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Abstract

One of the most familiar structural features of Earth’s atmosphere are the tropopause-
level wind speed maxima known as jet streams or jets. These jets can be separated into two main
types based on their differing means of formation. The polar jet arises as a result of eddy
momentum flux convergence associated with developing waves within the region of midlatitude
baroclinicity whereas the subtropical jet emerges in response to angular momentum transport
from the Hadley Cell circulation. These jets are seasonally variable in both intensity and
location. In the Northern Hemisphere, these two jets are assumed to exist throughout the full
calendar year. This study aims to identify Northern Hemisphere warm season (April -
November) tropopause-level jet streams based on their physical characteristics and to evaluate
whether the two jet structure characteristic of winter persists into the warm season.

In this study, a calendar-year analysis of the isentropic housing of Northern Hemisphere
tropopause-level jets is undertaken using the JRA-55, ERA5, and NCEP reanalysis datasets from
1979 - present. The analysis recreates a result of Christenson et al. (2017) which clearly shows a
bimodal distribution of jet frequency of occurrence in the Northern Hemisphere cold season
(November — April) with the two peaks corresponding to the polar and subtropical jets,
respectively. The investigation uniquely reveals that the vast majority of the warm season (May
— October) is characterized by a unimodal distribution suggestive of a single tropopause-level jet
during these months. Furthermore, the waviness of this warm season unimodal tropopause-level
jet is considered from the perspective of the average latitudinal displacement (ALD) diagnostic
of Martin (2021). Trends in waviness, speed, and latitudinal location of the unimodal jet over 60-

plus year and 41-year time periods are also calculated. While results vary across data sets, the



unimodal jet does seem to be getting wavier over the full 61-year period while exhibiting no
clear trend in speed and no significant trend in latitudinal location. Over the 41-year time span,
only trends in jet speed lack consensus as only two of the three data sets suggest that the jet has

slowed with time.
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Chapter 1

Introduction

1.1 Introduction to Jet Streams

Among the most common features of Earth’s atmosphere are the tropopause-level wind
speed maxima known as jet streams or jets. These narrow streams of fast-moving air are a
fundamental link between synoptic-scale weather systems and large-scale circulations around the
globe. Since these jets play such a substantial role in production of weather phenomena in the
mid-latitudes (e.g., Whitney 1977; Athanasiadis et al. 2010; Harnik et al. 2016), they have been
the subject of numerous observational studies over time. The question of how these jets will
change in a warming climate has become an active topic of discussion in recent years (e.g.,
Archer and Caldeira, 2008; Barnes & Polvani, 2013; Miller et al., 2006). In either hemispheres’
cold season (JJAS for the Southern Hemisphere, DJFM for the Northern Hemisphere), there are
two main jet streams that can be identified at any given time: the subtropical jet and the polar jet.

As established in Held & Hou (1980), the subtropical jet arises in response to angular

momentum transport from the thermally direct Hadley Cell circulation. As such, the subtropical



jet resides at the poleward edge of the Hadley Cell, at ~30° latitude in the upper troposphere

(~200 hPa). The polar jet sits atop the baroclinicity of the midlatitudes, usually located north of
~40° latitude at around 300 hPa (Namias and Clapp 1949; Newton 1954; Palmén and Newton

1969; Keyser and Shapiro 1986; Shapiro and Keyser 1990). This jet, often called the eddy-driven
jet, forms as a result of eddy momentum flux convergence associated with developing waves
within this region of midlatitude baroclinicity (Held 1975; Rhines 1975; McWilliams and Chow
1981; Panetta 1993).

As a result of their means of formation, the polar and subtropical jets are generally
separated both latitudinally and vertically. The jets are seasonally variable, exhibiting changes in
both intensity and location throughout the year. During wintertime, the Northern Hemisphere has
jet stream maxima generally located over the western Pacific, adjacent continental Asia, and the
western Atlantic. The summer months are characterized by less extensive wind speed maxima
overall which are generally located over the western Atlantic and the western to central Pacific
(Koch et al. 2006). Occasionally during the Northern Hemisphere extended cold season
(November - March), these two jets can become vertically superposed, resulting in a single
feature characterized by much faster wind speeds (Christenson et al. 2017). Despite the
substantial attention that has been devoted to examining the tropopause-level jets, prior studies
have mainly focused on examining these jets in the cold season. Consequently, this thesis
focuses on identification and assessment of the characteristics of the warm season tropopause-
level jet and considers whether two separate jets exist throughout the full calendar year.

A defining characteristic of both species of jets is that they reside near the tropopause, a
thermodynamic boundary separating the troposphere from the stratosphere. Importantly, the

tropopause does not exist at one uniform height but instead slopes upward toward the equator.



Through observational work by Defant and Taba (1957), the Northern Hemisphere cold season
tropopause was found to have a three-step structure in height from equator to pole with local
regions of steep slope occurring at increasingly lower altitudes with increasing latitude. These
sharp gradients in tropopause height were also found to be collocated with axes of local wind
speed maxima, i.e. the jets. Furthermore, Defant and Taba (1957) established that, on average,
the tropical tropopause was found to reside at ~90 hPa and extend to ~30°N. At that latitude,
tropopause height sharply decreases to ~200 hPa. This sharp break in tropopause height is
coincident with the subtropical jet which is located at ~200 hPa. Poleward of this jet is the
“middle tropopause”, located around ~250 hPa. Another tropopause break separates the middle
tropopause from the even lower polar tropopause. The polar jet is located at this break, at ~300
hPa. These jets can also be characterized by their baroclinicity; shallow upper troposphere
baroclinicity distinguishes the subtropical jet whereas the deep and dramatically more baroclinic
polar front drapes below the polar jet.

The present research seeks to categorize the warm season tropopause-level jet stream
based on its observed physical characteristics (i.e. location in isentropic space) rather than via
rigid, pre-determined qualifications such as latitudinal location or specific pressure levels. In this
way, a feature-based identification of the tropopause-level jet emerges that is less contingent

upon preconceived bias than prior identification methods mentioned herein.

