and NAO indices and regressions. The months of May through October are
used to generate the SAM index and regressions. Global and local maxima (minima) in the
wintertime geopotential height regressions of the NAM, PNA and SAM are highlighted with
green (magenta) dots for comparison with subsequent figures. Contour intervals for the eddy
activity and 200 hPa geopotential height regressions are 3 m2/s2 and 10 m, respectively.
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Figure 3.18: Top: The first (pulsing: left) and second (latitudinally shifting: right) EOFs
of eddy activity aloft in the Northern Hemisphere Pacific (colors) and the regression of
200 hPa geopotential height onto the same monthly PCs from December through March
(contours). Bottom: Regressions of 200 hPa zonal winds (colors) onto the first (left) and
second (right) PCs associated with the panels above and the climatological mean 200 hPa
zonal wind (contours). Contour intervals are 5 m2/s2, 10 m and 1 m/s per standard deviation
of the PCs for eddy activity aloft, 200 hPa geopotential height and 200 hPa zonal wind,
respectively. The lightest visible color contours in the EOFs of eddy activity aloft are 5
m2/s2 and 1 m/s per standard deviation of the associated PC. The contour interval for
mean zonal wind speed is 5 m/s and bold contours at 0 m/s and 40 m/s are added for
clarity. The dots highlighting the centers of PNA-related geopotential height regressions
are repeated from Figure 3.17.
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Figure 3.19: As in Figure 3.18, but for the Northern Hemisphere Atlantic. The dots high-
lighting the centers of NAM-related geopotential height regressions are repeated from Fig-
ure 3.17.
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Figure 3.20: As in Figure 3.18, but for the Southern Hemisphere Pacific from May to
October. The dots highlighting the centers of SAM-related geopotential height regressions
are repeated from Figure 3.17.
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Figure 3.21: As in Figure 3.18, but for the combined Southern Hemisphere Atlantic and
Indian Ocean sector from May to October. The dots highlighting the centers of SAM-related
geopotential height regressions are repeated from Figure 3.17.
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the South Pacific. Zonal wind anomalies associated with the second PC are meridionally

coincident and upstream of the centers of action in the second EOF of eddy activity aloft

as they were for the pulsing mode of storm track variability. One consistent explanation for

the dominance of zonal wind anomalies associated with the second PCs is that the positive

zonal wind and eddy feedback described by Lorenz and Hartmann (2001, 2003) causes these

anomalies to persist longer than those associated with the pulsing mode of variability.

The pulsing mode in the North Pacific has a geopotential height signature that faithfully

reproduces the centers of action in the PNA pattern at 200 hPa. The latitudinally shifting

mode in the North Pacific also has a PNA-like signature, but the centers of action are

somewhat o!set. Correlations between the monthly PNA index based on the 500 hPa

gridpoint definition of Wallace and Gutzler (1981) and the pulsing and latitudinally shifting

modes of storm track variability from December to March are 0.49 and 0.40, respectively.

Geopotential height anomaly patterns associated with the second PC of eddy activity aloft

in the North Atlantic and in the South Atlantic and Indian Ocean basin look like the

geopotential height signatures of the NAM or NAO and SAM, respectively. The correlation

coe"cient between the monthly winter time series of the sea level pressure-based NAM and

the latitudinally shifting mode in eddy activity aloft in the North Atlantic is 0.46. The

850 hPa geopotential height-based SAM has a winter correlation coe"cient of 0.25 with the

pulsing mode of storm track variability in the South Pacific and a correlation coe"cient of

0.48 with the latitudinally shifting mode of storm track variability in the combined South

Atlantic and Indian Ocean sector, though this is the season with the lowest correlations. The

correlation between the SAM index and the pulsing mode in the Pacific and the shifting

mode in the Atlantic / Indian Ocean sector is 0.29 and 0.58, respectively, based on all

months of the year.

This chapter has investigated the existence and robustness of “pulsing” and “latitudi-

nally shifting” modes of storm track variability using monthly averaged data. These pulsing

and latitudinally shifting modes of storm track variability are robust in di!erent sectors of

both hemispheres, throughout the course of the annual cycle and in di!erent storm track

indicator variables. These modes were most consistent and physically meaningful when

the analysis was restricted to two storm track sectors in both the Northern and Southern
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Hemisphere. The pulsing and latitudinally shifting modes are associated with covariance

patterns in the mean flow that are consistent with a localized forcing of the mean flow by the

eddies. The latitudinally shifting mode generally has a stronger zonal wind signature than

the pulsing mode using monthly-averaged data. The patterns of mean flow covariance look

similar to those associated with dominant canonical patterns of atmospheric flow variability

in both hemispheres at monthly time scales.
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Chapter 4

HIGH FREQUENCY STORM TRACK VARIABILITY AND
INTERACTION WITH THE BACKGROUND STATE

This chapter of the thesis is concerned with patterns of storm track variability on the

daily time scale. The first section describes the spatial patterns and temporal characteristics

for an illustrative set of daily indicators of storm track variability. It also examines the

applicability of the resultant time series for exploring eddy life cycles. The second section

describes how pulses in eddy activity aloft are related to a consistent zonal wind evolution

in the North Pacific and North Atlantic. The third section summarizes the relationship

between the zonal wind field and the latitudinally shifted mode of eddy activity aloft. The

fourth and final section summarizes the conclusions of the previous sections.

4.1 Modes of High Frequency Storm Track Variability

The purpose of this section is to introduce several day-to-day storm track variability pat-

terns. The variables considered are those used in the previous chapter, namely: 1) eddy

activity aloft as represented by the squared high-pass filtered meridional wind speed at

the 200 hPa level (vv200), 2) eddy activity in the lower troposphere as represented by the

squared meridional wind speed at the 850 hPa level (vv850), 3) eddy momentum flux at the

200 hPa level (vu200) and 4) eddy heat flux at the 850 hPa level (vt850).

4.1.1 Spatial Patterns

Spatial modes of variability are identified using three di!erent methods: 1) EOF / PC

analysis, 2) regression of the daily variance and covariance anomaly fields listed above onto

the spatial patterns of the month-to-month latitudinally shifting modes from the previous

chapter to create a daily index thereof and 3) regression of the daily variance and covariance

anomaly fields onto daily time series of the area-weighted sector means of the variance and
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covariance fields. Patterns identified using these methods will constitute a diagnostic basis

set for analyzing the evolution of storm track variability and examining interactions with

the background state.

Figure 4.1 shows the first EOF of 1948-2005 daily anomalies in the four storm track

indicator variables within three of the four storm track basins defined in section 2.2 and

shown in Figure 2.1. The primary mode of daily variability, as represented by the first EOF,

is a monopole in each sector that coincides with the mean field for eddy heat flux at 850

hPa and eddy activity at both 200 and 850 hPa. The monopole in the first EOF of eddy

momentum flux at 200 hPa is located several degrees poleward of the climatological mean

momentum flux, near to or coincident with the strongest meridional gradient in that field.

These pulsing modes of basin-defined storm track variability at the daily time scale are spa-

tially almost identical to the pulsing modes described for month-to-month and interannual

variability in the previous chapter. However, the percentages of daily variance explained

by these PCs are substantially lower than for their counterparts in month-to-month and

interannual variability discussed in the previous chapter.

The patterns in the Southern Hemisphere Pacific (not shown) are also coherent, but are

somewhat weaker, probably due to the strong seasonality in atmospheric flow variability

(Codron, 2005, 2007) and its relationship to storm track variability. Because of the com-

plications in dealing with this strong seasonality, further consideration of the daily storm

track variability in the South Pacific is reserved for future work. The first EOFs from

whole-Northern and whole-Southern Hemisphere analyses (not shown) tend be dominated

either mostly or completely by one storm track basin in the hemisphere. The second EOFs

from whole-hemisphere analyses (not shown) either strongly emphasize the basin excluded

from the first EOF or describe a basin-to-basin dipole that is considered to be unphysical.

Results from this point forward will therefore be restricted to daily storm track variability

in the Pacific and Atlantic storm tracks of the Northern Hemisphere and in the combined

Atlantic and Indian Ocean sector of the Southern Hemisphere.

