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Figure 1.1. Composite anomaly map of the 700 mb height anomalies over five cold eastern
United States winters, specifically 1960-61, 1962-63, 1967-68, 1969-70, and 1976-77.
From Wallace and Gutzler (1981; their Fig. 5a).
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Pacific. EOF regressed back onto anomaly data is shaded (m s-1; per color bar).
Climatological zonal wind is contoured in black starting at 20 m s-1. Top panel (D-5d)
represents the TE-EOF pattern at the beginning of the 10-day TE window; middle panel
(DO) represents the pattern halfway through the TE window; bottom panel (D+5d)
represents the pattern at the end of the TE window.

Figure 3.2. As in Fig. 3.1 but for TE-EOF 2 (meridional shift) of the 250 hPa zonal wind over
the North Pacific.

Figure 3.3. Composite of cases where PC of TE-EOF 1 was positive and was greater than 1.5
standard deviations, representing jet extension cases. D0 is defined as the midpoint of the
10-day window, where D-5d (D+5d) is the beginning (end) point. Left plots (a-e) show

anomalies of 250 hPa zonal wind (shaded per color bar; only where statistically significant
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at 95% level) and heights (dashed every 50 m). Right plots (f-j) include anomalies of 850
hPa temperature (shaded per color bar; only where statistically significant at 95% level)
and heights (dashed every 20 m). Height anomalies in all plots are only significant within
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contours starting at 30 m s'1. Composite sample size = 40.

Figure 3.4. As in Fig. 3.3 for cases where the PC of TE-EOF 1 was less than -1.5 standard
deviations, representing jet retraction cases. Composite sample size = 40.

Figure 3.5. As in Fig. 3.3 for cases where the PC of TE-EOF 2 was greater than 1.5 standard
deviations, representing poleward shift cases. Composite sample size = 36.

Figure 3.6. As in Fig. 3.3 for cases where the PC of TE-EOF 2 was less than -1.5 standard
deviations, representing equatorward shift cases. Composite sample size = 45. Unlike the
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meaningful and statistically significant.

Figure 3.7. Composites of OLR (shaded, per color bar) calculated as in Fig. 3.3 and Fig. 3.4
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Figure 3.8. As in Fig. 3.7 for poleward shift (from Fig. 3.5; a, ¢, €) and equatorward shift (Fig.
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previous composites.

Chapter 4

Figure 4.1. Vertical schematics of isentropic pressure depth. Black lines represent

isentropes and orange shading represents isotachs. Red line in (a) indicates the pressure
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depth p of an isentropic layer. That layer is inflated by the upward mass flux by deep
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single time across all 32 years of CFSR data. (b) Select only the negative anomaly values
from that distribution. (c) Taking the negative of the values remaining in the distribution
and include in a new distribution. The negative standard departure is then the standard
deviation of this newly constructed symmetric distribution.

Figure 4.4. Horizontal schematics of isentropic pressure depth. Green lines represent
isopleths of isentropic pressure depth within a given isentropic layer and orange shading
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Figure 4.5. Mean 1000 hPa equivalent potential temperature for (a) January and (c) July.
Bottom isentropic layer of the thickest 5 K isentropic layer in the climatology of pressure
depths for (b) January and (d) July, such that a value of 340 K signifies that the 340-345 K

isentropic layer is thicker than any other isentropic layer in that monthly mean.
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Figure 4.6. Mean January isentropic pressure depths for (a) 315-330 K and (b) 340-355 K
layers. Mean January (c) positive and (d) negative standard departures of isentropic
pressure depths in the 315-330 K layer. The purple line in (a) and (b) represent the mean
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pressure depth (shading) in the 315-330 K isentropic layer. Purple line represents the
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Figure 4.10. Backward trajectories initialized at 1200 UTC 10 March and run backward 7

days (dots at 0000 UTC each day) from NOAA HYSPLIT. Black circles encompass nearly all
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Figure 4.13. Cross section along line as indicated in Fig. 4.12b. Plotted are potential
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Figure 4.14. 850 hPa heights (contours; m) and temperature anomalies (shading; °C) at (a)
0000 UTC 16 March 2012, (b) 0600 UTC 19 March, and (c) 1200 UTC 20 March.
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Figure 4.16. As in Fig. 4.9 for the 315-330 K layer at (a) 0600 UTC 19 March and (b) 1200

UTC 20 March.
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Figure 4.17. Schematic of March 2012 case study. Events in the 340-355 K layer are colored
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events as referenced in Section 4.6.
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Figure 5.1. Time lagged composite analyses based upon maxima above 1.5 standard
deviations in the TE-PC time series associated with TE-EOF 1 from GM16 (for jet extension
events). Composite zonal wind anomalies (shaded; m s-1) and isentropic pressure depth
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every 12 hPa, zero contour excluded) computed at 5 day steps from (a) 15 days prior to
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anomalies in the 340-355 K layer (contoured every 6 hPa, zero contour excluded).

Figure 5.3. As in Fig. 5.1, but with composites constructed around local minimum below -
1.5 standard deviations in the TE-PC 1 time series (for jet retraction events).
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Figure 5.7. As in Fig. 5.1, but with composites constructed around local minimum below -
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Figure 5.8. As in Fig. 5.2, but with composites constructed around local minimum below -
1.5 standard deviations in the TE-PC 2 time series (for equatorward shifted jet exit region
events).

Figure 5.9. Conceptual model of pressure depth anomalies (red and blue contours; in
isentropic layers as labeled), the climatological jet stream (thick black arrow), and zonal
wind anomalies (thick purple arrow) for (a) jet extension events and (b) jet retraction
events.

Figure 5.10. Conceptual model of the poleward shifted jet events, with annotations as
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Figure 6.1. Daily time-lagged correlation between the PNA and (a) TE-PC 1, PC 1, and a 10-
day smoothed PC 1. (b) As in (a) for the second leading modes of each EOF analysis. The
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the seasonal correlations. Lines colored per the legend.
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Abstract

Time extended EOF (TE-EOF) analysis is employed to examine the synoptic-scale
evolution of the two leading modes of north Pacific jet stream variability, namely its zonal
extension/retraction (TE-EOF 1) and the north/south shift of its exit region (TE-EOF 2).
Composite analyses are constructed preceding and following peaks in the principal
component associated with each of the two TE-EOFs, providing insight into the preferred
evolutions of the north Pacific jet. Jet extension events are associated with an anomalous
Gulf of Alaska cyclone, while jet retractions are associated with an anomalous ridge over
the Aleutians. Similar but shifted upper level patterns are noted with the corresponding
poleward/equatorward shifted jet phases, with the poleward (equatorward) shift of the jet
exit region associated with anomalous low-level warmth (cold) over western North
America.

Such composites also suggest connections between certain phases of these leading
modes of jet variability and deep convection in the tropics, a connection that has been
challenging to physically diagnose in previous studies. The isentropic pressure depth
measures the mass contained within an isentropic layer in a given grid column, enabling
the tracking of mass exhausted by deep convection. The gradient of isentropic pressure
depth is directly associated with the vertical geostrophic wind shear in that layer and thus
provides a means to track the influence of convective mass flux on the evolution of the jet
stream. A case study focused on the extreme North American warm episode of March 2012
demonstrates how positive pressure depth anomalies from a strong MJO event impact the
jet stream over eastern Asia and drive a portion of the mid-latitude response that leads to

the flow amplification and subsequent downstream warmth. This study demonstrates one
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way by which isentropic pressure depth can diagnose the impacts of tropical deep
convection on the mid-latitude circulation.

Using TE-EOFs, composites of isentropic pressure depth are constructed, to examine
the evolution of pressure depth anomalies preceding each phase of the two leading modes
of jet variability. In jet extension events, a large negative pressure depth anomaly in the
315-330 K isentropic layer and a positive pressure depth anomaly in the 340-355 K
isentropic layer align north and south of the climatological jet exit region, respectively. A
similar but opposite configuration is found in jet retraction events. During poleward shifted
jet events, the configuration of pressure depth anomalies is comparable to that observed in
jet extension events, but shifted poleward. Positive pressure depth anomalies in each set of
events predominantly originate from either the Maritime Continent or East Asia and track
along the climatological jet before impacting the exit region of the jet stream. Negative
pressure depth anomalies have similar upstream origins before moving through the jetin a
similar manner. These composite evolutions provide insight into the synoptic-scale
evolutions that precede the preferred modes of jet variability, highlighting the influence of
both mid-latitude weather systems and mass flux from tropical deep convection on North

Pacific jet variability.



1. Introduction
1.1 The jet stream

Among the most ubiquitous structural characteristics of the Earth’s atmosphere are
the narrow, rapidly flowing currents of air located near the tropopause, known as jet
streams or jets. These features were largely unknown before and during World War 11
despite their original identification by Wasaburo Ooishi over Japan in 1924 (Lewis 2003).
By the end of the war, however, the existence of jet streams was well established, quickly
drawing substantial research attention that led to the discovery of separate subtropical
(e.g. Namias and Clapp 1949, Loewe and Radok 1950, Yeh 1950, Koteswaram 1953) and
polar (e.g. Namias and Clapp 1944, Palmén 1951, Newton 1954) jets.

Namias and Clapp (1949) were among the first to identify a separate subtropical jet
stream, describing its latitudinal variability on a seasonal timescale. The first
comprehensive descriptions of North Pacific jet stream structure were provided by Mohri
(1953). He emphasized that the jet sat between contrasting air masses and that what often
appeared to be a single jet entity was, in fact, a hybrid of the separate subtropical and polar
jets. Considerable attention has been directed toward understanding the influence of
external processes on the evolution of the jet. For instance, deep tropical convection,
organized on the synoptic-scale, can impact the jet either directly via upper-level divergent
outflow or remotely through the amplification of a ridge that leads to downstream
development (e.g. Kiladis and Weickmann 1992, Madden and Julian 1994, Higgins et al.
2000, Archambault et al. 2013).

The work of Dickson and Namias (1976) included analysis showing connections

between the synoptic-scale flow patterns over the North Pacific, North America, and North



Atlantic. Subsequently, these findings led to the first identifications of the Pacific North
American (PNA) pattern and other teleconnections by Wallace and Gutzler (1981), who
defined these teleconnections patterns based on December, January, and February (DJF)
data over 15 winter seasons. The PNA is defined by identifying regions where 500 hPa
height anomalies have a correlation coefficient exceeding +0.6. The primary regions of
correlation are located along and just east of 180° longitude, over western Canada near
120°W, and over the southeastern United States near 90°W, and alternate in sign, as seen in
Fig. 1.1. The alternating nature of these anomalies suggests that a broad wave-like pattern
in the mid-latitudes may support these anomaly centers. An additional region of positive
correlation near 20°N (the southernmost limit of the analysis) east of 180° further suggests
that the PNA is correlated with 500 hPa heights over the tropical central Pacific Ocean.
Finding this and similar artifacts of tropical activity throughout their analysis, Wallace and
Gutzler conclude by asking “Do the extratropical Northern Hemisphere patterns described
in the paper extend into the tropics or even into the Southern Hemisphere extratropics?”
This question may not yet be fully answered, but several studies have provided insight.

To date, the variability of the North Pacific jet and its resultant impacts on the
regional and hemispheric flow have been less thoroughly investigated. Schubert and Park
(1991) conducted one of the first examinations of the intraseasonal variability of the North
Pacific jet by performing an empirical orthogonal function (EOF) analysis on zonal wind
filtered for a 20-70 day period. The leading mode of variability associated with this EOF
analysis described a modulation of the zonal wind intensity in the core of the North Pacific
jet, while the second leading mode of variability described a modulation of the zonal extent

of the jet. Eichelberger and Hartmann (2007) further highlighted the important role that



the modulation of the jet’s zonal extent plays in explaining jet variability on weekly time
scales over the North Pacific. They attributed one of their analyzed modes of variability to a
combination of a north-south shift, pulsing intensity, and extension/retraction of the jet
stream over the North Pacific, portraying the variability of the jet on the synoptic scale to
be significantly more complicated than that revealed in the analysis of Schubert and Park
(1991).

Among the earliest study to note the regional impacts of interannual variability of
the North Pacific jet was that of Chu et al. (1993). They showed that differences in the zonal
extent of the jet had an enormous impact on rainfall in Hawaii as a zonally retracted
(extended) jet in 1982-83 (1981-82) was associated with an extremely wet (dry) winter.
Otkin and Martin (2004) constructed a synoptic climatology of Kona Low frequency near
Hawaii using 10 years of ECMWF Tropical Ocean Global Atmosphere (TOGA) surface and
upper-air data. They found that a retracted jet was associated with increased Kona low
frequency in the central Pacific, suggesting that with the jet exit region retracted west of its
climatological position near the dateline, the waveguide was absent north of the Hawaiian
Islands, consequently allowing unimpeded equatorward propagation of extratropical
disturbances to the subtropics in that longitude sector.

More recently, studies undertaken by Athanasiadis et al. (2010) and Jaffe et al.
(2011) identified two leading modes of variability of the North Pacific jet. Both studies
employed EOF analyses of unfiltered zonal wind data and found the leading mode consisted
of a longitudinal shift of the North Pacific jet exit region such that in the extended phase
(EOF 1+) the jet reached as far eastward as the western coast of North America, while in

the retracted phase (EOF 1-) the jet extended only as far as 160°E. The second mode



highlighted a 10-15° meridional shift in the jet exit region (EOF 2+, a northward shift; EOF
2-, an equatorward shift). Jaffe et al. (2011) also investigated the synoptic evolution of
sudden jet retractions and found the characteristic timescale for such events was ~10 days.

Thus, of the four characteristic North Pacific jet configurations associated with the
leading two modes of variability (EOF 1+, EOF 1-, EOF 2+, and EOF 2-), only the synoptic-
evolution of jet retractions (EOF 1-) has been investigated. That investigation (by Jaffe et al.
2011) was undertaken by compositing on a single time of maximum jet retraction.
Employment of such a method limits the ability of the composite to 1) testify to conditions
spatially or temporally removed from the central region of interest and 2) capture the
temporal evolution of associated large- and synoptic-scale structures.

In order to extend the perspective gained from compositing techniques and ensure
signal retention at longer time lags, a more robust method of identifying and describing the
synoptic-scale evolution of the jet stream structure is required. An adaptation of the
extended EOF methodology (e.g. Weare and Nasstrom 1982, Wilks 2011) is presented in
Chapter 2, with a discussion of results that emphasize its utility in examining the synoptic
evolution of temporally coherent structures characterizing the leading modes of North

Pacific jet variability presented in Chapter 3.

1.2 Tropical convection

While there is no preference for organized deep convection in the tropics, patterns
in tropical deep convection (beyond tropical cyclones) were quantified by Matsuno (1966).
He presented a number of analytical wave solutions that were later shown to exist in

observations of the troposphere (Wunsch and Gill 1976). Organized waves consistent with



the theory of Matsuno (1966) were also noted in satellite observations, suggesting the
waves may serve to modulate convective activity near the equator (e.g. Chang 1970, Yanai
and Murakami 1970a,b). Madden and Julian (1971, 1972) also identified a 40-50 day peak
in the variability of tropical convection as identified by radiosonde data, later confirmed by
Gruber (1974) using satellite data. While not consistent with any of the analytical solutions
of Matsuno (1966), this oscillation, termed the Madden-Julian Oscillation (M]O), has been
shown to be the dominant mode of convective variability in the tropics (e.g. Zhang 2005).
The MJO has generally has two phases, a convectively active phase and convectively
suppressed phase, that occur with a zonal wavenumber 1 or 2 pattern and a period of 30-
90 days (Zhang 2005). These phases tend to occur sequentially, such that strong
convectively active and suppressed phases tend to be adjacent. Although the deep
convection within the envelope of the active phase of the MJO has no preferential motion,
the phase speed of the broad MJO phases can range from 5 to 15 m s'L. As a result, the
convectively active phase of the MJO may support enhanced convection at a single location
for 1-3 weeks. As shown by Gill (1980), heating due to deep convection at any one location
can force a response in the mid-latitude circulation, suggesting prolonged deep convection
at any one location may be able to force a prolonged mid-latitude response. Although the
MJO does serve to increase the likelihood of aggregate deep convection, it is not the only
means by which tropical convection is modulated. Higher frequency convectively-coupled
equatorial waves (e.g. Kiladis et al. 2009) move through the convectively active and
suppressed envelopes of the MJO to further modulate convective activity. Lower frequency
convective modes also occur, such as the convective modulation forced by warmer or

colder sea surface temperatures during El Nifio-Southern Oscillation events (e.g. Zhang



1993). While a large fraction of convective activity is modulated by these low- and high-
frequency modes of variability, these phenomena do not account for all of the convective
variability in the tropics. Convection that is aggregated, yet otherwise unorganized, may
still elicit a mid-latitude response akin to that described by Gill (1980). Gill does not
prescribe any particular organization in his simulations, suggesting that the organization of
deep convection may not limit its ability to interact with the mid-latitude circulation. The
impact of this convection, regardless of its organization, on the mid-latitudes has been

firmly established in other studies discussed in the following section.