1.2 ldentifying Jet Streams

To better characterize the location of the Northern Hemisphere tropopause-level jet
stream, the present study examines the jet at its location on a “dynamic tropopause” rather than

at a pre-ordained height or pressure level. Morgan and Nielsen-Gammon (1998) advocated for



the use of potential temperature (¢) and wind speed maps on the “dynamic tropopause” [defined
as a surface of constant Ertel potential vorticity (PV) (Ertel 1942)] for diagnosing weather
systems. When considered from this perspective, the steep tropopause breaks become regions of
large PV gradient on isentropic (6) surfaces, or large 6 gradient on isertelic (constant PV)
surfaces, linking them both theoretically (Cunningham and Keyser, 2004; Hoskins et al., 1985)
and empirically (Davies and Rossa, 1998; Hoskins and Berrisford, 1988) to the tropopause-level
jet cores. Cunningham and Keyser (2004) utilized quasi-geostrophic potential vorticity to relate
tropopause-level PV gradients and jet maxima. Their theoretical methodology is discussed in
detail in Chapter 2 of this thesis. Davies and Rossa (1998) offered evidence for this concept in an
empirical sense through their examination of upper-tropospheric fronts from a PV perspective. In
their analysis, PV gradients were examined in both isobaric and isentropic vertical coordinates.
Through their case study they suggested an alternative interpretation of frontogenesis as the
enhancement of the PV gradient on isentropic surfaces. Furthermore, their cross sections
indicated the co-occurrence of strong (and strengthening) PV gradients with an accompanying jet
streak. Despite a growing acceptance of this 6/PV perspective on the tropopause-level jets, there
is no clear consensus regarding which isentropic surfaces (or layers) are the most appropriate to
house these jet-defining PV gradients. A number of studies (e.g. Defant and Taba 1957, Palmen
and Newton 1969, Morgan and Nielsen-Gammon 1998, Shapiro et al. 1999, and Randel et al.
2007), however, suggest a relatively narrow range of acceptable values for these layers; 335K -
345K for the subtropical jet and 310K - 320K for the polar jet. This thesis follows the method
devised by Christenson et al. (2017), to be fully discussed in later sections, who offered a method

to empirically identify the appropriate layers. It has not yet been established whether or not, and
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to what degree, these layers persist as the housings of the two species of tropopause-level jets
throughout the Northern Hemisphere warm season (May - October).

A particularly influential study in jet stream identification is that of Koch et al. (2006).
This analysis was one of the first to partition jet stream events into those with deep and shallow
baroclinicity, exploiting one of the primary differences between the subtropical and polar jets. In
order to be considered a jet stream event in their study, integrated average wind speeds in the 100
hPa to 400 hPa layer had to be greater than 30 m s, a criterion which many subsequent studies
have adapted as a basis for their jet identification schemes (e.g. Manney et al. 2011, 2014, 2017,
Christenson et al. 2017, Manney and Hegglin 2018). In addition to this integrated wind speed
specification, Christenson et al. (2017) also utilized the relationship between jet cores and sharp
PV gradients to identify the separate types of jet streams, a concept that will be explored in depth
in later sections. This method allowed for the separate objective identification of each type of jet,

along with their respective isentropic housings.

1.3 Jet Streams In A Warming Climate

Given the importance of jet streams to global weather, it is of both operational and
scientific interest to consider how these structures might evolve in a changing climate. Various
different methods in previous analyses have been created to identify jet streams, determine their
general locations, and assess their trends in a variety of characteristics such as wind speed and
latitudinal location over time. As may be expected with differing methodologies, variable results
and conclusions have been articulated. Archer and Caldeira (2008) utilized mass-weighted
average wind speeds in the upper troposphere to characterize speeds, pressure levels, and

latitudinal locations of jet streams in both hemispheres. They ultimately reached the conclusion



that, in both hemispheres, jet streams have shifted poleward and, in the Northern Hemisphere,
weakened in intensity. Conversely, Strong and Davis (2007), through the use of wind speeds on a
“Surface of Maximum Wind”, found that Northern Hemisphere jet streams are shifting
equatorward while simultaneously increasing in core speed. Manney et al. (2011, 2014, 2017)
and Manney and Hegglin (2018) identified jet streams by selecting regions in the upper
troposphere in which there is a wind speed maximum greater than 40 m s'1. The boundaries of
these jet streams were considered to be wherever wind speeds drop below 30 m s™*. If there were
multiple areas above 40 m s within the selected 30 m s regions, jet cores could only be
considered separate if they were 15° apart and were separated by winds less than 25 m s
Employing this definition, they were able to create a jet climatology in both hemispheres across
various data sets and found results that depict somewhat of a middle ground from those
previously discussed. In the Northern Hemisphere, they found that the subtropical jet is moving
poleward whereas the polar jet is both weakening and moving equatorward in our warming
climate. Despite the widely variable methodologies of jet identification across studies utilizing
reanalysis data, there is a surprising consensus, in studies that employ climate models, that both
jets will trend poleward in a warming world in studies which employ climate models (e.qg.,
Barnes & Polvani, 2013; Miller et al., 2006; Swart & Fyfe, 2012; Woollings & Blackburn, 2012;
Yin, 2005).

Jet stream waviness is another characteristic that has been the subject of recent research
efforts. Through its linkage to synoptic-scale weather systems, changes in jet stream waviness
can trigger and lead to changes in daily weather extremes (Réthlisberger et al., 2016). As such, it
is important to understand how jet waviness will evolve in a warming world. A variety of

measures to calculate jet waviness have been developed in recent analyses. Some methodologies



utilize Fourier analyses of meridional winds and geopotential heights in select latitude bands to
assess wave amplitudes (Petoukhov et al., 2013; Coumou et al., 2014; Screen and Simmonds,
2013, 2014). Most studies focus on the contribution of warming lower tropospheric temperatures
at higher latitudes, also known as Arctic amplification, and their impacts on the tropopause-level
jets (Blackport & Screen, 2020; Burt et al., 2016; Francis, 2017; Francis et al., 2018; Screen &
Simmonds, 2010, 2013; Serreze et al., 2009; Vavrus, 2018). A majority of these analyses apply
metrics that utilize geopotential height contours or horizontal wind components in the middle to
upper troposphere (i.e. ~500 hPa) to characterize waviness of flow patterns (e.g., Barnes, 2013;
Chen et al., 2015; Di Capua & Coumou, 2016; Francis & Vavrus, 2012, 2015; Martineau et al.,
2017). When considered from a PV perspective, flow at 500 hPa is strongly influenced by near
surface thermal contrasts (i.e., dynamically equivalent to low-level PV gradients following
Bretherton, 1966), internal diabatic processes, and tropopause-level PV anomalies (Davis &
Emanuel, 1991; Grams et al. 2011; Hoskins et al., 1985). So, though this 500 hPa flow often
exhibits similarities to the tropopause-level jet stream patterns at high altitudes, it is still affected
by these lower tropospheric and diabatic influences to a greater extent than the tropopause-level
flow. Consequently, it may be expected that the tropopause-level jet waviness would differ from
that of wind speed maxima in the mid-troposphere. As a result of the wide variety of analysis
methodologies, there is little to no consensus on whether a warming world will be characterized
by substantial changes in jet structure and waviness (Barnes, 2013; Barnes and Screen, 2015). Of
most importance to this thesis is the research and methodology presented in Martin (2021), in
which a robust methodology for assessing waviness of jet streams and their recent trends is

provided. This procedure considers the polar and subtropical jets separately within their



respective isentropic housings, as in Christenson et al. (2017). An in-depth discussion of this
methodology will be provided in a later section within this thesis.

