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ABSTRACT

The present study focuses on diagnosing inter-model variability of non-zonally averaged jet
stream portrayal in 17 global climate models (GCMs) from the CMIP3 dataset. Knowledge of
the factors underlying inter-model variability contributes to an improvement in the understanding
of changes in jet stream structure due to anthropogenic climate change. Results presented here
suggest that targeted improvement of simulated tropical Pacific sea surface temperatures (SSTs)
will significantly improve the simulated extratropical circulation in models, of which the jet stream
is a primary feature. In addition, reduced uncertainty in the ENSO response to global warming will
lead to significant uncertainty reductions in the response of the jet as well.

This study begins with a historical overview of the Northern Hemisphere eddy-jet system.
Next, the theorized effects of increased atmospheric carbon dioxide concentrations are introduced.
The anthropogenic climate change impacts on the eddy-jet system include the direct response of an
intensified mid-latitude jet stream and raised tropopause, and a secondary response of a poleward
shifted jet. While both responses are evident in the ensemble mean 21st century projections, uncer-
tainty in the poleward shift response is large enough that even the sign of the shift is not consistent

among models, especially in the Northern Hemisphere.
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The first part of the present analysis seeks relationships between mean winter 20th century
model biases and (1) the internal modes of jet variability and (2) tropical SSTs. Compared to the
reanalysis, the ensemble mean 300 hPa Atlantic jet is too zonally extended and located too far
equatorward in GCMs. The Pacific jet varies significantly among modeling groups, with large
biases in the vicinity of the jet exit region that cancel in the ensemble mean. Using maximum
covariance analysis, it is found that 20th century Northern Hemisphere biases in upper-level winds
are strongly related to an ENSO-like pattern in winter mean tropical Pacific SST biases.

Compared to the mean state, the temporal variability of the upper-level zonal winds in the 20th
century is found to be accurately modeled in nearly all 17 GCMs. Also, it is shown that in the
Pacific, model biases in the longitude of EOF 1 and 2 are strongly linked to the modeled longitude
of the jet exit in the Pacific, indicating that the improved characterization of the mean state of the
Pacific jet will positively impact the modeled variability.

The second part of the analysis finds that 21st century projections of the ensemble mean zonal
wind change at 300 hPa predict a weakening and poleward expansion of the Pacific jet and an
overall expansion of the Atlantic jet. These ensemble mean structures are somewhat different from
the theorized poleward shift of the jet and do not consistently project onto model internal modes of
variability. In contrast with the direct zonal mean climate change signal of increasing mid-latitude
upper-level winds, 300 hPa zonal winds are projected to decrease in the core of the Pacific and
Atlantic jets with increasing 300 hPa zonal winds located primarily in the jet exit regions and the

meridional flanks of the jets.
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Uncertainties in SST changes from the 20th to the 21st between models are shown to impact
modeled Northern Hemisphere jet stream changes. In particular, ENSO-like mean winter SST
changes explain 26% of inter-model variance of mid-latitude zonal wind compared to the 8%
explained by the domain-averaged warming SST signal. This suggests that reduction of uncertainty

in the ENSO response to global warming is very important because it will significantly reduce

uncertainty in the Northern Hemisphere zonal wind response to climate change.



Chapter 1
Background

1.1 Eddy-Jet System: History, Dynamics, and Climatology

1.1.1 Jet Stream

As far back as the mid-19th century, in situ cloud observations and occasional balloon as-
cents engendered speculation regarding the existence of isolated high altitude wind speed maxima.
However, the official “discovery” of the jet stream did not occur until 1944, during the final days of
World War II (Reiter, 1963; Bryson, 1994). According to Bryson (1994), American bombers over
Japan were hindered in their high-altitude missions because of the strong winds they encountered in
the upper atmosphere, which were later termed ““jet streams” by Carl Rossby (Reiter, 1963, 1967).
Other accounts suggest that the German scientist Seilkopf introduced the name “Strahlstréme” (jet
stream) in 1939 (Reiter, 1963). These chance encounters with the jet stream advanced the field
of meteorology, increasing the impetus for upper-level observations and more complete dynami-
cal theories, and directly led to the early definition of the jet stream by the World Meteorological
Organization: “A strong narrow current, concentrated along a quasi-horizontal axis in the upper
troposphere or in the stratosphere, characterized by strong vertical and lateral wind shears and

featuring one or more velocity maxima (Reiter, 1967).



Although the jet stream “surrounds the whole hemisphere in wavy meanders (Reiter, 1963),
its two centers of maximum intensity in the Northern Hemisphere are located over the western
Atlantic and western Pacific oceans, where hemispheric baroclinicity is maximized due to land-
sea temperature contrast (Hoskins and Valdes, 1990). The Pacific jet is a well-defined maximum in
zonal wind speed that extends from East Asia to the dateline in the Northern Hemisphere (NH). The
region of mean acceleration of the zonal winds over East Asia is termed the jet entrance region and
the region of mean deceleration of the zonal winds near the dateline is termed the jet exit region.
The Atlantic jet tilts northeastward from the central continental United States toward Iceland and
is less intense than the Pacific jet.

These Northern Hemisphere (NH) jets undergo a seasonal extension and intensification through
early winter (November — January) as the NH mid-latitude baroclinicity increases, reaching their
greatest zonal extent in February and then retracting and weakening through March and the early
spring. The maximum intensity of the mean wintertime Pacific jet is located at approximately 33°N
and 143°E, with a mean maximum wind speed of 57 m s~ whereas the Atlantic jet maximum wind
speed of 36 m s~! occurs at 40°N and 70°W.

The intensity and position of the Northern Hemisphere jets fluctuate greatly on an intrasea-
sonal basis, meaning that the winter climatology is not always characteristic of the state of the
wintertime jet. Jet core wind speeds also fluctuate, with maximum wind speeds of 100 m s~* or
more present periodically throughout the winter. Common causes of intraseasonal variability of
the Pacific jet include interactions with eddies composing the storm track and anomalies in tropical

diabatic heating.



1.1.2 Storm Tracks

Cyclone tracks and their variability are intimately related to the jet mean state and variability.
These connections are best approached through an understanding of the dynamics of storm tracks.
Cyclonic storms are responsible for a great deal of the sensible weather that exists in the mid-
latitudes. For this reason the lifecycle and track of mid-latitude storms have been studied for as
long as meteorology has been considered a scientific endeavor. Early storm track research focused
on identifying and classifying storms and their preferred tracks, leading to the publication of the
first “global” (i.e. northern hemispheric) storm track maps in the Monthly Weather Review in 1872
(Klein, 1957). One seminal study by Klein (Petterssen, 1956; Klein, 1957), provided an early
observational view of the two main Northern Hemispheric storm tracks: a Pacific cyclone track
extending from the east coast of Japan toward the Gulf of Alaska and an Atlantic cyclone track from
Alberta toward the upper Great Lakes and north Atlantic. Klein (1957) also identified two regions
of maximum cyclone frequency: the Gulf of Alaska and the north Atlantic — coincident with the
eastern flanks of the major storm tracks. His work was revolutionary because he observed that
the position and intensity of storm tracks were related to the position and intensity of the 700 hPa
wind speed maximum. His observations are consistent with our modern dynamical understanding
of storm tracks and jet streams, but he made these assessments purely based on observations up to
a pressure level of 700 hPa — a remarkable feat (Klein, 1957).

Storms tend to track from quasi-stationary troughs toward quasi-stationary ridges (where these
troughs and ridges are part of the low-frequency circulation of the atmosphere) with maximum

cyclone frequency located downstream and poleward of the climatological jet stream (Chang et al.,



2002). Storm tracks can be conceptualized as the preferred paths for cyclonic storms propagating
eastward across the major ocean basins.

Storm tracks may be identified using a Lagrangian feature-tracking method or an Eulerian
variance identification method. The feature-tracking method, which was predominantly used prior
to the era of gridded data, identifies a storm/eddy based upon the location of a local sea level
pressure (SLP) minimum as compared to a predetermined threshold value of SLP. Recently, storm
tracks are more commonly identified using a maxima in the band-pass variance of geopotential
height or wind (Sawyer, 1970; Blackmon, 1976; Blackmon et al., 1977). This Eulerian definition of
a storm track is physically interpreted as a localized region in which increased SLP or geopotential
height variability is present due to the frequent passage of SLP anomalies through that region (this
definition does not distinguish between cyclones and anticyclones). For instance, the negative SLP
anomaly due to the passage of a cyclone through a given region would lead to large SLP variability
if that location was susceptible to the frequent cyclonic passage, as is the case in the storm track.
Band-pass frequency filtering is typically used in order to focus on the characteristic 5-10 day life
cycle of synoptic eddies.

The main mechanism responsible for eddy generation is baroclinic instability, which is maxi-
mized in the highly baroclinic region off the east coast of the Asian and North American continents,
maintained by strong surface diabatic heating arising from the land-sea temperature contrast be-
tween the warm Kuroshio and Gulf Stream ocean currents and the extremely cold continental air
to the west (Blackmon et al., 1984; Valdes and Hoskins, 1989; Orlanski, 1998). Baroclinic energy

conversion is a central element in the energetics of mid-latitude weather disturbances in which the



mean flow potential energy stored in a meridional temperature gradient is transformed into kinetic
energy of the transient waves, whose westerly tilt with altitude denotes their baroclinic nature
(Charney, 1947; Eady, 1949). Eddy activity can be maintained by downstream development, in
which individual synoptic eddies decay by transferring their energy to downstream eddies (Orlan-
ski and Chang, 1993; Chang, 1993; Orlanski and Sheldon, 1995). The operation of downstream
development means that baroclinic eddies develop not only from baroclinic energy conversion, but
also from energy flux convergence originating in decaying disturbances located upstream (Orlanski
and Sheldon, 1995). By its very nature, therefore, the process of downstream development actively
extends the storm track (Orlanski and Chang, 1993; Simmons and Hoskins, 1979).

Despite these two vigorous eddy development mechanisms, the storm track is finite in zonal
extent. Low-frequency disturbances (period > 10 days) in the jet exit region decay through inter-
actions with the mean flow by means of barotropic instability, in which kinetic energy of the eddies
and the mean flow (jet) are exchanged and eddies lose (gain) kinetic energy through strengthening
(weakening) the jet (Hoskins et al., 1983). In general, the baroclinic generation of energy drives
the storm track, downstream development transports energy eastward from eddy to eddy, and eddy
energy is dissipated through barotropic conversion enhanced in the diffluent jet exit region (Chang
et al., 2002).

The relationship between the jet stream and the eddies/cyclones is complex and two perspec-
tives are necessary in order to accurately portray the nature of this circulation system: that of eddies
forcing the jet and that of the jet stream guiding the storm track. The jet stream (in addition to be-

ing forced by topography and diabatic heating) is internally forced by eddy heat and momentum



fluxes due to the transient eddies that compose the storm track (Lau, 1988). Also, the jet acts as a
quasi-waveguide, trapping eddies in the jet core such that their meridional propagation is limited
(Wallace et al., 1988). Furthermore, the variability in the jet stream and the variability of the eddies
are related. Lorenz and Hartmann (2003) showed that eddy activity due to anomalies in the zonal
wind field actually reinforces those zonal wind anomalies in the upper troposphere — a positive
feedback.