Figure 4.2 shows the second EOF from 1948-2005 daily anomalies in the eddy activity at

200 hPa and at 850 hPa. In all cases except the North Atlantic, the second EOF describes a

zonally-oriented dipole in eddy activity along the climatological axis in eddy activity at that
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Figure 4.1: The first EOFs (colors) of day-to-day anomalies in 1948-2005 eddy activity aloft
(top row), eddy activity in the lower troposphere (second row), eddy momentum flux (third
row) and eddy heat flux (bottom row). Contour intervals for the EOFs are 10 m2/s2, 3
m2/s2, 5 m2/s2 and 1 Km/s per standard deviation of the associated daily PC, respectively.
Contour intervals for the climatological mean fields (contours) are identical to EOF contours
except for eddy momentum flux (2 m2/s2) and a bold reference contour is added at 10 m2/s2,
3 m2/s2, 0 m2/s2 and 1 Km/s in the respective rows. Percentages shown denote the fraction
of daily sector variance explained by the associated PC.
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level. In the North Atlantic, the dipole contains elements of both a zonal and meridional

shift. The second EOFs of eddy heat flux and eddy momentum flux (not shown) also exhibit

this upstream / downstream dipole character in the Southern Hemisphere Atlantic and

Indian Ocean sector, but incoherent patterns emerge in the Northern Hemisphere basins.

The longitudinal (geographical) distance between the peaks of the dipole centers of action

in the second EOF patterns of eddy activity aloft shown in Figure 4.2 are approximately 45!

(3500 km) in the North Pacific and North Atlantic sectors and 105! (7600 km) in the South

Atlantic and Indian Ocean sector. The longitudinal (geographical) distance between peaks

in the second EOF of lower tropospheric eddy activity range from about 35! (2800 km) in

the North Pacific and North Atlantic sectors to about 85! (5700 km) in the in the Southern

Atlantic / Indian Ocean sector. This information will be used in concert with temporal

characteristics of the time series described in the next subsection to discuss climatological

wave propagation.

  7%

vv200
  6%

vv850

  6%

  5%

  7%

  5%

Figure 4.2: As in Figure 4.1, but showing the second daily EOF only for eddy activity aloft
and in the lower troposphere.
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Alternate modes of day-to-day storm track variability

The purpose of this section is to introduce two additional coherent patterns of day-to-day

storm track variability that will be used in subsequent sections. The first is generated

by regressing the entire anomalous field of a storm track indicator variable onto the area-

weighted and sector-averaged daily mean of the same variable. The daily mean time series

and the associated spatial pattern directly reflect the variability of the mean daily storm

track intensity and spatial pattern associated with that variability. The second indicator

time series is generated by regressing the anomalous field of a storm track indicator variable

onto the latitudinally shifting patterns derived from the analyis of the month-to-month

variability, as described in section 3.1. The regression onto the spatial patterns from the

month-to-month analysis creates a daily index of the “latitudinally shifting” mode of storm

track variability identified in the previous chapter. The two time series will be referred to

as the “daily mean” time series and the “synthetic” daily time series of the latitudinally

shifting mode, respectively.

Figure 4.3 shows the spatial patterns associated with regressing the anomalous daily

fields for the four storm track indicator variables onto the daily area-weighted mean time

series. Regressions onto the daily area-weighted mean time series represent an independent

indicator of the daily “pulsing” mode of variability, as evidenced by their strong similarity

to the first EOF and the high correlation between the first PC and the area-averaged daily

mean time series for each variable in each sector.

Figure 4.4 shows the spatial patterns that result from regressing the anomalous daily

fields onto the daily synthetic indices of the latitudinally shifting modes in the four storm

track indicator variables. It is evident that coherent patterns of latitudinally shifted modes

of storm track variability, as discussed in section 3.1 of the previous chapter, can be obtained

at daily time scales using the method described above. It is worth noting that the spatial

patterns associated with this method have only slightly weaker amplitudes than the second

EOFs, suggesting they represent a fraction of the raw daily variance in each variable that is

nearly comparable to those reported for the second EOF. In some of the sectors, latitudinally

shifting modes were obtained naturally as a third or fourth EOF of the daily variance
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Figure 4.3: The variability in storm track indicator statistics associated with variability in
the mean as determined by regressing the anomalous daily fields onto the area-weighted
mean for the sectors and variables indicated. Contour levels are identical to those in Fig-
ures 4.1 and 4.2, but are reported per standard deviation of the daily area-weighted mean
time series. Percentages identify the fraction of variance shared between the area-averaged
daily mean time series and the first daily PC in the same variable within the sector.
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or covariance fields, but the “synthetic” time series were chosen for consistency between

basins and because of a concern that higher order EOFs might not be robust. The daily

time series of the synthetic latitudinally shifting mode will be useful later in this chapter.

Storm track indicator variables that do not exhibit a latitudinally shifting mode in the

second EOF of month-to-month variability (e.g., eddy activity in the lower troposphere,

eddy momentum flux and eddy heat flux in the South Atlantic / Indian Ocean sector)

cannot show a latitudinally shifting mode using the synthetic daily index methodology and

are therefore excluded from further consideration.

4.1.2 Connectivity of Northern and Southern Hemisphere storm track basins at daily time

scales

Correlations between the two basins in the Northern and Southern Hemisphere were com-

puted for the first daily PC, the synthetic latitudinally shifting mode and for the area-

weighted and sector-integrated mean for each of the variables displayed in this section and

were uniformly found to be weak. Simultaneous correlations and the maximum lead-lag

correlations between basins in eddy activity aloft are summarized in Table 4.1. If the weak

lead-lag correlations in Table 4.1 are physically meaningful, they imply that the fluctu-

ations in the North Pacific storm track tend to lead those in the North Atlantic storm

track and the fluctuations in the South Atlantic and Indian Ocean storm track tend to lead

those in the South Pacific storm track, but the general sense is that there is only a very

weak relationship between the storm track basins of either hemisphere on daily time scales.

This result is consistent with the low inter-basin correlations based on the monthly mean

statistics described in the previous chapter when the low frequency variability is removed.

4.1.3 Time series analysis

The purpose of this section is to perform some basic analyses on the daily time series

associated with the patterns identified in the previous section. The motivation is to charac-

terize the general utility of the time series in providing a climatological perspective on eddy

development and feedbacks with the mean flow.
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Figure 4.4: As in Figure 4.1, but showing the pattern associated with the creation of
a synthetic daily index of the latitudinally shifting mode by regressing the daily anomaly
fields onto the spatial patterns for the month-to-month latitudinally shifted modes described
in section 3.1. Patterns shown here are generated by regressing anomalous daily variance
and covariance fields onto the standardized synthetic daily time series that result.
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Table 4.1: Correlations between fluctuations in the “pulsing modes” in eddy activity aloft
(squared high-pass filtered meridional wind velocity at 200 hPa) within di!erent sectors of
the Northern and Southern Hemispheres, as indicated. The first (“pulsing”) daily PC as
well as the area-weighted and basin-integrated daily mean time series are used to calculate
the correlation coe"cients shown in the table. The two left columns are for simultaneous
correlations. The two right columns are for the strongest lagged correlation. The numbers
in parenthesis represent the number of lagged days for which the magnitude of lagged
correlations is maximized. Positive lags denote propagation in the sense indicated by the
arrows.

NH Pac!Atl SH Atl/Ind!Pac NH Pac!Atl SH Atl/Ind!Pac

simultaneous simultaneous (# days lag) (# days lag)

PC1 (“pulsing”) +0.06 +0.09 +0.10 (3) +0.15 (2)

Mean +0.13 +0.17 +0.18 (2) +0.20 (2)

Autocorrelation

Figure 4.5 shows a two-year time slice centered on January 1, 2000 from the first (pulsing)

PC and the synthetic latitudinally shifting modes of daily storm track variability along

with autocorrelation values for the complete 1948-2005 time series of each. The daily time

series of the first PC is positively skewed and generally exhibits more variability in winter,

especially in the Northern Hemisphere. The time series of the first PC from the North Pacific

suggests lower eddy activity aloft and lower variability in the portion of the 1999-2000 winter

season coincident with the timing of mid-winter suppression identified by Nakamura (1992).