Despite the numerous efforts to characterize jet stream behavior in a warming climate,
little work has been done to study these distributions and trends during the warm season (May -
October) alone. Several of the aforementioned research papers have focused mainly on their
respective hemisphere’s tropopause-level jet stream in the cold season, providing little insight
into how these features behave throughout the remainder of the calendar year. Other studies (e.qg.,
Archer and Caldeira, 2008; Barnes and Screen, 2015; Manney et al. 2011, 2014, 2017) examine
trends of tropopause-level jet streams in all seasons. Each study views Northern Hemisphere jet
streams in a unique way, such as viewing the jet as one long spiral covering the full hemisphere
as seen in Archer and Caldeira (2008) or utilizing the Koch et al. (2006) standards along with
latitude bounds as done in Manney et al. (2017). Some studies make no assumption about the
classification of the jet (i.e. polar or subtropical) and solely study broad jet stream characteristics
(e.g., Archer and Caldeira, 2008; Barnes and Screen, 2015). Others classify these jets with their
own unique methodologies and focus on identifying the two jets and assessing their individual
characteristics over a full year (e.g., Manney et al. 2011, 2014, 2017). No study, however, has
been fully devoted to establishing the existence of a two jet structure and characterizing the traits
of these jets trends in the warm season alone. The present research seeks to investigate aspects of
the climatology and long term trends of the Northern Hemisphere warm season tropopause-level
jets by identifying their isentropic location and then applying the waviness metric seen in Martin
(2021) in three reanalysis datasets.

The thesis is organized as follows. Chapter 2 provides insight into the datasets used for

the analysis and a description of the methodology used to objectively identify the isentropic



distribution of the subtropical and polar jets. A full description of the physical and observational
aspects of the waviness metric developed by Martin (2021) is offered as well. Chapter 3 displays
the results of the Northern Hemisphere warm season jet climatology, covering features such as
distribution in isentropic space and trends of jet waviness, speed, and latitudinal location.
Finally, Chapter 4 discusses the summary and conclusions of these findings, as well as providing

insight for potential future work.
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Chapter 2

Data & Methodology

2.1 Data

The ensuing analysis utilizes zonal (u) and meridional (v) winds as well as temperature
(T) at 6 h intervals from three different reanalysis data sets: the Japanese 55-year reanalysis
(JRA-55), the National Centers for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis, and the European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis v5 (ERA5). Sixty-one years of data from NCEP/NCAR
reanalysis at 17 isobaric levels to 10 hPa on a 2.5° latitude-longitude grid (Kalnay et al. 1996;
Kistler et al. 2001) from 1959 to 2019 were used. The JRA-55 data set was employed over the
same 61 years (1959-2019) on 60 vertical levels up to 0.1 hPa on a horizontal grid mesh of ~55
km (Kobayashi et al. 2015). Lastly, the ERAS data on 137 vertical levels from the surface to 80
km with a grid spacing of 31 km covering the 41-year time period of 1979-2019 (Copernicus
Climate Change Service [CS3], 2017) was also used. The different reanalyses are the products of

varying assimilation schemes and input data sets, with some characterized by known
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discontinuities arising from the introduction of satellite data (e.g., Santer et al. 1999; Sturaro,
2003). Additionally, the use of data sets with variable start times can complicate the comparison
of any resulting time series. The foregoing analysis embraces these differences as evidence of,

rather than impediments to, the robustness of the analysis method.

2.2 lIsentropic Distribution

In order to assess waviness and various other characteristics of the warm season
tropopause-level jet, it is first necessary to establish where the jet lies in isentropic space. To
make this assessment, the present analysis follows aspects of those performed by Koch et al.
(2006) and Christenson et al. (2017). Firstly, the maximum wind speed in each grid column of
each data set (from 0°N to 80°N) is identified and the corresponding pressure (Pmax) and potential
temperature (fmax) values at the level of maximum wind speed are identified. Following Koch et
al. (2006), only the grid columns in which the integrated average wind speed between 400 hPa
and 100 hPa is greater than 30 m s are retained. From such qualifying columns in each data set,
fmax is sorted into 5 K bins for the purpose of constructing an isentropic distribution of the level
of maximum wind for each month of the year.

An example of this is provided in Figure 2.1, which shows the 61-year isentropic
distribution of January jet cores from the JRA-55 data. Three peaks stand out in this distribution:
one in the 310 - 325 K layer, a sharper one in the 340 - 355 K layer, and a muted one in the 405 -
420 K layer. These peaks correspond to the polar jet, subtropical jet, and polar night jet,
respectively. While the polar night jet is present in the cold season months’ distributions, it is
consistently located above the tropopause and will not be considered further in the subsequent

analysis.
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2.3 Average Latitudinal Displacement

Once the isentropic housings of the jet are established for each month, the Average
Latitudinal Displacement (ALD) methodology, first established by Martin (2021), is employed to
assess jet stream waviness. Following Cunningham and Keyser (2004), consideration of the
quasi-geostrophic potential vorticity (QGPV) elucidates a direct relationship between PV

gradients and strong jet cores. The QGPV is given by

1 d (fodp\ _
M ag= 770+ +5-(L28) = a@) + £

(where A = Iyl (&) 94 fo2 and ¢ is the geopotential). Consequently, the cross-jet
- fO ap\a/op o dp 4 g p ' q y’ J

2
gradient of QGPV (%) can be written as

2) Do = A(32) = a(-f)

after substituting in the expression for the geostrophic wind in natural coordinates. This
relationship makes clear that large horizontal gradients of tropopause-level PV are collocated
with local geostrophic wind speed maxima.

Given this relationship, it follows that the jet core will reside in a region of strong PV
gradient. Thus, the axis of maximum wind speed of a jet can be approximated by one of several
PV contours (isertels) within that strong PV gradient region. The specific isertel will hereafter be
referred to as the “core isertel” as it refers to the core of the jet on any given day. To find this

core isertel, the circulation, given by

3) C=¢U-dl
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is calculated along each isertel ranging from 0.5t0 5 PVU (1 PVU =10 m2K kg™t s 1) at 0.1

PVU intervals in each jet layer on every day in each data set. The isertel along which the
circulation per unit length is maximized serves as the core isertel for that given day in that layer.
An example of the core isertel in the 335 - 350 K isentropic layer from the JRA-55 data on June
15, 1995 can be seen in Figure 2.2.

Since identifying the core isertel on any given day involves assessment of the circulation,
it also requires calculation of contour length. Consequently, fair comparison among the 3 data
sets is only possible by adopting a uniform horizontal grid spacing. Therefore, all three data sets
were bilinearly interpolated onto isentropic surfaces at 5 K intervals (from 300 to 370 K) at 2.5°
latitude/longitude grid spacing. The particular isentropic layers used for the analysis were
identified for each month according to the method just described and will be revealed in a
subsequent chapter.