One example of the complicated relationship between baroclinicity, cyclones, and jet streams
is the mid-winter suppression of the Pacific storm track as originally defined by Nakamura (1992).
It is unexpected that despite a maximum in baroclinicity over the Pacific basin during mid-winter
months, storm track activity peaks in late fall and early spring and is at a minimum during the
mid-winter months. Nakamura demonstrated that storm track activity varies with the speed of the
Pacific jet stream, showing that the amplitude of baroclinic waves in the storm track increases as jet
intensity increases only up to a jet speed of 45 m s~!. Multiple theories have since been presented
as to why this mid-winter suppression occurs, although the primary underlying mechanism for this
suppression is still considered to be an open research question. A few of the suggested factors
are 1) the jet stream is too strong during mid-winter months and waves quickly move through the
baroclinicity without developing (Nakamura, 1992), 2) cyclone growth is deterred by a lack of
moisture during mid-winter (Nakamura, 1992), 3) eddy seeds are blocked by the upstream Tibetan
plateau during mid-winter because of the southward-shifted jet (Orlanski, 1998), or 4) the lowering
of the tropopause acts to suppress the generation of eddy energy (Yin, 2002). Using theoretical

models, Orlanski (2005) showed that the differences of wave seeds entering the storm track are a



main source of storm track variability (where a wave seed simply means an eddy from the Asian
storm track that reaches the entrance to the Pacific storm track). As high-amplitude seeds flux
energy downstream to upper-level waves, anticyclonic wave breaking may occur, which feeds back
onto the large-scale stationary circulation by building up the ridge located in the eastern Pacific.
In global climate model results, a decrease in eddy seeds entering the Atlantic storm track has
been shown to lead to a decrease in Atlantic storm track activity during the last glacial maximum,

despite an increase in baroclinicity (Donohoe and Battisti, 2009).
1.1.3 Tropical Heating Impacts

Many studies have documented the links between tropical diabatic heating anomalies (of-
ten identified as outgoing longwave radiation anomalies) and extratropical circulation anomalies.
Hoskins and Karoly (1981) found that the thermal forcing due to a region of anomalous tropical
convection causes strong upper-level divergence in the tropics and convergence in the subtropics,
acting as a Rossby wave source. The consequent Rossby wave train develops and propagates out of
the tropics following an approximate ‘“‘great circle” route, with the disturbance moving to the north
and east out of the tropics in the Northern Hemisphere. Through interactions with the mid-latitude
storm track and zonally asymmetric circulation, a thermal forcing in the central tropical Pacific pro-
duces a disturbance that manifests itself as a series of height perturbations in the mid-latitudes that
are equivalent barotropic in structure and spatially similar to the Pacific/North American (PNA)
pattern (Wallace and Gutzler, 1981; Trenberth et al., 1998; Wang and Fu, 2000; Straus and Shukla,
2002). The PNA pattern is associated with the enhancement/extension and weakening/retraction

of the Pacific jet (Wallace and Gutzler, 1981).



The extratropical response to a warm El Nifio Southern Oscillation (ENSO) tropical heating
anomaly looks similar to the positive PNA pattern (although not exactly alike), with enhanced
subtropical Pacific westerlies and a strengthened and contracted Hadley Cell circulation (Trenberth
et al., 1998; Wang and Fu, 2000; Lu et al., 2008; Straus and Shukla, 2002). ENSO influences may
even be observed in the Atlantic region, although these effects are considerably weaker (Straus
and Shukla, 2002). This means that tropical convection anomalies should be considered when

examining potential influences on the structure of the Northern Hemisphere jets.

1.2 Climate Change and Jet Streams

Both an intensification and a poleward shift of the jet streams under anthropogenic climate
change have been theorized (Chen and Held, 2007; Lorenz and DeWeaver, 2007; Kidston et al.,
2011), observed over the past 30 years (Thompson and Wallace, 2000; Marshall, 2003; Hu et al.,
2007; Johanson and Fu, 2009), and are broadly expected to continue into the future (Solomon,
2007), as shown in global climate models (GCMs). Understanding how the jet streams will change
in the future is of primary importance in the assessment of anthropogenic climate change impacts.
Jet streams are closely related to storm frequency and intensity across the mid-latitudes and a
small change in jet position or intensity significantly impacts the sensible weather experienced
by a large fraction of the populated world. Also, it is important that GCMs correctly model the
large-scale circulation (of which the jet stream is a primary feature) in order to gain confidence
in other variables that may be controlled by the large-scale circulation such as precipitation over

North America related to the Pacific storm track.



1.2.1 Intensification of the Jet Stream

Increased atmospheric carbon dioxide concentrations cause the troposphere to warm and the
stratosphere to cool. The troposphere warms because of increased absorption and re-emission of
longwave radiation due to the greenhouse effect. The stratosphere cools as increased longwave
emission to space outweights warming caused by the absorption of shortwave radiation by strato-
spheric ozone. The combined effect of tropospheric warming and stratospheric cooling decreases
the static stability in the vicinity of the tropopause (as well as in the entire atmospheric column)
and raises the height of the tropopause (Held, 1993; Lorenz and DeWeaver, 2007).

Also, despite the well-known surface polar amplification of the global warming temperature
increase (Manabe and Stouffer, 1980; Serreze et al., 2009), the atmospheric column is warming
more in the tropics than the poles (i.e. as measured by thickness increases), enhancing the pole-
equator temperature gradient in the mid-latitudes. This is because air parcels in the tropics are
constrained by radiative-convective equilibrium to follow a moist adiabatic lapse rate, leading to
enhanced heating in the upper-tropospheric tropics compared to the mid-latitudes due to latent heat
release (Held, 1993).

Both the downward slope of the tropopause from the equator to the poles and the thermal wind
relationship dictate that a raised tropopause and enhanced pole-equator temperature gradient cause
an intensification of the mid-latitude jet streams. Therefore, the direct effects of anthropogenic
climate change include higher and more intense jet streams (Kushner et al., 2001; Lorenz and
DeWeaver, 2007). In addition to the direct effects of climate change, a poleward shift of the jet

streams has been simulated by climate models (Yin, 2005; Johanson and Fu, 2009; Lu et al., 2007;
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Wu et al., 2010; Lorenz and DeWeaver, 2007; Kushner et al., 2001) and predicted statistically and

dynamically.
1.2.2 Poleward Shift of Jet Stream: Statistical Physics Theory

The fluctuation-dissipation theorem (FDT) from statistical physics, first applied to climate sci-
ence by Leith (1975), can be used to predict the climate response to small external forcings. FDT,
suggests that a system’s forced response will be related to the unforced internal modes of variabil-
ity of the system (Leith, 1975). Therefore, FDT predicts that the forced response of mid-latitude
winds to global warming will linearly project onto the internal modes of variability of unforced
mid-latitude winds, assuming that climate perturbations are small enough for linear dynamics to
hold (Ring and Plumb, 2008).

The northern/southern annular mode (NAM/SAM) structure (also called the Arctic/Antarctic
Oscillation) is the dominant mode of hemispheric climate variability at all levels. NAM/SAM de-
scribes a north-south shift of mass between the mid-latitudes and the poles, indirectly describing a
north-south shift of the polar (i.e. eddy-driven) jets (Thompson and Wallace, 2000). Based upon
FDT, it has been hypothesized that the jet streams will shift meridionally under anthropogenic cli-
mate change as the forced climate change signal manifests as the amplification of NAM/SAM
(Ring and Plumb, 2008; Gerber et al., 2008a). Studies have found that the time scale of the
NAM/SAM is too long in GCM simulations (Gerber et al., 2008a), causing the extratropical jet
to be too sensitive to global warming perturbations, validating the assumptions of FDT (Gerber

et al., 2008b). It has also been shown that increased model resolution can improve the quality of
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the modeled annular modes and improve the sensitivity of NAM/SAM to anthropogenic climate
change (Gerber et al., 2008a).

In observations, the NAM and SAM have trended positive over the latter half of the 20th
century, indicating a poleward shift of the polar jet in both hemispheres (Thompson et al., 2000;
Marshall, 2003). However, the magnitude of this trend is currently in question because the annular
mode structure has become significantly less positive since 2000 (Overland and Wang, 2005). Also,
a recent study suggests that using the sea-level NAM/SAM, as is common practice, is ineffectual to
describe jet shifts because it does not take into account the baroclinic structure of the anthropogenic
climate change signal (Woollings, 2008).

Despite uncertainties, future projections of the NAM/SAM are certainly important. In fact,
inter-model variance of the NAM in climate projections is shown to be responsible for up to 40%
of surface temperature and precipitation variance over Eurasia and North America in late 21st
century projections (Karpechko, 2010). A statistical physics perspective (FDT) suggests that the
characterization of modeled internal variability is critical, even if the winter mean response to
anthropogenic climate change is the main variable of interest (Gerber et al., 2008b). GCM portrayal

of 20th century modes of internal variability of the jet will be examined in Chapter 2.

1.2.3 Poleward Shift of the Jet Stream: Dynamical Theory of the Eddy-driven
Jet

A future poleward shift of the mid-latitude jet streams has also been explained dynamically by
considering the interaction between changes in the zonal-mean jet and the eddies. One implication

of the increased jet wind speeds due to the direct effects of climate change, described in 1.2.1, is
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the increase of mid-latitude eddy phase speeds. Mid-latitude eddies are generated from baroclinic
instability in the jet core. Later in the eddy life cycle they most often propagate equatorward
(because of spherical geometry) and break before they reach the so-called “critical latitude™ that
restricts them, defined by the latitude at which the zonal wind equals the phase speed of the eddy.
The faster the eddy phase speed, the less the waves deviate from the jet core throughout their life
cycle (Chen et al., 2007). As eddy phase speeds increase, primarily in the jet core, as a direct result
of global warming, the critical latitude moves poleward and eddies are confined closer to the jet
core, shifting their associated eddy momentum fluxes produced during wave breaking poleward
(Chen et al., 2007; Chen and Held, 2007). A poleward shift of eddy momentum flux divergence
results in a poleward shift of tropospheric winds on the equatorward flank of the jet (Chen and
Held, 2007; Chen et al., 2007; Lu et al., 2008).

Another dynamical mechanism that could be responsible for the poleward shift of the jets is the
projected increase in spatial scale of mid-latitude eddies due to the decrease in overall static stabil-
ity under global warming, as confirmed by GCM projections (Kidston et al., 2010). According to
eddy dynamics, this increased spatial scale will cause a decrease in eddy phase speed with respect
to mean tropospheric winds in the eddy source region at the jet core. Because slower eddies can
travel farther before wave breaking occurs, these larger eddies will be more likely to propagate
from the eddy source region before dissipating, increasing net wave propagation out of the source
region (Kidston et al., 2011). Kidston et al. (2011) argue that this causes less eddy dissipation/wave
breaking on the poleward side of the jet, making it more of a source region on average and sug-

gesting a poleward expansion of the jet. Although it is possible that this mechanism will cause the
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entire jet to shift polweward, it is also possible that it will result in a broader jet (Kidston et al.,
2011).

A simpler mechanism proposes that because the tropical atmosphere is constrained to be moist
adiabatic, tropospheric static stability will increase more on the equatorward flank of the jet than
on the poleward flank, reducing baroclinicity on the equatorward flank of the jet. A decrease
of baroclinicity decreases the number of waves generated in that region, decreasing the westerly
forcing on the equatorward flank of the jet (Lu et al., 2010).

Despite the many mechanisms that could be responsible for shifting storm tracks poleward
under anthropogenic climate change, interpreting future projections of storm track position is not
straightforward. While some studies find that modeled storm tracks shift poleward by the end of the
21st century (Yin, 2005), other studies suggest a poleward expansion and intensification of future
storm tracks (Wu et al., 2010). In general, the projected poleward shift of Southern Hemisphere
(SH) storm tracks is much clearer and more robust than the shift of storm tracks in the Northern
Hemisphere (NH), which is fraught with model discrepancies (Bengtsson et al., 2006; Ulbrich

et al., 2008).

1.2.4 Poleward Shift of the Jet Stream: Dynamical Theory of the Subtropical
Jet

Subtropical jet position may be inferred based upon the poleward extent of the Hadley Cell. The
poleward boundaries of the Hadley Cell effectively represent the latitudinal extent of the tropical
atmosphere and are coincident with the locations of the subtropical jets. The poleward boundaries

of the Hadley cell are determined by the poleward extent to which angular momentum conservation
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continues in the upper branch of the Hadley Cell. Lu et al. (2007) describe two main controls on
the latitude at which angular momentum conservation breaks down: tropical tropopause height
controlling tropical diabatic heating and static stability controlling the stability on the poleward
flank of the subtropical jets (Lu et al., 2010).

Observational studies exploring a variety of reanalysis and OLR datasets show that a 2° — 4.5°
latitude expansion of the Hadley Cell has occurred between 1979-2005 (Hu et al., 2007). While
this time period may not be long enough to distinguish a long-term trend from decadal variability,
this observed widening does not seem to be explained by internal atmospheric variability, which is
less than 1.5° latitude in preindustrial GCM experiments (Johanson and Fu, 2009). GCMs project
even more poleward expansion of the Hadley Cell in the future, averaging a 2° latitude expansion
by the end of the 21st century (Lu et al., 2007). This estimate is much smaller than what has
already been observed, supporting the assertion that the subtropical jet will translate poleward

under anthropogenic climate change, perhaps more than estimates by GCMs suggest.