1.3 Tropical-extratropical interaction

Since shortly after the discovery of the jet stream as a narrow, sinuous ribbon of
fast-moving air in the upper troposphere (e.g. University of Chicago 1947, Yeh 1950, Lewis
2003), interactions between the mid-latitude jet and the tropics have been a focus of study
for research inquiry (e.g. Namias and Clapp 1949, Mohri 1953, 1959). Early studies focused
on the role of tropical cyclones (TCs) and their impacts on the jet stream inasmuch as the
interactions could be observed via land-based observations (e.g. Mohri 1953, 1959). Mohri
(1959) in particular emphasized the importance of such interactions, stating that “the close
relationship between the subtropical jet stream and the northward outbreak of tropical air
in the upper troposphere is stressed to be a basic important process in the general
circulation.” He identified these northward outbreaks of tropical air by tracking their
characteristically cold upper-tropospheric temperatures and low absolute vorticity, noting
that as such air approached the jet stream the upper-level thermal gradient often

intensified. In addition, Mohri (1959) described the relationship between 300-200-hPa



lapse rate and 200 hPa temperature, noting that colder temperatures at 200 hPa were
commonly associated with a larger lapse rates and therefore reduced static stability in that
isobaric layer.

Krishnamurti (1961) depicted a continuous jet stream axis encircling the globe at
subtropical latitudes. Within this narrow ribbon, local maxima in wind speeds were
observed near the eastern coasts of North America and Asia as well as over northeast
Africa and the Middle East. Figure 2 of Krishnamurti (1961; not shown) highlighted that
local wind speed maxima in the subtropical jet generally occur where the jet reaches
farthest north. Reiter and Whitney (1969) noted that the subtropical jet and polar jet
interact when in close proximity to one another over North America, implying that
interactions between the subtropics and the mid-latitudes may preferentially occur where
the subtropical jet reaches farther north and the two jet streams are, on average, the
closest to each other.

Near-equatorial heating was shown to impact the general circulation both locally
and remotely by Gill (1980). Closely following Gill’s work were studies by Hoskins and
Karoly (1981) and Horel and Wallace (1981) quantifying the remote response of the mid-
latitude circulation to equatorial convection and identifying Rossby waves as a component
of this mid-latitude response. Deep convection associated with the MJO (Madden and Julian
1972, 1994; Zhang 2005) was also shown to have an impact on the mid-latitude circulation
by Weickmann (1983). More generic studies of tropical convection (e.g. Reiter 1983,
Liebmann and Hartman 1984) showed connections with standing wave patterns as
observed by anomalous mid-latitude heights on both daily and monthly timescales. Kiladis

and Weickmann (1992, 1997) demonstrated the consistently wave-like response of the



mid-latitude flow to anomalous convection at various locations across the tropics. These
studies commonly focus on the upper-level divergence above the convection, but there is
little discussion of the physical connections that link this relatively local effect to events on
the other side of an ocean basin several days later. Within these studies and others like
them, little effort is directed toward developing a physical explanation of how convection in
the tropics is responsible for such impacts.

One way tropical convection impacts the mid-latitudes is through the local effects of
divergence. This has been shown in other studies of tropical-extratropical interaction that
focus on the process of the extratropical transition of TCs, often referred to as ET. Jones et
al. (2003) defined ET as an evolutionary process by which a TC loses tropical
characteristics and becomes more extratropical in nature. During this process, the
progression of the TC into mid-latitudes intensifies the interaction between the TC
undergoing ET and the mid-latitude jet stream poleward of the TC. Studies of these
interactions have emphasized the importance of the co-evolving growth of both positive
and negative potential vorticity (PV) anomalies along the jet stream (e.g. Thorncroft and
Jones 2000, Riemer et al. 2008). Some studies have placed particular emphasis on the
amplification of a ridge downstream of the transitioning cyclone via both the poleward
transport of tropical air and diabatic effects (e.g. Riemer and Jones 2010, Grams et al. 2011,
2013, Archambault et al. 2013, 2015). Archambault et al. (2013) identified the role of the
upper-level advection of anomalous PV by the irrotational wind emerging from a TC in
intensifying the north Pacific jet stream and exciting a Rossby wave train that then
propagated downstream and led to high-impact weather over North America. Diagnosing

and quantifying the local impact of the divergent wind from the convection associated with



TCs undergoing ET (or otherwise interacting with the mid-latitudes) provides a physical
mechanism by which TCs can influence the mid-latitude circulation, but only through a
direct interaction with a jet. It seems likely that additional interactions between the results
of deep convection and the mid-latitude circulation occur via the remaining non-divergent
component of the flow, especially if this flow is sustained over a period of up to several
days. Such a response has not been widely examined in previous studies and merits
additional investigation.

An alternate perspective presented by Jaffe et al. (2011) focuses primarily on the
variability of the North Pacific jet stream, highlighting the convective signals associated
with the first EOF of zonal wind over the North Pacific (jet retraction). In studying the jet
retraction events, they found that the characteristic timescale of such retractions is on the
order of 10 days and is characterized by the rapid development of a strongly anomalous
ridge over the eastern Pacific and anomalous trough over western North America. This
pattern, similar to the negative phase of the PNA (Wallace and Gutzler 1981), emphasizes
the role the North Pacific jet plays as a precursor to potentially high-impact weather
downstream. Jaffe et al. (2011) also examine the nature of tropical convection leading up
to, during, and after the beginning of each jet retraction event via a time-lagged composite
analysis. In these composites (their Fig. 12; not shown), negative anomalies of OLR appear
over Indonesia as the retraction events begin and the anomalies continue to grow over the
subsequent ten days while remaining quasi-stationary. While little explanation is provided
as to a physical mechanism linking the anomalous convection to the jet retraction, the
contemporaneous nature of the events motivates further exploration of any potential

relationship between the two.
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The nature of the relationship between tropical convection and jet retraction events
identified by Jaffe et al. (2011) becomes increasingly tenuous at longer leads and lags. This
attenuation may stem from the general problem of attempting to identify relationships
across a range of spatial and temporal scales. The "temporal mismatch" problem is
mentioned by Roundy (2015) and implied in a number of other studies that attempt to
bring high-frequency mid-latitude patterns together with an assortment of temporally
varying patterns in the tropics. The challenge of improving the overall understanding of
tropical-extratropical interactions was the focus of a World Meteorological Organization
workshop and subsequent report (Montcrieff et al. 2007) in which the importance of
further research on tropical-extratropical interactions was highlighted as a potential key to
improving operational forecasting into week two and beyond.

The remainder of this dissertation is presented as follows. A summary of the data
sources and statistical analysis techniques utilized are presented in Chapter 2. A study of
the leading modes of synoptic-scale variability of the North Pacific jet stream as
determined by time-extended EOFs (TE-EOFs) is presented in Chapter 3. Emphasis is
placed on the construction of composites based upon peaks of each mode of variability and
examining the upstream synoptic-scale patterns that precede such events as well as the
resultant downstream impacts over North America. Chapter 4 presents a novel diagnostic,
isentropic pressure depth, that follows the upper tropospheric mass exhausted by deep
convection in the tropics and mid-latitudes. A discussion of how gradients of isentropic
pressure depth associated with vertical geostrophic wind shear can impact the mid-
latitude circulation via the jet stream in a quantifiable manner is also included. Finally,

Chapter 4 also presents a case study of the events preceding the March 2012 North
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American warmth to demonstrate some of the utility of isentropic pressure depth. Chapter
5 revisits the composite analysis technique from Chapter 3, constructing additional
composite analyses using isentropic pressure depth with a focus on improved diagnosis of
upstream synoptic-scale features preceding each phase of the two leading modes of jet
variability. Given the utility of isentropic pressure depth in tracking the impact of deep
convection on the mid-latitude circulation, additional emphasis is placed on identifying

where any connections exist between anomalous deep convection and North Pacific jet

variability.
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. ~ .
Figure 1.1. Composite anomaly map of the 700 mb height anomalies over five cold eastern
United States winters, specifically 1960-61, 1962-63, 1967-68, 1969-70, and 1976-77.
From Wallace and Gutzler (1981; their Fig. 5a).



13

2. Data and Methodology

The statistical tools utilized in Chapters 3 and 5 are presented here. While none of
the tools and techniques described are novel, previous uses of time-extended EOFs in the
analysis of synoptic-scale mid-latitude patterns appear intermittent at most, and additional
discussion of the motivation behind its use is provided. It should be noted that the
description of isentropic pressure depth, a novel diagnostic, is reserved for Chapter 4 to
ensure a coherent presentation and discussion of the diagnostic and the corresponding

analyses.

2.1 EOF techniques

EOF analysis is a statistical method by which the modes of variability that describe a
multi-dimensional dataset are identified (e.g. Hannachi 2004, Wilks 2011). The patterns of
greatest interest in an EOF analysis are those that explain the largest fraction of variability
within that dataset. In the atmosphere, EOF analyses provide insight into the primary
modes of variability associated with a particular atmospheric variable over a pre-defined
spatial region and period of time. Use of EOF analyses has led to the identification and
analysis of large-scale patterns in the atmosphere (e.g. the PNA, Wallace and Gutzler 1981;
AO, Thompson and Wallace 1998), although not all EOFs have a meaningful physical
interpretation. Each mode of variability identified by an EOF analysis is defined to be
statistically independent of and orthogonal to all other modes, such that any one mode has
no correlation with any other mode. In complex systems, such as the atmosphere, the
asserted mathematical independence of each mode need not be mirrored in reality.

However, when physical insight is combined with the statistical results of EOF analyses, the
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combined analysis can lead to understandings that neither the physics nor statistics might
provide alone.

The traditional EOF analyzes a temporal sequence of spatial information to
determine patterns of spatial co-variability without providing any sense of how such a
pattern may evolve through time. By extending the input data to include a temporal
dimension, EOF analysis can identify the time-dependent evolution of spatial patterns. This
particular extended EOF (Weare and Nasstrom 1982, Wilks 2011) has been termed a time-
extended EOF (TE-EOF; Roundy and Schreck 2009) and describes the leading modes of
spatial-temporal evolution for the analyzed data. TE-EOF analysis incorporates temporal
variability by considering a number of times either side of a central reference time. By
doing so, temporal data is incorporated into the TE-EOF twice - once as a way to maintain
the coherence of data related to the evolution of the pattern over a, for instance, 10-day
window (the additional TE-EOF dimension, termed a “TE window”) and once as the time
series over which to calculate the eigenmodes and identify the patterns (or, for TE-EOFs,
the temporal evolutions) associated with each mode of variability. Weare and Nasstrom
(1982) introduced the concept of extended EOF analysis in the atmospheric sciences and
emphasized the utility of extended EOFs that incorporate additional temporal data due to
the “significant auto- and cross-correlations in time” associated with the broad similarities
shared by any two consecutive atmospheric states. Extended EOFs have been utilized to
produce multivariate extended EOF analyses (calculated with multiple variables instead of
multiple times), such as those used by Wheeler and Hendon (2004) to monitor the MJO and
the time-extended EOF analyses used to forecast organized modes of tropical convection by

Roundy and Schreck (2009).
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The TE-EOF analyses performed here and in Chapter 3 were constructed with data
from the NCEP/NCAR Reanalysis (Kalnay et al. 1996) with data at 2.5° horizontal grid
spacing and 6-hourly resolution. This data provides an EOF analysis of comparable quality
to one constructed from an analysis with finer horizontal resolution such as the Climate
Forecast System Reanalysis (CFSR; Saha et al. 2010). A coarser analysis has been used here
due to the additional computational load that stems from the use of an analysis with a
smaller horizontal grid spacing to provide an otherwise similar TE-EOF analysis. Zonal
wind at the 250-hPa level was used at each analysis time throughout the winter months of
November - March (NDJFM) to represent a level where the jet stream commonly resides.
The chosen spatial domain of 100°E-120°W and 10°N-80°N allows sufficient space around
the entrance and exit regions of the North Pacific jet stream in order to fully capture the
variability directly associated with each. The TE-EOFs are performed using a TE-window of
40 6-hourly time periods (10 days) of zonal wind anomalies beginning at each 6-hourly
time step during NDJFM. These times are buffered by 5 days at the beginning of November
and end of March to include only TE windows that fall completely within the NDJFM period.
For example, the first (second) TE window in this analysis extends from 0000 UTC 1 Nov to
1800 UTC 10 Nov (0600 UTC 1 Nov to 0000 UTC 11 Nov) and is represented by the central
time of 0000 UTC 6 Nov (0600 UTC 6 Nov).

In constructing the TE-EOF analyses, tests were performed to examine the
sensitivity of the resulting TE-EOF 1 and TE-EOF 2 patterns to the chosen temporal and
spatial constraints on the domain. Given the broad similarity of DJF and NDJFM zonal wind
EOFs (not shown), and in order to reduce calculation time, the TE-EOFs for the sensitivity

tests were calculated only over the DJF period. To test temporal constraints, the TE window
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length was varied from 6 days to 16 days, showing only minor changes in the TE-EOF
patterns. Numerous variations of the spatial domain were tested, both increasing and
decreasing the extent in all directions. Expansions of the domain captured the large zonal
wind variability associated with other climatological jet streams over central Asia and
eastern North America, but did not significantly impact the pattern over the North Pacific.
The spatial dimensions of the domain specified above were therefore chosen to focus on
variability of the North Pacific jet while excluding other remote regions of high zonal wind
variability.

The utility of the TE-EOF methodology is evident when comparing the resultant
principal components (PCs) to the PCs of a traditional EOF analysis on the same data. PCs
represent a measure of how well the data at a given time project back onto a given mode of
variability. A time series of PCs provides a running measure of this projection and is
standardized to aid interpretation. For the NDJFM months of 2009-2010, Fig. 2.1 compares
the TE-PC (from a 10-day TE window) to the traditional PC (instantaneous; calculated
every 6 h) and the 10-day centered running mean of the traditional PC. While the
traditional PC captures more variability of the state of the North Pacific jet stream on short
time scales, this PC constructed with data from an individual time has no inherent regard
for maintaining temporal coherence and appears noisy at times. Smoothing the traditional
PC time series over 40 points (10 days) provides values that appear similar to, but are
generally of smaller magnitude than, the TE-PC values. As a result, the TE-PC better
captures the full magnitude of highly anomalous events on the 10-day timescale while
eliminating much of the noise from higher-frequency variability, facilitating a focus on

events on the synoptic time scale. While Fig. 2.1 contains data only for the 2009-2010
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NDJFM season, similar comparisons hold across all winters since 1980-1981 and suggest
the TE methodology is well suited for identifying intraseasonal shifts in the structure of the
North Pacific jet stream.

It is important to note that the TE modes are defined in a manner that does not
require that peaks in a PC from a traditional EOF technique correspond to peaks in the TE-
PC. The TE-PC captures the broader evolution of the pattern without accounting for higher-
frequency signals that may project onto the traditional EOF patterns yet lack temporal
longevity. It is likely these types of peaks in the PC are not captured by the TE-EOF and may
account for some of the lower percent of variance explained with each TE mode when
compared to the corresponding traditional EOF over the North Pacific region?. Such a
reduction in explained variance by a given TE-EOF is also related to the larger number of
data points employed in the construction of the TE-EOF, providing increased variability for

which to potentially account (Weare and Nasstrom 1982).