The core isertel is not the same for each day in a given time series nor for any given day
that might be shared by two or more of the three time series. Consequently, its distribution in
each data set is worthy of additional analysis. Figure 2.3 displays these distributions for the
warm season (May - October) jet as seen in all three data sets. The NCEP data set exhibits a high
concentration of lower PV values, with around 17% of all core isertels in the 61-year period
having a value of around 1.9 PVU. The ERA5 and JRA-55 data sets are in more agreement with
each other, both featuring a much broader distribution than seen in NCEP data. ERAS core
isertels have a mean value of 2.4 PVU, whereas JRA-55 core isertels exhibit a mean value of
around 2.9 PVU, both values notably higher than their NCEP counterpart. Regardless of these
various distribution differences, the mean core isertel value amongst all data sets has a relatively

small range of 1.2 PVU.
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Once the core isertel for a jet on a given day in a given layer is determined, the area
enclosed within that isertel can be calculated. Next, a polar cap whose area is equal to that same
area is calculated. The southern edge of this cap is the equivalent latitude of that core isertel and

is given by

(4) ¢, = arcsin [1 - 27TR§]

where Reis the radius of the earth and A is the area enclosed by the core isertel. The meridional
displacement of the core isertel from its equivalent latitude at each longitude in the data set can
then be measured, as seen in Figure 2.4, which revisits the example from June 15, 1995. If an
isertel intersects a longitude line multiple times, only segments of the longitude line along which
the PV is greater (less) than the core isertel value south (north) of the equivalent latitude are
counted. The sum of the length of all these qualifying segments is divided by the number of
longitude lines at the resolution of the data (in this case, 21/2.5° = 144) and converted to degrees,
resulting in the final measure of Average Latitudinal Displacement (ALD). According to this
procedure, a perfectly zonal core isertel (i.e., a zonal jet) would have an ALD of 0.0 with larger
numbers representing increasingly wavier jets. Returning to the example case again, the core

isertel in Figure 2.4 has an ALD value of 5.56°.



15

Total jet percent: 52%
Il subtropical jet: 29%
B polar jet: 23%

0.24

0.22 A

0.20 1

0.18 4

0.16 1

0.14 1

0.12 A

Fractional Amount

0.10

0.08 1

0.06 1

0.04 1

0.02 A

I
|
I—

0.00

o
~
m

235-240 -
245-250 -
255-260 -
265-270 -
275-280 -
285-290
295-300 -
305-310
315-320
325-330
335-340
345.350
355-360
375-380
385-390
395-400
405-410
415.420
425-430
435-440
445.450
455-460

3
m

Isentropic Layer (K)
Figure 2.1: The frequency of occurrence of qualifying grid columns with a maximum wind speed value within the

specified 5-K isentropic layers for the month of January, from the JRA-55 dataset. The 310-325-K and 340-355-K layers
are shaded in blue and red, respectively. Percentage of grid columns belonging to each shaded layer is also represented.
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Windspeed (m/s)

Figure 2.2: An example of wind speeds (shading) in the 335 — 350 K layer and the corresponding core isertel (black
contour) for June 15, 1995, as depicted by the JRA-55 dataset. The physical meaning of, and method for
determining, the core isertel are described in the text. For this particular day and layer the core isertel has a value of
2.5PVU.



17

17.5 T T 3 T
! : : = ERA5 Core Isertel PVU
I I I s JRA-55 Core Iserte| PVU
1504 I 1 I s NCEP Core Isertel PVU
' | : | —— ERAS5 Mean PVU: 2.41
I | 1 = = JRA-55 Mean PVU: 2.98
) | 1 [ L .
R 125 . : | NCEP Mean PVU: 1.85
8 I 1 |
| 1 [
i | I |
£ 10.0 ! I }
2 I | I
o I I
O I
5 75
>
@] 1
& 1
L I
o 5.0 i
4]
= I
[ f I
| 1
2.5 ; I
| 1
1 I I §
0.0 1 i i
1 1 ]
T T

2 4

" S o Q
(o] m "M
Core Isertel (PVU)

Figure 2.3: Frequency of occurrence of core isertel value for each reanalysis dataset during the Northern Hemisphere
warm season (May - October). The dashed vertical lines indicate the mean PV value of the core isertel from each data
set. Isertel values given in potential vorticity units (PVU, 1 PVU = 10K m? kg™ ' s7).

T T
S o
— sl

4
4.5

n
S



18

Figure 2.4: Schematic illustrating the meridional displacements of the core isertel from its equivalent latitude from June

15, 1995, using the JRA-55 data set. The equivalent latitude on this day has a value of 34.9° N and is highlighted by the

red dashed circular contour. Poleward and equatorward displacements are highlighted as well, in bright red contours and
blue contours, respectively.
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Chapter 3

Results

3.1 Calendar Year Climatology of Northern Hemisphere Jet

Distribution

The isentropic distributions of the tropopause-level jet streams for each month during the
Northern Hemisphere warm season are established in this portion of the analysis. The cold
season distribution results from Christenson et al. (2017) are also recreated so that a full calendar
year climatology of the 0-space jet distributions can be examined. Figure 3.1 displays this full
climatology from the JRA-55 data set. A distinct pattern in jet distribution quickly becomes
apparent; the warm season is dominated by a unimodal peak in the distribution whereas the cold
season has two peaks, representing the distinct polar and subtropical jets, respectively.

The warm season months (May - October) are characterized by a smaller number of
qualifying grid columns overall but with much more concentrated peaks in their distributions,
meaning a high percentage of jet-containing columns fall into the single peak (Figs. 3.1 e - i).

While the cold season does feature a higher number of qualifying columns and a wider
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distribution, around half of all columns are still contained within the two chosen jet layers for all
months (Figs. 3.1a - d, k and I). Christenson et al. (2017) adopted the 315 - 330 K and 340 - 355
K layers as the isentropic housings for the cold season polar and subtropical jet, respectively, as
these were the peaks in the NCEP reanalysis jet distributions. The isentropic housings of the
warm season unimodal jet are selected following the same convention to maintain continuity
with the previous methodology. These housings fluctuate slightly throughout the course of the
warm season. During May, the first month fully characterized by a unimodal jet, 330 - 345 K is
the appropriate layer (Fig. 3.1e). The jet shifts to the slightly warmer 335 - 350 K layer for June
(Fig. 3.1f), but returns to the 330 — 345 K layer for July - September (Figs 3.1g-i). To close out
the warm season, October features the coolest unimodal jet of all, when it occupies the 325 - 340
K layer, though with a broader distribution than in any of the preceding 5 months (Fig. 3.1j). The
percentage of jet-containing columns residing in the unimodal jet also fluctuates throughout the
course of the warm season. May is occupied by a less defined unimodal jet which contains just
below 50% of all qualifying grid columns. This percentage increases to well above half of all
columns (up to 54% in Figure 3.1h) for the majority of the warm season before falling back to
just under 40% in October, the last month with a fully unimodal jet.