1.2.5 Poleward Shift of the Jet Stream: Zonal Winds in GCMs

Studies that have directly examined jet stream winds in global climate models (GCMs) have
also lacked consensus with regard to modeled future jet stream structure, especially in the Northern
Hemisphere. While the CMIP3 GCM ensemble mean zonal mean zonal winds show a poleward
shift and intensification of the jet (Lorenz and DeWeaver, 2007; Kushner et al., 2001), the inter-
model spread is larger than the ensemble mean, reducing confidence in GCM projections (Kidston
and Gerber, 2010; Woollings and Blackburn, 2012). Overall, a poleward shift of low-level winds

(such as 850 mb or surface) is more consistent between modeling groups, perhaps indicating that
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the polar eddy-driven jet, which penetrates into the lower troposphere, unlike the subtropical jet,
has a clearer response to anthropogenic climate change (Woollings and Blackburn, 2012).

Because of the possible differences between subtropical and polar jet responses to anthro-
pogenic climate change, studies that do not use a zonal mean perspective have found distinct
results for different local jet stream structures. For instance, one recent observational study has
shown that the NH Atlantic jet has shifted northward while the NH Pacific (East Asian) jet has not
(Yaocun and Daqing, 2011). Intensification of upper-level wind has been shown to be consistent
among GCMs, while the possible projected poleward shift of jet stream winds in the NH Atlantic
and Pacific regions varies widely among modeling groups (Ihara and Kushnir, 2009).

Adding complexity to the situation, all CMIP3 GCMs have been found to position the zonal
mean jet too far equatorward in both hemispheres in the 20th century when compared to reanalysis
data (Kidston and Gerber, 2010; Woollings and Blackburn, 2012). Because 21st century projec-
tions of jet structure are correlated with 20th century jet model biases (Kidston and Gerber, 2010),
an important step toward understanding future jet stream structure is a careful analysis of 20th

century model biases.

1.3 Outline

Future changes in the jet stream are not robust in CMIP3 GCMs, especially in the North-
ern Hemisphere (Lorenz and DeWeaver, 2007; Kushner et al., 2001; Kidston and Gerber, 2010;

Woollings and Blackburn, 2012; Yaocun and Daqing, 2011; Thara and Kushnir, 2009). The present
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study focuses on understanding reasons for inter-model variability of non-zonally averaged zonal
wind in both the 20th century and the 21st century response to climate change.

Chapter 2 examines the 20th century mean winter model bias, seeking relationships between
model bias, internal modes of jet variability, and tropical SSTs. The robustness of jet variability
in GCMs is also examined in Chapter 2. Chapter 3 analyzes 21st century projections of jet stream
structure in order to diagnose what underlies inter-model variations in jet stream change. The role
of internal modes of variability and tropical Pacific SSTs are examined using maximum covariance
analysis (MCA) and regression analysis. Final conclusions and future avenues of research are

discussed in Chapter 4.
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Chapter 2
20th Century Jet Stream Biases in GCMs

2.1 Background

A poleward shift of the jet streams under anthropogenic climate change has been theorized
(Chen and Held, 2007; Lorenz and DeWeaver, 2007; Kidston et al., 2011), observed over the
past 30 years (Thompson and Wallace, 2000; Marshall, 2003; Hu et al., 2007; Johanson and Fu,
2009), and is broadly expected to continue into the future (Solomon, 2007). Despite the multitude
of studies acknowledging this poleward shift, jet stream winds still vary significantly between
observational datasets and modeling groups.

Because 21st century projections of jet structure are correlated with 20th century jet model
biases (Kidston and Gerber, 2010), the next step toward understanding future jet stream structure
is a careful analysis of 20th century model biases, as presented here. The goal of Chapter 2 is to
understand why there is a lack of model consensus of NH jet structure in 20th century simulations.
Chapter 3 will then discuss how to use this knowledge of 20th century simulations to better under-
stand 21st century projections. While analyses of the zonal mean wind are a good starting point for
an examination of the large-scale circulation, this study goes one step further to look at the upper-

level winds separately for the Atlantic and Pacific basins without the use of zonal averaging. This
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type of analysis is valuable because of the complex jet dynamics associated with the asymmetric
NH circulation.

Chapter 2 is organized as follows. Section 2.2 outlines the reanalysis and GCM data used in this
study. Results of a detailed comparison between GCM simulations and reanalysis are presented
in Section 2.3. These results include the analysis of ensemble mean winter biases as well as
an examination of inter-model variations and the portrayal of jet stream variability in GCMs. The
main analysis tools used are empirical orthogonal function/principal component (EOF/PC) analysis

and maximum covariance analysis (MCA). Conclusions for Chapter 2 are found in Section 2.4.

2.2 Data and Methods

In this study, observations are used to establish a climatology of NH jet streams based upon the
1980-1999 mean winter zonal winds. These observations come from the NCEP/NCAR Reanaly-
sis]l dataset (Kalnay et al., 1996). Seventeen GCMs are assessed in comparison with the obser-
vations to determine the accuracy of jet stream characterization in each model. These 17 GCMs
come from the World Climate Research Programme’s (WCRP’s) Coupled Model Intercompari-
son Project phase 3 (CMIP3) multi-model dataset for the climate of the 20th century experiment
(20c3m) !. Table 2.1 lists the models included in this study. These particular models are chosen
because they provide the daily-resolved data required for this study.

The present study employs daily 300 hPa zonal wind data and monthly sea surface temperature
(SST) data for 20 boreal winter seasons. A complementary analysis using 700 hPa zonal wind data

(not discussed) is found to be in close agreement with the results at 300 hPa. Daily wind data are

Thttp://www-pemdi.linl.gov/ipec/model_documentation/ipcc_model_documentation.php
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smoothed using a 5 day running mean for the period encompassing November 1 through March
31st of each winter from November 1979 to March 1999 (with leap days removed). The 17 GCMs
vary in resolution from 1.125° latitude x 1.125° longitude (Model 1 - INGV-SXG) to 4° latitude
x 5° longitude (Model 17 - INM-CM3.0). In order to directly compare model and reanalysis
data, each model is linearly interpolated to 2.5° latitude x 2.5° longitude resolution. Resolution
differences between models are not found to be related to the accuracy of jet stream portrayal.

To create the mean winter zonal wind (SST), the smoothed (monthly) data are averaged over
NDJFM and over all 20 years of the data period. The seasonal cycle of zonal wind is created by
averaging each smoothed day (i.e. pentad) over all 20 boreal winter seasons. Smoothed daily wind

data (with the seasonal cycle removed) are used to perform EOF/PC analysis.

2.3 Results and Discussion

2.3.1 Jet portrayal in NCEP/NCAR reanalysis

Both the mean state and variability of the upper-level winds are examined in order to gain a
full understanding of the NH jet streams in reanalysis data, which is then used to assess GCM
accuracy. The reanalysis winter mean 300 hPa zonal wind for 1980-99 is shown in Figure 2.1,
with wind speed maxima located in the Pacific and Atlantic basins (hereafter called the Pacific and
Atlantic jets). The Pacific jet extends from East Asia across the Pacific basin and the Atlantic jet
extends from the central continental United States to the west coast of Europe, tilting northeastward
across the Atlantic basin.

The dominant modes of variability of the reanalysis are identified through empirical orthogonal

function/principal component (EOF/PC) analysis of the smoothed daily 300 hPa zonal wind field
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with the seasonal cycle removed. EOF/PC analysis is performed on the reanalysis data over the
North Atlantic (120°W - 20°E, 22.5°N - 80°N) and the North Pacific (100°E - 240°E, 22.5°N -
80°N) basins for winter (NDJFM) 1980-99. All EOFs/PCs shown in this study have been found to
be well separated from higher-order EOFs/PCs as determined by the methodology of North et al.
(1982). The two dominant modes of variability for each basin are shown in Fig. 2.2 as regressions
of the 300 hPa zonal wind field (0° - 80°N) onto the first and second PCs of the zonal wind. These
dominant modes of variability represent the most likely ways the jet stream will vary from its
average position.

In the Pacific, the primary mode of variability explains 15.9% of the variance in the upper-
level zonal wind, with the dominant variant structure located near the jet exit region (Fig. 2.2a),
indicating a strengthening and weakening of zonal winds in this region. This mode represents an
extension or retraction of the upper-level jet (Jaffe et al., 2011). The secondary mode of variability
in the Pacific explains 11% of the variance in the upper-level zonal wind and looks quite different
from the primary mode of variability, with a dipole of variant structures straddling the jet axis near
the jet exit region (Fig. 2.2b). This pattern represents a northward/southward shift of the jet near
the exit region.

In the Atlantic the first mode of variability (21% of the total variance) resembles a north-
ward/southward shift of the eastern half of the jet (Fig. 2.2c) and the second mode of variability
(18% of the total variance) characterizes a strengthening/weakening of the zonal wind speed in
the jet core especially in the eastern half of the jet (Fig. 2.2d). Because the structure of the

Atlantic jet includes a southeast-northwest oriented tilt from southeastern North America toward
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Great Britain, an additional level of complexity is added to the interpretation of these patterns of
variability. To be certain of the correct interpretation, a composite analysis is performed, averaging
over the smoothed daily data that have PCs 1-2 greater than 1 standard deviation (or less than -1
standard deviation). This threshold includes the pentads with the largest magnitude variability of
the upper-level winds. Results are shown in Fig. 2.3 with the perturbation winds associated with
each composite in the left panel and the full winds in the right panel for each case. The com-
posite analysis supports the interpretation that the primary mode of variability of the Atlantic jet
is a more like a northward/southward shift and the secondary mode of variability is more like a
strengthening/weakening of the jet exit region. The northward/southward shift of the jet can be
seen by comparing Fig. 2.3b and Fig. 2.3d and the extension/retraction of the jet can be seen by
comparing Fig. 2.3f and Fig. 2.3h The composite retraction of the Atlantic jet (Fig. 2.3h) also
strongly resembles a blocking pattern over the Atlantic basin.

Although the two leading modes of variability in the Pacific and Atlantic basin are opposite
one another, they can be interpreted similarly. To add meaning to the discussion of these modes
of variability they will be referred to as the “Shift EOF” (Pacific EOF 2 and Atlantic EOF 1) and
“Extend/Retract EOF” (Pacific EOF 1 and Atlantic EOF 2) throughout the remainder of the study.
It has been suggested that the reversal of the primary and secondary modes of variability between
the Pacific and Atlantic jets results from differences in the orientation of the subtropical and eddy-
driven jets in the two regions (Eichelberger and Hartmann, 2007). This is likely related to the
distinct nature of the jet in each region, with the upper-level winds in the Pacific dominated by the

influence of the subtropical jet stream, and the upper-level winds in the Atlantic influenced by both
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the polar and subtropical jet streams (Lorenz and Hartmann, 2003; Eichelberger and Hartmann,
2007). The difference between these two regions is important and would not be apparent in a zonal

mean analysis of the NH jets.

2.3.2 GCM bias of the mean winter jet

Model bias is defined to be the difference between the GCM and reanalysis 300 hPa zonal wind
(Ubias = Ugenmr — Ureanalysis)- A positive model bias indicates that modeled westerly zonal wind
speeds are too high in a given location and negative model bias shows where modeled zonal wind
speeds are too low. Figure 2.4a shows the average model bias for the 17 GCMs being considered.
Overall, model bias of the upper-level zonal wind is on the same order of magnitude as the two
dominant modes of variability seen in Fig. 2.2. Also, the amplitude of the average model bias is
of the same order of magnitude as the standard deviation of model bias around the ensemble mean
(Fig. 2.4b).

The largest bias of the model mean occurs in the Atlantic, where the jet is too extended and
positioned too far equatorward on average in the models. The modeled jet is also positioned too
far equatorward in the Southern Hemisphere (not shown), supporting the results of Kidston and
Gerber (2010). The bias of the model mean in the Atlantic is somewhat larger than the standard
deviation about the ensemble mean, indicating that biases are fairly consistent across models in this
basin. The standard deviation for the Atlantic jet is positioned farther west than the mean model
bias, with two maxima located on the poleward and equatorward flanks of the Atlantic jet.

Compared to the Atlantic, the bias of the model mean is small in the Pacific, with one iso-

lated region of positive bias in the Eastern Pacific and another weak region of positive bias on the
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poleward flank of the Pacific jet. However, the standard deviation of models about the ensemble
mean is quite large, indicating that models exhibit much variability in their portrayal of the Pacific

jet. The standard deviation is largest, more than 8 m s™1

, in the Pacific jet exit region, strongly
resembling the dominant mode of variability (EOF 1 - Extension/Retraction) for the Pacific region.