The daily time series of the synthetic latitudinally shifting mode of storm track variability

exhibits negligible skewness (not shown) and less pronounced seasonality during 1999-2000

and in the complete time series. Autocorrelation values for the pulsing index of day-to-day

eddy activity aloft are in all cases noticeably smaller than for the synthetic latitudinally

shifting mode of storm track variability. The longer time scale in the synthetic latitudinally

shifting index suggests that the technique employed to generate the time series captures

the essence of the positive feedback between anomalous zonal winds and eddy fluxes of

momentum described by Lorenz and Hartmann (2001, 2003).
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Figure 4.5: A time slice of the standardized first daily PC (top left; i.e. the pulsing mode)
and synthetic daily index of the shifting mode (bottom left) in eddy activity aloft from
January 1, 1999 through January 1, 2001. Autocorrelation functions for the same series
over the entire 1948-2005 period of record (upper right) and the di!erence between the
autocorrelation functions of the pulsing and synthetic latitudinally shifting modes (bottom
right). The latitudinally shifting index has a higher autocorrelation than the pulsing index.
Time series in the left panels are o!set by 5 standard deviations for clarity.
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Zonal propagation of wave packets

The purpose of this subsection is to compare daily indices of the first (pulsing) and second

PC of storm track variability in di!erent sectors. Daily lead / lag correlations will be used

to evalute the utility of the time series for inferring characteristics of eddy propagation.

Figure 4.6 shows lead / lag correlations for the second PC of daily eddy activity aloft and

in the lower troposphere relative to the first (pulsing) PC for the same variables in the same

sectors. The second PC represents the zonally-oriented dipole patterns shown in Figure 4.2.

The fact that correlations all exhibit minima a day or two prior to peaks in the pulsing mode

and maxima a day or two afterwards indicates the second PC is representative of zonal storm

propagation through the storm track. Another way to look at eddy propagation would be

to generate lead / lag correlation maps of eddy activity on the first (pulsing) PC of eddy

activity to see if the evolution of the spatial patterns is consistent with mostly west to east

propagation of storms through the zonally oriented climatological storm track.

Given the longitudinal displacement of peaks identified in the dipole patterns of Fig-

ure 4.2 and estimating that the peak-to-peak time scale in Figure 4.6 ranges from about 2

days in the North Atlantic sector to 3 days in the North Pacific sector to almost 4 days in

the South Atlantic and Indian Ocean sector, it is possible to estimate that corresponding

propagation speeds range from 14-22 m/s. Performing a similar estimate at 850 hPa gives

a range of 16-17 m/s in the three di!erent basins.

Considering these are annual mean estimates, they are clearly too fast to be phase speeds,

the maxima of which can be estimated to be around 10 m/s (860 km/day) based on Figure 4

of Lim and Wallace (1991) or Figure 3 of Chang (1993) for the Northern Hemisphere winter

or as shown in Figure 4 of Chang (1999) for the phase speed of waves during Northern

Hemisphere winter and during Southern Hemisphere winter and summer. The propagation

speeds estimated here are somewhere in between the phase speed and the roughly 35 m/s

maximum in group velocities estimated by Chang and Orlanski (1994) for winter North

Pacific energy fluxes and wave packets or those shown in Figure 5 of Chang (1999) with

peaks above 30 m/s, 20 m/s and 25 m/s in the winter storm tracks of the North Pacific,

North Atlantic and Southern Indian Ocean sectors, respectively.
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Refined estimates of the implied propagation speeds using the second EOF and the

associated PC should be possible by repeating this analysis in the future using a dataset

with increased (e.g., 6-hourly or twice-daily) temporal resolution.

Evolution of anomalies associated with the pulsing mode

Figure 4.7 shows the lead-lag correlation coe"cients of the first (pulsing) PC of eddy heat

flux and eddy activity at 850 hPa with the first (pulsing) PC of eddy activity at 200 hPa.

Peaks in the pulsing modes of eddy heat flux and eddy activity at 850 hPa tend to precede

peaks in eddy activity at 200 hPa by a fraction of a day, indicating an upward propagation of

eddy development consistent with the early stages of eddy development in the idealized LC1

life cycle of Simmons and Hoskins (1978) as summarized in Figure 3 of Edmon et al. (1980).

It is also consistent with the timing of the energy conversion from available potential energy

of the background flow to available potential energy in the eddies relative to the conversion

from available potential energy to kinetic energy in the eddies as shown in Figure 5 of

Simmons and Hoskins (1978). In all three sectors, peak lead / lag correlations are slightly

higher for eddy heat flux than for eddy activity at 850 hPa, though the di!erence may not

be significant.

Figure 4.8 shows lead-lag correlation coe"cients of the first (pulsing) PC of eddy mo-

mentum flux at 200 hPa with the first (pulsing) PC of eddy activity at 200 hPa. Peaks in

the pulsing mode of 200 hPa momentum flux tend to occur a fraction of a day to a day

after peaks in eddy activity at 200 hPa, possibly indicating the poleward convergence of

momentum associated with equatorward eddy propagation in the late non-linear stages of

the idealized LC1 eddy life cycle of Simmons and Hoskins (1978) as summarized in Figure

3 of Edmon et al. (1980). It is also consistent with the timing of energy conversion from

available potential energy in the background flow to available potential energy in the ed-

dies relative to the timing of the conversion of eddy kinetic energy to kinetic energy in the

background flow as shown in Figure 5 of Simmons and Hoskins (1978).
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Figure 4.6: Lead-lag correlation coe"cients for the second (upstream / downstream) PC
with the first (pulsing) PC of eddy activity aloft (solid) and in the lower troposphere
(dashed) from a daily time series of each from 1949-2004. The vertical axis is the cor-
relation coe"cient and the horizontal axis represents the number of days the second PC
lags the first PC. The sign of the correlations shown is consistent with the EOF patterns
shown in Figure 4.2, so the lagged correlation coe"cients are consistent with upstream eddy
activity prior to a peak in the pulsing index and downstream eddy activity after a peak in
the pulsing index.
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Figure 4.7: As in Figure 4.6, but showing lead-lag correlation coe"cients for the first (puls-
ing) PC of eddy activity and eddy heat flux at 850 hPa with the first (pulsing) PC of eddy
activity at 200 hPa. The sense of the correlations is that peaks in the pulsing indices for
eddy activity and eddy heat flux at 850 hPa tend to precede peaks in eddy activity at 200
hPa.
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Figure 4.8: As in Figure 4.6, but showing lead-lag correlation coe"cients for the first (puls-
ing) PC of eddy momentum flux at 200 hPa with the first (pulsing) PC of eddy activity
at 200 hPa. The sense of the correlations is that peaks in the pulsing indices for eddy
momentum flux at 200 hPa tend to follow peaks in eddy activity at 200 hPa.
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4.1.4 Relating pulsing and synthetic latitudinally shifting modes

This section will investigate the possibility of a systematic relationship between the pulsing

mode of variability in eddy activity at 200 hPa and the synthetic latitudinally shifting

mode of variability in eddy activity at the same level. As in the previous subsection, the

relationship will be explored using lead / lag correlations based on the pulsing mode of eddy

activity at 200 hPa.

Figure 4.9 shows the lead-lag correlation coe"cients for the synthetic latitudinally shift-

ing index of eddy activity at 200 hPa on the first (pulsing) PC of eddy activity at 200 hPa.

The patterns in lead / lag correlations are inconsistent between basins, but suggest a mostly

synchronous response in the North Pacific and South Atlantic / Indian Ocean sector and

a weak lagged relationship suggestive of a poleward shift in North Atlantic eddy activity

aloft about a day after peaks in the pulsing mode in eddy activity aloft. It is di"cult to

infer much about the actual relationship between pulsing and synthetic latitudinally shifting

indices from Figure 4.9, however, because the strong simultaneous correlations indicate that

the pulsing index and synthetic latitudinally shifting index are not in quadrature at daily

resolution. Some possible remedies for this problem include using a higher order actual

(rather than synthetic) PC associated with latitudinal shifting or to use the synthetic puls-

ing mode in combination with the synthetic latitudinally shifting mode. A range of options

for exploring the possible evolution from pulsing to latitudinally shifting events and the use

of higher resolution data will be performed in future work.

4.2 Influence of the pulsing mode on the background zonal wind field

The purpose of this section of the chapter is to document a coherent evolution in the

background flow associated with the daily pulsing time series of storm track variability.