2.2 Composite analyses

In order to supplement the TE-EOF analysis of the zonal wind field with physical
analysis, composite analyses of high-amplitude events in the TE-PC time series were
constructed for events between November and March for the years 1980-2010. These
composites were constructed with anomalies calculated by subtracting a 21-day centered
running mean from the individual time at the center of the 21 days. Means were calculated

using the same NCEP/NCAR Reanalysis (Kalnay et al. 1996) used to calculate the TE-EOFs.

1 The percent variance explained in Jaffe et al. (2011) for EOF 1 is 15.9%, compared to our
9.1%. Our TE-EOFs are calculated using approximately 40 times the number of data points
than used in a traditional EOF analysis.



18

Such composites allow for an examination of the synoptic-scale patterns preceding and
following high-amplitude peaks in given modes of jet stream variability. In addition,
outgoing longwave radiation (OLR) anomalies from the NOAA Interpolated OLR dataset
(Liebmann and Smith 1996) were utilized in constructing additional composite analyses in
order to serve as a reasonable proxy for anomalous cloud cover and convection in the
tropics and subtropics. These data facilitate a comparison of what, if any, tropical or
subtropical convective patterns may occur in conjunction with the leading modes of zonal
wind variability. In these composites, DO will refer to date and time where a local maximum
(or minimum) in the given TE-PC exceeded the prescribed threshold, while D-5d and D+5d
will refer to the dates five days prior to and five days following DO, respectively.

In Chapter 5, composite analyses of isentropic pressure depths are constructed
based upon local extremes in the PCs corresponding with the leading modes of North
Pacific jet variability. The technique used to choose the dates upon which to center those
composites is identical to that used in Chapter 3 for each of the phases associated with the
two leading modes of variability. Composite analyses in Chapter 5 focus on anomalies of
isentropic pressure depth in both the 315-330 K and 340-355 K isentropic layers. The
composite analyses were computed for the positive and negative phases of both TE-EOFs 1
and 2 and the composites were lagged 15 days backward and 10 days forward from the
center of the 10-day time extension (TE) window (referenced as DO) used by the TE-EOFs.
While Chapter 3 provides significant discussion of the downstream impacts associated with
each phase of the two leading modes of North Pacific jet variability, the pressure depth
analyses in Chapter 5 have a greater focus upon diagnosing the events preceding and

coincident with the TE window.
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mode (bottom) of variability. PCs correspond to EOFs of 250 hPa zonal wind speed over the

North Pacific.
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3. Synoptic features associated with temporally coherent modes of variability of the
North Pacific jet stream

3.1. Overview

Previous studies identifying the leading modes of variability of the North Pacific jet
stream (Athanasiadis et al. 2010, Jaffe et al. 2011) have identified both a jet
extension/retraction mode (EOF 1) and a poleward/equatorward shift mode (EOF 2). In
their study, Jaffe et al. also examine the characteristic time scale of a jet retraction event,
finding the process of retraction typically occurs over ~10 days. They constructed
composite analyses based on dates of jet retraction to identify synoptic-scale features that
occur in the days prior to and following jet retraction events. However, the coherency of
these composites appeared limited at larger time lags due to the use of a single time of
maximum jet retraction without also considering the evolution of the jet stream prior to
and following that time.

In order to enhance the degree of temporal coherency in the construction of
composites and to improve signal retention at longer time lags, a more robust method of
identifying and describing the evolution of the jet stream structure is required. Here, we
adapt the extended EOF methodology (e.g. Weare and Nasstrom 1982, Wilks 2011) to
examine the synoptic evolution of temporally coherent structures characterizing the
leading modes of North Pacific jet variability. A description of the time-extended EOF (TE-
EOF) method, along with details of its implementation in this study, has already been
provided in Section 2.1. Section 3.2 describes the jet variability on synoptic timescales
within the TE-EOF framework. Time-lagged composites, constructed as described in
Section 2.2 and based on the TE-EOF analysis, highlighting synoptic features both over the

North Pacific and associated with downstream impacts over North America are presented



21

in Section 3.3. Additional time-lagged composites of anomalous deep convection are
constructed via the same methodology and presented in Section 3.4. A summary and

suggestions for future work are discussed in Section 3.5.

3.2. Preferred modes of variability

The TE-EOF analyses presented here remain consistent with the leading modes of
jet stream variability identified by previous work while explicitly incorporating the
temporal evolution of synoptic-timescale patterns in the North Pacific jet stream into the
analyses. Previous work has shown the spatial patterns associated with the leading modes
of variability of the zonal wind over the North Pacific (e.g. Fig. 4 of Athanasiadis et al. 2010,
Fig. 4 of Jaffe et al. 2011) to be similar to the patterns associated with the two leading
modes of variability found at the central day (D0) of the TE-EOF analysis as shown in Fig.
3.1 (TE-EOF 1) and Fig. 3.2 (TE-EOF 2). The two other panels of Figs. 3.1 and 3.2, labeled as
D-5d and D+5d, represent the beginning and end of the TE window, respectively. It is
important to recognize that the sign associated with any EOF analysis is arbitrary and the
signs of the TE-EOFs presented here have been chosen in a manner consistent with
previous literature.

TE-EOF 1 is comprised of zonal wind variability along the latitude of the
climatological jet core (~35°N), with the mode’s primary center of action located in the exit
region of the climatological jet. Figure 3.1 presents the zonal wind anomalies from the
NCEP/NCAR Reanalysis regressed back onto the TE-EOF pattern, resulting in a maximum
anomaly in excess of 24 m s'1 at DO (Fig. 3.1b). This anomaly represents the extension

(when positive) and retraction (when negative) events of the North Pacific jet
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characterized by TE-EOF 1. A second set of anomalies of the opposite sign can be found
both poleward and equatorward of the maximum anomaly in the jet exit region. In general,
the large-scale TE-EOF anomalies maximize in intensity near the central time of the 10-day
TE window (DO0).

TE-EOF 2 represents a meridional shift in the exit region of the climatological jet
stream, described by a pair of anomalies of opposing sign straddling the climatological
latitude of the jet stream (Fig. 3.2). Such a pattern indicates a shift of the zonal wind to the
flank of the climatological jet exit region. The northern (southern) anomaly center, when
positive, represents a poleward (equatorward) shift in the jet exit region. These distinct

shifts correspond, respectively, to the positive and negative phases of TE-EOF 2.

3.3. Composite analysis

In order to provide insight into the evolution of the synoptic-scale patterns
associated with each phase of the two modes of variability, four separate composites were
constructed. Each instance in which a given PC’s value reached a local maxima or minima in
excess of +1.5 standard deviations was selected for the composite. Anomaly data from
upper (250 hPa) and lower (850 hPa) levels at the selected times were averaged to
produce each composite. The same NCEP/NCAR Reanalysis anomaly data described in
Section 2.1, and used to originally construct the TE-EOFs, were also employed in the

construction of the composites.
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3.3.1. Extension (positive TE-EOF 1)

The composite analysis of TE-EOF 1 in its positive phase, created from 40 individual
maxima in the PC of TE-EOF 1, is presented in Figure 3.3. When in its positive phase, TE-
EOF 1 represents an extension of the climatological jet over the North Pacific, with the
strongest zonal wind anomaly at DO located near 35°N and 165°W (Fig. 3.3c), firmly
embedded within the exit region of the climatological jet. At upper levels, a negative height
anomaly in the central North Pacific at D-10d (Fig. 3.3a) supports a 10 m s zonal wind
anomaly on it southern flank in the exit region of the climatological jet. Strengthening to 15
m s-1 by D-5d (Fig. 3.3b), the zonal wind anomaly extends from 150°E to 140°W while
remaining equatorward of an anomalous upper level trough and associated low-level
anomalous cyclone (Fig. 3.3g) south of the Aleutian Islands. This low-level cyclone is
supported at upper levels by its location in the poleward exit region of the extended jet, a
region favorable for cyclone development.

Near the Asian coast at D-10d (Fig. 3.3a), an anomalous upper level trough supports
an enhancement of the wind speeds on the anticyclonic shear side of the climatological jet.
This enhancement strengthens and zonally elongates by D-5d (Fig. 3.3b), increasing upper-
level flow out of the tropics near the Asian coast and zonally extending jet near 180°
longitude. Over time, this trough merges with the broader trough in the central North
Pacific (Fig. 3.3c, d). There, the anomalous height differential (over 300 m) between 20°N
and 40°N is greatest at DO and is tied to a zonal wind anomaly of ~30 m s1, effectively
doubling the zonal wind in this jet exit region (Fig. 3.3c). The enhancement of the zonal
wind in the jet exit region extends the climatological jet 20° farther east, approaching the

west coast of North America. This jet naturally follows the southern edge of the



24

anomalously low heights associated with the central Pacific trough. Beneath the upper
trough, the 850-hPa cyclone continues to develop (-180 m minimum height anomaly) and
maintains its position in the poleward exit region of the extended jet as both shift eastward
(Fig. 3.3f-h). By D+5d, the upper trough remains sprawling and moves the jet even farther
east (Fig. 3.3d) before weakening and returning to the central North Pacific by D+10d (Fig.
3.3e). Accordingly, the anomalous 850 hPa cyclone begins to shift onshore over western
North America (Fig. 3.3i), indicating the low-level cyclone is increasingly impacting the
sensible weather over North America.

It is interesting to note that the height and zonal wind anomalies over eastern Asia
at D-5d, particularly those tied to the ridge over central Siberia and the trough over the
Korean peninsula, weaken through D0 and are essentially absent by D+5d. Given that the
intensity of each peaks early in the TE window, this evolution suggests that these two
features identify precursors to jet extension events over the North Pacific. This upper-level
trough and ridge are also represented in the 850 hPa temperature anomalies, with
anomalous warmth over central Siberia and anomalous cold (in excess of -3°C) over
eastern China at D-5d (Fig. 3.3g).

Downstream over North America, height anomalies start to amplify by DO, with an
anomalous 250 hPa ridge over western Canada (Fig. 3.3c) associated with 850 hPa
temperature anomalies in excess of 2°C (Fig. 3.3h; only statistically significant along the
western coast of Canada). Farther downstream over the eastern portion of the United
States and maritime Canada, an upper-level trough develops (Fig. 3.3c) in association with
a small region of low-level cold anomalies in excess of -2°C at DO (Fig. 3.3h). This

anomalous trough over eastern North America is consistent with an enhancement of the
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upper jet on its equatorward edge, resulting in a stronger subtropical jet over the southeast
United States. While the upper trough and low-level cold anomalies slowly slide
southwestward through D+5d, the warm anomalies over western Canada intensify and
expand over much of the western half of North America, peaking in excess of 4°C (Fig. 3.31).
This widespread warmth remains at D+10d (Fig. 3.3j), though only a handful of anomalies
are statistically significant.

While the 850 hPa temperature anomalies frequently exceed magnitudes of 3°C over
western Canada, these values do not exceed the threshold required for statistical
significance in composites with the sample size used here. Presumably, the large standard
deviation (and therefore variance) of 850 hPa temperature during NDJFM in the region in
the lee of the Rockies (the standard deviation exceeds 7°C) accounts for the non-

significance of a population of the 3-4°C anomalies.

3.3.2. Retraction (negative TE-EOF 1)

Composites of the jet retraction cases associated with the negative phase of TE-EOF
1 were constructed from 40 times in which the PC peaked below the -1.5 standard
deviation threshold (Fig. 3.4). While composites associated with the negative phase of TE-
EOF 1 are not statistically required to be mirror opposites of the positive phase of TE-EOF 1
(due to the varying amplitudes of the cases used in the composite mean), the large-scale
structures describing the two phases tend to exhibit this characteristic.

At upper levels at D-10d (Fig. 3.4a), small positive height anomalies are located in
the central North Pacific just north of the exit region of the climatological jet, supporting a

small ~10 m s'! negative zonal wind anomaly in the exit region. By D-5d (Fig. 3.4b), the
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anomalous upper level ridge south of the Aleutians intensifies significantly and expands
along the entire northern flank of the climatological North Pacific jet. The core of the
negative zonal wind anomalies is located near 180°, resulting in a retraction of the jet to
west of the date line. Negative zonal wind anomalies peak at DO in excess of -30 m s with
these cases (Fig. 3.4c) in a region where the climatological wind is only ~45 m s'1. Centers
of enhanced zonal winds exist both poleward and equatorward of the climatological jet
stream with the positive zonal wind anomaly stronger on the poleward side. A modest
upper-level trough appears west of Hawaii at D-5d (around 20°N and 180° longitude; Fig.
3.4b) and exists throughout the 10-day TE window, expanding eastward with time.
Anomalous cyclonic flow around this upper trough further supports the reduction in
climatological westerlies in combination with the anomalous anticyclonic flow around a
much more substantial high-latitude ridge (centered near 45°N), creating a pattern similar
to a Rex block (or dipole-type block; Rex 1950) and suggesting a possible stagnation of the
pattern over the eastern North Pacific and downstream.

East Asian precursors are comparable but roughly opposite of those of the jet
extension mode (Fig. 3.3b, g and 3.4b, g). Most of Siberia is dominated by a sprawling
upper-level trough (Fig. 3.4a, b) and low-level cold anomalies (below -4°C; Fig. 3.4f, g),
while east-central China and the Sea of Japan are dominated by the western lobe of a ridge
in the central Pacific that slowly contracts eastward with time in the 10-day TE window
(Fig. 3.4b-d). The anomalously cold air, largely in Siberia initially (Fig. 3.4g), spreads
eastward to encompass Alaska and western Canada where anomalous cold exceeds -5°C by

DO (Fig. 3.4h).
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The downstream patterns are of similar amplitude and evolve comparably to those
observed in jet extension composites, but are again of reversed sign (Fig. 3.3d, i and Fig.
3.4d, i). A broad region of anomalously low heights at 850 hPa can be seen sliding out of the
Arctic Ocean around DO (Fig. 3.4h) and into western Canada by D+5 (Fig. 3.4i), drawing
cold air into Alaska for at least 10 days after peak retraction (Fig. 3.4h-j). While the low-
level negative height anomalies over North America disappear by D+10d (Fig. 3.4j), the
upper level height anomaly dipole remains significant over the central Pacific and the

anomalous zonal wind magnitude remains above 15 m s'! beyond D+10d (not shown).

3.3.3. Poleward shift (positive TE-EOF 2)

Two primary centers of action straddling the mean jet exit region dominate the 10-
day composite analyses of 36 poleward shifted jet cases (cases exceeding +1.5 standard
deviations of TE-EOF 2). A strip of positive zonal wind anomalies north of the
climatological jet axis and negative anomalies south of the climatological jet axis serves to
shift that climatological jet poleward, from as far west as western China at D-10d (Fig. 3.5a)
to the northwest US beyond DO (Fig. 3.5c, d). The strongest zonal wind anomalies are
predominantly located poleward of the climatological jet exit region.

A poleward shift of the jet similarly shifts the synoptic-scale height anomaly centers
10-15° poleward of the climatological jet axis. A zonally elongated anomalous ridge
centered near the latitude of the climatological jet core but in the jet exit region (Fig. 3.5a)
contrasts with a broad anomalous upper-level trough over the western Gulf of Alaska and
far eastern Russia by D-5d (Fig. 3.5b), helping to shift the pattern poleward and intensify

the jet between the height anomalies at D-5d. The negative height anomaly and its
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associated anomalous low-level cyclone retrograde across the Aleutian Islands and
intensify from DO through D+10d (Fig. 3.5c-e). The intensification of this negative upper-
level height anomaly suggests an amplification of the flow may contribute to the
downstream intensification of the positive height anomalies over Hudson Bay by D+5d (Fig.
3.5d). While there are no significant temperature anomalies associated with the anomalous
low-level cyclone near the Aleutians before D-5d (Fig 3.5f, g), the anomalous tropospheric
deep cyclonic flow enhances the low-level cold (warm) temperature anomalies present
over the Bering Sea (central Canada; Fig. 3.5h-j). While the cold temperature anomalies
over far eastern Russia peak in excess of -4°C at D+5d (Fig. 3.51), the corresponding warm
anomalies over central Canada appear to be enhanced by southwesterly winds
downsloping off the Rocky Mountains on the southwest side of the anomalous Aleutian
cyclone and peak in excess of +8°C at D+5d. This anomalous warmth continues to impact
northeastern North America at D+10d (Fig. 3.5j), although the statistically significant
portion of these anomalies becomes limited.