An examination of individual model portrayals of the mean winter jets (representative examples
shown in Fig. 2.5) shows that some models have very small biases (Figs. 2.5a and 2.5b) while other
models have bias patterns that resemble the dominant modes of variability of the observed winter
jet (Figs. 2.5¢ to 2.5f).

As a first step toward understanding the cause of model biases, it is important to determine
the relationship of these biases with the dominant modes of variability in the Pacific and Atlantic
regions. Such relationships offer clues regarding the existence of model biases. A normalized
projection of each model’s mean winter bias onto the first and second EOFs of the upper-level
zonal wind from the reanalysis (shown in Fig. 2.2) is used to quantify the relationship between
the model biases and the observed modes of jet variability. This analysis is done separately for the
Atlantic (120°W - 20°E) and Pacific (100°E - 120°W) basins and results are shown in Fig. 2.6.
The sign convention used for the EOF 1-2 patterns of the reanalysis is that shown in Fig. 2.2. The
position of each point with respect to the x-axis (y-axis) shows the value of each model’s projection
onto EOF 1 (2) from the reanalysis.

In the Pacific, the projection of each model’s bias onto the observed dominant modes of vari-

ability shows two clusters of models. The first group of models (Group 1, depicted with crosses)

have biases clustered on the negative x-axis, indicating their similarity to a retraction of the Pacific
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jet (negative EOF 1). The second group of models (Group 2, depicted with asterisks) have biases
clustered on the positive x-axis, indicating their similarity to an extension of the Pacific jet (positive
EOF 1). These two groups of models also have different positions with respect to the y-axis, with
Group 1 being more likely to have a bias resembling a northward shift of the Pacific jet (positive
EOF 2) and Group 2 being more likely to have a bias resembling a southward shift of the Pacific
jet (negative EOF 2). It is important to note that while these two groups are well-separated in EOF
space, the length of their projections onto EOF 1-2 are only ~0.5-0.6, indicating that EOF 1-2 are
not complete in their explanation of bias in this case. The black line connects the average Group 1
projection to the average Group 2 projection, showing the axis along which a combination of EOF
1 and 2 explain the inter-model bias of the upper-level zonal wind. The segregation of models
along this axis is unusual and merits further examination. The open circles and diamonds in Fig.
2.6 will be explained in relation to other results discussed in section 2.3.3.

In the Atlantic (Fig. 2.6b), models biases are more uniform, without the distinctive two group
structure found for the Pacific. Atlantic model biases mostly cluster in quadrant 4, resembling
both an extension and southward shift of the Atlantic jet (negative EOF 1 and positive EOF 2). In
Fig. 2.6b Atlantic models continue to be depicted as crosses/asterisks according to their respective
groups as determined for the Pacific — and a delineation is still apparent between Group 1 and
Group 2. This delineation is shown by the fact that crosses and asterisks barely overlap despite the
fact that they are all located in the vicinity of quadrant 4 in Fig. 2.6b. The fact that this grouped bias
structure holds true in the Atlantic suggests that despite the differences between the two basins,

model biases in the Atlantic and Pacific regions are likely linked.
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In order to uncover the difference in spatial structure between Group 1 and Group 2, the mean
model bias of each group is calculated. The difference between Group 1 and Group 2 (Group
2 — Group 1) is shown in Fig. 2.7. There are two maxima, which indicate regions of oppositely-
signed bias between Group 1 and 2. The first (and largest) maximum in bias difference is found in
the Pacific jet exit region, in the same location as the large value of the standard deviation of model
bias shown in Fig. 2.4b. The second maximum in bias difference is found on the southern flank of
the Atlantic jet, also found in a location of high standard deviation of model bias, as shown in Fig.
2.4b. No significant difference between Group 1 and Group 2 is found in the Southern Hemisphere

(not shown).
2.3.3 Relationship between jet bias and tropical Pacific SST bias in GCMs

The strong link between biases in the Pacific and Atlantic basins (despite different jet dynamics
in each region) suggests that a forcing external to the mid-latitude eddy/jet system is involved in
producing these model biases. Due to the far reaching influence of El Nifio Southern Oscillation
(ENSO), this system will be considered as a possible external forcing influencing model biases
of mid-latitude upper-level winds. This potential relationship will be examined using maximum
covariance analysis (MCA).

MCA is used here to assess the dominant patterns of covariability between tropical SST biases
and upper-level zonal wind biases in the same models. This technique identifies pairs of patterns
that maximize the squared covariance between two variables: in this case the mid-latitude 300 hPa
zonal wind (100°E - 20°W, 10°N - 80°N) and the tropical SST (30°S - 30°N, 120°E - 290°E).

The covariance is identified across a given sampling dimension. Typically sampling is performed
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across time, but in this case sampling is done across the 17 GCMs to identify structures linked
to model bias. Further explanation of MCA may be found in Bretherton et al. (1992), Wallace
et al. (1992), and Deser and Timlin (1997). It is important to note that because this MCA analysis
samples across model space instead of across time, ENSO-like SST patterns that are identified
are not equivalent to inter-annual variability in any model. Instead, these ENSO-like patterns of
SST show the winter mean state of the tropical Pacific that is associated with a given mode of
inter-model covariability.

The first mode of covariability between the wind and SST explains 52% of the total squared
covariance between the two fields. Considering that the second and third modes of covariability
explain 16% and 13% of the total covariance respectively, the first mode is clearly dominant.
Confirming the validity of this technique, the normalized root mean squared covariance (NRMSC)
is calculated to be 0.30, meaning that there is a significant amount of total covariance between
these two fields. In addition, the correlation between the two expansion coefficients (i.e. the left
and right singular vectors) is 0.81, verifying that there is a high degree of coupling between the
patterns identified in the wind and SST fields (Fig. 2.8c). Therefore, the first pattern of covariability
identified by MCA appears robust and is shown in Fig. 2.8.

The patterns of covariability produced by MCA are depicted via regressing SST bias (homo-
geneous; Fig. 2.8b) and zonal wind bias (heterogeneous; Fig. 2.8a) onto the SST expansion
coefficient. Regression onto the zonal wind expansion coefficient yields similar structures. Here

we focus on the SST expansion coefficient as a potential predictor of zonal wind bias. A scatter
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plot of the SST and zonal wind expansion coefficients is depicted in Fig. 2.8c, and demonstrates
their strong correlation.

The homogeneous SST field (Fig. 2.8b) strongly resembles the positive phase of ENSO and
exhibits a high spatial correlation with the observed ENSO SST pattern, shown in Fig. 2.9b (r
= (0.70), with further discussion to follow. The heterogeneous wind field (Fig. 2.8a) is similarly
spatially correlated with the grouped model bias shown in Fig. 2.7 (r = 0.81). It is notable that
ENSO-like SST biases are so directly connected to mid-latitude jet biases through the first mode
of covariability produced by MCA. This indicates that the portrayal of the winter mean state in
the tropical Pacific affects the modeled upper-level midlatitude zonal winds in both the Pacific and
Atlantic regions, suggesting that differences in NH jet stream portrayal between the 17 GCMs are
primarily related to the representation of ENSO-like mean SST in the tropical Pacific.

The open circles added to Fig. 2.6 seek to explain the relationship between the grouped model
bias and the ENSO-like structure of tropical Pacific SST biases. The open circles show the values
of the normalized projection of the heterogeneous wind pattern (Fig. 2.8a) onto the primary and
secondary modes of zonal wind variability from the reanalysis data (EOF 1-2, Figs. 2.2a to 2.2d)
for the Pacific (2.6a) and Atlantic (2.6b) regions. Because of the non-signed nature of MCA, the
open circles show both possible sign conventions. The addition of these circles show that the
portion of the model wind bias due to ENSO-like mean SST biases in the tropical Pacific falls
along almost the same axis as the bias of the jet stream between models in the Pacific (2.6a).
This reinforces the hypothesis that the uncertainties in mean winter Pacific jet stream portrayal are

caused by each model’s treatment of winter mean tropical Pacific SST and suggests that if models
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produced a more consistent tropical Pacific winter mean SST distribution, Pacific jet model biases
would be more consistent. The same relationship is not as clear in the Atlantic (2.6b), though it is
noteworthy that the portion of zonal wind bias that is related to ENSO-like mean state biases (the
circles in 2.6b) do generally align along the “Group 1, Group 2” axis. This suggests that tropical
Pacific mean state biases may be responsible for some portion of the bias of the Atlantic jet as well.

In order to further confirm and detail the relationship of the Pacific modeled ENSO-like tropical
mean state and mid-latitude zonal wind biases, we examine the spatial structure of zonal wind
variations associated with temporal ENSO variations in the observed record, and compare these
results with the results of the MCA above. One commonly-used metric for defining ENSO is
the cold tongue index (CTI; Zhang et al. (1997)), defined by the sea surface temperature (SST)
anomaly pattern over the eastern equatorial Pacific (6°S - 6°N, 180° - 90°W). Fig. 2.9 shows the
regression of the reanalysis wintertime (NDJFM; annually resolved) zonal wind and wintertime
SST fields onto the reanalysis wintertime CTI for 1950-2009. The regression therefore depicts
the average observed patterns of wintertime SST and upper-level zonal wind associated with a
positive CTI. Fig. 2.9b shows the canonical positive ENSO (EI Nifo) SST signal of warming in
the eastern equatorial Pacific and Fig. 2.9a shows the wintertime zonal wind teleconnection pattern
associated with El Nifio SST anomalies. The positive phase of ENSO is associated with increased
wind speeds within a subtropical band (15°-30°N) stretching from the dateline to approximately
90°W.

The normalized projection of the observed ENSO teleconnection pattern (Fig. 2.9a) onto the

primary and secondary modes of variability from the reanalysis (EOF 1-2, Fig. 2.2) is shown by
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the open diamonds added to Fig. 2.6. In the Pacific region (Fig. 2.6a), these diamonds also fall
along nearly the same axis as inter-model variations in jet stream biases and the heterogeneous
wind pattern produced by MCA. The near-alignment of these different variables shows that they
all project onto a similar combination of EOF 1-2. Thus, it is even more likely that the ENSO-like
state of modeled SSTs explains inter-model differences in the bias of NH jet streams in the Pacific.
While the link between Atlantic jet biases and ENSO is weaker (2.6b), inter-model variations do
lie along the same axis as the ENSO teleconnection pattern. Therefore, it seems that model biases
in the portrayal of the Atlantic jet are also affected by tropical Pacific mean state biases.

To further confirm the results of MCA, the mean winter upper-level wind field is regressed onto
the mean winter CTI for each model, with results shown in Fig. 2.10. The results of this regression
analysis look remarkably similar to the results of MCA, and are correlated with the heterogeneous
wind field (Fig. 2.8a) at r = 0.98 and with the grouped model bias pattern (Fig. 2.7) at r = 0.71.
This confirms that jet stream biases across the 17 GCMs are related to the ENSO-like biases in
tropical Pacific SST in these models. However, a comparison between Fig. 2.10 and Fig. 2.9a
shows that the jet stream bias pattern associated with ENSO-like SST biases in GCMs does not
completely resemble the observed ENSO teleconnection pattern (r = 0.46). Additional thoughts on
this issue are found in Section 2.4.

To quantify how much inter-model variance is explained by the ENSO-like pattern identified
by MCA, the SST expansion coefficient (i.e. the left singular vector) of the first mode of MCA
covariability is used as a predictor of inter-model variance of upper-level winds, allowing the

determination of what percentage of the inter-model variance of upper-level winds is explained
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by GCM SST biases. The result of this analysis, shown in Fig. 2.11, finds that ENSO-like SST
biases explain 21% of the NH inter-model variance of mid-latitude jet stream portrayal on average,
with significantly more variance explained in the central subtropical Pacific and eastern subtropical
Atlantic. Fig. 2.11b shows that while SST biases do not explain all of the inter-model variance in

upper-level winds, they do explain a substantial portion, especially in the Pacific.

2.3.4 GCM portrayal of jet variability

To complete this analysis of NH jet stream portrayal, temporal variability of the upper-level
winds is also considered. EOF/PC analysis is used to determine the primary and secondary modes
of variability associated with the Pacific and Atlantic jets for each model. The same methodology
is used as for the reanalysis data (Section 2.3.1). EOF/PC 1 and 2 are well separated for all models.