The goal is to identify patterns in zonal wind and eddy flux anomalies that are consistent

with the upward evolution and subsequent pulse in eddy momentum flux aloft suggested in

the previous section.

The evolution of zonal wind anomalies, eddy activity and eddy fluxes of heat and mo-

mentum associated with the pulsing mode of eddy activity at 200 hPa are investigated
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Figure 4.9: Lead-lag correlation coe"cients for the synthetic latitudinally shifting daily time
series of eddy activity at 200 hPa on the first (pulsing) PC of eddy activity at 200 hPa. The
vertical axis is the correlation coe"cient and the horizontal axis is the number of days the
synthetic latitudinally shifting index lags peaks in the first (pulsing) PC in eddy activity
at 200 hPa. There is no consistent relationship between the pulsing and the latitudinally
shifting index using the methodology described in the chapter.
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using lead / lag correlations. The first (pulsing) PC of eddy activity at 200 hPa is cho-

sen as the reference time series to isolate (1) the upward evolution that should occur prior

to or simultaneous with peaks in eddy activity aloft and (2) poleward shifts in the zonal

wind field associated with the pulse in eddy momentum flux that should occur simultaneous

with or after peaks in the pulsing mode of eddy activity aloft. This approach represents

an exploration of the relationships explored using time series lead / lag correlations in the

previous section as well as a test of the observational applicability of the idealized LC1 life

cycle evolution described in Simmons and Hoskins (1978) and summarized in Figure 3 of

Edmon et al. (1980).

4.2.1 Lead-lag correlations with the pulsing mode of 200 hPa North Pacific eddy activity

Figure 4.10 shows the lead / lag correlation coe"cients of 850 hPa zonal wind anomalies

referenced on the daily index of the first (pulsing) PC of North Pacific eddy activity at

200 hPa. Zonal wind anomalies in the lower troposphere follow a coherent and asymmetric

evolution with respect to the peak (day 0) in the pulsing mode of eddy activity aloft. Zonal

wind anomalies first develop near the latitude of the maximum climatological zonal winds

at 850 hPa and then intensify until the time associated with the peak in the pulsing mode

of eddy activity aloft. After the peak in eddy activity aloft, zonal wind anomalies begin

to decay and shift poleward and upstream. The spatial pattern and the intensity of the

zonal wind correlations exhibit noticeable asymmetry with respect to the time of the peak

amplitude in the pulsing mode of eddy activity aloft. Eddy activity at 850 hPa also exhibits

an asymmetric poleward shift in its evolution with respect to peaks in the pulsing mode

of eddy activity aloft that is qualitatively similar, but less persistent, than the shift in the

zonal wind anomalies documented in Figure 4.10 (not shown).

Figure 4.11 shows a set of lead / lag correlations in latitude-height cross sections based

on the first (pulsing) PC of eddy activity at 200 hPa in the North Pacific. To generate the

plot, anomalous winds in the Pacific sector are zonally averaged and then correlated with

the daily pulsing index of North Pacific eddy activity aloft. The same sector averaging is

done for the meridional and vertical components of the Eliassen-Palm (E-P) flux vector and
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Figure 4.10: Lead / lag correlation maps of anomalous zonal winds at 850 hPa (shading) with
the first (pulsing) PC of eddy activity at 200 hPa in the North Pacific. The climatological
zero wind line (dark solid line) and latitude of maximum 850 hPa winds (dark dashed line)
are reproduced in each panel. Values in the upper right corner indicate the number of days
the 850 hPa zonal wind correlation coe"cients lag peaks in the first PC of eddy activity
at 200 hPa. Correlations are calculated based on the 1949-2004 daily PC of eddy activity
at 200 hPa from the North Pacific sector. The correlation contour interval is 0.05 and the
lightest visible color contour begins at 0.05.
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then the sector-averaged E-P flux components are regressed onto the daily pulsing index

of North Pacific eddy activity aloft. Sector-averaged zonal wind anomalies are strongest in

the lower troposphere, but weak correlations extend even into the lower stratosphere. Zonal

wind anomalies that initially have a nearly vertical structure evolve into anomalies with

a pronounced poleward vertical tilt in the troposphere and then back to a nearly vertical

structure. Positive near-surface zonal wind anomalies that initially appear near 40!N are

shifted poleward through the course of the evolution and end up near 45!N. The shift in

near-surface zonal wind anomalies is concentrated in the days just after peaks in the pulsing

mode of eddy activity aloft, consistent with Figure 4.10 and also generally consistent with

acceleration of the zonal wind implied by the divergence of E-P flux vectors in the figure.

The orientation of E-P flux is roughly symmetric in latitude about the zonal wind anomalies

in the very early and very late stages of the evolution, but a bias toward equatorward eddy

propagation in the middle stages of the evolution is consistent with forcing of the mean flow

by the eddies and with the poleward propagation of zonal wind anomalies.

Figure 4.12 shows time-latitude lead / lag correlations in 850 hPa zonal wind anomalies,

200 hPa eddy activity and eddy components of the local form of the E-P flux vector at

particular heights [200 hPa v’2-u’2, 200 hPa v’u’, 850 hPa v’t’] with the first (pulsing) PC

of eddy activity aloft. The poleward shift in 850 hPa zonal wind anomalies with respect

to the pulsing mode of eddy activity aloft over time is evident in Figure 4.12, but most

pronounced just after peaks in eddy activity aloft. There appears to be a weak poleward

evolution in the lead / lag correlations of eddy heat flux and eddy momentum flux that

appears to be absent in eddy activity itself and in the zonal component of the localized E-P

flux vector. Peaks in the pulsing mode of eddy activity at 200 hPa are generally preceded by

a pulse in eddy heat flux at 850 hPa. Eddy momentum flux correlations are shifted slightly

toward positive lags with respect to peaks in the pulsing mode of eddy activity at 200 hPa.

A pulse in the zonal component of the localized form of the E-P flux vector appears to be

nearly synchronous with pulses in eddy activity at 200 hPa.
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Figure 4.11: Lead / lag correlation latitude (horizontal axis) versus pressure (vertical axis)
cross-sections of North Pacific zonally-averaged anomalous zonal winds (colors) and the lead
/ lag regression of Eliassen-Palm (E-P) flux vector components (vectors) with the first PC of
eddy activity at 200 hPa in the North Pacific. Anomalous zonal winds (and E-P flux vector
components) are averaged over longitudes from 150!E to 130!W and then correlated with
(regressed onto) the first, pulsing, daily PC of eddy activity at 200 hPa from 1949-2004.
Contour intervals for the correlation with zonal wind are as indicated in the associated
colorbar. E-P flux vectors are scaled according to the convention described in Dunkerton
et al. (1981) so that divergence (convergence) of the vectors is associated with eddy-induced
acceleration (deceleration). This convention is abandoned at 100 and 50 hPa (above the
gray line), where E-P flux vectors are arbitrarily multiplied by the ratio of the surface
pressure to the pressure at the given level so that some indication of wave propagation in
the stratosphere is possible. Numbers in the upper right hand corner of each panel represent
the number of days the pattern lags the pulsing index. Vertical lines at 40!N, 50!N and
60!N are added to increase comparability between panels.
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Figure 4.12: Lead / lag correlations (colors) of eddy activity at 200 hPa (upper left), eddy
momentum flux at 200 hPa (upper right), the zonal component of the localized E-P flux
vector described by Hoskins (1983) at 200 hPa (lower left) and eddy heat flux at 850 hPa
with the first (pulsing) PC of eddy activity at 200 hPa in the North Pacific. The lead
/ lag correlation of 850 hPa zonal wind anomalies with the first (pulsing) PC of eddy
activity at 200 hPa is reproduced in each panel (contours). Sector averaging as described in
Figure 4.11 is used to generate the anomaly time series that is correlated with the pulsing
mode. The horizontal axis represents the number of days the correlation in the identified
variable lags peaks in the pulsing mode of eddy activity aloft. The vertical axis is latitude.
The contour interval for all variables is 0.05, with the lightest visible color contour beginning
at a correlation magnitude of 0.05.