Upstream of the North Pacific, a weak and nearly stationary anomalous ridge is
present near the entrance region of the climatological jet at 110°E (D-10d and D-5d, Fig.
3.5a,b). This anomalous ridge is maintained throughout the 20 day composite, suggesting
its presence may be related to a persistent forcing such as deep convection. If so, its
presence at D-10d and D-5d may prove to be a key precursor feature for poleward shifted
jet events. An additional notable upstream precursor appears as an anomalous shortwave
trough over Mongolia at D-10d (Fig. 3.5a) and near the Korean peninsula at D-5d (Fig.

3.5b).
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3.3.4. Equatorward shift (negative TE-EOF 2)

The upper-level zonal wind pattern associated with the equatorward shift mode
(negative phase of TE-EOF 2) is more challenging to interpret than the composites
associated with the other phases. The primary zonal wind anomalies in the composite
straddle the climatological jet exit region with enhanced westerlies located on the southern
periphery with a stronger region of reduced westerlies to the north prior to and
throughout the 10-day window (Fig. 3.6a-d). This structure is similar to but opposite that
of the positive phase of TE-EOF 2 and is termed “equatorward shift.” While such a
description allows for a convenient consistency in nomenclature, the anomalous
enhancement of upper-level zonal winds over Alaska and eastern Russia is of equal or
greater magnitude than the enhanced westerly flow in the subtropics and may instead
represent an invigorated polar jet stream (Fig. 3.6b-d). Poleward shifted jet events are not
characterized by negative zonal wind anomalies in a similar location (Fig. 3.5b-d),
providing a notable asymmetry between the positive and negative phases of TE-EOF 2.

The equatorward shift mode is comprised of anomalous westerly zonal wind along
20°N latitude in the central Pacific throughout the composite, with the maximum westerly
anomaly over the Hawaiian Islands (Fig. 3.6a-d). This anomalous jet extends eastward from
its D-5d position (Fig. 3.6b) and connects with an anomalous wind speed maximum over
central North America, creating a link between the enhanced equatorward-shifted
subtropical Pacific jet and the climatological jet stream over Mexico and the United States
by DO and D+5d (Fig. 3.6¢, d). A broad anomalous trough dominates the flow over the
western United States and central Canada and acts in concert with a weak anomalous ridge

in the southeast United States to enhance the upper winds between the anomaly centers.
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The upper trough is associated with remarkable cold anomalies in excess of -8°C at 850 hPa
over much of Canada (Fig. 3.6f-h). The magnitude of these anomalies increases
dramatically as they become statistically significant between D-5d and DO (Fig. 3.6f, g).
Though the underlying physical mechanism driving these local temperature tendencies is
not immediately clear, some of the local temperature decrease is likely associated with cold
air advection in northwesterly low-level flow over Alaska and northwestern Canada
stemming from the intensifying low-level anticyclone over the Aleutian Islands (Fig. 3.6f-h).

Over the central North Pacific, a strong anomalous upper-level ridge broadly
dominates north of 40°N and enhances the jet stream on its poleward flank, north of 60°N
(Fig. 3.6b-d). The cross-arctic flow associated with such a jet is also represented at the 850-
hPa level and likely contributes to the anomalous low-level cold in North America at DO
and D+5d (Fig. 3.6g, h). South of this ridge, a broad region of anomalously low upper-level
heights is present south of the climatological jet near its exit region and may represent
broad upper troughs digging into the subtropics across a range of longitudes in a manner
similar to that observed in jet retraction cases (e.g. Fig. 3.4a-e). The position suggests a
connection to the Kona lows that occur in conjunction with retracted jet cases (e.g. Otkin
and Martin 2004) and any such trough may slightly enhance the subtropical jet south of the
trough in this region.

The upstream patterns over Asia are diffuse with no clear-cut synoptic-scale
anomalies at D-5d or DO at upper levels (Fig. 3.6b, c), suggesting that either the
equatorward shift mode may be triggered by well-defined but opposing synoptic-scale
setups that cancel out in a composite mean analysis or that there are not any clear cut

Asian mid-latitude precursors to these equatorward-shifted jet cases.
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3.4. Tropical convection composites

Although some results from the poleward shifted jet composite suggested a
connection to tropical convection, specifically the building of low-latitude anomalous
ridges, such inferences are unsupported without examining proxies of the convection itself.
Jaffe et al. (2011) performed such composites for retracted jet cases, finding a quasi-
stationary convective signal both before and after a jet retraction event. Figures 3.7 and 3.8
present OLR composites calculated as discussed in Section 3.3 for each phase of each TE-
EOF. OLR is often utilized as a proxy for cold cloud tops associated with deep convection in
the tropics and subtropics and is useful in the construction of composites due to its long,
homogenous period of record. The OLR composites for the extension mode (Fig. 3.73, c, €)
and the equatorward shift mode (Fig. 3.8b, d, f) show little or no apparent large-scale
organization of anomalous enhanced tropical convection.

Anomalous tropical convection appears in the retraction composite over the eastern
Indian Ocean and Maritime Continent (Fig. 3.7b, d, f) and appears to move slowly eastward
across the 10-day window of the composite. The eastward phase speed of this convection
appears similar to or slightly slower than that of convection associated with the Madden-
Julian Oscillation (M]JO; Madden and Julian 1972, Zhang 2005), which contrasts with the
stationary nature of convection found with the retraction mode in Jaffe et al. (2011). The
role of this convection in fostering a retraction of the North Pacific jet is not immediately
apparent. A separate region of convection in the central and eastern tropical North Pacific
is consistent with the OLR composite from Jaffe et al. (2011; specifically their Day 10

composite [their Fig. 12e] and our D+5d; Fig. 3.7f) near the Hawaiian Islands, although
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twice as intense as that found by Jaffe et al. Convection in this location is consistent with
the presence of the low-latitude trough that can be noted in the retraction composites (Fig.
3.4b-d).

Significant tropical convection anomalies are evident in the poleward shift
composite (Fig. 3.8a, c, e) over Southeast Asia and the Maritime Continent and are of a
larger magnitude than those observed in a similar location in association with the
retraction mode. These negative OLR anomalies also appear to remain nearly stationary or
move slowly eastward similar to convection associated with the MJO. It is interesting to
note that these convective anomalies move eastward at approximately the same speed as
the anomalies associated with the retracted jet events (Fig. 3.7b, d, f), roughly 2° per day.
The quasi-stationary or slow-moving nature of these convective anomalies enables them to
impose persistent forcing on the mid-latitude flow patterns which can impact both the
North Pacific jet as well as locations downstream (e.g. Kiladis and Weickmann 1992,
Higgins et al. 2000). The broad low-latitude upper-level anomalous ridge in the entrance
region of the poleward shift composite (Fig. 3.5a-e) may be a manifestation of upper-level
convective outflow in this location that appears to make systematic contributions to the
poleward shift of the jet.

Finally, it is worth noting that the large region of anomalously high OLR in the
eastern Pacific on the equatorward side of the extended jet's exit region (Fig. 3.7 a, ¢, e) is
coincident with the subsiding branch of the thermally indirect circulation associated with
the extended jet. This OLR anomaly intensifies throughout the 10-day composite (Fig. 3.7c,

e). Farther north, the rising branch of the thermally indirect circulation likely enhances
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convection in the region of anomalously low OLR off the west coast of the United States at

DO (Fig. 3.7¢c).

3.5. Discussion

TE-EOF analysis reveals the details of the synoptic-scale evolutions associated with
the leading modes of North Pacific jet stream variability. While the TE-EOF analysis
presented here is consistent with the leading modes of variability previously presented by
Schubert and Park (1991), Athanasiadis et al. (2010), and Jaffe et al. (2011), the TE-EOF
analysis also provides an additional component of temporal coherence to analyses of the
large-scale environments characteristic of extremes in the leading modes of variability, and
thus points to both upstream precursors and downstream impacts.

The two primary modes of variability presented here consist of 1) the jet in either
an extended or retracted state or 2) a poleward or equatorward shift of the jet exit region.
While previous studies on North Pacific jet variability focused on the transition into a
retracted state (Jaffe et al. 2011) and the instantaneous state of the jet in any given mode
(Athanasiadis et al. 2010), the TE-EOF technique identifies the evolution of the two phases
of each mode of variability centered on the peak intensity of each phase. By design, the
extension/retraction and latitudinal shift modes reach their greatest extents at DO and so
employment of the TE window, which includes some of the growth of the zonal wind
anomalies toward (and decay away from) such peaks, reveals new details regarding the
corresponding flow evolutions.

Composites constructed based upon high-amplitude events in the TE-PC time series

constitute an improvement in the temporal coherence of the associated mid-latitude
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signals compared to composites constructed with traditional EOFs (e.g. Jaffe et al. 2011).
The development of the positive zonal wind anomalies throughout the TE window for the
extended jet mode (Fig. 3.3) draws attention to the role of the anomalous trough that
intensifies and moves eastward throughout the following 10 days (Figs. 3.3a-e). This
trough appears to be central to the development and intensification of the zonal wind
anomalies that constitute an extended jet stream, and expanding these composite analyses
farther back in time may allow for better identification of such precursor features and their
evolution over several days prior to the central time of the TE window. Similar extension of
these composite analyses may provide additional insights into the nature of characteristic
precursors of high-amplitude events for all four phases of jet variability. The utility of such
composite signals is not yet established and merits further examination. However, armed
with a physical understanding of the precursors that drive changes in the North Pacific jet,
medium-range forecasters may be better able to combine an anticipation of jet variability
with the additional knowledge of the associated downstream impacts to improve large-
scale forecasts into week two over much of North America.

The composite analyses of extended jets (Fig. 3.3) are, at certain times, consistent
with the low-level evolution of the surge phase of the East Asian Winter Monsoon (EAWM;
Chang and Lau 1980). For instance, at D-5d of the extended jet composite (Fig. 3.3g), the
large area of anomalous low-level cold air over eastern China and the northern South China
Sea is in a location consistent with the composite cold surge described by Chang and Lau
(1980). Such cold air outbreaks were also identified as a possible precursor to jet extension

events by Jaffe et al. (2011) and may play a role in the evolution of extended jets.
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Within these composite analyses, consistent high-amplitude impacts were noted
downstream over North America in the days after the peak in the respective jet mode. For
TE-EOF 1, the jet extension (retraction) mode is associated with a large region of low-level
warmth (cold) over much of Alaska and western Canada at DO (Fig. 3.3h, 3.4h), with
temperature anomalies in excess of 4°C magnitude. These anomalies suggest such weather
might be a common downstream impact of each EOF 1 phase. Similarly, the phases of TE-
EOF 2 are associated with even stronger downstream impacts over North America, with
both poleward and equatorward shift events leading to low-level temperature anomalies in
excess of 8°C. Neither of these anomalies are of high magnitude prior to D-5d (Fig. 3.5g,
3.6f), but rather intensify over North America as the shift of the jet exit region maximizes
(at DO). High magnitude temperature anomalies are maintained through D+5d (Fig. 3.5i,
3.6h) and up to an additional five days after the poleward shift (Fig. 3.5j), suggesting that
latitudinal shifts of the jet exit region (TE-EOF 2) may affect the downstream weather over
North America more significantly than jet extensions or retractions (TE-EOF 1).

Of the four phases associated with the two modes of variability discussed here,
slow-moving and potentially organized tropical convection may play a significant role in
two of them. A more complete analysis of the mid-latitude and tropical interactions that
lead to these variations in the jet would serve to provide additional insight into the forcing
behind such patterns, but is beyond the scope of this study and is left for future work. The
task of identifying such tropical-extratropical interactions has been partially addressed in
cases of recurving TCs interacting with the jet stream (e.g. Archambault et al. 2013), but
remains a challenge for less organized episodes of persistent deep convection, a

substantially more common phenomenon throughout the tropics and subtropics. The
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leading modes of jet variability broadly describe the most common evolutions of the North
Pacific jet stream, implying a commonplace occurrence such as non-TC convection (e.g.
garden-variety as well as MJO- and ENSO-driven) may play a more frequent and significant
role in modulating such North Pacific jet variability.

Finally, since the analyses presented here are based upon identification of the dates
of maximum extension, retraction, and shift, the leading modes identify, for instance, the
state of the jet being extended rather than the process of extension. Thus, the transitions to
and from these leading modes, while partially addressed by the lagged composite analysis,
merit additional study. Similarities between the jet extension and poleward shift
composites (the 850 hPa Gulf of Alaska cyclone and downstream warmth; Figs. 3.3 and 3.5)
and the jet retraction and equatorward shift composites (the 850 hPa Gulf of Alaska ridge
and downstream cold; Figs. 3.4 and 3.6) suggest that the leading modes, while
mathematically independent, are not physically independent. Thus, examination of the
nature of transitions between the phases of each mode promises additional insight into the

preferred evolutions of the North Pacific jet stream.
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Figure 3.1. TE-EOF 1 (extension/retraction) of the 250 hPa zonal wind over the North
Pacific. EOF regressed back onto anomaly data is shaded (m s-1; per color bar).
Climatological zonal wind is contoured in black starting at 20 m s-1. Top panel (D-5d)
represents the TE-EOF pattern at the beginning of the 10-day TE window; middle panel
(DO) represents the pattern halfway through the TE window; bottom panel (D+5d)
represents the pattern at the end of the TE window.
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Figure 3.2. As in Fig. 3.1 but for TE-EOF 2 (meridional shift) of the 250 hPa zonal wind over

the North Pacific.
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Figure 3.6. As in Fig. 3.3 for cases where the PC of TE-EOF 2 was less than -1.5
standard deviations, representing equatorward shift cases. Composite sample size =
45. Unlike the previous composites, D+10d did not contain anomalies that were
both physically meaningful and statistically significant.
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4. Isentropic pressure depth as a tool for analyzing tropical-extratropical
interactions

4.1. Overview

The challenge of identifying and diagnosing interactions between the tropics and
extratropics has been recognized for well over 60 years (e.g. Namias and Clapp 1949, Morhi
1953, 1959). The relationship between the tropics and extratropics has been well
established via numerous studies (e.g. Gill 1980, Weickmann 1983, Kiladis and Weickmann
1992, 1997), yet little is known about the physical details that characterize such
interactions. A subset of tropical-extratropical interactions involve deep convection in close
proximity to a jet streak and have been shown to occur via the divergent component of the
wind associated with that deep convection acting directly upon the proximate jet streak
(e.g. Archambault et al. 2013). However, other interactions may originate from deep
convection that is well-removed from a jet streak and thus any interactions must occur via
some other process.

The remainder of this chapter is structured as follows. First, a quantity isentropic
pressure depth is presented that allows for the identification and tracking of a balanced
geostrophic response to deep convection. Isentropic pressure depth is compared to the
reciprocal of potential vorticity (PV) in Section 4.2. The quantitative aspects and
applications of isentropic pressure depth are examined in Section 4.3. An overview of the
climatology of isentropic pressure depth in January is provided in Section 4.4. This
climatology highlights some curious relationships with the jet stream over the North
Pacific, which we also discuss. To demonstrate the practical utility of isentropic pressure

depth, Section 4.5 contains a case study of the events leading up to the record-breaking
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North American warmth in mid-March 2012. This case study places emphasis on the role of
isentropic pressure depth in diagnosing the physical mechanisms driving the key tropical-
extratropical interaction that preceded the event. A summary and concluding remarks are

presented in Section 4.6.

4.2. Methodology
The “pressure depth” of an isentropic layer serves as a direct measure of the mass

contained between the two isentropes that comprise the boundaries of that isentropic

layer (Fig. 4.1a). Note also that isentropic pressure depth (— Z—Z) is the inverse of static

stability (— %) and is, therefore, related to the static stability used by Mohri (1959) to track

. . . aT .
the poleward motion of tropical upper tropospheric air masses (measured as é in that

study). Thus, a local maximum (minimum) in pressure depth in a given isentropic layer
represents a local maximum (minimum) in mass and a local minimum (maximum) in static
stability in that layer compared to its surroundings.