Figure 2.12 shows the normalized projection of the first two EOFs of each model onto the first
two EOFs of the reanalysis data (a. Pacific, b. Atlantic). Asterisks (Crosses) indicate the value
of the projection of EOF 1 (EOF 2) of a given model onto EOF 1 (EOF 2) of the reanalysis. For
instance, an asterisk located at (1,0) would describe an exemplary model’s depiction of EOF 1 that
is completely explained by reanalysis EOF 1 and not explained by reanalysis EOF 2. It is important
to note that the sign of a given mode is arbitrarily determined and therefore the polarity is assigned
based upon the convention established by reanalysis EOF 1-2 (Fig. 2.2).

Most points cluster near (0,1) or (1,0), indicating that GCMs are successfully replicating the
two dominant modes of variability. There are only 3 outlier points: two for the Atlantic and one
for the Pacific. The Atlantic outliers are EOF 1 and 2 from Model 1 (INGV-SXG), and indicate the

reversal of EOF 1 and 2 in that model (not shown). Because EOF 1 and 2 explain 15% and 14%
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of the variability of the Atlantic upper level winds respectively, this reversal is not a serious flaw
in the modeled variability. For the one outlier in the Pacific (EOF 2 from Model 16, GISS-ER) it
is found that EOF 2 and EOF 3 are reversed (not shown), another minor flaw since these modes
explain 11% and 9% of the variability respectively. Therefore, all 17 models do a good job of
replicating the two dominant modes of variability. Even the outliers have the correct structures
represented in the wrong order. In fact, this variability appears to be more consistently replicated
than the mean state of the jets in GCMs (Fig. 2.6).

Because the location of the perturbation wind speeds associated with the dominant modes of
variability is located nearby the jet exit region (see, e.g., Fig. 2.2), a measure of the longitude of
the jet exit region and the longitude of wind speed anomalies associated with EOF 1-2 is used to
find a functional relationship between jet mean state and variability.

A regression analysis, shown in Fig. 2.13 examines the relationship between the modeled
modes of variability and modeled mean state of the Atlantic and Pacific jets. The longitude of the
maximum wind perturbation associated with EOF 1-2 is regressed onto the longitude of the jet exit
region for each model, as defined by the local minimum of the zonal gradient of the mean winter
zonal wind from each model. Model 16 (GISS-ER) is removed from the analysis of Pacific EOF 2
and Model 1 (INGV-SXG) is removed from the analysis of Atlantic EOF 1-2 because they do not
correctly represent their respective EOFs (as shown in Fig. 2.12).

For the Pacific jet, the longitude of the maximum value of EOF 1-2 is highly correlated with
the longitude of the jet exit region (r = 0.88, r = 0.68), shown in Fig. 2.13a and 2.13b (open circles

show results from reanalysis dataset). The y = x line is also shown for the Pacific, which indicates
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the line the regression would follow if EOF 1-2 were located exactly at the longitude of the jet exit
region. Most models correctly portray the maximum wind perturbation to be located immediately
downstream of the jet exit region.

Figures 2.13c and 2.13d show the regression analysis for the Atlantic jet, which does not dis-
play a similar strong connection (r = 0.41, r = 0.43). The models all portray the maximum wind
perturbation too far downstream for EOF 1 and most models portray the maximum wind perturba-
tion too far upstream for EOF 2. Overall, there does not seem to be a link between the longitude
of the mean state and variability for the Atlantic region, possibly because of the added complexity
due to the southeast-northwest tilt of the jet in this region.

There is a robust correspondence between the Pacific jet mean state and its variability, but not
the Atlantic jet mean state and variability. When these results are repeated using GCM 21st century
A1B projections (not shown), this correspondence (or lack thereof in the Atlantic) does not change.
Therefore, the Pacific jet exit region is critically related to the longitudinal position of EOF 1 and
2, signifying that a correct characterization of the mean state of the Pacific jet stream is vital to

producing an accurate portrayal of the variability of that jet stream.

2.4 Conclusions

This study has focused on determining the reliability and robustness of non-zonally averaged
NH jet stream portrayal in 17 GCMs from the CMIP3 dataset. This work is motivated by previous
studies showing that GCM projections of 21st century jet stream winds are related to biases in

20th century jet stream portrayal (Kidston and Gerber, 2010). The results presented in this chapter
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encourage targeted improvement of GCM jet stream portrayal, which is an important step toward
assessing climate change impacts at a variety of scales.

Examination of ensemble mean biases of upper-level zonal winds suggests that the modeled
Atlantic jet is too zonally extended and located too far equatorward compared to the reanalysis. The
ensemble mean Pacific jet is less biased than the Atlantic jet, but only because model agreement is
much lower and biases in individual models cancel in the ensemble mean. Mean winter biases in
both basins are significant compared to the observed variability of the upper-level zonal winds.

MCA and regression analysis are used in tandem to show that the NH biases in upper-level
winds are strongly related to an ENSO-like pattern in winter mean tropical Pacific SSTs. Through-
out the analysis we have implicitly assumed that tropical SSTs are responsible for forcing mid-
latitude winds, suggesting that the variation in models’ portrayal of the tropical Pacific mean state
contributes to the bias of the mid-latitude large-scale circulation. However, it is important to note
that the reverse scenario is also possible. Recent studies have shown that variations in mid-latitude
and subtropical winds may also conspire to produce tropical Pacific ENSO variations, as evidenced
by the seasonal footprinting mechanism examined in Vimont et al. (2001). It is possible that this
causal mechanism (from mid-latitude to the tropics) would also work in linking mid-latitude wind
biases to biases in tropical Pacific SST. While the present study does not resolve that causality,
the similarity between the spatial structure of ENSO’s teleconnection in the observed record to the
model bias (Fig. 2.6a) suggests that biases in the tropical Pacific are influencing mid-latitude zonal

wind biases.
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Temporal variability of the upper-level zonal winds is accurately modeled in nearly all 17
GCMs. Furthermore, it is shown that in the Pacific, biases that do exist in models’ portrayal of
EOFs 1 and 2 are strongly linked to the modeled longitude of the jet exit in the Pacific region. This
result is particularly encouraging because it implies that an improved characterization of the mean

state of the Pacific jet will also positively impact the modeled variability.
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Figure 2.1 Reanalysis zonal wind (m s™!) at 300 hPa for NH winter (November-March)
1979-1999.
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Figure 2.2 EOFs of the 300 hPa midlatitude zonal wind field (20°-80°N) regressed onto the total
300 hPa zonal wind field (0°-80°N). Solid (dashed) black lines represent positive (negative)
perturbation isotachs, contoured every 4 m s~! with the zero line removed for (a) Pacific basin
EOF 1 (Extend/Retract), (b) Pacific basin EOF 2 (Shift), (c) Atlantic basin EOF 1 (Shift), (d)
Atlantic basin EOF 2 (Extend/Retract). Gray contours show the 20 (30) m s~! isotach of the mean
300 hPa zonal wind for the Atlantic (Pacific) basins.
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Figure 2.3 Composites of maximum variability of the 300 hPa zonal wind field in the Atlantic.
Gray contours show the 20 m s~! isotach of the mean 300 hPa zonal wind for the Atlantic. Solid
(dashed) black lines in the left column indicate positive (negative) perturbation isotachs,
contoured every 5 m s with the zero line removed. The right column shows perturbation isotachs
added to the climatology in units of m s~! for (a)-(b) 1st principal component (PC) greater 1
standard deviation (1*0), (c)-(d) 1st PC less than -1*0, (e)-(f) 2nd PC greater than 1*0, (g)-(h)
2nd PC less than -1*0.
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a. Ensemble Mean Bias

Figure 2.4 (a) Ensemble mean model bias and (b) Standard deviation of models about the
ensemble mean for the 17 GCMs under consideration [m s~*]. Solid (dashed) black contours in
(a) represent positive (negative) values of ensemble mean bias, contoured every 1 m s~! with the
zero line removed. The gray contours show the 20, 40 m s~! isotachs of the model mean winter

300 hPa zonal wind
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Figure 2.5 Solid (dashed) black contours show the positive (negative) bias of the 300 hPa zonal
wind, contoured every 4 m s~! with the zero line removed for (a) Model 5: ECHAMS5/MPI-OM,
(b) Model 8: CGCM3.1 (T63), (c) Model 7: BCCR-BCM2.0, (d) Model 11: MRI-CGCM2.3.2,
(e) Model 10: MIROC3.2 (medres), (f) Model 9: CNRM-CM3. Gray contours show the 20 (30)

m s~ ! isotachs of the 300 hPa zonal wind for the Atlantic (Pacific) basin.
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Figure 2.6 Normalized projection of the model bias of the 300 hPa zonal wind onto EOF 1 and 2
from the reanalysis for the (a) Pacific and (b) Atlantic basins. Models designated by crosses (+)
are part of Group 1 and models designated by asterisks (*) are part of Group 2. Dashed circles
indicate lines of constant correlation at r = 0.25, 0.5, and 0.75. The black line connects the
average Group 1 projection to the average Group 2 projection. Open circles (diamonds) show the
values of the normalized projection of the heterogeneous wind pattern shown in Fig. 2.8a (ENSO
teleconnection pattern shown in Fig. 2.9a) onto EOF 1 and 2.
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Grouped Model Bias
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Figure 2.7 Solid (dashed) black lines show the positive (negative) model bias of the 300 hPa
zonal wind, contoured every 1 m s~! with the zero line removed for (Group 2 — Group 1), where
models are separated into Group 1 (models 1, 5, 7, 8,9, 10, 12, 13, 17) and Group 2 (models 2, 3,

4,6, 11, 14, 15, 16), based upon their delineation in Figure 6, as described in the text. Gray
contours show the 20, 40 m s~ ! isotachs of the model mean 300 hPa zonal wind.
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Figure 2.8 Results of MCA of tropical Pacific SSTs and mid-latitude 300 hPa zonal wind. (a)
Heterogeneous wind regression map, (b) Homogeneous SST regression map, (c) Scatter plot of
the wind and SST expansion coefficients. Solid (dashed) black contours in (a) represent positive

(negative) perturbation isotachs, contoured every 1 m s~! with the zero line removed. Gray
contours in (a) show the 20, 30 m s~! isotachs of the model mean 300 hPa zonal wind.
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Figure 2.9 ENSO mid-latitude wind teleconnection (1950-2009) shown by: (a) Observed mean
winter 300 hPa zonal wind regressed onto the mean winter CTI and (b) mean winter tropical
Pacific SST regressed onto the mean winter CTI. Solid (dashed) black contours in (a) represent
positive (negative) perturbation isotachs, contoured every 0.5 m s~* with the zero line removed.
Gray contours represent the 20, 30 m s~! isotachs of the 300 hPa mean zonal wind.
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Figure 2.10 Modeled mean winter cold tongue index (CTI) for each model regressed onto the
modeled mean winter 300 hPa zonal wind field. Solid (dashed) black lines indicate positive
(negative) perturbation isotachs, contoured every 1 m s~! with the zero line removed. Gray

contours show the 20, 30 m s~! isotachs of the model mean 300 hPa zonal wind.
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a. Raw Inter—model Variance

Figure 2.11 (a) Total inter-model variance of the mean winter 300 hPa zonal wind and (b)
Inter-model variance of the mean winter 300 hPa zonal wind explained by the SST expansion
coefficient of the first mode of MCA covariability. Variance is expressed in units of m? s~ and
contoured every 10 m? s—2
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Figure 2.12 Scatter plot of the normalized projection of each model’s PC/EOF 1-2 onto the
corresponding reanalysis PC/EOF 1-2 for (a) the Pacific, (b) the Atlantic. EOF 1 is indicated by
asterisks (*) and EOF 2 is indicated by crosses (+). Dashed circles indicate lines of constant
correlation at r = 0.25, 0.5, and 0.75.
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Figure 2.13 Longitude of the maximum wind perturbation associated with EOF 1/2 regressed
onto the longitude of the jet exit region in each model for (a) Pacific EOF 1 (Extend/Retract), (b)

Pacific EOF 2 (Shift), (c) Atlantic EOF 1 (Shift), (d) Atlantic EOF 2 (Extend/Retract). Open

circles represent reanalysis data and the dashed line shows y = x.
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Chapter 3
21st Century Projections of Jet Stream Structure

3.1 Background

Understanding how the jet streams will change in the future is of primary importance in the
assessment of anthropogenic climate change impacts. Jet stream position and intensity affect re-
gional climates across the mid-latitudes and also are linked to the mid-latitude storm tracks.