79

4.2.2 Lead-lag correlations with the pulsing mode of 200 hPa North Atlantic eddy activity

Comparable analyses to those generated for the North Pacific sector in Figures 4.10 through 4.12

are repeated for the North Atlantic sector in Figures 4.13 through 4.15. Figure 4.13 shows

an evolution of the lead / lag correlation of 850 hPa zonal wind anomalies with respect to the

pulsing mode of North Atlantic eddy activity at 200 hPa that is qualitatively interchange-

able with the pattern evolution in Figure 4.10 for the North Pacific. The latitude-height

correlation cross section for the North Atlantic in Figure 4.14 is qualitatively similar to

that in Figure 4.11 for the North Pacific, but the lagged zonal wind correlations are slightly

weaker and less persistent in the North Atlantic. The bias toward equatorward eddy prop-

agation aloft is somewhat more di"cult to see in Figure 4.14 for the Atlantic than it was in

Figure 4.11 for the Pacific, though they are qualitatively similar. The poleward evolution of

zonal wind correlations in the North Atlantic as shown in Figure 4.15 is substantially larger

than for the North Pacific as shown in Figure 4.12, though some of this enhanced shift in

the North Atlantic relative to the North Pacific may be due to the somewhat meridional

orientation of the Atlantic jet and storm track. Some indication of this is evident in the late

stages of the evolution shown in Figure 4.14, where the zonal wind anomalies are displaced

relative to the implied forcing by the divergence of E-P flux vectors. Basing the wind and

E-P flux correlations and regressions on a smaller range of longitudes or on a single lon-

gitude provide a qualitatively similar description of shifting winds and equatorward eddy

propagation, but the winds tend to shift somewhat less than in zonally-averaged sections of

Figure 4.14.

4.3 Influence of the latitudinally shifting mode on the background zonal wind
field

The purpose of this section is to document and summarize the zonal wind and eddy rela-

tionships with the latitudinally shifted mode of storm track variability. The reference index

for both the North Pacific and North Atlantic is the synthetic daily index of latitudinally

shifting eddy activity at 200 hPa.

Figure 4.16 shows time-latitude lead / lag correlations for the North Pacific as in Fig-

ure 4.12, but correlations are performed with the daily index of the synthetic latitudinally
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Figure 4.13: As in Figure 4.10, but lead / lag correlations of the anomalous 850 hPa zonal
wind are performed with the first (pulsing) PC of eddy activity at 200 hPa in the North
Atlantic.
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Figure 4.14: Lead / lag correlation and regression sections as in Figure 4.11, but for zonal
wind correlations and Eliassen-Palm (E-P) regressions with the first (pulsing) PC of eddy
activity at 200 hPa in the North Atlantic. Anomalous zonal winds and E-P flux vector
components are averaged from 80!W to 0! to generate the displayed correlations and re-
gressions.
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Figure 4.15: As in Figure 4.12, but lead / lag correlations are generated with the first
(pulsing) PC of eddy activity at 200 hPa in the North Atlantic and use the sector averaging
described in Figure 4.14.
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shifting mode rather than the first (pulsing) PC of eddy activity at 200 hPa. Eddy activity

aloft, the zonal component of the localized form of the E-P flux vector and eddy heat flux

all display correlations with a meridional dipole pattern loosely associated with the zonal

wind correlation dipole. The poleward flux of eddy momentum has a weak tripole correla-

tion pattern with centers of action that straddle the latitudes of the zonal wind correlation

dipole.
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Figure 4.16: As in Figure 4.12, but correlations are generated with the synthetic latitudinally
shifting time series of eddy activity at 200 hPa in the North Pacific.

Comparing Figures 4.12 and 4.16, the zonal wind correlations associated with both the
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daily pulsing and synthetic latitudinally shifting indices persist beyond a 12-day lag, but

zonal wind anomalies associated with the synthetic latitudinally shifting index are sub-

stantially stronger and more persistent. A poleward evolution of anomalous zonal winds

is shown in Figure 4.16, but the poleward shift is slower and smaller than that associated

with the pulsing mode in Figure 4.12. Peak correlation magnitudes for eddy activity, the

zonal component of the E-P flux vector and eddy heat flux are all roughly comparable in

Figures 4.12 and 4.16, but correlations associated with the synthetic latitudinally shifting

index in Figure 4.16 are more persistent. The magnitudes of eddy momentum flux corre-

lations associated with the synthetic latitudinally shifting index shown in Figure 4.16 are

much smaller than those associated with the pulsing index in Figure 4.12. This implies

that the zonal component of eddy momentum flux convergence plays an important role in

maintaining the zonal wind anomalies associated with the synthetic latitudinally shifting

index of North Pacific eddy activity at 200 hPa.

Figure 4.17 shows time-latitude lead / lag correlations of zonal wind and eddy statistics

with the synthetic latitudinally shifting index of eddy activity at 200 hPa in the North At-

lantic as was shown in Figure 4.16 for the North Pacific. The dipole and tripole correlation

locations and persistence characteristics identified for the North Pacific sector are qualita-

tively reproduced in the North Atlantic as is the somewhat subtle poleward evolution of

zonal wind anomalies.

Peak lead / lag correlation magnitudes for eddy activity, the zonal component of the

localized E-P flux vector and eddy momentum flux at 200 hPa in the North Atlantic shown

in Figure 4.17 are all larger than the corresponding correlations in Figure 4.16 for the North

Pacific. Eddy heat flux correlations associated with the synthetic latitudinally shifting index

of eddy activity at 200 hPa are comparable between basins. The comparison between lead-

lag correlations associated with the pulsing mode and synthetic latitudinally shifting mode

in the North Atlantic are as in the North Pacific.

The previous section and this one have attempted to describe the three-dimensional

evolution of anomalous zonal winds and eddy activity associated with the pulsing and

synthetic latitudinally shifting modes of storm track variability. Latitude-height and time-

latitude sections generated for a single longitude or for a smaller range of longitudes (not
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Figure 4.17: As in Figure 4.12, but correlations are generated with the synthetic latitudinally
shifting time series of eddy activity at 200 hPa in the North Atlantic.
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shown) exhibit qualitatively similar behavior, suggesting the evolution described here is not

critically tied to the orientation of the jet or storm track in either the North Pacific or North

Atlantic.

4.4 Summary

Taken in combination, the evolution of spatial patterns shown in this section and the time

series correlations shown in section 4.1 suggests the first (pulsing) PC of eddy activity at 200

hPa can be used to describe a consistent upward evolution in eddy activity that is followed

by a pulse in the meridional flux of zonal momentum consistent with poleward shifted zonal

wind anomalies. The possibility that the first (pulsing) mode of eddy heat flux or eddy

activity in the lower troposphere may sometimes evolve into latitudinally shifted modes of

storm track variability consistent with the LC1 life cycle of Simmons and Hoskins (1978)

has been suggested, but remains unsubstantiated by the analyses included in this chapter.

This chapter has analyzed daily variability in storm track indicator variables. Some key

conclusions from this chapter include:

1. The dominant first EOFs of sector-based storm track variability in four representative

daily indicator variables are pulsing modes analogous to those based on monthly mean

statistics as described in section 3.1.

2. The first (pulsing) EOF and corresponding daily PC are strongly related to the spatial

pattern and daily anomalies in the area-weighted mean for all indicator variables in

all storm track sectors.

3. The second EOF of daily anomalies in eddy activity at 200 hPa and 850 hPa as well

as for some other variables in some sectors is a zonally-oriented dipole that may be

useful for describing the climatological zonal group velocity. Further exploration of

the zonally-oriented dipole is warranted because this mode may also be related to the

longitudinal evolution of a pulsing event.
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4. A synthetic daily time series of the latitudinally shifting mode of storm track vari-

ability appears to usefully capture important characteristics of the life cycle of storms

including how eddies interact with the background state. The higher temporal auto-

correlation of the synthetic latitudinally shifting index relative to the first (pulsing) PC

in eddy activity at 200 hPa is one indicator of the utility of the synthetic latitudinally

shifting index.

5. The set of daily storm track variability indices introduced here provide a simplified,

but useful, basis for exploring the evolution of eddy life cycles and relationships with

the background flow. Other opportunities to fully exploit the utility of these daily

indices will be explored in future work.