April and November are transitional months in which the Northern Hemisphere jet
transforms from a unimodal to bimodal distribution (November) or from a bimodal to unimodal
(April). Partitioning April and November into 10-day average periods sheds more light on the
nature of these transitions. Figure 3.2 illustrates the bimodal to unimodal transition that
dominates April. The month starts out as fully bimodal, separate peaks for the polar and
subtropical jet separated by a minimum in the distribution (Fig. 3.2a). This minimum is

identified if at least one 5 K bin has a lower count of jet-containing columns than those
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characterizing the adjacent peak(s). The intervening minimum becomes less prominent by April
10th (Fig. 3.2b) and is completely nonexistent by April 20th (Fig 3.2¢). Finally, by April 30th,
any signs of bimodality are gone and the distribution is distinctly unimodal (Fig. 3.2d),
remaining that way throughout the extended warm season. In the early stages of this unimodal
jet, fewer jet-containing columns reside within the selected isentropic range (around only 40%)
despite the distribution being distinctly unimodal. By mid-warm season, however, this number
increases to well over 50% as the unimodal jet becomes more well established.

The opposite transitional pattern unfolds in November, as demonstrated by Figure 3.3.
The month begins with a solidly unimodal jet distribution, albeit with a wider distribution than in
the late summer/early fall (Fig. 3.3a). The unimodal distribution persists through November 10th
with continued broadening while the jet core maximum shifts to lower isentropic levels (Fig.
3.3b). By November 20th, two peaks separated by a minimum in the distribution emerge (Fig.
3.3c).These separate peaks become more clearly defined by November 30th (Fig. 3.3d) and
persist through mid-April. Similar to its initial stages in April, the final stages of the unimodal jet
are also characterized by fewer jet-containing columns, just above 30%, until its transition to
bimodality. After this transition, the polar and subtropical jet layers contain over 50% of all
qualifying columns.

The warm season unimodal jet resides in a rather unigque isentropic space between where
the cold season polar and subtropical jets are located. Figure 3.4 compares the jet distribution in
January (mid-cold season) to July (mid-warm season) to better exhibit the stark differences
between the two. In January, the polar jet occupies the 310 K - 325 K layer whereas the
subtropical jet resides at the higher 340 K - 355 K level. The warm season unimodal jet occupies

the 335 K - 350 K layer, placing it a slightly lower 6 than the cold-season subtropical jet layer.
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The slight overlap between the warm season unimodal jet layer and the cold season subtropical
jet layer suggests that the polar jet erodes away during the warm season, weakening or
disappearing while the subtropical jet layer takes over.

The other data sets were also analyzed with the same methodology to see if they contain
the warm season unimodal jet pattern as well. Figures 3.5 and 3.6 show the year-long
climatology for the ERAS5 and NCEP data sets, respectively. Though very particular details of
these companion distributions may differ, these figures, in addition to Figure 3.1, demonstrate
that the broad details of the annual cycle of the tropopause-level jet stream(s) are remarkably
similarly depicted in each of these distinct reanalysis data sets.

All three of the reanalysis data sets are in decent consensus regarding the isentropic
location of each jet. Table 3.1 lists these calendar year isentropic housings for each data set with
those housings not in agreement with the consensus highlighted in red. Only six isentropic layers
do not match, meaning 88% of all isentropic housings across all three data sets are in agreement.
Three of the six non-consensus layers reside in the NCEP data set, the least modern of the three.

We will consider this fact later in the thesis.

3.2 Warm Season Jet Waviness Trends

Now that the isentropic housing of the unimodal jet has been established, its waviness
can be assessed. The seasonal average of daily ALD for each data set is calculated over the full
warm season (May - October). Figure 3.7 displays a time series of these results for each of the
three reanalysis data sets. For this and each of the following characteristics’ analyses, only the
JRA-55 trendline is shown. The interannual variability exhibited in these time series, as well as

the overall ALD values, are relatively similar across all data sets with NCEP being the largest
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outlier, especially in the more recent portions of the time series where ALD values are ~0.7°
higher (not shown). Significance of the trend for each data set was evaluated using a two-sided
Student’s t-test. The JRA-55 trendline has a p-value of 0.38, which is not significant, while
having a slope of 0.002. The lack of significance to this modest slope suggests the warm season
jet’s ALD has been relatively constant over this time period, staying around 7.3°.

Conversely, the ERAS time series depicts the unimodal jet getting modestly wavier with
time. While not displayed in Figure 3.7, the ERADS trendline has a slope of 0.009 and a p-value of
0.0001, meaning its increase in waviness of around 0.3° is significant at the 95th percentile. The
NCEP data set has a strongly significant increase in jet ALD of about 0.5° over the 61-year time
period, with a p-value of 5.2 x 10-° and a slope of 0.01. These stark differences further establish

the NCEP data set as an outlier in this half of the analysis as well.

3.3  Warm Season Jet Speed Trends

The core isertel was previously defined as the isertel along which circulation per unit
length is maximized. Consequently, it is safe to assert that the average wind speed along that
core isertel represents the average jet speed on that day. The time series of seasonal average
(May - October) speed for each data set is portrayed in Figure 3.8. While all data sets have a
similar average relative speed of the jet core over time, around 22 - 23 m s 1, long-term trends
are more variable with this characteristic than with others. JRA-55 data maintains average jet
wind speeds at around 22.5 m st with some fluctuations over the time series. However, with a
slope of 0.002 and a p-value of 0.35, no significant trend is present. NCEP data exhibits wind
speeds that are slightly weaker than those in the other two data sets as well as average speeds that

increased noticeably within the first 20 years of the time series but flattened out in the latter



24

portion. Overall, NCEP features a modest but statistically significant increase in average wind
speed of around 0.5 m st over time, featuring a trendline slope of 0.008 and a p-value of 0.02.
Conversely, ERA5 data depicts a unimodal jet that has steadily slowed by about 1 m st with
time. This data set has both the most defined slope at a value of -0.022 and the most significant

p-value at 0.0002.

3.4 Warm Season Jet Equivalent Latitude

Another useful by-product of finding the core isertel is that the daily values of equivalent
latitude fall right out of the analyses. The equivalent latitude is very nearly the zonally averaged
latitude of the jet core on any given day. The time series of the seasonal average equivalent
latitude (May - October) for the unimodal jet for each data set is shown in Figure 3.9. Similar to
what was seen in the trends of previously examined unimodal jet characteristics in the JRA-55
dataset, no significant change is exhibited (p = 0.51) over time. The warm season unimodal jet is
neither moving poleward or equatorward at a significant rate but has generally remained in the
same relative location latitudinally between 40°N and 41°N. This is the only characteristic for
which all three data sets agree on overall lack of trend significance, with NCEP and ERA5
trendlines having p-values of 0.55 and 0.97 respectively. Despite this agreement, overall values
are still notably different between data sets. ERA5 places the unimodal jet slightly more
equatorward than JRA55 with it residing generally between 39°N and 40°N. As seen in the prior
characteristics’ analyses, NCEP is the largest outlier of the three datasets. It portrays a much

more poleward unimodal jet, placing it around 42.5°N for the majority of the time series.
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3.5 41-Year Climatology

Reanalysis data sets that incorporate data from satellite observations are often thought to
be the most accurate. Starting in 1979, various new satellites were able to acquire higher quality
observations from all latitudes (Kobayashi et al. 2015; Bell et al. 2020), allowing for more
accurate representations of the atmospheric state in reanalysis data sets. Within the present
analysis, only the JRA-55 and ERAS data sets were assimilated with these satellite observations
whereas NCEP, prior to 1979, was not. Given this, each of the previously examined unimodal jet
characteristics are reassessed in the 1979 - 2019 time span in an effort to discern if any trends
differ in this modern satellite era.