As described in Chapter 2, the portrayal of jet stream winds in CMIP3 GCMs still lacks con-
sensus with regard to modeled 20th century jet stream structure, especially in the Northern Hemi-
sphere (Lorenz and DeWeaver, 2007; Kushner et al., 2001; Kidston and Gerber, 2010; Woollings
and Blackburn, 2012; Yaocun and Daqing, 2011; Thara and Kushnir, 2009). The previous analysis
finds significant biases in the upper-level wintertime zonal wind compared to the observed vari-
ability of upper-level winds. These wind biases are strongly related to an ENSO-like structure of
wintertime tropical Pacific SST biases that explains 21% of the total NH inter-model variance of
the mid-latitude jet stream.

As a complement to the 20th century analysis, modeled NH jet streams are investigated in order
to discover what underlies the significant inter-model variability among 21st century projections

and is organized as follows. Section 3.2 outlines the GCM data used in this study. Results of
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a detailed analysis of 21st century jet streams in GCM simulations are presented in Section 3.3.
These results include an examination of inter-model variations related to both internal modes of
variability and tropical SSTs. The main analysis tool used is maximum covariance analysis (MCA).

Conclusions for Chapter 3 are found in Section 3.4.

3.2 Data and Methods

The present study investigates 21st century NH jet stream structure in 17 GCMs from the
World Climate Research Programme’s (WCRP’s) Coupled Model Intercomparison Project phase
3 (CMIP3) multi-model dataset (Meehl et al., 2007). Table 2.1 lists the models included in this
study. These particular models are chosen because they provide the daily-resolved data required
for this study.

The 20th century GCM data is produced by the climate of the 20th century experiment (20c3m)
and the 21st century data employs the A1B scenario from the special report on emissions scenarios
(Nakicenovic, 2000, SRES). The A1B scenario models the 21st century as a time of rapid economic
growth and the rapid introduction of new energy technologies that are balanced between fossil fuel
and non-fossil fuel sources. Population peaks mid-century in the A1B scenario, making it one of
the mid-range scenarios used in the CMIP3 model experiments.

Analysis is performed on daily 300 hPa and 700 hPa zonal wind and monthly sea surface
temperature (SST) for the change from the 20th century to the 21st century. Daily zonal wind data
are smoothed using a 5 day running mean for the period encompassing November 1 through March

31st of each winter from November 1979 to March 1999 and November 2081 to March 2099 (with
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leap days removed). The 17 GCMs vary in resolution from 1.125° latitude x 1.125° longitude
(Model 1 - INGV-SXG) to 4° latitude x 5° longitude (Model 17 - INM-CM3.0). To facilitate a
straightforward comparison, each model is linearly interpolated to 2.5° latitude x 2.5° longitude
resolution.

To create the mean winter zonal wind (SST) for the 20th and 21st centuries, the smoothed
(monthly) data were averaged over NDJFM and over all 20 years of each data period. The seasonal
cycle of zonal wind is created by averaging each smoothed day (i.e. pentad) over all 20 boreal
winter seasons. Smoothed daily wind data (with the seasonal cycle removed) are used to perform

EOF/PC analysis.

3.3 Results and Discussion

3.3.1 300 hPa Zonal Wind Change from the 20th Century to the 21st Century

To understand why GCMs do not project a consistent representation of 21st century NH jet
stream structure, the ensemble mean and standard deviation of the change in zonal wind from the
20th century to the 21st century (1980 — 1999 to 2081 — 2100, from here on referred to as the
“change in zonal wind”) are inspected and then examined in the context of internal and external
system forcings.

Although the present study does not focus on a zonal mean perspective of wind speed changes
in GCM projections, sectorial zonal means of the Pacific (100°E - 300°E) and Atlantic (240°E -
360°E) regions are shown in Fig. 3.1 to connect the present study with the larger background of

work on this topic. Figs. 3.1a and 3.1b show the mean model 20th century winter (NDJFM, 1980
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— 1999) Pacific and Atlantic zonal mean jets. Zonal mean winds are maximized in the upper tro-
posphere and are stronger in the Pacific than in the Atlantic. The mean winter westerlies penetrate
into the lower troposphere in both regions.

Figures 3.1c and 3.1d also include the ensemble mean change of the winter zonal mean zonal
wind. The two regions show similar structures of change that are characterized by an intensification
of upper-level wind speeds and a northward (poleward) shift of the low-level winds associated with
the jet stream. This increase in upper winds is consistent with the theorized direct response to
anthropogenic climate change described in Section 1. The standard deviation of the change of the
winter zonal mean wind from the ensemble mean (Figs. 3.1e and 3.1f) is relatively small at upper-
levels and large at lower-levels compared to the ensemble mean change (Figs. 3.1c and 3.1d).
This suggests that the upper-level jet intensification in the region of maximum winds is much more
robust than the low-level poleward shift of the jet among models. Because the maximum wind
speeds are found in the upper-levels of the troposphere, the present study will further analyze the
modeled 300 hPa zonal winds in order to determine what underlies inter-model discrepancies in
21st century projections. A brief comparison at 700 hPa is found in Fig. 3.8.

The non-zonally averaged ensemble mean change in the winter 300 hPa zonal wind is shown
in Fig. 3.2a. The 20th century ensemble mean zonal wind at 300 hPa is superimposed in gray.
The 20th century climatology shows that the wintertime zonal wind is maximized in the Pacific
and Atlantic basins, with the Pacific jet extending from East Asia across the Pacific basin and the
Atlantic jet extending from the central continental United States toward the west coast of Europe,

tilting northeastward across the Atlantic basin.
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In the Pacific region, the ensemble mean change in zonal wind is largest on the poleward flank
of the Pacific jet (Fig. 3.2a) and accompanied by a region of decreasing zonal winds in the vicinity
of the jet entrance region. This asymmetric pattern looks different than the theorized poleward shift
of the jet because the decrease in zonal wind is collocated with the jet axis, suggesting a poleward
expansion and slight weakening of the Pacific jet in the ensemble mean. Wind speeds also increase
over the eastern subtropical Pacific. In the Atlantic region, zonal winds are projected to increase
poleward, equatorward, and downstream of the jet core, suggesting an overall expansion of the
Atlantic jet in the ensemble mean (Fig. 3.2a).

It is interesting to note that in contrast to the direct climate change signal of increasing mid-
latitude upper-level winds (i.e. Fig. 3.1), 300 hPa ensemble mean zonal winds show a decrease
in the core of both the Pacific and Atlantic jets. Increasing 300 hPa ensemble mean zonal winds
are located primarily in the jet exit regions as well as on the meridional flanks of the jets. When
zonally averaged, this pattern does indicate strengthening mid-latitude upper-level winds on aver-
age because winds are strengthening nearly everywhere except the jet core. This is one instance in
which a zonal mean perspective is somewhat misleading.

The problem is that the 17 GCMs under consideration are not consistent with regard to the
changes in jet stream structure in the 21st century. The standard deviation of the model change in
zonal wind (Fig. 3.2b) shows that in many areas of the globe, the magnitude of the model standard
deviation of wind speed change is the same or higher than the ensemble mean itself, indicating that
models do not hold a unified view of the future. In particular, the standard deviation is large in the

vicinity of the Pacific and Atlantic jet exit regions.
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Internal jet variability is also maximized in the jet exit region, suggesting a link between model
differences in changes in zonal wind and the internal modes of jet variability. Previous studies have
also suggested this link; it has been hypothesized that anthropogenic climate change may project
onto the natural internal modes of variability (Ring and Plumb, 2008; Gerber et al., 2008a). A
normalized projection of each model’s change in zonal wind at 300 hPa and 700 hPa onto EOF 1
and 2 of the 20th century zonal wind at the same level and in the same model is used to quantify the
relationship between wind speed changes and internal variability. EOF 1-2 polarity is selected to
match the analysis in Chapter 2. This analysis is done separately for the Pacific (100°E - 120°W)
and Atlantic (120°W - 20°E) regions, shown for 300 hPa in Figs. 3.3a and 3.3b and for 700 hPa in
Figs. 3.3c and 3.3d. The position of each point with respect to the x-axis (y-axis) shows the value
of each models projection onto EOF 1(2). Chapter 2 (Fig. 2.12) shows that modeled EOF 1-2 are
accurate in nearly all GCMs included in this study. In both the Pacific (Figs. 3.3a and 3.3c) and
the Atlantic (Figs. 3.3b and 3.3d), at 300 hPa and 700 hPa, the values of the normalized projection
are spread more along the x-axis than the y-axis, indicating that EOF 1 explains more variation
in wind speed change among models than EOF 2. While 300 hPa and 700 hPa show somewhat
different patterns of projection, there is no consistent projection of the change in wind onto either
sign of the internal modes of variability at either level.

This analysis technique also makes it possible to quantify the relationship between the modeled
change in winds and the predicted poleward shift of the jet, which can be described mathematically
as —Z—Z for small shifts (Kushner et al., 2001). It is expected that the projection of the change in

zonal wind onto the poleward shift of the jet will be similar to the projection onto the internal
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modes of variability because the secondary (primary) mode of variability of the Pacific (Atlantic)
jet is qualitatively similar to a poleward shift of the jet (Fig. 2.2). Therefore, the y-axis (x-axis) of
Fig. 3.3a and 3.3c (3.3b and 3.3d) can be replaced with —Z—Z to see if a poleward shift is a better
predictor of zonal wind changes than EOF 1-2. This analysis also shows the absence of a robust

projection of the change in wind onto —% for each basin (results not shown).

3.3.2 Relationship between wind speed changes and tropical Pacific SSTs -
MCA

Based upon the results of Chapter 2, which found that mean winter tropical Pacific sea surface
temperature (SST) variations explain much of the inter-model jet bias in 20th century, it seems
possible that tropical Pacific SST changes influence modeled wind speed changes more than the
internal modes of atmospheric variability. Maximum covariance analysis (MCA) is used to inves-
tigate this relationship.

MCA is used here to assess the dominant patterns of covariability between tropical SSTs and
the change in zonal wind from the 20th to the 21st century across the same 17 GCMs. This
technique identifies pairs of patterns that maximize the squared covariance between two variables:
in this case the mid-latitude 300 hPa zonal wind speed change (100°E — 20°W, 10°N — 80°N)
and the tropical Pacific SST change (30°S — 30°N, 120°E — 290°E). The covariance is identified
across a given sampling dimension. Typically sampling is performed across time, but in this case
sampling is done across the 17 GCMs to identify structures linked to model discrepancies, as in
Chapter 2. Again, it is important to note that because this MCA analysis samples across model

space instead of across time, ENSO-like SST change patterns that are identified are not equivalent
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to inter-annual variability in any model. Instead, these ENSO-like patterns of SST change show
the change in the winter mean state of the tropical Pacific from the 20th century to the 21st century
that is associated with a given mode of inter-model covariability.

MCA is performed three times for the 300 hPa zonal wind change, with the results shown in
Figs. 3.4 to 3.6. Table 3.1 includes the details of each case and the results of pertinent significance
tests, which show that the first mode of covariability is robust in each case.

The patterns of covariability produced by MCA are depicted via regressing SST change (homo-
geneous; e.g. Fig. 3.4b) and zonal wind change (heterogeneous; Fig. 3.4a) onto the SST expansion
coefficient. Regression onto the zonal wind expansion coefficient yields similar structures. Here
we focus on the SST expansion coefficient as a potential predictor of zonal wind change. A scatter
plot of the SST and zonal wind expansion coefficients is depicted as in Fig. 3.4c, and demonstrates

their strong correlation in each case.
3.3.2.1 MCA Full-300hPa zonal wind change and Tropical Pacific SST Change

The first pattern of covariability between tropical Pacific SST change and 300 hPa zonal wind
change is shown in Fig. 3.4, with the heterogeneous wind change pattern shown in Fig. 3.4a
and the homogeneous SST change pattern shown in Fig. 3.4b. Model 2 (MIROC3.2 hires) has
been removed from the analysis for MCA _Full because its SST warming from the 20th century to
the 21st century is much larger than all other models and significantly changes the first mode of
covariability. Model 2 is an outlier for this case only and therefore is included in all other analyses.