6. Positive excursions in the daily pulsing mode of eddy activity aloft (i.e. more or more

intense storms) are associated with a poleward shift in zonal winds consistent with

the implied zonal wind acceleration by eddy fluxes. This poleward shift in zonal wind

anomalies is stronger in the North Atlantic than in the North Pacific.

7. Positive excursions in synthetic daily index of the latitudinally shifting mode of eddy

activity at 200 hPa are associated with strong and persistent latitudinally shifted zonal

wind anomalies that are consistent with strong and persistent implied zonal wind ac-

celerations by the eddies. Based solely on lead / lag correlations, the zonal component

of the localized form of the E-P flux vector associated with eddy kinetic energy ap-

pears to play an important role in maintaining persistent meridional anomalies in the

zonal wind.
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Chapter 5

STORM TRACKS IN DIFFERENT BACKGROUND STATES

The purpose of this chapter is to investigate the sensitivity of storm tracks to changes

in the background state. General circulation model output will be used to explore the

sensitivity of the storm tracks to climate variability outside that experienced during the

observational record.

The analyses here will focus on output from the coupled ocean-atmosphere Community

Climate System Model, version 3 (CCSM3) produced at the National Center for Atmo-

spheric Research (NCAR) and supplemented with identical calculations performed on the

NCEP/NCAR reanalysis dataset. The first section explores changes in the mean intensity

of eddy activity aloft, eddy momentum flux and eddy heat flux in CCSM3 simulations for

the Last Glacial Maximum (LGM), pre-industrial (PI), modern (MOD), and quadrupled

pre-industrial carbon dioxide concentrations (4xCO2). The wide range of simulated climates

using the same model framework makes it possible to identify a consistent climate change

response in the storm tracks within the CCSM3. A short second section describes a set of

preliminary results on a change in the annual cycle of eddy activity aloft in di!erent CCSM3

simulations associated with altered mid-winter suppression. The second section and other

preliminary analyses investigating the robustness of pulsing and latitudinally shifting modes

and on the relationship of these storm track modes to the primary modes of flow variability

are necessarily limited in scope because consistent daily data are currently only available

for some CCSM3 simulations and these analyses are sensitive to the application of a time

filter.

5.1 Mean storm track changes in CCSM3 simulations

The purpose of this section is to document and compare the intensity of the storm track

in di!erent indicator statistics within the LGM, PI, MOD and 4xCO2 CCSM3 simulations.
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The PI simulation will be used as a reference case from which absolute and relative changes

in the mean intensity of eddy activity aloft, eddy heat flux and eddy momentum flux will be

calculated. The PI simulation was chosen because it represents an unperturbed interglacial

climate with which forcings due to the presence of an ice sheet and changed greenhouse gas

concentrations can be compared.

Figure 5.1 shows the mean eddy activity aloft in the NCEP / NCAR reanalysis and in

the four CCSM3 simulations along with the di!erences between the pre-industrial CCSM3

simulation and the 3 other CCSM3 simulations. A direct comparison of the absolute mag-

nitudes in modeled and observed storm tracks is probably not warranted, however, because

the model temporal resolution is higher than that in the NCEP / NCAR reanalysis. The

higher resolution of the CCSM3 output probably enhances the variance in eddy quantities

and contributes at least somewhat to the di!erence in the mean storm track intensity im-

plied by the contour levels in Figure 5.1. The most appropriate comparisons between model

output and observations are those between the relative intensity of storm track indicator

variables within basins. In general, the model simulations produce eddy activity aloft in the

Southern Hemisphere that is somewhat stronger than in the Northern Hemisphere, contrary

to the statistics in the NCEP / NCAR reanalysis.

Comparing the model simulations in Figure 5.1, the extratropical latitudes of both hemi-

spheres exhibit much less eddy activity aloft in the LGM and increased eddy activity aloft

in the MOD and especially in the 4xCO2 simulations. The large decrease in eddy activity

aloft in the North Atlantic sector in the LGM simulation is concentrated over and down-

stream of the Laurentide ice sheet and is likely due to the focusing e!ect of the ice sheet on

the North Atlantic jet as described by Li and Battisti (2007), but there are also substantial

decreases in eddy activity over the North Pacific and smaller decreases over northern Asia.

Smaller decreases in eddy activity aloft occur in both the South Pacific and combined South

Atlantic / Indian Ocean sector in the LGM simulation relative to the PI simulation.

Eddy activity aloft is enhanced in both the MOD and 4xCO2 simulations, relative to

the PI simulation. The increases in the MOD simulation consist of a mean increase in

eddy activity aloft throughout the Northern Hemisphere and a somewhat larger increase

in Southern Hemisphere eddy activity aloft that occurs concurrently with a relatively weak
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poleward shift of the storm tracks. In the 4xCO2 simulation, relatively strong eddy activity

increases are coupled with relatively weak poleward shifts in the storm track in the North

Atlantic, North Pacific and South Pacific storm track basins. Eddy activity aloft in the

South Atlantic / Indian Ocean sector is strongly enhanced in the 4xCO2 simulation without

a corresponding poleward shift. Increases in eddy activity aloft in the MOD simulation are

smaller than those in the 4xCO2 simulation. In general, eddy activity aloft in the CCSM3

simulations is stronger in warm climates than in cold climates.

Figure 5.2 shows the mean eddy momentum flux at 200 hPa in the NCEP / NCAR

reanalysis and in the four CCSM3 simulations as well as the di!erence between CCSM3

simulations. As with eddy activity aloft, the model simulations tend to emphasize the

Southern Hemisphere storm tracks. The largest di!erence between model simulations is

the large decrease in eddy momentum flux over North America and in the midlatitudes of

the North Atlantic in the LGM simulation relative to the PI simulation. Smaller decreases

in eddy momentum flux occur in the North Pacific and Southern Hemisphere in the LGM

simulation relative to the PI simulation. The MOD and 4xCO2 simulations exhibit eddy

momentum fluxes that are increased relative to the PI simulation and the increases in the

4xCO2 simulation are larger than those in the MOD simulation. The di!erence in LGM eddy

momentum flux at 200 hPa is apparently dominated by the local and downstream influence

of the Laurentide ice sheet. In general, as with eddy activity aloft, eddy momentum flux at

200 hPa is stronger in warm climate simulations than in cold climate simulations.

In contrast with the eddy activity and eddy momentum flux at 200 hPa, eddy heat flux

at 850 hPa generally decreases as the mean climate (as represented by CCSM3 simulations)

warms. Figure 5.3 shows the mean eddy heat flux at 850 hPa in the NCEP / NCAR

reanalysis and in the four CCSM3 simulations as well as the di!erence between CCSM3

simulations. As with eddy activity and eddy momentum flux at 200 hPa, the model tends

to emphasize the Southern Hemisphere storm tracks. Eddy heat flux is strongly diminished

downstream and upstream of the Laurentide ice sheet in the LGM simulation, but a large

and persistent stationary wave forced by the ice sheet produces large poleward fluxes of

heat that more than o!set the decreases in eddy heat flux in the North Pacific (Li, 2007).

Less intense, but spatially broad, increases in eddy heat flux in the LGM North Atlantic
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CCSM3 4xCO2, C.I. = 60 m2/s2

CCSM3 LGM, C.I. = 60 m2/s2

CCSM3 MOD, C.I. = 60 m2/s2

NCEP (obs), C.I. = 40 m2/s2

CCSM3 4xCO2 − PI, C.I. = 20 m2/s2

CCSM3 LGM − PI, C.I. = 20 m2/s2

CCSM3 MOD − PI, C.I. = 5 m2/s2

CCSM3 PI, C.I. = 60 m2/s2

Figure 5.1: The mean eddy activity aloft (left column and upper right panel), as defined
by the monthly-average of squared 200 hPa meridional wind speed minus the square of the
monthly-averaged 200 hPa meridional wind speed in the NCEP/NCAR Reanalysis and in
the Modern, LGM and 4xCO2 CCSM3 simulations (left panels) and in the PI CCSM3 sim-
ulation (upper right panel). Di!erences between the Modern, LGM and 4xCO2 simulations
and the PI simulation are shown in the remaining panels on the right. Contour intervals
(C.I.) are as indicated for each panel.
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CCSM3 4xCO2, C.I. = 20 m2/s2

CCSM3 LGM, C.I. = 20 m2/s2

CCSM3 MOD, C.I. = 20 m2/s2

NCEP (obs), C.I. = 10 m2/s2

CCSM3 4xCO2 − PI, C.I. = 5 m2/s2

CCSM3 LGM − PI, C.I. = 5 m2/s2

CCSM3 MOD − PI, C.I. = 2 m2/s2

CCSM3 PI, C.I. = 20 m2/s2

Figure 5.2: As in Figure 5.1, but for eddy momentum flux at 200 hPa, as defined by
the monthly-averaged covariance between 200 hPa meridional and zonal winds minus the
product of monthly-averaged 200 hPa meridional and zonal winds. Contour intervals (C.I.)
are as indicated for each panel.