Figure 3.10 shows the ALD time series in this smaller time span. Both NCEP and ERA5
data still depict the unimodal jet becoming significantly wavier with time, featuring about a 0.5°
and a 0.4° increase respectively. The NCEP time series has featured a p-value of 0.003 while
ERADS had a p-value of 0.0001. JRA-55 data, however, shows no significant trend and remains
around 7.15° for the entirety of the time frame. It is worth noting that, while still significant, the
NCERP trendline’s p-value is 0.004, a value that is much larger in this 41-year time period than
over its original 61-year timeframe.

The most drastic change in significance occurs in the core isertel wind speed time series
seen in Figure 3.11. Previously, none of the data sets agreed with one another and only the ERA5
dataset depicted a unimodal jet that slowed with time. In this more recent and restricted time
frame, JRA-55 data now also portray a unimodal jet that slows by around 0.5 m s with a slope
of -0.01 and a p-value of 0.04, an important difference from its former lack of any significant
trend. JRA-55 and ERAS are much more similar in this smaller time frame as both data sets now

feature around a 0.5 m st slowing of the unimodal jet over the 41-year time period. In this
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limited period even the NCEP data set depicts little change in wind speeds as it has a slightly
negatively sloped trend line with an insignificant p-value of 0.6.

Finally, Figure 3.12 displays the 41-year time series of the unimodal jet’s equivalent
latitude. Much like its 61-year counterpart, none of the data sets in this time period feature a
significant trend in equivalent latitude. NCEP and JRA-55 data sets are the most similar, both
featuring very similar peaks and troughs in their time series, but overall remaining around
40.5°N. NCEP portrays a unimodal jet that, despite its many fluctuations, hovers around a
latitude around 42.5°N, occasionally reaching values of up to 3° poleward of the other datasets.

The NCEP data set trends are notably different from the others displayed in this analysis,
portraying values that are overall higher or lower than those in the JRA-55 or ERA5 data sets
both before and during the satellite era. Despite these differences, all three data sets follow the
same general pattern of peaks and troughs in their respective interannual variabilities. One
potential reason for this discrepancy is differences in the spatial and temporal resolutions of the
data sets used. The ERA5S has improved representation of convective updrafts, gravity waves,
and other meso- to synoptic-scale features that can enhance mixing due to its higher spatial and
temporal resolutions. The NCEP and JRA-55 data sets, however, have lower resolutions that
likely curtail such mixing and may, therefore, underlie these differences (Hoffman et al. 2019).
Additionally, Xu et al. (2021) found similar issues when utilizing the NCEP, JRA-55, and ERA-
Interim reanalysis data sets to examine climatic and seasonal averages of vertical motions in the
atmosphere over China. They found that the JRA-55 and ERA-Interim data sets similarly
represented both the magnitude and distribution of vertical motion centers while the NCEP data
often portrayed substantial distribution differences, and occasionally opposite values, as

compared to the more modern datasets. They concluded that, while positions of vertical motion
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centers were relatively the same across all data sets, the magnitude and spatial distribution of
these centers were the most similar between ERA-Interim and JRA-55 data sets. NCEP data
often portrayed results that were generally different from or even opposite values of those seen in

the other two data sets.
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dataset. The polar and subtropical jets are represented by blue and red columns, respectively, while the single warm
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Figure 3.6 (continued)
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Figure 3.7: Seasonal average ALD (in degrees) of the unimodal warm season jet (May - October). Each of the
colors represents a different reanalysis time series. The straight black line through each time series represents the
trend line (taken from the JRA-55 data) for each. The trend line exhibits a significant trend for the ERAS5 and NCEP
datasets.
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Figure 3.8: Average wind speed (m s!) along the core isertel of the warm season (May - October) unimodal jet.
Each of the colors represents a different reanalysis time series. The straight black line represents the trend line for
the JRA-55 dataset. Over the time series, ERAS exhibits a significant decrease in wind speeds whereas NCEP
displays a significant increase in wind speeds.
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Figure 3.9: Seasonal average equivalent latitude of the unimodal warm season (May - October) jet. Each of the
colors represents a different reanalysis time series. The straight black line through each time series represents the
trend line (taken from the JRA-55 data) for each. The trend line does not exhibit a significant trend for any dataset.
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Figure 3.10: Seasonal average ALD of the warm season (May - October) unimodal jet confined to the satellite era
(1979 - 2019). Each of the colors represents a different reanalysis time series. The straight black line through each
time series represents the trend line (taken from the JRA-55 data) for each. ALD is increasing at a significant rate in
the ERAS and NCEP data sets only.
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Figure 3.11: Average wind speed (m s™!) of the warm season (May - October) unimodal jet core confined to the
satellite era (1979 - 2019). Each of the colors represents a different reanalysis time series. The straight black line
through each time series represents the trend line (taken from the JRA-55 data) for each. Wind speeds are
significantly decreasing in the JRA-55 and ERAS data sets while NCEP data exhibits no significant trend.
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Figure 3.12: Average equivalent latitude of the warm season (May - October) unimodal jet confined to the satellite
era (1979 - 2019). Each of the colors represents a different reanalysis time series. The straight black line through
each time series represents the trend line (taken from the JRA-55 data) for each. All three data sets exhibit relatively

weak slopes and have no significant trends.
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_ NCEP JRA ERA

Month Polar Subtropical Polar Subtropical Polar Subtropical
1] 310-325 340-355 310-325 340-355 310-325 340-355
2] 310-325 340-355 310-325 340-355 310-325 340-355
3] 310-325 340-355 310-325 340-355 315-330 340-355
4] 320-335 335-350 320-335 335-350 320-335 335-350
5 330-345 330-345 330-345
6 335-350 335-350 335-350
7 335-350 330-345 330-345
8 335-350 330-345 330-345
9| 330-345 330-345 330-345
10| 325-340 325-340 325-340
11  315-330 335-350 315-330 335-350 320-335 335-350
12]  315-330 340-355 310-325 335-350 315-330 335-350

Table 3.1: Isentropic housings of the polar, subtropical, and unimodal jet streams over the course of a calendar year
for all three reanalysis datasets. Layers highlighted in red indicate those which are not the same across all datasets.
Only 6 of 54 layers do not match, meaning 88% of all selected layers are identical.
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Chapter 4

Summary & Discussion

Jet streams or jets are defined as narrow, fast-moving currents of air located near the
tropopause. These features play a key role in the development of sensible weather in the mid-
latitudes. In the Northern Hemisphere cold season, two main species of tropopause-level jets
have been identified previously: the polar jet and the subtropical jet. The jets are separated both
vertically and latitudinally and, while variable in location and intensity seasonally, have
generally been assumed to be present throughout the full calendar year.