Of course, atmospheric processes are not constrained to be adiabatic, and diabatic
processes impact the utility and interpretations of isentropic pressure depth. In the upper
troposphere, radiative cooling to space, a process known to occur at a rate of ~1-2 K per
day (given a cloud-free troposphere - the cooling is often stronger in the presence of
clouds), can reduce the potential temperature of a parcel. Secondly, moist convection, in
which a lifted parcel may experience an increase in its potential temperature as a result of
latent heat release, can render a parcel’s potential temperature much higher in the upper

troposphere than it originally was in the boundary layer. Moist adiabatically, the parcel’s
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equivalent potential temperature (6¢) at the start of its ascent will be roughly equal to its
potential temperature (0) at the level where it becomes neutrally buoyant. This implies
that the upward mass flux associated with deep convection rooted in an environment with
boundary layer equivalent potential temperatures 6.g., will be exhausted in the upper
troposphere at an isentropic level where 0 = 0.pL (Fig. 4.1b). The relationship between the
boundary layer environment and the level of upper tropospheric exhaust holds for deep
convection at both tropical and middle latitudes.

Horizontal ivergence in an isentropic layer discourages conservation of the pressure

depth in a given column by redistributing mass within the isentropic layer. When

o . . . . . 20
considering PV, changes in the vorticity compensate any changes in static stability (— et

the inverse of isentropic pressure depth) caused by divergence within the isentropic layer.
The conservative nature of PV suggests that the PV could be better suited to tracking the
migration of the tropical convective exhaust involved in tropical-extratropical interactions
despite the fact that the relatively low vorticity and low stability characteristic of tropical
latitudes render the variability of tropical tropospheric PV very small. Magnusdottir and
Schubert (1990) considered a related variable, termed ‘potential pseudo density’, thatis a
construction of the reciprocal of PV (RPV) in a three-dimensional semi-geostrophic
coordinate system. Here we have chosen to make a comparison to RPV in isentropic
coordinates (Fig. 4.2). The visual similarity between the spatial distribution of the pressure
depth contours (Fig. 4.2a) and RPV contours (Fig. 4.2b) is striking. Differences between the
two appear largest in regions of strong cyclonic vorticity, such as the trough east of the
Lesser Antilles (marked as T), as well as regions of pronounced outflow from the tropics,

such as the plume of large pressure depths over the Yucatan and east of Florida that
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extends from TC Raymond (2013; marked as TC). In general, RPV has weaknesses related
to the reduced variability in PV at low latitudes, in that the vorticity term leads to noisy
RPV as the slight variations of vorticity over fine spatial scales dominate the variability in
the static stability term. While Fig. 4.2 compares only a single analysis time, additional
comparisons have been made across other cases and provided similar results (not shown).
Thus, we believe that isentropic pressure depth provides a useful representation of the
aggregate convective mass flux, especially in the tropics.

It is straightforward to calculate the isentropic pressure depths in a gridded
reanalysis data set. For each grid point, the pressure depth, Ap, in an isentropic layer is
given by pe1 - pez = Ap, where 01 < 02. Given the monotonically increasing vertical
distribution of potential temperature, this formulation will always yield a positive value.
The gridded reanalysis data is interpolated onto isentropic levels every 5 K from 300 K -
380 K to facilitate these calculations.

Isentropic pressure depths were calculated with the Climate Forecast System
Reanalysis (CFSR; Saha et al. 2010), chosen for its high vertical resolution (64 model levels;
37 output pressure levels) as well its small horizontal grid spacing (0.5%). Pressure depth
values were calculated for each 5 K isentropic layer (300 - 380 K) at each grid point for
each six-hourly time over the entire CFSR dataset (1979-2010). From this data, it is
possible to construct a climatology of pressure depths across the entire range of isentropic
layers spanning the full 32 years of CFSR data. Climatological means are calculated
individually at each six-hourly time over all 32 years.

To complement the climatological mean, calculations of the standard deviation were

performed in order to standardize the departures from climatology in the ensuing analysis.
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It was quickly determined that the frequency and distribution of such departures was not
distributed normally. Thus, in order to derive a measure of standardized pressure depth
anomalies, we devised a statistical measure we term the standard departure. The standard
departure is intended to mimic the standard deviation by providing separate values for
positive and negative anomalies within a given distribution, thus correcting for
asymmetries in the distribution about zero. Calculation of the negative standard departure
at a single grid point and time follows three steps:

1) Take a list of all pressure depth anomaly values during the climatology period

(one value for each year; Fig. 4.3a) and remove non-negative anomalies from the list

(Fig. 4.3b)

2) Multiply the negative anomaly values by -1 and add the resulting positive value to

the list of anomalies. This doubles the size of the distribution and makes the

distribution of values symmetric about zero (Fig. 4.3c).

3) Take the standard deviation of this list; this value is the negative standard

departure.

The above process can be duplicated for the positive anomalies as well, producing a
positive standard departure and a negative standard departure at each grid point and time.
Pressure depth anomalies are standardized by taking positive (negative) anomalies and
dividing by the positive (negative) standard departures. The resulting values, now in terms
of standard departure units, can be interpreted in a manner comparable to standardized
anomalies calculated with a standard deviation. These standard departures facilitate a clear
and balanced comparison of positive and negative anomalies in asymmetric distributions.

Standard departures can also be used to investigate the variance of the separate
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populations of positive and negative pressure depth anomalies, an analysis that is not
possible with a traditional variance calculation. Analyses utilizing standard departures are

presented in Section 4.

4.3. Applications of isentropic pressure depth
Quantitative insight can be gained from the pressure depth analyses because
pressure depth relates to the thermal wind relationship in isentropic coordinates. The

geostrophic wind can be written as

where M is the Montgomery streamfunction (M = ¢, T + ®). Taking the vertical derivative of

the geostrophic wind in isentropic coordinates gives

k oM
- XV—.
30 f v FY

Since the vertical derivative of the Montgomery streamfunction is given by

this yields a version of the isentropic thermal wind relationship,

6179 1 7
26 = org kX Vop) (1)

which demonstrates that the vertical shear of the geostrophic wind in an isentropic layer
depends on the gradient of pressure depth in that layer. Thus, when proximate to an upper
level jet streak, a large pressure depth gradient is directly responsible for some portion of

the geostrophic wind speed observed within that jet streak.
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According to equation (1), a broad region of positive pressure depth anomalies in a
given layer is associated with an anomalous anticyclonic geostrophic vertical shear in that
same layer (Fig. 4.4a). When this anomalous vertical shear is proximate to a jet streak, the
shear is associated with an increase the maximum wind speeds in that jet (Fig. 4.4a). When
a positive pressure depth anomaly increases in magnitude due to the flux of mass into the
isentropic layer (e.g. Fig. 4.1b), the resultant increase in isentropic pressure depth directly
intensifies the pressure depth gradient, resulting in an additional increase in the
geostrophic vertical shear and further strengthening of a jet streak (Fig. 4.4b). Thus a
physically appealing explanation of the effect of aggregate deep convection on jet streak
intensity emerges. Increases in isentropic pressure depth can result from the mass flux
associated with deep convection. Such increases then enhance the geostrophic vertical
wind shear on the poleward side of the positive pressure depth anomaly, which contributes
to strengthening the jet streak.

An important aspect of the analysis of positive pressure depth anomalies is
identifying the origin of the mass inflating an isentropic layer. Moist adiabatic ascent driven
by deep convection, as described in Section 4.2, likely serves as a primary source of mass
for such inflation. Evidence for this suggestion lies in the relationship between
climatological means of low-level 6. (Fig. 4.5a, c) and the layer of maximum isentropic
pressure depth (in 5 K layers between 320 - 380 K; Fig. 4.5b, d). The correspondence
between the mean 1000 hPa 6. and the lower isentropic bound of the climatologically
thickest 5 K layer is compelling, especially over the oceans, in both January (Fig. 4.5a-b)
and July (Fig. 4.5c-d). This correspondence suggests that moist adiabatic ascent in the

tropics is a primary means of inflating upper tropospheric isentropic layers.
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Once inflated, regions of large isentropic pressure depth often remain coherent
structures for several days and are readily traceable as anomalies from a long-term
climatology (not shown). As a result, coherent pressure depth anomalies can be traced
visually as they move away from the original source(s) of their inflation. Thus, despite the
fact that isentropic pressure depth is not a conserved quantity, the anomalous circulation
associated with an individual anomalous pressure depth feature, as well as its impact on

the mid-latitude circulation, can quite often be traced back to its origin.

4.4. Climatological aspects of isentropic pressure depths

As mentioned in the previous section, isentropic pressure depths can be tracked
over extended periods of time as anomalies from a long-term climatology. A climatology of
isentropic pressure depths for the month of January is presented in Fig. 4.6 for isentropic
layers where mid-latitude convection and tropical convection commonly exhaust mass
(315-330K and 340-355 K, respectively; Fig. 4.6a, Fig. 4.6b). In general, the 315-330 K
climatology for the month of January (Fig. 4.6a) highlights pressure depth maxima
associated with subtropical ridges between 20°-30° latitude (e.g. Rodwell and Hoskins
2001) as well as a narrow strip of large pressure depth gradient located between 30-50°
latitude in each hemisphere. The tightest pressure depth gradients in the Northern
Hemisphere can be noted over the western Pacific and western Atlantic, corresponding
well with the locations of the climatologically strongest jet streams. In Fig. 4.6a, a single
climatological contour of pressure depth (120 hPa) is commonly found near the latitudes
where the magnitude of the isentropic pressure depth gradient, and therefore the vertical

geostrophic wind shear in the layer, is the largest. This particular pressure depth contour
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therefore serves as a reasonable proxy for the position of the mid-latitude jet stream. The
January climatological pressure depth maxima in the 340-355 K layer (Fig. 4.6b) are
located in regions where deep convection is frequently observed, including over the warm
sea surface temperatures of the western Pacific warm pool and the Amazon basin of South
America. Pressure depths are also generally higher in the climatological means of both
isentropic layers over regions of strong heating or elevated terrain, such as southern Africa,
western Australia, and the Andes of South America (Fig. 4.6a, b).

Statistically, local maxima in the variance (calculated as the square of the standard
deviation at each grid point and time) of the isentropic pressure depth anomalies highlight
regions where the pressure depth varies, on average, the most over a given period of time.
In a similar manner, local maxima of the positive (negative) standard departure highlight
regions where the pressure depth varies, on average, the most in the positive (negative)
direction. Maps of the mean January positive (Fig. 4.6c) and negative (Fig. 4.6d) standard
departures in the 315-330 K isentropic layer provide insight into where pressure depth
anomalies are, on average, the most positive or negative. In general, the largest positive
standard departures of isentropic pressure depth are located along and north of the
climatological 120 hPa contour (Fig. 4.6c) while the largest negative standard departures
are along and south of the climatological 120 hPa contour (Fig. 4.6d). For both positive and
negative standard departures, the regions of the largest standard departures are located
between 180° and 90°W. This is the same area where the leading modes of variability of the
upper level jet stream are present over the North Pacific (e.g. Athanasiadis et al. 2010, Jaffe
etal. 2011, and as presented in Chapter 3). Given that the 120 hPa contour serves as a good

proxy for the axis of the jet stream in the 315-330 K isentropic layer, it seems reasonable
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that the distribution of the standard departures of the isentropic pressure depths may
inform new understanding of the leading modes of North Pacific jet variability.

To examine the implications of the observed distribution of positive standard
departures of isentropic pressure depth, consider the imposition of a positive pressure
depth anomaly (such as in the schematic from Fig. 4.4c) on the January mean 315-330 K
isentropic pressure depth climatology (Fig. 4.6a) near the largest mean January positive
standard departure (around 40°N, 170°W, Fig. 4.6¢). The anomalous anticyclonic vertical
geostrophic wind shear around this positive pressure depth anomaly would produce
increased westerly winds along its northern flank and decreased westerly winds along is
southern flank (Fig. 4.7a), resulting in a poleward reconfiguration of the exit region of the
jet stream (dashed line in Fig. 4.7a). The hypothetical reconfiguration is reminiscent of the
poleward shifted jet, the positive phase of the second leading mode of variability identified
by Athanasiadis et al. (2010) and in Chapter 3. Given that positive pressure depth
anomalies are primarily inflated by exhaust from deep convection, the suggestion is that
poleward shifted jet exit region events can be tied back to that deep convection.

A similar thought experiment can be performed regarding the distribution of
negative standard departures of isentropic pressure depth. Given the broad maximum of
mean January negative standard departures near 35°N 135°W (Fig. 4.7b), envision a
negative pressure depth anomaly imposed in that location. The anomalous cyclonic vertical
geostrophic wind shear around the negative pressure depth anomaly decreases westerly
winds on its northern flank (near the climatological mean 120 hPa 315-330 K pressure
depth contour/proxy jet axis) and increases westerly winds along its southern flank. The

resulting enhancement of the westerly flow on the southern flank of the pressure depth
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anomaly reorients the mean southwesterly flow to a westerly direction, resulting in the
zonal extension of the climatological jet stream (Fig. 4.7b). While the dynamics of negative
pressure depth anomalies have not been a focus of our descriptions thus far, we can say
that the increased static stability associated with smaller values of isentropic pressure
depth is likely the signature of the presence of a positive PV anomaly of mid-latitude origin.
Consistent with this suggestion of an extratropical forcing for jet extension, Handlos and
Martin (2016) report that some portion of jet extension events appear to relate to
extratropical troughs near the jet axis. Both of these general analyses of climatological
variance suggest additional investigation into the relationship between the leading modes
of North Pacific jet variability and isentropic pressure depths may yield insightful results.

Such an investigation is presented in greater detail in Chapter 5.

4.5. Case study - March 2012

In order to demonstrate the utility of pressure depth analyses, we present a case
study of a sequence of unusual weather events from the first three weeks of March 2012
from the pressure depth perspective. March 2012 was characterized by unprecedented
anomalous warmth over much of central and eastern North America, with surface
temperature anomalies exceeding 15°C across parts of the Great Lakes region in mid-March
(Dole et al. 2014). Two to three weeks earlier, intense tropical convection was occurring
over the equatorial Indian and West Pacific Oceans in association with a high-amplitude
M]O event. By calculating the mid-latitude response to idealized tropical heating anomalies
similar to the observed convection in a linear model, Dole et al. (2014) showed that the

deep convection associated with this strong M]O event was, in part, responsible for the
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subsequent anomalous warmth over North America. The response provided by the model
was strikingly similar to the observed 300 hPa height anomalies over the North Pacific and
North America during mid-March (not shown, Figure 6 in Dole et al. 2014). While idealized
tropical heating anomalies have previously been shown to force Rossby wave trains (e.g.
Hoskins and Karoly 1981, Kiladis and Weickmann 1992, 1997), an alternative physical
description of the interaction provides additional insight into the role of other synoptic-
scale systems in creating this exceptionally unusual event. We present a description of the
evolution of events leading to the anomalous North American warmth using isentropic
pressure depth to identify regions of inflated and deflated isentropic layers and their
associated anticyclonic and cyclonic circulation anomalies. We aim to show the utility of
this diagnostic in promoting better understanding of the physical details of tropical-

extratropical interactions.

4.5.1. Interaction between tropical convection and the East Asian jet stream

A strong MJO event occurred in March 2012, with a peak amplitude of 2.77 on 3
March per the Realtime M]JO Monitoring (RMM) index (Wheeler and Hendon 2004). This
event was associated with anomalous OLR in excess of -50 W m2 over portions of Indian
Ocean and the adjacent maritime continent (near 90°E, 26 February - 9 March) as it slowly
progressed eastward (Fig. 4.8). This widespread convection supports an environment in
which the 340-355 K isentropic layer is anomalously deep, with pressure depth anomalies
in 30-45 hPa range at 0000 UTC 3 March over much of the maritime continent region (Fig.
4.9a). By 1200 UTC 5 March, anomalies in that region had continued to increase, commonly

exceeding 45-60 hPa (Fig. 4.9b). An expansion of the anomalies is most notable over
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southeast Asia, where the inflated 340-355 K layer extends poleward of 20°N and borders
the jet stream in that isentropic layer. A gradient of anomalous pressure depth is found
along and immediately equatorward of the highest wind speeds, with the gradient over
southern China along 100°E reaching as much as 90 hPa across only ~280 km. This
gradient intensifies further by 0000 UTC 8 March (Fig. 4.9c), supporting the high layer-
mean wind speeds within the 340-355 K layer (90 m s1).