93

nearly cancel the more intense decreases just downstream of the ice sheet at higher latitudes.

There is a consistent increase in poleward eddy heat flux in the Southern Hemisphere of

the LGM simulation relative to the PI simulation. Eddy heat flux is diminished in both the

MOD and 4xCO2 simulations in both hemispheres relative to the PI simulation.

In general, the conclusion drawn from Figure 5.3 is that eddy heat flux at 850 hPa

is diminished in warm climates relative to cold ones except near the ice sheet in the LGM

simulation, where the changes appear to be dominated by orographic e!ects associated with

the Laurentide ice sheet. This result is consistent with a general expectation that the eddy

heat flux should be associated with the equator-to-pole temperature gradient across the

midlatitudes.

As shown in the summary statistics presented in Table 5.1, eddy heat flux at 850 hPa

generally decreases as the climate warms, while eddy activity and eddy momentum flux

at 200 hPa increase as the climate warms. Therefore, the storm track indicator variables

at 200 and 850 hPa exhibit opposing tendencies. The di!erence in the vertical structure

of variability is consistent across all variables and simulations except for eddy heat flux in

the Northern Hemisphere of the LGM simulation, where the influence of the Laurentide ice

sheet on eddy suppression (Li and Battisti, 2007) dominates. Hence, it appears that in the

colder climates, the vigorous development of baroclinic waves in the lower troposphere does

not necessarily translate into increased wave activity in the upper troposphere.

5.2 A description of some other preliminary CCSM3 results

CCSM3 simulation output were also analyzed to quantify the sensitivity of the seasonal cycle

and the strength of the mid-winter suppression to modeled changes in climate, to investigate

the robustness of pulsing and latitudinally shifting modes of storm track variability in

di!erent CCSM3 simulations and to analyze the relationship between the modes of storm

track and flow variability across a wide range of modeled climates. Unfortunately, daily

output that can be time filtered to isolate the variance and covariance structures associated

with baroclinic waves are not consistently available for each of the four CCSM3 simulations.

The statistics associated with the climatology of storm tracks described in the previous

section are su"ciently robust that time filtering isn’t necessary to obtain an indication of
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CCSM3 4xCO2, C.I. = 5 Km/s

CCSM3 LGM, C.I. = 5 Km/s

CCSM3 MOD, C.I. = 5 Km/s

NCEP (obs), C.I. = 3 Km/s

CCSM3 4xCO2 − PI, C.I. = 1 Km/s

CCSM3 LGM − PI, C.I. = 3 Km/s

CCSM3 MOD − PI, C.I. = 0.5 Km/s

CCSM3 PI, C.I. = 5 Km/s

Figure 5.3: As in Figure 5.1, but for eddy heat flux at 850 hPa, as defined by the monthly-
averaged covariance between 850 hPa meridional wind and temperature minus the product
of monthly-averaged 850 hPa meridional wind and temperature. Contour intervals (C.I.)
are as indicated for each panel.
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Table 5.1: The absolute and percentage change in basin-averaged eddy activity, eddy mo-
mentum flux and eddy heat flux in di!erent basins of the Northern and Southern Hemi-
spheres. Absolute di!erences from the Pre-Industrial (PI) CCSM3 simulation in eddy ac-
tivity aloft (vv200), eddy momentum flux aloft (vu200) and eddy heat flux in the lower
troposphere (vt850) are reported in units of m2/s2, m2/s2, and Km/s, respectively, and as
a percent change from the PI simulation.

NH Pac NH Atl SH Pac SH Atl / Ind

LGM-PI

vv200 "12.0 ("13.3%) "9.2 ("11.4%) "5.1 ("4.9%) "5.5 ("5.7%)

vu200 "3.1 ("24.3%) "7.3 ("51.7%) "0.7 ("3.5%) "1.5 ("6.4%)

vt850 "1.2 ("20.2%) +0.2 (+2.9%) +1.3 (+17.2%) +1.3 (+14.9%)

MOD-PI

vv200 +2.3 (+2.6%) +2.4 (+3.0%) +2.0 (+1.9%) +3.0 (+3.1%)

vu200 +0.3 (+2.1%) +0.4 (+2.6%) +0.3 (+1.6%) +0.6 (+2.4%)

vt850 "0.2 ("4.3%) "0.2 ("2.7%) "0.2 ("2.2%) "0.1 ("1.4%)

4xCO2-PI

vv200 +7.5 (+8.3%) +6.8 (+8.4%) +7.4 (+7.1%) +13.4 (+14.0%)

vu200 +1.7 (+13.4%) +2.0 (+14.4%) +2.4 (+11.6%) +3.0 (+12.8%)

vt850 "1.1 ("18.8%) "0.5 ("8.6%) "0.6 ("8.2%) "0.6 ("6.7%)
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di!erences between the four simulations. However, the results relating to seasonality and

the existence of pulsing and latitudinally shifting modes are more sensitive. This section

therefore provides only a qualitative description of the results associated with altered mid-

winter suppression and reserves results associated with pulsing and latitudinally shifting

modes of storm track variability within the CCSM3 for future work using filtered daily

data.

5.2.1 Storm track seasonality in the CCSM3 simulations

Eddy activity in the middle and upper troposphere has been shown to have a pronounced

mid-winter suppression in the North Pacific that is absent in the North Atlantic (Nakamura,

1992). Figure 5.4 shows the area averaged eddy activity at 200 hPa for the NCEP /

NCAR Reanalysis and CCSM3 MOD1 and LGM simulations in the North Pacific and North

Atlantic basins. The mid-winter suppression of North Pacific eddy activity aloft is evident

using the basin average time series of highpass filtered NCEP / NCAR Reanalysis data

and is maximized in January and February, relative to the annual cycle in the latitudinal

gradient of insolation (not shown). Mid-winter suppression of eddy activity aloft in the

North Pacific in NCEP / NCAR data is less evident using unfiltered data (not shown).

There is no mid-winter suppression of eddy activity aloft in highpass filtered time series of

eddy activity from the North Atlantic, in general agreement with Nakamura (1992).

The annual cycle of highpass filtered and basin-averaged eddy activity aloft in the

CCSM3 MOD simulation generally follows the pattern of variability described in the previ-

ous paragraph for NCEP / NCAR data. Eddy activity is suppressed in the North Pacific

during the middle of winter. The CCSM3 MOD simulation contains a very subtle modifi-

cation of the annual cycle in the North Atlantic that may indicate a slight suppression of

winter eddy activity aloft, but any suppression in the North Atlantic is small relative to

that in the North Pacific.

1Unfortunately, daily data associated with the CCSM3 MOD simulation was saved as instantaneous
once-daily data and falsely labeled as daily averaged data. It is assumed here that this modification of
the variable does not substantially a!ect the investigation of the annual cycle. Future work will re-run
and save consistent daily output from all four CCSM3 simulations to allow a consistent investigation of
the annual cycle and to explore the robustness of pulsing and latitudinally shifting modes of storm track
variability in the CCSM3.
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The annual cycle of highpass filtered and basin-averaged eddy activity aloft in the

CCSM3 LGM simulation is di!erent than that for the CCSM3 MOD simulation and for

NCEP / NCAR reanalysis. Suppression of eddy activity aloft during winter in the North

Pacific is more pronounced and spread over more months in the annual cycle. Eddy activity

aloft in the CCSM3 LGM simulation of the North Atlantic is suppressed during mid-winter,

unlike in the CCSM3 MOD simulation or in the NCEP/NCAR reanalysis data. Preliminary

evidence from unfiltered CCSM3 PI and 4xCO2 simulations suggest that North Pacific mid-

winter suppression is enhanced as the mean climate cools and that midwinter suppression

in the North Atlantic only becomes evident in climates cooler than in the MOD simula-

tion. These preliminary assertions need to be verified, however, using data that has been

consistently processed and highpass filtered.