These two jets and their various characteristics have been heavily studied over time. One
of the leading topics of such research in recent years has been the question of how the jets will
change in a warming climate. In this thesis, three different modern reanalysis data sets (JRA-55,
NCEP, and ERA5) were used to examine the isentropic location of the warm season tropopause-
level jets and their trends in waviness, speed, and latitudinal location. JRA-55 and NCEP time
series were truncated to cover a full 61-year time span (1959 - 2019) whereas ERAS data covers

a span of 41 years (1979 - 2019). JRA-55 and NCEP are later trimmed down to a 41-year
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climatology (1979 - 2019) for an analysis over the interval corresponding to the satellite era as
well, where reanalyses are expected to be more reliable.

The influential study of Koch et al. (2006) first utilized an integrated wind speed
threshold to identify jet streams, which allowed for the examination of jet stream distributions in
the Northern Hemisphere. The work of Christenson et al. (2017), which also considered the
relationship between horizontal PV gradients and wind speed as suggested by Cunningham and
Keyser (2004), further built upon this idea by taking into account both this integrated wind speed
threshold as well as a PV gradient threshold within selected isentropic layers. Doing so allowed
for identifying the isentropic housing for each species of jet stream by identifying peaks in the
isentropic distribution of maximum wind speed. Following this methodology, their study found
that during the Northern Hemisphere cold season, the polar jet resides in the 315 - 330 K layer
while the subtropical jet resides in the 340 - 355 K layer. The analysis presented here follows this
same methodology and recreates these results in the cold season while uniquely establishing the
jet stream distribution in the Northern Hemisphere warm season. A prominent result of this
analysis is the fact that in all three of the reanalysis data sets assessed, the warm season is
dominated by a unimodal jet stream distribution, indicative of the presence of only one jet stream
in this time frame (Figures 3.1, 3.5, 3.6). Over a full calendar year, only six isentropic layers
differ across data sets (as seen in Table 3.1). This single warm season jet resides in the 330 - 345
K isentropic layer (somewhat of a middle ground between the two isentropic housings found in
the cold season) and is a characteristic evident in all three data sets, though it does exhibit some
minor variations in the first and last months of the warm season. Furthermore, the months of
April and November serve as transitional periods in which the jet distribution switches from

bimodal to unimodal and from unimodal back to bimodal, respectively (Figures 3.2, 3.3).
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Once the isentropic housing of a jet is established, assessment of its waviness and several
other characteristics can be made employing the average latitudinal displacement methodology
(ALD) developed by Martin (2021). In this methodology, a “core isertel”, along which the
hemispheric circulation per unit length is maximized, is found for the jet. This core isertel acts as
a proxy for the axis of a jet core. The area enclosed by the core isertel is equated to that poleward
of a zonal ring referred to as its equivalent latitude, which is a close proxy for the zonally
averaged latitude of the jet core on a given day. Summing the latitudinal departures of the core
isertel from its equivalent latitude (at each longitude in the data) yields the average latitudinal
displacement (ALD) of the jet which serves as a measure of waviness. Along with the equivalent
latitude and the average jet core speed (i.e. the average speed along the core isertel), several
salient characteristics of the jet are assessed. Martin (2021) originally applied this methodology
over the same three datasets to the Northern Hemisphere cold season (DJF). During this period,
both the polar and subtropical jets are distinctly present, meaning trends in several characteristics
are available for assessment.

When comparing the findings of Martin (2021) to those presented here over the full 61-
year period, trends are found to sometimes differ between seasons. For both the polar and
subtropical jets in the cold season, no significant trends in average speed were present in any of
the three data sets. In the full warm season climatology, however, each data set displays a
different speed trend over time. Over this time period ERAS exhibits a significant decrease in jet
wind speeds whereas NCEP displays a significant increase. JRA-55 shows no significant trend in
wind speed, further contributing to the poor agreement across data sets in the warm season.

When these trends are considered in a truncated 41-year climatology, however, both JRA-55 and
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ERAS portray a jet that has significantly slowed with time while NCEP depicts no significant
trends whatsoever.

The cold season was also characterized by a poleward encroachment of both jets, the
polar jet doing so at a faster rate than the subtropical jet. In the warm season, however, there is
no movement of the unimodal jet poleward or equatorward in any data set for both the 41- and
61-year time climatology. The unimodal jet has remained in the same general location, neither
moving poleward or equatorward. Overall, the greatest agreement between the two analyses is in
the assessment of jet waviness. During the cold season, both jets are becoming systematically
wavier over time. In both time frames of the warm season, the ERA5 and NCEP data sets depict
the unimodal jet becoming wavier with time, albeit at a modest rate. Ultimately, trends of this
unimodal jet are somewhat variable across data sets and generally differ from those of the polar
and subtropical jets in the cold season.

The NCEP data set’s results tend to be outliers in all portions of this analysis. When
examining the isentropic distribution and location of the jet in the warm season (as seen in
Section 3.1) NCEP data contained the most discrepancies when compared to the other data sets.
Table 3.1 depicts the isentropic housings of the Northern Hemisphere jet streams over a full
calendar year for each data set. Across all housings, only six layers differ. Three of these
different housings belong to the NCEP data set. These discrepancies also arose when examining
the trends in jet wind speed, latitudinal location, and waviness over both 61-year and 40-year
time series (Figures 3.7, 3.8, 3.9, 3.10, 3.11, 3.12). Compared to the other data sets, NCEP
frequently was notably higher or lower than those seen with ERA5 or JRA-55. Trendline slopes
for NCEP also were usually much more drastic than the other datasets and occasionally even

portrayed slopes of opposite value than the others. Other analyses (e.g. Xu et al. 2021) have also
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encountered similar disparities when comparing data sets, which they attributed in part to lack of
detail in NCEP data. The ERAS data set has improved representation of convective updrafts,
gravity waves and other meso- to synoptic-scale features that can enhance mixing whereas
NCEP and JRA-55 have lower resolutions that can diminish this mixing. These core differences
in the spatial and temporal resolutions of the datasets likely underlie the discrepancies seen
within this study.