Subsequently, this region of anomalously large pressure depths in the 340-355 K
layer begins to move eastward in concert with the jet core over central China and extends
east of Japan by 1200 UTC 10 March (Fig. 4.9d). The eastward progression of the region of
large pressure depth anomaly continues through 0000 UTC 12 March, where the anomaly
can be seen centered well east of Japan (near 160°E; Fig. 4.11b). From 10 March (Fig. 4.9d)
through 12 March (Fig. 4.11b), the exit region of the jet stream in the 340-355 K layer shifts
eastward roughly 30° (~2600 km) while remaining on the poleward flank of the positive
pressure depth anomaly. A backward trajectory analysis of the parcels within the center of
the region of anomalously large pressure depths at 1200 UTC 10 March reveals the parcels
originated four or more days earlier in the lower to middle troposphere near the equator
(Fig. 4.10). Nearly all parcels traced in this backward trajectory analysis experience
significant nonconservation of potential temperature, indicating diabatic processes,
frequently associated with deep convection, at work. Although the timing varies, most
parcels undergo ascent between 1200 UTC 3 March (the beginning of the trajectory
analysis) and 0000 UTC 7 March, a period during which the air parcels were within the
envelope of the ongoing MJO event (Fig. 4.8, Fig. 4.10). The regionally widespread and

persistent nature of convection within the MJO envelope (e.g. Zhang 2005) supports the
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prolonged nature of the ascent noted for some of the parcels in the trajectory matrix (Fig.

4.10).

4.5.2. Transition from tropically-driven to extratropically-driven evolution

The eastward extension of the jet stream over the western North Pacific facilitates a
rapid cyclogenesis event east of Kamchatka by 0000 UTC 12 March. Supported by upward
vertical motion in the poleward exit region of this extending jet stream, this cyclone’s
central pressure falls to ~960 hPa (Fig. 4.11b) while developing its own intense vertical
motions associated with strong baroclinic zones (not shown). These vertical motions lead
to the ascent and exhaust of additional mass in the 315-330 K layer (Fig. 4.11a), made
manifest as a positive pressure depth anomaly immediately downstream of the cyclone in
conjunction with an amplifying ridge. This 315-330 K positive pressure depth anomaly
contributes to the intensification of the jet streak to its north over the Bering Sea and Gulf
of Alaska. In turn, the Sawyer-Eliassen circulation associated with the entrance region of
this jet stream supports the further development of the deep cyclone east of Kamchatka
and additional inflation of isentropic layers within, or vertically proximate to, the 315-330
K layer.

This region of positive pressure depth anomalies slides to the southeast before
moving eastward over the next several days and merging with another region of positive
pressure depth anomalies (not shown). The amalgamated anomaly becomes centered over
the western United States by 0000 UTC 16 March (Fig. 4.12a) and continues over eastern

North America in subsequent days (Fig. 4.12b, c).
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The significance of the evolution surrounding the cyclone east of Kamchatka cannot
be overstated. The intense cyclone is originally forced by the circulation associated with
the exit region of the extending Asian jet stream, whose intensity and extension are both
driven in part by the anomalous mass in the 340-355 K isentropic layer immediately on the
equatorward flank of the jet. As vertical motion with the cyclone intensifies, the mass flux
from convection in the cloud head of the cyclone exhausts into the 315-330 K layer and
becomes the impetus for an increasingly large positive pressure depth anomaly in the mid-
latitudes. Continued intensification of the associated pressure depth gradient intensifies
the associated jet on the north side of the pressure depth anomaly and sets the stage for the
new 315-330 K pressure depth anomaly to potentially impact the downstream mid-latitude

pattern.

4.5.3. Development of a pressure depth anomaly from frontal convection

Upstream from the events associated with the cyclone near Kamchatka, a
developing frontal wave can be seen in infrared satellite imagery ahead of a trough and
negative 315-330 K pressure depth anomaly near 170°E at 0000 UTC 16 March (Fig. 4.12a).
Emanating eastward from the expanding cloud shield, a region of positive pressure depth
anomalies (maximized at >60 hPa near 175°W) appears well aligned with the plume of
clouds in the infrared satellite image. This alignment improves just twelve hours later as
the anomaly rapidly doubles in magnitude (to values >120 hPa) and the cloud shield
expands on the anticyclonic shear side of a poleward-moving jet streak (Fig. 4.12b). As this
positive pressure depth anomaly grows larger, it amplifies the flow in its vicinity,

transforming a zonally oriented jet stream at 0000 UTC 16 March (Fig. 4.12a) into one with
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significant anticyclonic curvature approximately 1000 km farther north by 1200 UTC 17
March (Fig. 4.12c). In response, the broad region of negative pressure depth anomalies off
the west coast of North America on 16 March become concentrated and move southward
and develop into even larger anomalies. Flow around the amplified trough then drives
strong southerly upper-level flow over western North America (Fig. 4.12c), aiding in the
northward and eastward progression of the positive 315-330 K pressure depth anomalies
originally spawned by the rapid cyclogenesis event near Kamchatka several days earlier.
The collocation of the isolated positive pressure depth anomalies with the cloud
shield along and ahead of the frontal wave near the dateline suggests that this event may be
particularly useful in demonstrating the process by which air is lifted and exhausted in the
mid-latitudes. A cross section taken through the maximum positive pressure depth
anomaly immediately after the rapid increase in its magnitude (as indicated on Fig. 4.12b)
highlights two distinct plumes of upward vertical motion, both rooted in a region of strong
lower tropospheric baroclinicity (Fig. 4.13). The strongest plume appears associated with
upright convection rooted in the surface baroclinicity and supported by weak convective
stability. Equivalent potential temperatures (0ept)at the base of the upward vertical motion
plume are around 310 K to 315 K and potential temperatures at the top of the plume (6)
are between 320 and 325 K. Since air parcels are likely entrained and detrained throughout
the vertical extent of the plume and no one parcel travels the entire vertical extent of this
instantaneous vertical motion plume, the conceptual model of air parcels rising from an
environment of a given equivalent potential temperature 8.g1 to one with a potential
temperature 6 where 0 = 0.g1, (Fig. 4.1b; as described in Section 4.2) appears to be a

reasonably good approximation in this real case.
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Additional slantwise convection appears to be occurring along the baroclinic zone
with a base near the 850 hPa level. Parcels are lifted from this 850 hPa environment with
B around 300-315 K to a potential temperature in the 305-315 K range near 600 hPa
(Fig. 4.13), again agreeing well with the 6 ~ 8., approximation. These parcels continue
upward from near the 600 hPa level in a region of weaker ascent. The tops of the plumes
from both the slantwise and upright convection are characterized by regions of large
pressure depth (in the 320-335 K layer for both convective plumes) and low potential
vorticity (below 0.25 PVU). The parallels between the large pressure depth and the low
potential vorticity values in this cross section reinforce the comparison made previously in
Section 4.2 and further highlight the complementary nature of isentropic pressure depth
and potential vorticity analyses.

At 0000 UTC 16 March, warm air over North America (Fig. 4.14a) is associated with
both large 1000-300 hPa thicknesses (representing tropospheric-deep warmth; Fig. 4.15a)
and the positive pressure depth anomalies inflated by the cyclone near Kamchatka (now
over North America; Fig. 4.11a, 4.12a). Simultaneously, the frontal wave upstream over the
central North Pacific begins to develop (Fig. 4.12a) and amplify the mid-latitude flow and
associated positive pressure depth anomalies downstream (Fig. 4.12b,c). This amplification
propagates downstream, amplifying the trough and increasingly negative pressure depth
anomaly over the west coast of North America (Fig. 4.12b) that, in turn, amplifies the
downstream pattern over North America through 19 March. The tropospheric-deep trough
and associated low-level cyclone over western North America (Fig. 4.14b, 4.15b, 4.16a)
further amplifies the downstream ridge and associated warmth over central and eastern

North America, as tropospheric-deep warm air advection is implied across much of the
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central United States by 0600 UTC 19 March (Fig. 4.14b, 4.15b). At this time, the 315-330 K
pressure depth anomalies reach values in excess of 270 hPa and 850 hPa temperature
anomalies exceed 25°C by 1200 UTC 20 March (Fig. 4.14c, 4.16b) as the region of greatest
1000-300 hPa thickness continues to be advected poleward into south central Canada (Fig.
4.15c). Such large isentropic pressure depths continue to be associated with large
tropospheric-deep thickness and exceptionally warm temperatures across much of the

eastern United States on 20-22 March 2012 (Fig. 4.14b, c; Dole et al. 2014).

4.6. Summary and discussion

Alarge body of research has firmly established that tropical convection exerts both
local and remote impacts on the mid-latitude circulation. While there have been studies
that examine some of these relationships from a physical processes perspective (e.g. Jones
et al. 2003, Riemer et al. 2008, Riemer and Jones 2010, Grams et al. 2011, 2013,
Archambault et al. 2013, 2015), the largest fraction of these investigations suggest that the
forcing on the mid-latitudes derives from convective heating without explicitly
demonstrating the physical nature of the relationship (e.g. Hoskins and Karoly 1981,
Weickmann 1983, Kiladis and Weickmann 1992). Analysis of isentropic pressure depth
provides a physically intuitive way to follow mass exhausted by convection and to account
for circulations created by the increased mass in a given isentropic layer. While not
conserved, large “pools” of pressure depth can be followed over several days, enabling the
attribution of remote impacts to the original source of the pressure depth anomaly.

As an illustration of the diagnostic utility of the isentropic pressure depth

perspective, the sequence of six events that characterized the March 2012 case is
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illustrated schematically in Fig. 4.17. The strong M]O event over the Maritime Continent
exhausted convection northward (event 1 in Fig. 4.17), creating positive pressure depth
anomalies south of the Asian jet (event 2). Consequently, the jet intensified and extended,
eventually contributing to the development of a deep cyclone via its exit region circulation
which, in turn, inflated pressure depths downstream in the 315-330 K layer (event 3). The
resulting inflated 315-330 K layer moved across the eastern Pacific, slowly drifting over
North America 4-7 days later (event 4). Farther upstream, the growth of a frontal wave on
16 March resulted in the inflation of the 315-330 K isentropic layer (event 5) and, in turn,
the amplification of the downstream flow. This amplified flow reaches western North
America in time to build the pre-existing positive pressure depth anomalies from event 4,
now over central and eastern North America, farther poleward (event 6). The amplification
of the positive pressure depth anomalies in the 315-330 K isentropic layer over North
America coincides with the warmest days of the warm spell (20-21 March 2012, Fig. 4.14c,
4.15c).

As described in the March 2012 case study, convection in different environments
will inflate different isentropic levels. The specific level is closely tied to 6. of the boundary
layer (BegL) in which the convection is rooted. Although the comparison in Fig. 4.5 shows
that the 5 Kisentropic layer with the greatest pressure depth corresponds well to the
average 1000 hPa 6. regardless of season in the tropics, such a relationship does not hold
in the mid-latitudes. While convection in the tropics is frequently widespread, convection
in the mid-latitudes tends to be confined to regions characterized by strong forcing for
ascent, such as mid-latitude cyclogenetic environments. These two environments result in

deep convection inflating vastly different isentropic layers. Monitoring pressure depths in
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well chosen isentropic layers provides the ability to separately follow mass exhausted from
tropical convection versus that exhausted from mid-latitude convection.

The distinct origins of convection that inflates different isentropic layers suggests
the utility of analyses that distinguish when forcing for a pattern shifts from tropical to
mid-latitude origins. In the March 2012 case, this transition occurred around 12 March
(event 3 in Fig. 4.17), as the tropical plume of pressure depth anomalies aided in the
intensification and subsequent extension of the east Asian jet stream. The circulation
associated with exit region of this jet stream aided in the rapid intensification of the
cyclone and the corresponding development of the convection that was responsible for
inflating the 315-330 K layer. The 12 March transition shifted focus from the tropics and
the 340-355 K layer to the mid-latitudes and the 315-330 K layer, as illustrated
schematically (Fig. 4.17) by the switch from red objects (representing the 340-355 K layer)
to the blue objects (representing the 315-330 K layer). It seems reasonable to hypothesize
that many instances of tropical-extratropical interaction are similarly characterized by a
transition phase in which the primary driver of the synoptic-dynamic sequence of events
shifts from tropical and subtropical to extratropical processes.

We suggest that the isentropic pressure depth perspective promises further
explication of relationships similar to the one proposed by Dole et al. (2014; relating the
M]JO directly to a mid-latitude response over North America) by partitioning the physical
sequence into two readily identifiable processes. The first process examines the nature by
which inflations of the 340-355 K layer, typically forced by tropical convection, impact the
mid-latitudes. In the March 2012 case, it appears that tropical processes contributed to the

extension of the jet and subsequent rapid cyclogenesis. The second process examines the
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downstream impacts of these mid-latitude interactions, such as the inflation of the 315-330
K layer of the 12 March cyclone near Kamchatka and the amplification of the flow by the 16
March frontal wave near the dateline.

Together, these two processes present a physically coherent explanation of the
relationship between remote phenomena. For the case of March 2012, the explanation by
Dole et al. (2014) can be complemented by a description of the roles played by the Asian jet
and the rapidly deepening mid-latitude cyclone in connecting the MJO to the unusually

amplified mid-latitude flow over North America.
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Figure 4.1. Vertical schematics of isentropic pressure depth. Black lines represent
isentropes and orange shading represents isotachs. Red line in (a) indicates the pressure
depth p of an isentropic layer. That layer is inflated by the upward mass flux by deep

convection in (b), increasing the isentropic pressure depth to p+4p.
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0000 UTC 22 Oct 2013
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Figure 4.2. Pressure depth (a) and reciprocal of potential vorticity (RPV; b) in the 340-355
K isentropic layer, shaded and contoured per the color bar, for 0000 UTC 22 October 2013.
Red “T” indicates the location of an upper level trough, while the blue “TC” indicates the
position of TC Raymond.
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Figure 4.4. Horizontal schematics of isentropic pressure depth. Green lines
represent isopleths of isentropic pressure depth within a given isentropic layer and
orange shading represents isotachs. An increase in isentropic pressure depth from
~2p’ (a) to ~3p’ (b) can tighten the isentropic pressure depth gradient (light blue
arrows) and locally increase the vertical geostrophic wind shear (dark blue arrows)
and mean wind speed in that isentropic layer.
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Figure 4.7. Mean January positive (a) and negative (b) standard departures of
isentropic pressure depth (shading) in the 315-330 K isentropic layer. Purple line
represents the mean January 120 hPa pressure depth isopleth in the 315-330 K
layer. Composite zonal wind (black contours) associated with events where
isentropic pressure depth exceeds (a) +1.5 standard departures at 42.5°N, 167.5°'W
(blue H) and (b) -1.0 standard departure at 37.5°N and 137.5°W (red L). Thick black
contours are representative isentropic pressure depth anomalies, with the (a) blue
and (b) red arrows indicating the direction of the vertical geostrophic wind shear
associated with each representative anomaly. The dashed purple line indicates
where the solid purple line (120 hPa isopleths) might shift in response to the
imposition of the representative anomalies.
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0-10N - MJO-Filtered OLR’ and Unfiltered OLR' 2012
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Figure 4.8. OLR anomalies (shaded, W m-2) and OLR filtered for MJO in
wavenumber-frequency space (per Kiladis 2009) in contours (dashed where
negative, signifying active MJO convection; every 5 W m2, excluding the zero
contour).
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Figure 4.9. 340-355 K layer mean wind speed (shaded; >30 m s1) and pressure
depth anomalies (red where positive, blue where negative, contoured every 15 hPa)
for (a) 0000 UTC 3 March 2012, (b) 1200 UTC 5 March, (c) 0000 UTC 8 March, and