The homogeneous SST change field (Fig. 3.4b) shows warming SSTs throughout the entire

tropical Pacific basin. Enhanced warming in the eastern equatorial Pacific is reminiscent of the
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positive phase of ENSO and spatially correlated with the zonal wind variations associated with
temporal ENSO variability in the observed record (Fig. 2.9b, “observed ENSQO”) at r = 0.47.
The heterogeneous wind change pattern (Fig. 3.4a) shows a structure of change that is similar to
the ensemble mean wind speed change shown in Fig. 3.2a, including a poleward expansion and
weakening of the Pacific jet and a meridional expansion of the Atlantic jet. The heterogeneous
wind change pattern exhibits a high spatial correlation with the ensemble mean wind speed change
(r =0.70) but less so with the standard deviation of wind speed change (r = 0.52). The absolute
value of the heterogeneous wind change pattern is used in the spatial correlation with the standard
deviation of zonal wind change because of the absolute magnitude of variance that is used to
calculate the standard deviation. In order to gain further insight into the inter-model variation of
the change in winds, modeled ENSO-like tropical Pacific mean state changes are separated from

the warming SST change and MCA is repeated.

3.3.2.2 MCA noGW - 300 hPa zonal wind change and Tropical Pacific SST
Change (mean SST change removed)

To remove the global warming signal from the tropical Pacific SST change, the domain-
averaged SST change is removed from the raw SST change field in each model prior to performing
MCA noGW (where noGW indicates that the global warming signal has been removed). The re-
sulting pattern of covariability, shown in Fig. 3.5, represents the pattern of zonal wind change that
is not associated with domain-averaged warming SSTs.

In this case, the homogeneous SST change pattern (Fig. 3.5b) strongly resembles a positive

ENSO pattern and is highly correlated with the observed mean winter ENSO SST pattern (r =
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0.77). The heterogeneous wind change pattern (Fig. 3.5a) less strongly resembles the ensemble
mean zonal wind change (r = 0.42) and is characterized by increased wind speeds in the Pacific
jet exit region. A southward shift of the Atlantic jet near the jet entrance and exit regions is also
present. The (absolute value of the) heterogeneous wind change pattern is more highly spatially
correlated with the model standard deviation of zonal wind change than in MCA _Full, with r =
0.78, suggesting that changes in model SSTs similar to ENSO-like structures of tropical Pacific
SST change are partially responsible for inter-model variations in the portrayal of mid-latitude

zonal wind change.

3.3.2.3 MCA noENSO - 300 hPa zonal wind change and Tropical Pacific SST
Change (Winter Mean ENSO (MCA _noGW) removed)

Next, the ENSO-like change signal in the mean winter tropical SSTs is removed from the SST
field in order to examine the effects of warming SSTs on mid-latitude zonal wind speed changes
in the models. The MCA _noGW heterogeneous zonal wind change pattern is removed from each
model’s raw wind field, weighted by the standardized wind expansion coefficient for each model.
MCA noGW is used to represent the mean winter ENSO-like SST change pattern because it is
highly spatially correlated with the observed mean winter ENSO signal. The same method is
used for SST: the homogeneous SST change pattern weighted by each model’s standardized SST
expansion coefficient is removed from each model’s raw SST change field. This process is intended
to remove the mean winter ENSO-like signal in each model, weighting the amount of pattern
removed by the relative magnitude of the ENSO-like mean SST change pattern in each model.

The results of this analysis are shown in Fig. 3.6.
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The homogeneous SST change pattern (Fig. 3.6b) shows warming everywhere in the tropical
Pacific and is not correlated with the observed ENSO pattern (r = 0.05). The heterogeneous zonal
wind change pattern (Fig. 3.6a) resembles the heterogeneous wind change field of MCA _Full and
is correlated with the ensemble mean zonal wind change at r = 0.70. The heterogeneous zonal
wind change pattern (Fig. 3.6a) shows a northward expansion and weakening of the Pacific jet and
a less pronounced northward expansion and weakening of the Atlantic jet. Therefore, the relative
warming of mean winter SSTs in each model is related to the northward expansion and weakening
of the modeled NH jets.

In order to clarify and emphasize the results from the previous three analyses, Fig. 3.7 summa-
rizes the main findings from MCA of the upper-level zonal wind and SST changes across models.
A summary of the spatial correlation between the panels of Fig. 3.7 is found in Table 3.2. Fig.
3.7b shows the heterogeneous zonal wind change field of the mean winter SST change with the
ENSO-like change signal removed (MCA _noENSO, Fig. 3.6a). This wind field is spatially corre-
lated with the ensemble mean zonal wind change (Fig. 3.7a) at r = 0.70, signifying that the zonal
wind change related to global warming SSTs strongly resembles the ensemble mean zonal wind
change. This warming zonal wind change (Fig. 3.7b) is spatially correlated with —‘;—Z (Fig. 3.7c, a
poleward shift of the jet) at r = 0.30, while the ensemble mean zonal wind change is spatially cor-
related with _% at r = 0.17. Therefore, removing the ENSO-like change signal of MCA _noGW
presents a signal that more strongly resembles a poleward shift of the jet, even if it still is not highly

correlated with a poleward shift pattern.
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Figure 3.7e shows the heterogeneous zonal wind change pattern of the mean winter SST change
with the domain-averaged SST change removed (MCA _noGW, Fig. 3.5a). As mentioned above,
the absolute value of this pattern is spatially correlated with the model standard deviation (Fig.
3.2b) at r = 0.78, indicating that the ENSO-like change signal is strongly related to inter-model
variations in jet stream portrayal. The combination of these analyses suggests that the mean winter
ENSO-like change signal of SST variations across models may be masking the theorized poleward

shift of the jet in the ensemble mean. This point will be discussed further in Section 3.4.

3.3.2.4 A Comparison at 700 hPa

MCA is repeated for the tropical Pacific SST change and 700 hPa zonal wind change. Fig.
3.8 summarizes the results of a parallel 3-part analysis at 700 hPa (details in Tables 3.1 and 3.2).
Overall the results of MCA using the 700 hPa change in zonal wind are very similar to the analysis
at 300 hPa. Fig. 3.8b shows the heterogeneous zonal wind field of the mean winter SST change
with the ENSO-like signal removed (MCA _noENSO_700). The heterogeneous zonal wind change
pattern is correlated with the ensemble mean zonal wind change (Fig. 3.8a) at r = 0.78. In this
case the zonal wind change related to warming SSTs resembles the ensemble mean zonal wind
change even more strongly than at 300 hPa. This warming zonal wind change is correlated with
—Z—Z (Fig. 3.8c, a poleward shift of the jet) at r = 0.28, while the ensemble mean zonal wind change
is correlated with —Z—Z at r = 0.48. Therefore, removing the ENSO-like signal of MCA_noGW _700
presents a signal in this case that less strongly resembles a poleward shift of the jet.

Figure 3.8e shows the heterogeneous zonal wind change pattern of the mean winter SST change

with the domain-averaged SST change removed (MCA _noGW _700). The absolute value of this
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pattern is spatially correlated with the 700 hPa model standard deviation (not shown) at r = 0.79,
again suggesting that the ENSO-like change signal is strongly related to model variations in jet

stream changes from the 20th century to the 21st century.

3.3.3 Relationship between Wind Speed Changes and Tropical Pacific SSTs
(Regression Analysis)

Using MCA, the ENSO-like SST change signal and warming SST signal have been separated
statistically (Section 3.3.2). To verify the results of MCA, an independent investigation is per-
formed using regression analysis. First, the domain-averaged SST change from the 20th century
to the 21st century is calculated for the global tropical ocean (27.5°S - 27.5°N, 0° - 360°) for
each model. The winter mean cold tongue index (CTI) is also calculated in each model (Zhang
et al., 1997). The CTI is a metric that represents the phase of ENSO activity, defined by the SST
anomaly pattern over the eastern equatorial Pacific (6°S - 6°N, 180° - 90°W). In this analysis, the
CTI change from the 20th century to the 21st century is examined with the domain-averaged SST
change removed.

The mean SST change is regressed onto the zonal wind change in each model and the resulting
pattern, shown in Fig. 3.9a, resembles both the ensemble mean zonal wind change (shown in red)
and the heterogeneous zonal wind change pattern from MCA _noENSO (Fig. 3.6a). The regression
field is correlated those patterns at r = 0.80 and r = 0.95 respectively and shows a weakening and
northward expansion of the Pacific jet, increased wind speeds in the eastern Pacific, and a slight
expansion of the Atlantic jet. This pattern is not highly spatially correlated with the model standard

deviation (Fig. 3.2b, r = 0.57). Thus, the modeled warming of SSTs is again shown to be related
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to the poleward expansion and weakening of the Pacific jet, and a slight expansion of the Atlantic
jet.

When the CTI change (with the domain-averaged SST change removed) is regressed onto the
zonal wind change in each model (Fig. 3.9b), the positive wind speed anomaly in the vicinity of the
jet exit region strongly resembles the model standard deviation of wind speed change, and the two
fields are highly correlated (r = 0.78). This result agrees with the assertion from MCA _noENSO
that changes in mean winter SSTs resembling ENSO-like tropical Pacific SSTs are partially re-

sponsible for the variation among models in jet stream portrayal, especially in the Pacific.

3.3.4 Inter-Model Variance

To quantify how much the modeled ENSO-like pattern of winter SST change explains varia-
tions in jet portrayal among models, Fig. 3.10 examines the inter-model variance of zonal wind
changes from the 20th to the 21st century. The inter-model variance is highest in the central Pacific,
with a secondary region of variance found in the north Atlantic (Fig. 3.10a). Using the SST ex-
pansion coefficients from MCA_noGW and MCA _noENSO as predictors of inter-model variance,
the amount of variance explained by each of these patterns can be calculated using regression
analysis and are shown in Figs. 3.10b and3.10c for MCA noGW and the linear combination of
MCA noGW and MCA noENSO

While 8% of inter-model variance is explained by warming SSTs (not shown), 26% is explained
by the ENSO-like signal in each model (Figs. 3.10b). In the central subtropical Pacific region
where inter-model variance is maximized, nearly all of the variance is explained by inter-model

variations in the ENSO-like pattern of mean winter SST changes. Based upon this result it seems
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that if the mean winter change in ENSO from the 20th to the 21st century was more robust in
GCMs it would be possible to significantly improve NH jet stream characterization, especially in

the Pacific region.

3.4 Conclusions

This study has analyzed changes in NH zonal winds from the 20th century to the 21st century
from a non-zonal mean perspective. The ensemble mean zonal wind change at 300 hPa shows a
weakening and poleward expansion of the Pacific jet and an overall expansion of the Atlantic jet.
These structures are distinct from the theorized poleward shift of the jet and do not consistently
project onto internal modes of variability as predicted by the fluctuation-dissipation theory (FDT)
at 300 hPa or 700 hPa.

It is important to note that models project varying changes in zonal winds at different levels of
the atmosphere. While expansion and weakening are projected of winds in the upper-troposphere,
the ensemble mean shows a poleward shift of winds in the lower-troposphere (with relatively large
standard deviation). The dissimilarity between levels suggests that the distinct influences of the
subtropical and polar jet should be an area of research focus in order to characterize the response
of each jet to anthropogenic climate change. It is also interesting to note that in contrast with the
direct climate change signal of increasing mid-latitude upper-level winds (e.g. Fig. 3.1), 300 hPa
zonal winds are projected to decrease in the core of both the Pacific and Atlantic jets. Increasing
300 hPa zonal winds are located primarily in the jet exit regions as well as on the meridional flanks

of the jets.
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A statistical examination of the link between mean winter SST changes and zonal wind changes
shows that tropical SST differences between models impact the model portrayal of NH jet stream
changes. In particular, ENSO-like mean winter SST changes from the 20th century to the 21st cen-
tury explain 26% of inter-model variation compared to the 8% explained by the domain-averaged
warming SST signal identified by MCA and confirmed through regression analysis. This sug-
gests that refining the sign of ENSO changes and its mid-latitude teleconnection patterns in GCMs
will increase confidence in the use of models to understand mid-latitude jet stream features under

anthropogenic climate change.
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Figure 3.1 Pressure [hPa] vs. Latitude [°N] cross-section showing modeled zonal mean zonal
wind. The left column is averaged over 100°E-300°E for the Pacific region and the right column
is averaged over 240°E-360° for the Atlantic region. (a)-(b) Ensemble mean 20th century zonal

mean zonal wind, contoured every 10 m s™!, (c)-(d) Ensemble mean change of the zonal mean
zonal wind, contoured every 0.25 m s~! with negatives dashed and the zero line removed, (e)-(f)

Standard deviation of model change of the zonal mean zonal wind about the ensemble mean,

contoured every 0.25 ms™".