Numerous other studies have attempted to evaluate various jet characteristics and
respective trends with their own unique methods over a variety of time frames (e.g., Strong and
Davis 2007; Archer and Caldeira 2008; Manney and Hegglin 2018; Martin 2021). Some offer
warm season trends that can be compared to the findings in the present analysis. Archer and
Caldeira (2008) used mass-weighted wind speeds to assess characteristics of jet streams in both
hemispheres. In their study they did not emphasize a distinct separation between the subtropical
and polar jets in any season in the Northern Hemisphere. They did, however, see the Northern
Hemisphere summertime jet (in their study, JJA) exhibit a subtle poleward encroachment and an
overall slight decrease in wind speed.

Manney and Hegglin (2018) employed wind speed maxima and jet latitudinal location to
characterize trends of a two jet structure over a full calendar year for both hemispheres. They
found that in the Northern Hemisphere summer (in their study, JJA) the polar jet sees a decrease
in speeds over the North American and Atlantic regions and tends to move equatorward in all
seasons. Conversely, the subtropical jet saw no distinct latitudinal shifts in the summer but did
see a significant wind speed decrease over the western Pacific. Recall that within the present
study, a unimodal jet was found to exist in the Northern Hemisphere warm season. This

unimodal jet had no significant changes in latitude and, while variable in the full climatology,
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portrayed a slowing jet stream in the JRA-55 and ERAS 41-year climatology. Despite examining
a two jet structure, the Manney and Hegglin (2018) findings do somewhat align with those
within the present analysis. Even with these varying methodologies and time frames, their broad
jet stream warm season trends tend to align with those seen within the present analysis.

The similarities in results between the Manney and Hegglin (2018) study and the present
analysis are striking when it is considered that their results derived from analysis of a two jet
structure in the warm season whereas the present study featured a unimodal jet structure.
Therefore, it is worth taking a deeper dive into the similarities and differences in the
methodologies of both analyses. Manney and Hegglin (2018) utilized a methodology that built
upon what was developed in Manney et al. (2011, 2014, 2017). These studies identified
tropopause-level jets wherever a wind speed maximum greater than 40 ms-* was located. The
boundaries of these jets were defined as the points surrounding the jet maxima which fall below
30 ms™, a criterion based on that seen in Koch et al. (2006). In addition to this wind speed
criteria, these studies differentiated between the polar and subtropical jets based on their
latitudinal placements. In their more recent analysis (Manney and Hegglin 2018), they define the
subtropical jet as the most equatorward westerly jet for which the tropopause altitude at the jet’s
equatorward edge is greater than 13.0 km. This jet must also feature a drop in tropopause altitude
from its equatorward side to its poleward side of at least 2.0 km. Once the subtropical jet is
established, they define the polar jet as the strongest westerly jet poleward of the subtropical jet.
If no subtropical jet is found, the strongest westerly jet poleward of 40° becomes the polar jet.
This ultimately separates the jets into the subtropical jet, which is identified by a break in the
tropopause, and the polar jet, which is identified as the primarily eddy driven jet. This is likely

where the discrepancies between their study and the research presented here arise.
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The Manney method of identification of tropopause-level jets relies, to a fair degree, on
their latitudinal location. As a consequence of this method, there will always be at least a polar
jet identified. The research presented within this thesis identifies jets only where the Koch et al.
(2006) wind speed criteria is met and places these jets into their respective isentropic housings.
This allows for the construction of an isentropic distribution of the level of maximum wind,
which in turn reveals the location of jet streams in isentropic space for each month of the year.
Results of this analysis depict a bimodal jet structure, a unimodal jet structure, and even a
glimpse of the polar night jet (as can be seen in the 400 - 430 K range in Figures 3.1a and 3.1b)
dependent on which season is examined. Ultimately, the differing methodologies between the
present study and Manney and Hegglin (2018) have little overlap as they rely on tropopause
height and latitudinal specifications whereas the present study depends on integrated wind speed
and location in isentropic space. The methodology used here also does not default to there
always being a polar jet present, which is a caveat that likely results in these differences in warm
season jet structure.

The concept of the Northern Hemisphere containing only one dominant jet stream
throughout its warm season provides plenty of opportunity for additional future work. As of now
the origins of this unimodal jet remain unclear. Whether it is a result of the polar or subtropical
jet becoming more dominant or rather a combination of the two remains to be explored in the
future. Similarly, it is well established that jet streams reside in the same locations as tropopause
steps. As such, one may expect there to be a single slightly larger tropopause step in the warm
season as there is only one distinct jet structure.

While it is presented here hemispherically, this methodology can also be broken down to

assess smaller, more regional areas. Regional analyses of characteristics such as jet waviness or
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wind speed may lead to the discovery of more significant and notable trends, allowing for the
identification of which regions contribute most to the overall hemispheric trends. Jet streams are
also tied to smaller scale convective weather systems and their development during the warm
season. Various jet characteristics such as speed, waviness, and location often have an impact on
the severity and location of these storms. Being able to fully characterize the relationship
between a changing warm season jet and its potential impacts on these convective systems would
prove useful to both the research and operational fields of atmospheric science. Finally, the
distribution of warm season tropopause-level jet streams and their various characteristics can
also be examined in the Southern Hemisphere.

Considering this jet in the case of a warming climate also allows for the development of
several other research questions, some of which can be evaluated here. Have April and
November contained the jet modality transitions throughout the entire analysis period, or did
these transitions arrive earlier/later as winters become warmer and summers become longer? A
quick assessment of this question reveals that the transitions have undergone little change in the
examined time period. An example of this is provided in Figures 4.1 and 4.2, which depict
November’s unimodal to bimodal transition in the first half of the JRA-55 data set (1959-1988)
and the second half of the data set (1989-2019), respectively. The modality transition is still
present in both time periods. November 1%t and 10™ are very similar in both figures, both
showing the unimodal jet that is still remnant from the warm season. The earlier time period,
however, depicted the unimodal jet at a slightly lower isentropic level than the later time period.
In other words, this means the unimodal jet has shifted to a slightly warmer isentropic level over
time in the first half of November. A bimodal pattern is seen on November 20™ and 30" in both

figures as well. Both of the time periods have very similar distributions, with each jet appearing
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to reside in the same isentropic housings in both figures. Any indication of the jet modality
transitions changing due to warming global temperatures is seen only in the early portions of
November.

When this examination was applied to April there were also no visible changes between
time periods (not shown). More detailed analysis of this question, however, may provide further
insight into the transitions. Another similar question is that, since a unimodal jet structure
dominates the warm season, could it persist into other seasons if warmer average temperatures
exist year round? Assessing either of these questions using data from a climate model would
offer further insight into projected jet stream distributions and patterns as well as providing
trends which may not be inferred from present reanalysis data.

Tropopause-level jet streams are some of the most ubiquitous features in Earth’s
atmosphere. These structures have direct ties to both synoptic-scale weather systems and
circulations on a global scale. Analyzing their evolutions and trends over the course of a calendar
year (as is the research focus of this thesis) allows for the better understanding of these systems

both in the present and future climates.
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