The more pronounced mid-winter suppression of storm track activity aloft in colder

climate simulations, in combination with the larger annual cycle in eddy activity aloft in

warmer climates (not shown), suggest the di!erences in eddy activity aloft between CCSM3

simulations are strongly biased toward winter. Eddy heat flux at 850 hPa (not shown) does

not exhibit mid-winter suppression in the CCSM3 simulations or in the NCEP / NCAR

reanalysis and therefore the seasonality of di!erences between CCSM3 simulations is less

pronounced than for eddy activity at 200 hPa.

This chapter has shown that the mean intensity of the storm track is sensitive to sim-

ulated changes in climate and that di!erences in eddy heat flux in the lower troposphere

are not necessarily indicative of similar di!erences in eddy activity or eddy momentum flux

aloft. Eddy activity and eddy momentum flux at 200 hPa are reduced in cold climate sim-

ulations of the CCSM3 relative to warm climate simulations, whereas eddy heat flux at 850

hPa is generally increased in cold climate simulations relative to warm climate simulations.

In the Northern Hemisphere, enhancement of the mid-winter suppression of eddy activity

aloft in colder climate simulations may play an important role in the mean di!erence be-

tween CCSM3 simulations, but consistently processed and filtered data will be required to

validate this assertion and to complete other proposed analyses.
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Figure 5.4: The seasonality of eddy activity aloft, as represented by the monthly average of
squared 6-day highpass-filtered meridional wind speeds at 200 hPa in the NCEP / NCAR
reanalysis and in CCSM3 simulations of modern and last glacial maximum conditions. The
vertical axis is in units of m2/s2 and the months represented on the horizontal axis begin
in July and end in June. Colored lines represent the same storm track basins defined in
Figure 2.1. A uniform o!set of 15 m2/s2 is added to the NCEP/NCAR data to increase
comparability with CCSM3 modern output.
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Chapter 6

CONCLUSIONS AND DISCUSSION

This dissertation is an investigation of storm track variability and its interaction with

the background flow on a wide variety of time scales. The original motivations for this study

were to better understand the mid-winter suppression of the North Pacific storm track and

the increases in eddy activity aloft in warm climates relative to cold ones within climate

model simulations. In the course of exploring these curiosities, it became apparent that

“pulsing” and “latitudinally shifting” modes of storm track variability provide simplified

characterizations of the important modes of storm track variability. The latitudinally shift-

ing (and possibly the pulsing) mode of variability also is related to our current interpretation

of the dynamic feedbacks in the principal teleconnection patterns.

Monthly-averaged data was used to identify the dominant pulsing and latitudinally shift-

ing modes of storm track variability in sectors of both hemispheres for a variety of storm

track indicator statistics at various levels in the atmosphere. Pulsing and latitudinally shift-

ing modes were evident in both the NCEP / NCAR reanalysis dataset from 1948 onward

and in the period from 1979 onward, subsequent to the incorporation of satellite observa-

tions. Pulsing and latitudinally shifting modes of storm track variability are also evident

in the ECMWF reanalysis and preliminary evidence suggests they may also appear in gen-

eral circulation model output. In the NCEP / NCAR reanalysis, pulsing and latitudinally

shifting modes of eddy activity aloft are prominent in most months of the year for each

sector except the South Pacific. In general, the widespread appearance of both pulsing

and latitudinally shifting modes of storm track variability suggests these modes are robust

features of climate variability.

Monthly indices of the pulsing and latitudinally shifting modes of storm track variability

were compared with monthly indices of the dominant patterns of climate variability in the

geopotential height field. Based on these comparisons, the Northern Annular Mode is found
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to be most strongly associated with the latitudinally shifting mode of storm track variability

in the North Atlantic, in general agreement with the results of Lorenz and Hartmann (2003)

and Eichelberger and Hartmann (2007). The Pacific North America pattern is related to

both the pulsing and latitudinally shifting modes of storm track variability in the North

Pacific, with slightly higher correlations associated with the pulsing mode of storm track

variability during winter. In the Southern Hemisphere, the Southern Annular Mode is

strongly associated with the latitudinally shifting mode of storm track variability in the

South Atlantic and Indian Ocean sector and weakly associated with the pulsing mode of

storm track variability in the South Pacific. Because the seasonality in the storm tracks

of the Southern Hemisphere and in the Southern Annular Mode itself are more complex

than in the Northern Hemisphere, a comprehensive treatment of the relationship between

Southern Hemisphere modes of storm track and climate variability patterns is beyond the

scope of this dissertation.

The latitudinally shifting modes have stronger monthly-averaged relationships with the

geopotential height field and higher monthly-averaged correlations with the dominant pat-

terns of climate variability in the geopoential height field. The latitudinally shifting modes

of storm track variability exhibit stronger persistence on daily time scales that likely re-

sults from the positive eddy-mean flow feedback described by Lorenz and Hartmann (2001,

2003). Stronger persistence could manifest itself in stronger relationships with the geopo-

tential height field at monthly time scales. Investigating the apparently transient e!ects

associated with the dominant pulsing mode of storm track variability requires data with

higher than monthly resolution.

On daily timescales, the pulsing mode of storm track variability is highly correlated

with anomalies in the area-weighted and basin-integrated mean of storm activity for a

variety of storm track indicator variables. The dominant pulsing mode of storm track

variability in observations shares evolutionary characteristics with the idealized LC1 life

cycle of Thorncroft et al. (1993), which is itself a version of the base case examined in

a model by Simmons and Hoskins (1980). Eddy development associated with a pulsing

event originates near the surface, develops later near the tropopause and is associated with

anomalously positive poleward momentum fluxes during the late stages of the evolution. The
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late-stage convergence of momentum fluxes in the idealized life cycle experiments and late in

the evolution of an observed pulsing event is dynamically consistent with poleward shifting

zonal winds. The evolution of the geopotential height field and eddy momentum fluxes

associated with a latitudinally shifting mode event appears to be mostly a bland growth

and decay of the anomaly patterns that are apparent in the simultaneous correlations.

A key question that remains unanswered at the conclusion of this dissertation is whether

the pulsing mode of storm track variability can sometimes evolve into the poleward shifted

phase of the latitudinally shifting mode of storm track variability. If so, the implication

could be that both modes of storm track variability play an integral and intricate role in

wave-mean flow interactions important for understanding the canonical climate variability

patterns. Given the amount of work remaining to a"rmatively document an association

between the evolution of the pulsing mode and the latitudinally shifting mode, the idea that

pulsing modes can lead to latitudinally shifting modes is, however, best considered to be

speculative.

On climate change time scales, cold climates are generally associated with increased

eddy heat flux and eddy activity in the lower troposphere, but decreased eddy activity,

eddy kinetic energy and eddy momentum flux in the upper troposphere relative to warm

climates. The contrasting character of the near-surface and near-jet response in storm

track indicator statistics may indicate a significant and consistent influence of the e!ect of

barotropic shear in inhibiting upper tropospheric eddy development across a wide range of

possible climates and that changes in latent heating may be important in modulating this

control. Both of these ideas are also speculative, but one clue that barotropic shear might be

important is the appearance of mid-winter suppression in the Last Glacial Maximum North

Atlantic relative to the modern simulation, in which no such North Atlantic mid-winter

suppression is apparent. If general circulation model simulations produce robust pulsing

and latitudinally shifting modes of storm track variability, the relationship between these

modes and the dominant modes of climate variability in geopotential height can be tested

within a fully coupled model at equilibrium.

Overall, the results in this dissertation suggest that pulsing and latitudinally shifting

modes of storm track variability provide useful insights into our understanding of climate
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variability and climate change on a variety of time scales. If pulsing and latitudinally

shifting modes of storm track variability usefully characterize the essential features of storm

track variability on a variety of time scales, it may be possible to further our understanding

of both storm track variability and wave-mean flow interaction without involving the full

complexity of these interactions in the real atmospheric circulation.
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