1



65

a. Ensemble Mean Change in Zonal Wind
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Figure 3.2 (a) Ensemble mean change of the 300 hPa zonal wind from the 20th century to the
21st century, with solid (dashed) lines indicating positive (negative) isotachs, contoured every 0.5
m s~ ! with the zero line removed. (b) Standard deviation of model change in zonal wind about
the ensemble mean for the 17 GCMs under consideration, contoured every 0.5 m s~'. The gray
contours show the 20, 40 m s~! isotachs of the ensemble mean winter 300 hPa zonal wind for the
20th century.
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Figure 3.3 Normalized projection of the model change in zonal wind from the 20th century to the
21st century onto EOF 1 and EOF 2 of the 20th century zonal wind from the same model for the
(a) 300 hPa Pacific basin, (b) 300 hPa Atlantic basin, (¢c) 700 hPa Pacific basin, and (d) 700 hPa

Atlantic basin. Dashed circles indicate lines of constant projection at 0.25, 0.5, and 0.75.
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Figure 3.4 Results of MCA of tropical Pacific SST change and mid-latitude 300 hPa zonal wind
change from the 20th century to the 21st century (with Model 2 removed). (a) Heterogeneous
zonal wind change regression map, (b) Homogeneous SST change regression map, (c) Scatter

plot of the wind and SST expansion coefficients. Black solid (dashed) contours in (a) represent
positive (negative) perturbation isotachs in units of 0.25 m s~! (with the zero line removed) and
gray contours in (a) show the 20, 30 m s~! isotachs of the ensemble mean 300 hPa zonal wind for
the 20th century.
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a. Heterogeneous — UWND
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Figure 3.5 Results of MCA of tropical Pacific SST change and mid-latitude 300 hPa zonal wind
change (with domain-averaged SST change removed). (a) Heterogeneous zonal wind change
regression map, (b) Homogeneous SST change regression map, (c) Scatter plot of the wind and
SST expansion coefficients. Black solid (dashed) contours in (a) represent positive (negative)
perturbation isotachs in units of 0.5 m s~! (with the zero line removed) and gray contours in (a)
show the 20, 30 m s~! isotachs of the ensemble mean 300 hPa zonal wind for the 20th century.
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a. Heterogeneous — UWND
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Figure 3.6 Results of MCA of tropical Pacific SST change and mid-latitude 300 hPa zonal wind
change (with ENSO-like signal removed, as described in the text). (a) Heterogeneous zonal wind
change regression map, (b) Homogeneous SST change regression map, (c) Scatter plot of the
wind and SST expansion coefficients. Black solid (dashed) contours in (a) represent positive
(negative) perturbation isotachs in units of 0.25 m s~! (with the zero line removed) and gray
contours in (a) show the 20, 30 m s~! isotachs of the ensemble mean 300 hPa zonal wind for the
20th century.
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a. Ensemble Mean Change

Figure 3.7 (a) Ensemble mean change of the zonal wind, (b) heterogeneous zonal wind change
regression map (ENSO-like signal removed, as in 3.6a), (c) —Z—Z of the ensemble mean 20th
century zonal wind, (d) standard deviation of the change in zonal winds about the ensemble mean,
and (d) heterogeneous zonal wind change regression map (with domain-averaged SST change
removed, as in 3.5a), all at 300 hPa. The gray lines show the 20, 30 m s~ ! contours of the
ensemble mean 20th century wind at 300 hPa. All panels are contoured every 0.5 m s™! (s™! for
(c)) with negative contours dashed and the zero line removed.
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a. Ensemble Mean Change

Figure 3.8 (a) Ensemble mean change of the zonal wind, (b) heterogeneous zonal wind change
regression map (ENSO-like signal removed), (c) —‘;—Z of the ensemble mean 20th century zonal
wind, (d) standard deviation of the change in zonal winds about the ensemble mean, and (d)
heterogeneous zonal wind change regression map (with domain-averaged SST change removed),
all at 700 hPa. The gray lines show the 10, 15, 20 m s~! contours of the ensemble mean 20th
century winds at 700 hPa. All panels are contoured every 0.25 m s~ (s~* for (c)) with negative
contours dashed and the zero line removed.
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a. SST Change regressed onto 300 hPa Zonal Wind Change
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Figure 3.9 (a) Global tropical SST change for each model regressed onto the modeled change in
300 hPa zonal winds and (b) Model CTI (with mean global tropical SST change removed)
regressed onto the model change in 300 hPa zonal wind [m s~!]. Black solid (dashed) contours
represent positive (negative) perturbation isotachs in units of m s~! (with the zero line removed)
and red contours show (a) the ensemble mean change and (b) the standard deviation of the change

of the zonal wind change from the 20th century to the 21st century, contoured every 1 m s~ !,
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a. Inter-model Variance

Figure 3.10 (a) Total inter-model variance of the change in the winter 300 hPa zonal wind from
the 20th century to the 21st century. Inter-model variance explained by (b) MCA _noGW, (c)
Linear combination of MCA_noGW and MCA _noENSQO, (d) Residual of MCA_noGW and

MCA noENSO. Variance is contoured every 2 m? s—2 starting at 1 m? s=2,
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Chapter 4
Conclusions

4.1 Summary

Because the portrayal of jet stream winds in CMIP3 GCMs lacks consensus with regard to
modeled 20th century and 21st century jet stream structure, the present study focuses on diagnosing
inter-model variability of jet portrayal in 17 climate models. It is hoped that knowledge of the
factors underlying inter-model variability will contribute to an improvement in the understanding
of jet stream changes due to anthropogenic climate change.

The results of the study suggest that targeted improvement of modeled tropical SSTs will sig-
nificantly improve the modeled extratropical circulation, of which the jet stream is a primary fea-
ture. In particular, improved agreement on the sign of projected ENSO changes will improve the
portrayal of future jet stream structure. This is an important step toward assessing the impacts of
climate change at a variety of scales.

The investigation of ensemble mean biases of 20th century 300 hPa zonal wind suggests that
the modeled Atlantic jet is too zonally extended and located too far equatorward compared to the
reanalysis. The ensemble mean Pacific jet has less bias than the Atlantic jet, but only because

model agreement is much lower and biases in individual models cancel in the ensemble mean.
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Mean winter biases in both basins are significant compared to the observed variability of the upper-
level zonal winds.

Twenty-first century projections of the ensemble mean zonal wind change at 300 hPa show a
weakening and poleward expansion of the Pacific jet and an overall expansion of the Atlantic jet.
These structures are distinct from the theorized poleward shift of the jet and do not consistently
project onto internal modes of variability as predicted by the fluctuation-dissipation theory (FDT)
at 300 hPa or 700 hPa. While expansion and weakening are projected of winds in the upper-
troposphere, the ensemble mean shows a poleward shift of winds in the lower-troposphere (with
relatively large standard deviation). In contrast with the direct climate change signal of increasing
mid-latitude upper-level winds, 300 hPa zonal winds are projected to decrease in the core of both
the Pacific and Atlantic jets whereas increasing 300 hPa zonal winds are located primarily in the
jet exit regions as well as on the meridional flanks of the jets.

Maximum covariance analysis (MCA) and regression analysis show that the 20th century NH
biases in upper-level winds are strongly related to an ENSO-like pattern in winter mean tropical
Pacific SSTs. While the present study does not resolve the issue of causality, the similarity between
the spatial structure of ENSO’s teleconnection in the observed record to the model bias suggests
that biases in the tropical Pacific are influencing mid-latitude zonal wind biases. Examination of
the link between mean winter SST changes and zonal wind changes from the 20th century and
the 21st century shows that SST change differences between models impact the model portrayal
of NH jet stream changes. In particular, ENSO-like mean winter SST changes explain 26% of

inter-model variation compared to the 8% explained by the domain-averaged warming SST signal.
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Temporal variability of the upper-level zonal winds in the 20th century is accurately modeled
in nearly all 17 GCMs. Furthermore, it is shown that in the Pacific, model biases that exist in the
portrayal of EOF 1 and EOF 2 are strongly linked to the modeled longitude of the jet exit in the
Pacific region. This result implies that an improved characterization of the mean state of the Pacific
jet will also positively impact the modeled variability.

In conclusion, results herein indicate that improvements in model portrayal of 20th century
tropical Pacific winter SSTs will significantly advance the portrayal of the modeled 20th century
winter Pacific and Atlantic jets, and will consequently improve the modeled jet stream variabil-
ity in the Pacific. In addition, the refinement of the sign of future ENSO changes will increase
consistency in modeled mid-latitude jet stream features under anthropogenic climate change.

The broad similarity between the ensemble mean zonal wind changes and the zonal wind
changes predicted by warming SSTs is promising. Even though varying model portrayals of the
change of the mean winter ENSO-like tropical Pacific SSTs strongly affect zonal wind changes,
models are spread evenly around the ensemble mean. It is important to know that the sign of fu-
ture ENSO change and the overall future tropical SST warming are the two dominant predictors
of zonal wind changes in GCMs. An improvement of the consistency and accuracy of ENSO por-
trayal is most important and will unmask previously unknown characteristics of the climate change

signal in NH zonal winds.
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4.2 Avenues of Future Research

The use of a non-zonally averaged approach for the examination of jet stream structure in
climate models is applicable far beyond the reaches of this single study. To complete a global
inspection of the portrayal of the jet in climate models, it would be necessary to include the South-
ern Hemisphere eddy-jet system, as well as other seasons of the year. In addition, a comparison
study with other SRES scenarios in the CMIP3 dataset would make it possible to compare the
signal generated from different levels of climate change, creating a range of possible outcomes
of jet structure as well as a range of model differences that might lend further insight into the
dynamics underlying variations in jet structure. Also, improved models for the earth system are
constantly being presented, and it is necessary to find a good balance between adequate analysis
of the strengths and weaknesses of each model and adaptation to newer, more powerful modeling
tools that are available. To that end, it is important that this study be reproduced on the CMIP5
dataset, which is newly available. It is possible that many of the biases identified in this study have
already been corrected in the new suite of models.

One example of jet variability that could easily be studied in conjunction with the present study
is the midwinter suppression of the Pacific storm track, originally defined by Nakamura (1992),
referring to the unexpected minimum of storm track activity during mid-winter months despite
a maximum in baroclinicity over the Pacific basin. Defining storm track activity based upon the
average eddy kinetic energy of November, January, and 15 March - 15 April, following Nakamura
(1992), the midwinter suppression was examined in the 17 GCMs considered in the present study.

Twelve of the seventeen GCMs do include a feature resembling the midwinter suppression of
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the 20th century Pacific storm track. However, the magnitude of the midwinter suppression is not
found to be related to the intensity of the jet stream in the models, suggesting that other mechanisms
may be responsible for producing this feature within GCMs. Further investigation of this topic will
certainly lend insight into the dynamics of the eddy-jet system in the Northern Hemisphere Pacific.

MCA has been shown to be an advantageous tool for assessing co-varying parameters across
multiple GCMs. While MCA is often used to understand variables that co-vary temporally, this
new application of MCA is a powerful way to determine inter-model reliability. While the jet is an
important and primary variable of the atmospheric large-scale circulation, there are other variables
that deviate widely among models for which this type of analysis would be quite beneficial. MCA
has been used as the basis for downscaling studies in the past and could also provide a useful coun-
terpart to GCM downscaling studies used to examine regional-scale climate model projections. For
example, MCA could be used to investigate the covariability between tropical Pacific SST biases
and North American precipitation biases simulated by models.

This study has been completed primarily with the use of a climate paradigm approach. The in-
vestigations detailed here began with winter-averaged data that was used to identify the jet stream
and then classify jet variability through the use of EOF/PC analysis. It would be very interesting to
complete a similar study using a weather paradigm approach, identifying a certain type of jet struc-
ture in daily climate model data and then scaling up to examine the winter season as a compilation
of these events. For instance, jet retraction events (Jaffe et al., 2011) could be identified in the daily

data for each winter in each of the climate models used in this study. A model inter-comparison
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could identify differences in frequency of jet retractions among models as well as compared to
observations.

On a similar note, the present study has suggested that there are significant differences between
jet structures at different levels of the atmosphere, likely related to the varying influences of the
subtropical and polar jets in different regions of the globe at different altitudes. Currently, an
interesting study is underway that seeks to separate the influences of these two jet structures every
6 hours in multiple reanalysis datasets (J.E. Martin, personal communication). Expanding this
project to include climate model data and compiling the influences of the subtropical and polar jets
over the course of an average winter season would be very complementary to the climate paradigm
research presented in this study. A functional partnership between these two perspectives will
make huge strides in understanding the mechanisms responsible for jet stream structure changes

under anthropogenic climate change.
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