(d) 1200 UTC 10 March.
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NOAA HYSPLIT MODEL
Backward trajectories ending at 1200 UTC 10 Mar 12
GDAS Meteorological Data

N

Source % at multiple locations

Meters AGL

THETA
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Figure 4.10. Backward trajectories initialized at 1200 UTC 10 March and run
backward 7 days (dots at 0000 UTC each day) from NOAA HYSPLIT. Black circles
encompass nearly all trajectory locations at the labeled times. Orange box indicates
the approximate envelope of the MJO event between 3 March and 8 March,
consistent with data in Fig. 4.8. Time series of altitude and potential temperature
are also plotted along path of trajectories in inset.
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0000 UTC 16 Mar 2012
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Figure 4.12. As in Fig. 4.9 in the 315-330 K layer at (a) 0000 UTC 16 March, (b) 1200
UTC 16 March, and (c) 1200 UTC 17 March. Infrared imagery at each time is
underlain where brightness temperatures are colder than 270 K. Black line A-A’ on
(b) indicates location of cross section presented in Fig. 4.13.
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1200 UTC 16 Mar 2012
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Figure 4.13. Cross section along line as indicated in Fig. 4.12b. Plotted are potential

vorticity (shaded), isotachs of wind speed perpendicular to the cross section (thick
black contours; every 10 m s'! starting at 30 m s'1), potential temperature (thin
black lines as labeled, every 5 K) and equivalent potential temperature (red lines,
every 5 K). Upward vertical motion is plotted every .25 hPa s-1.
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Figure 4.14. 850 hPa heights (contours; m) and temperature anomalies (shading; °C)
at (a) 0000 UTC 16 March 2012, (b) 0600 UTC 19 March, and (c) 1200 UTC 20
March.
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Figure 4.15. 1000-300 hPa thickness (shading; m) and 500 hPa height (black
contours, every 60 m) at (a) 0000 UTC 16 March, (b) 0600 UTC 19 March, and (c)
1200 UTC 20 March.
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0600 UTC 19 Mar 2012
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Figure 4.16. As in Fig. 4.9 for the 315-330 K layer at (a) 0600 UTC 19 March and (b)
1200 UTC 20 March.
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5. Isentropic pressure depth precursors to preferred modes of variability of the
North Pacific jet stream

The composite analyses based upon TE-EOFs of the North Pacific jet presented in
Chapter 3 found several upstream Asian precursors to certain phases of the leading modes
of variability. Similar composite OLR analyses (Figs. 3.7 and 3.8) suggested an association
with deep convection for both the retracted jet phase and the poleward shifted jet phase.
Utilization of isentropic pressure depths may help to better understand such connections
and provide insight into the origins of the upstream Asian precursors, both tropical and
extratropical. As discussed in the previous chapter, the pressure depth of the 340-355 K
isentropic layer contains the exhaust from deep convection in the tropics. Consequently,
growth of positive pressure depth anomalies in tropical and subtropical latitudes can be
connected with deep convection. The pressure depth of the 315-330 K isentropic layer, on
the other hand, traces the exhaust from convection rooted in the mid-latitudes.

As discussed in Chapter 4, the greatest additional insight provided by isentropic
pressure depth stems from examining the impact of mass exhausted by deep convection on
the mid-latitudes. Intrigued by the OLR composites presented in Figures 3.7 and 3.8,
additional composite analyses have been constructed as discussed in Chapter 2 to
supplement the composite analyses presented in Chapter 3. Since a primary use of
isentropic pressure depths is to trace the exhaust from deep convection, these composite
analyses focus on utilizing this diagnostic tool to examine the events preceding peaks in

each of the phases of the two leading modes of variability.
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5.1. Composite analyses of extended jet cases

In the composite analyses constructed from extended jet cases, two prominent
negative pressure depth anomalies are already present in the 315-330 K isentropic layer at
D-15d (Fig. 5.1a) - one around the Tibetan plateau and one south of the Aleutian Islands
near the climatological exit region of the jet stream. Each anomaly remains quasi-stationary
through D-10d (Fig. 5.1b), and by D-5d (Fig. 5.1c), the magnitude of the anomalies
increases significantly as the Tibetan anomaly expands into the core of the climatological
250 hPa jet and spreads eastward over the western Pacific. In doing so, the Tibetan
anomaly begins to merge with the negative pressure depth anomaly centered around
170°W, creating a single broad negative pressure depth anomaly stretching from 80°E to
140°W. Such an expansive anomaly within a composite analysis may represent a single
broad trough or the mean of a series of troughs spread across a range of longitudes. Across
much of that longitude range, the negative anomalies are contained between 15°-45°N and
span the core of the climatological 250 hPa jet.

The sprawling negative anomaly peaks in magnitude at DO (less than -72 hPa; Fig.
5.1d) while centered near 155°W, a location farther east than on D-5d. While negative
anomalies continue to extend as far south as 15°N, a tight gradient in pressure depth aligns
well with the core of the 250 hPa zonal wind anomalies along 30°N east of 180° longitude.
East of the jet exit region, over western North America, a positive pressure depth anomaly
has increased in magnitude and extent, perhaps in response to the strong negative
pressure depth anomaly upstream via a process similar to downstream development (e.g.
Simmons and Hoskins 1979, Orlanski and Sheldon 1993). Immediately downstream of this

positive pressure depth anomaly, this downstream development appears to continue as a
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small region of negative pressure depth anomalies also increase in magnitude at DO and
D+5d over the southeast United States (Fig. 5.1d, e). The most prominent feature in the
composites beyond D+5d is the large negative pressure depth anomaly south of the
Aleutians, which weakens dramatically from DO through D+10 (Fig. 5.1f). The 25-day
persistence of this feature strongly suggests jet extension events have a preference for a
background state that favors the existence of a trough in this location.

A simpler pattern emerges from composites of pressure depth anomalies in the 340-
355 K isentropic layer. A broad positive pressure depth anomaly spans much of the central
and eastern tropical Pacific at D-15d (Fig. 5.2a) while a small positive anomaly over south
China enters the entrance region of the climatological jet stream by D-10d (Fig. 5.2b). These
two anomalies have merged by D-5d (Fig. 5.2c) as the positive anomaly in the tropical
Pacific expands westward while the south China anomaly has moved through the core of
the jet and into the jet exit region. Both have combined to create a broad positive pressure
depth anomaly located immediately equatorward of the climatological exit region of the jet
west of 180° longitude at D-5d (Fig. 5.2c). The 250 hPa zonal wind anomaly poleward of
this pressure depth anomaly takes on an anticyclonically curved shape, aided in its
amplification by a small negative pressure depth anomaly along the coast of China. The
positive pressure depth anomaly shifts 20° eastward in the following days and is centered
near 165°W at DO (Fig. 5.2d), supporting a large zonal wind anomaly in excess of 30 m s-1 at
that same longitude. The anomaly continues shifting eastward through D+5d (Fig. 5.2e) and
weakens back toward its original tropical east Pacific position by D+10d (Fig. 5.2f).

Considering the evolution of these two isentropic layers in concert leads to a

straightforward conceptual model of the evolution of extended jet events. First, a large
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cyclonic circulation anomaly forms on the poleward flank of the climatological jet exit
region, inducing anomalous westerly winds to its south. At the same time, a broad
anticyclonic circulation anomaly forms on the equatorward flank of the climatological jet
exit region, inducing anomalous westerly winds to its north. The vertical superposition of
anomalous westerly winds, or more specifically, westerly geostrophic vertical wind shear,
supports an intense and deep vertical wind shear profile across the 315-330 K and 340-
355 K isentropic layers, which is in turn reflected as anomalous upper tropospheric
westerly winds. This pairing of pressure depth anomalies occurs in 78% of the 40 jet
extension events at DO (Fig. 5.1d), with only 5% of cases having neither a negative anomaly
in the 315-330 K layer nor a positive anomaly in the 340-355 K layer?2.

Less clear, however, is the evolution of the synoptic scale patterns that precede the
establishment of each of the two main pressure depth anomalies. In the 315-330 K layer,
two distinct negative pressure depth anomalies appear to come together in the composite
mean, but are not necessarily present simultaneously. Only 53% of the 40 jet extension
events contain both negative pressure depth anomalies (in excess of -24 hPa in the 315-
330 Kisentropic layer) prior to the merger, when each is centered over the Tibetan Plateau
and the central Pacific at D-10d (Fig. 5.1b). The resulting implication that either one of
these anomalies may be weak or absent in nearly half of the jet extension cases in the

composite analysis greatly contrasts with the composite mean. Further analysis of the

2Pressure depth anomalies are identified for each case in the 315-330 K layer when
negative anomalies near the location of minimum composite pressure depth anomaly
exceeded -24 hPa. Positive pressure depth anomalies exceeding +12 hPa were identified in
340-355 K layer in a similar manner. The presence of anomalies for each event was then
cross checked in both layers in order to calculate the percentage of jet extension events
where the anomalies were present simultaneously.
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frequency with which features from the composite mean appear in individual cases will

allow for a better understanding of the various sequences that may lead to jet extensions.

5.2 Composite analyses of retracted jet cases

Separate regions of positive pressure depth anomalies can be identified in the 315-
340 K isentropic layer near the Tibetan Plateau and across much of the eastern North
Pacific at D-10d in association with retracted jet cases (Fig. 5.3b). While generally absent at
D-15d (Fig. 5.3a), the positive pressure depth anomalies consolidate between D-10d and D-
5d (Fig. 5.3c) as the Asian anomalies move into the climatological jet stream by D-9d (not
shown) and begin to merge with the eastern North Pacific anomalies by D-5d. This leads to
a more intense positive pressure depth anomaly that supports a tighter pressure depth
gradient on its equatorward flank leading, in turn, to stronger negative zonal wind
anomalies at 250 hPa by D-5d that are also generally equatorward of the eastern part of the
anomaly.

The negative 250 hPa zonal wind anomaly intensifies through DO (Fig. 5.3d) as the
positive pressure depth anomaly reaches its greatest intensity in excess of 84 hPa just east
of 180" longitude. At this point in time, the higher latitudes are characterized by enhanced
westerly winds (greater than 20 m s'! at 250 hPa) on the poleward flank of the composite
positive pressure depth anomaly while the mid-latitudes are characterized by decreased
westerly winds on the equatorward flank of the pressure depth anomaly, (peaking below -
30 m s'1 at 250 hPa). This pattern at DO remains quasi-stationary through D+5d (Fig. 5.3e),
during which time the positive pressure depth anomaly maintains its maximum magnitude

(greater than 84 hPa). The longevity of this positive pressure depth anomaly suggests the
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resulting pattern blocks the mid-latitude flow (e.g. Rex 1950, Jayawardena and Chen 2006)
as early as D-5d (Fig. 5.3c). While still somewhat present at D+10d (Fig. 5.3f), the positive
pressure depth anomaly has weakened and no longer implies blocked flow in the
composite mean.

The composite pressure depth anomaly evolution in the 340-355 K layer also has
two main features, with a weak positive pressure depth anomaly near the coast of China at
D-15d (Fig. 5.4a) and broad negative pressure depth anomalies over the eastern Pacific
south of 30°N and east of 160°E. These negative pressure depth anomalies expand
westward by D-10d (Fig. 5.4b) into a region equatorward of the exit region of the
climatological jet stream. The negative 250 hPa zonal wind anomalies at D-10d align well
with the northern gradient of the negative pressure depth anomaly, suggesting the
resultant anomalous geostrophic wind shear likely contributes to the reduced westerly
flow. The magnitudes of both the negative zonal wind anomaly and negative pressure
depth anomaly are notably greater by D-5d (Fig. 5.4c) as both extend as far west as the
coast of Japan and the core of the climatological 250 hPa jet.

DO brings about the most intense negative pressure depth anomaly in the 340-355 K
isentropic layer (less than -48 hPa; Fig. 5.4d), with the greatest associated pressure depth
gradient positioned in the core of the negative 250 hPa zonal wind anomaly.
Simultaneously, the positive pressure depth anomaly over south China has become larger
and more intense since D-5d (Fig. 5.4c), an inflation that may be occurring in response to
anomalous outgoing longwave radiation (OLR) in the region as shown in a similar
composite analysis in Chapter 3 (Fig. 3.7b). Deep convection associated with the composite

negative OLR anomalies over Indonesia and adjacent portions of the Indian Ocean likely
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exhausts mass in the 340-355 Kisentropic layer, inflating it, and growing the positive
pressure depth anomalies over the D-5d to DO period. However, as noted in Chapter 3,
these negative OLR anomalies are not particularly strong and may not be present in all jet
retraction cases, a caveat that also applies for the positive pressure depth anomaly over
southern China (the positive pressure depth anomaly exceeds 12 hPa in about 70% of cases
at DO and is present in fewer than 60% at D-5d and D+5d). While small lobes of this
composite positive pressure depth anomaly move into or through the jet core by D+5d (Fig.
5.4e), itis unclear whether these lobes impact the position or intensity of the large negative
pressure depth anomaly further east. That composite negative anomaly retreats eastward
and weakens to a magnitude of about -36 hPa by D+5d, but does not retreat southward.
Likewise, the negative 250 hPa zonal wind anomaly also shifts eastward while only
weakening slightly. A more marked reduction in both the magnitude of the negative
pressure depth anomaly and the zonal wind anomaly occurs by D+10d (Fig. 5.4f). A
corresponding frequency of occurrence analysis shows that in the core of the negative
pressure depth anomalies at D-5d, D0, and D+5d, over 80% of the 40 composited events
contained anomalies less than -12 hPa. While this frequency rises above 60% as early as D-
15d and exceeds 70% by D-10d, it falls to near 60% by D+10d, implying that the presence
of negative pressure depths in the 340-355 K layer is more common over the two weeks
prior to peak jet retraction and the negative anomalies decay more rapidly after peak
retraction.

Composites of the 315-330 K and 340-355 K layers allow for the construction of a
conceptual model of jet retraction events similar to that presented for jet extension events.

In the composite jet retraction, peak retraction (D0) occurrs with an intense and expansive
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positive pressure depth anomaly in the 315-330 K layer on the poleward flank of the
climatological jet exit region (Fig. 5.3d) and a comparably intense negative pressure depth
anomaly in the 340-355 K layer on the equatorward flank of the climatological jet exit
region (Fig. 5.4d). Both pressure depth anomalies are associated with a pressure depth
gradient that allows for the superposition of anomalous easterly geostrophic vertical wind
shear in the region of negative 250 hPa zonal wind anomalies. This superpositioning of
anomalous vertical wind shear demonstrates how pressure depth anomalies in different
isentropic layers may constructively interact with each other and impart a larger influence

on the jet stream than either would impart alone.

5.3 Composite analyses of poleward shifted jet cases

Composites of poleward shifted jet cases show loosely organized pressure depth
anomalies in the 315-330 K isentropic layer at D-15d (Fig. 5.5a) and D-10d (Fig. 5.5b). The
primary anomaly features are an expansive region of positive pressure depth anomalies
over the eastern North Pacific and southern North America as well as a region of negative
pressure depth anomalies over much of south Asia. While the positive pressure depth
anomalies appear to concentrate between 180° and 150°W by D-10d, the negative
anomalies are punctuated by the sudden emergence of a positive pressure depth anomaly
over central China, immediately downstream of the Tibetan Plateau. This feature, located in
the entrance region of the climatological jet at D-10d (Fig. 5.5b), moves into the core of the
jet by D-8d and begins to exit the jet by D-6d (not shown), leading to a merger with the
stronger positive pressure depth anomaly east of 180° by D-5d (Fig. 5.5c). Interestingly, the

positive pressure depth anomaly peaks in magnitude (in excess of 60 hPa) at D-5d and not
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at DO (Fig. 5.5d), as is the case in the other composite analyses. Becoming less coherent, the
positive pressure depth anomaly moves quickly eastward toward the coast of North
America by DO. Simultaneously, the negative anomaly over Asia moves through the jet at
D0 and emerges over the central North Pacific by D+5d (Fig. 5.5e). By D+10d (Fig. 5.5f), any
anomalies that remain in the 315-330 K isentropic layer do not appear to be associated
with the poleward shifted jet.

A more coherent story exists in the 340-355 K isentropic layer, starting at D-15d
(Fig. 5.6a) where a dipole of pressure depth anomalies of similar magnitude exists across
the lower latitudes of the North Pacific. The positive pressure depth anomalies over Asia
begin moving eastward through the core of the climatological jet stream by D-10d (Fig.
5.6b), intensifying south of the climatological jet core by D-5d (Fig. 5.6¢) as a positive 250
hPa zonal wind anomaly forms in the jet exit region, well to the north and east of the
easternmost extent of the positive pressure depth anomaly. At this initial time (D-5d), the
positive 250 hPa zonal wind anomaly over the central North Pacific is predominantly the
result of the anomalous vertical geostrophic wind shear associated with the pressure depth
gradient on the poleward flank of the 315-330 K pressure depth anomaly (Fig. 5.5¢).
Between D-5d and DO, support for the 250 hPa zonal wind anomaly is handed off to
anomalies in the 340-355 K isentropic layer as the eastern portion of the positive pressure
depth anomaly intensifies and expands eastward. In turn, this further strengthens and
extends the positive 250 hPa zonal wind anomaly (Fig. 5.6d). In the 315-330 K layer, DO is
also the time that the positive pressure depth anomaly that had been supporting the
positive zonal wind anomaly progresses rapidly eastward and seemingly abandons the

zonal wind anomaly (Fig. 5.5d). Unfortunately, composite analyses do not allow for a
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detailed examination of how this handoff occurs, why it occurs, or how often, implying
individual studies may provide the greatest additional insight here.

The eastern portion of the positive pressure depth anomaly continues moving
eastward through D+5d (Fig. 5.6e) and the positive zonal wind anomaly continues
eastward as well on its poleward flank, traveling ~15° of longitude over the five day period.
Between D-5d and D+5d, the negative pressure depth anomalies over the tropical eastern
Pacific have remained quasi-stationary and shrunk back toward the southeast only when
encroached upon by the eastward moving positive pressure depth anomaly. The pressure
depth gradient between the positive pressure depth anomaly to the north and the negative
pressure depth anomaly to the south supports a negative 250 hPa zonal wind anomaly in
excess of -15 m s'1 at both DO and D+5d (Fig. 5.6d, e). Both zonal wind anomalies weaken
by D+10d (Fig. 5.6f) with the eastern portion of the positive pressure depth anomaly
disappearing completely from the composite mean. Only the western portion of the
positive pressure depth anomaly remains near the south China coast at D+10d, as it has
throughout the 25-day period.

A key aspect of this positive pressure depth anomaly is its origin. While the
existence of the anomaly itself in the composite analysis likely precedes D-15d, its
proximity to and apparent connection with the OLR anomalies presented in Chapter 3 with
similar composites based on poleward shifted jet events is intriguing. In Fig. 3.8, the OLR
anomalies are centered near 110°E at D-5d and shift slowly eastward to around 120°E by
D+5d, a progression mimicked by the centroid of the positive pressure depth anomaly over
the same D-5d (Fig. 5.6¢) to D+5d (Fig. 5.6e) period. The highly anomalous and continuous

nature of the deep convection combined with the spatial proximity to and temporal
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alignment with the positive pressure depth anomaly suggest that these two composite
anomalies are closely related to one another. The growth of the eastern lobe of the positive
pressure depth anomaly in the 340-355 K isentropic layer at D-5d may be due, in part, to a
portion of the mass exhausted from the anomalous deep convection moving away from
southeast Asia and supporting the maintenance of the poleward shifted jet at DO and D+5d
(Fig. 5.6d, e).

A frequency analysis shows that of the 36 poleward shifted jet cases in the
composite analyses, only 44% contain both a positive pressure depth anomaly in excess of
24 hPa in the 315-330 K layer at D-5d (Fig. 5.5c) and a positive pressure depth anomaly in
excess of 12 hPa in the 340-355 K layer at DO (Fig. 5.6d) in the central North Pacific3.
Considered independently, 35 of the 36 cases (97%) meet this criteria for at least one of
the points, implying that the presence of both of these anomalies is not necessary for a

poleward shift, and the presence of either almost always allows a poleward shifted jet.

5.4 Composite analyses of equatorward shifted jets

Composite analyses based upon the 45 equatorward shifted jet cases (negative TE-
EOF 2) reveal a muddled composite mean of pressure depth anomalies in the 315-330 K
isentropic layer. Few anomalies are present at D-15d (Fig. 5.7a) before a small positive
pressure depth anomaly begins forming south of the Aleutian Islands at D-10d (Fig. 5.7b).
This positive pressure depth anomaly becomes more intense by D-5d (Fig. 5.7c), at which

point other anomalies also begin to come into focus. Two small negative pressure depth

3 The times and locations for the frequency analysis are both chosen to correspond with
maximum magnitude of each anomaly - at D-5d near 37°N 162°W in the 315-330 K layer
and at DO near 28°N 105°E in the 340-355 K layer.
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anomalies develop along 30°N between 180° and 130°W, south of the positive pressure
depth anomaly at D-5d. The pressure depth gradient between the two supports a
decreased geostrophic wind shear and contributes to reducing the 250 hPa zonal wind
along and north of the climatological jet axis (roughly 35°N). This negative 250 hPa zonal
wind anomaly becomes more pronounced by DO (Fig. 5.7d) as do the negative pressure
depth anomalies equatorward of 35°N. South of these negative pressure depth anomalies, a
small area of enhanced westerly zonal winds is evident along 20°N at D-5d and especially at
DO0. However, the weak pressure depth gradient on the equatorward flank of the negative
pressure depth anomaly appears to be too weak to support the 250 hPa zonal wind
anomaly, suggesting additional support (in the form of a more intense pressure depth
gradient) may lie in the 340-355 K isentropic layer. By DO, this enhancement of the zonal
wind extends northeastward over North America ahead of an additional negative pressure
depth anomaly along the western coast of the continent, further strengthening the flow
from the subtropics to the mid-latitudes over the United States at this time.

By D+5d (Fig. 5.7e), both the positive and negative pressure depth anomalies over
the Pacific have begun to decay, but a smaller pressure depth anomaly over the eastern
United States that developed around D0 has become more expansive and spread westward
by D+5d. While the Pacific pressure depth anomalies are nearly gone by D+10d (Fig. 5.7f),
as are the positive zonal wind anomalies over the subtropical Pacific, the positive pressure
depth anomaly over North America continues to intensify with anomalies exceeding 36 hPa
at D+10d.

It is worth noting that there do not appear to be any meaningful upstream

precursors in any of the equatorward shifted composites that precede DO, implying any
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such signals are not traceable in the composites of pressure depth. Analysis on a case-by-
case basis may provide additional insight, however it is possible that the negative phase of
this mode of jet variability does not have systematic and identifiable mid-latitude
precursors.

Composite analyses of pressure depth anomalies in the 340-355 K isentropic layer
reveal more coherent anomalies at D-15d (Fig. 5.8a) than the corresponding 315-330 K
layer composite analyses do at that time (Fig. 5.7). A broad negative pressure depth
anomaly exists over much of southeast Asia and the Pacific west of 150°E at D-15d and D-
10d (Fig. 5.8b) before sliding east off the Asian continent by D-5d (Fig. 5.8c). The
emergence of a positive pressure depth anomaly finally occurs on DO (Fig. 5.8d) around
Hawaii, but the gradient between it and the negative pressure depth anomaly that has
continued progressing east through D0 remains weak. This pressure depth gradient does
help support the low latitude portion of the previously mentioned positive 250 hPa zonal
wind anomaly along 20°N that eventually extends over North America. These anomalies

both fade by D+5d (Fig. 5.7e) and become weak and indistinct by D+10d (Fig. 5.7f).

5.5. Summary and discussion

The evolution of the pressure depth anomalies in composites of jet extension and
retraction suggests two complementary conceptual models. First, the composite large-scale
pattern associated with jet extension cases is characterized by a large negative pressure
depth anomaly in the 315-330 K isentropic layer and a large positive pressure depth
anomaly in the 340-355 K layer (Fig. 5.9a). These anomalies evolve separately and become

juxtaposed such that they are on the poleward and equatorward side of the climatological
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jet exit region, respectively, at the time of maximum extension. This juxtaposition allows
for the anomalous geostrophic vertical wind shear associated with each pressure depth
anomaly to constructively interact in supporting the positive 250 hPa zonal wind
anomalies that define a jet extension (Fig. 5.9a). A similar juxtaposition characterizes the
large-scale pattern associated with jet retraction cases, but with the positive pressure
depth anomalies in the 315-330 K layer on the poleward flank of the climatological jet and
the negative pressure depth anomalies in the 340-355 K layer on the equatorward flank of
the jet (Fig. 5.9b). This juxtaposition, also across the climatological jet exit region, allows
each pressure depth anomaly to support the negative 250 hPa zonal wind anomalies that
constitute a jet retraction.

These two flow configurations, while similar but opposite in their construction, also
share similarities in the evolution that leads up to DO in each composite. In both jet
extension and retraction cases, the large pressure depth anomaly in the 315-330 K layer on
the poleward flank of the jet merges with a smaller pressure depth anomaly that originates
over China and travels through the core of the climatological jet (Fig. 5.1c-d and Fig. 5.3b-
d). By the time this smaller anomaly reaches the exit region of the jet, it enters a diffluent
flow characterized by deformation along a poleward-oriented axis of dilatation (Figs 5.1d
and 5.2d for extended jet events; Figs. 5.3d and 5.4d for retracted jet events). This diffluent
deformation renders the originally zonally elongated positive (negative) pressure depth
anomalies more isotropic poleward of the exit region of the jet stream, resulting in the
retraction (extension) of the jet. Additional investigation of these pressure depth anomalies
as they progress through the core of the jet could verify whether the evolution in the

composite mean is consistent with the evolution of individual cases.
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In the jet retraction case, the small positive pressure depth anomaly in the 315-330
K isentropic layer moves through the core of the climatological jet stream between D-10d
and DO (Fig. 5.3b-d) and can be traced back to its origin near the Tibetan Plateau (at D-15d
and D-10d; Fig. 5.3a,b). The plateau serves as a potential source of elevated radiational
heating that inflates isentropic pressure depths in a manner similar to the latent heat
release from deep convection. This stands in contrast to the positive pressure depth
anomaly in the 340-355 K isentropic layer that emerges from a similar region at D-5d (Fig.
5.4c) and strengthens through D+5d (Fig. 5.4e), strengthening consistent with the
simultaneous presence of OLR anomalies over Indonesia in the composite shown in
Chapter 3 (Fig. 3.7b,d,f).

The similar but opposite structure of the pressure depth anomalies associated with
each phase of TE-EOF1 (Fig. 5.9) starkly contrasts with the seemingly unrelated nature of
the pressure depth anomalies associated with each phase of TE-EOF2. The composite
analyses associated with the poleward shift phase present coherent positive pressure
depth anomalies in the 340-355 Kisentropic layer (Fig. 5.6) that co-evolve with anomalies
in the 315-330 Kisentropic layer (Fig. 5.5), creating perhaps the most complex composite-
mean evolution associated with any of the four phases of jet variability. In contrast, the
pressure depth anomalies in the equatorward shift composite are of smaller maximum
magnitudes and do not describe a coherent evolution of that shift through the 25 days of
time lags (Figs. 5.7, 5.8). The contrasting nature of these composites suggests that the
apparent precursors to poleward shifted jets may not have corresponding opposites that
drive the equatorward shift mode. In part, this stems from how the inflation of isentropic

layers via outflow from deep convection in the poleward shifted jet composite (Fig. 5.6a-c)
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is a process for which there is no immediately apparent opposite to drive the deflation of
isentropic layers in the corresponding equatorward shifted jet composite. It is therefore no
surprise that a complementary but opposite storyline does not emerge from a comparison
of the composite means for the two phases. It is important to note that the equatorward
shifted jet composite does contain a broad but weak negative pressure depth anomaly in
the 340-355 K isentropic level over southeast Asia (Fig. 5.8a-c), although the process by
which a deflation of the 340-355 K layer occurs at low latitudes (10-30°N) is not
immediately clear.

The unusual co-evolution of the positive pressure depth anomalies in the poleward
shift composite (Fig. 5.10) may help outline a framework for more broadly diagnosing
cases of tropical-extratropical interaction and potentially quantifying the resultant impact
on mid-latitudes. The presence of anomalous OLR over much of the maritime continent in
the poleward shifted jet composite presented in Chapter 3 (Fig. 3.8a) appears to serve as
the source of deep convective outflow that inflates the 340-355 K isentropic layer over
southeast Asia near 25°N in the days preceding DO (Fig. 5.10c, Fig. 5.6a-c; consistent with
the March 2012 case study in the previous chapter). At D-5d (Fig. 5.6c), the positive
pressure depth anomaly inflated by this convective outflow begins moving eastward off the
Asian continent, bringing the enhanced 250 hPa zonal winds supported by the northern
pressure depth gradient eastward as well (Fig. 5.10d). However, positive pressure depth
anomalies in the 315-330 K layer have moved into a position to support a separate
enhancement of the zonal wind in the jet exit region farther east by D-5d (Fig. 5.5c¢; Fig.
5.10a). This positive pressure depth anomaly in the 315-330 K isentropic layer acts

independently of the pressure depth anomalies in the 340-355 K layer to support a positive
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zonal wind anomaly that characterizes the poleward shift of the jet exit region. Support for
this positive 250 hPa zonal wind anomaly transitions quickly from the pressure depth
anomaly in the 315-330 K isentropic layer to the gradient on the northern flank of the
positive pressure depth anomaly in the 340-355 Kisentropic layer by DO (Fig. 5.6d; Fig.
5.10b). At this time, the pressure depth anomaly in the 315-330 K layer has moved
downstream and become more diffuse (Fig. 5.5d). As described in this poleward shifted jet
composite, support for synoptic scale features (such as a ridge or anomalous jet) can
transition between pressure depth anomalies of mid-latitude and tropical origin (Fig. 5.10).
Such events may not occur frequently, but may provide a basis from which broader
consideration of the dynamics of tropical-extratropical interactions can proceed. Specific
details of how pressure depth anomalies interact across layers would also provide
additional insight into the evolution of the leading modes of North Pacific jet variability
themselves, as three of the four phases of the two leading modes involve these interactions

between the 315-330 K and 340-355 K isentropic layers.
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Figure 5.9. Conceptual model of pressure depth anomalies (red and blue contours; in
isentropic layers as labeled), the climatological jet stream (thick black arrow), and zonal
wind anomalies (thick purple arrow) for (a) jet extension events and (b) jet retraction
events.
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Figure 5.10. Conceptual model of the poleward shifted jet events, with annotations as
described for Fig. 5.9. Pressure depth anomalies are in the 315-330 K layer in panels (a)
and (b), and in the 340-355 K layer in panels (c) and (d). Panels (a) and (c) represent the
position of features at 5 days prior to peak poleward shift (D-5d), while panels (b) and (d)
represent the time of maximum poleward shift (DO).
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6. Summary, discussion, and future work

Our understanding of jet stream variability over the North Pacific has improved
markedly in recent years, with work by Athanasiadis et al. (2010) and Jaffe et al. (2011)
leading the way. Given that the leading modes of zonal wind variability over the North
Pacific are becoming well-established, some attention can shift toward understanding the
events that precede and follow periods where the jet varies notably within one or both of
its two leading modes. Jaffe et al. (2011) highlighted the role of synoptic-scale mid-latitude
precursors over Asia about a week in advance of an anomalous jet. Little previous work has
focused on the downstream mid-latitude impacts associated with the leading modes of jet
variability. An interest in examining both upstream precursors and downstream impacts as
they related to the leading modes of North Pacific jet variability motivated the work
presented in Chapter 3.

An association with deep convection in the tropics had also been noted in the study
of jet retraction events by Jaffe et al. (2011). Other previous studies (e.g. Kiladis and
Weickmann 1992, 1997, Riemer et al. 2008) explored such an association by examining
anomalous tropical convective events and looking for a mean downstream impact in the
mid-latitudes. Jaffe et al. (2011) provided results that suggested that convection may, in
fact, be a characteristic upstream precursor to at least the jet retraction phase of variability.
Additional work was needed to establish exactly how the relationships from their jet
retraction study as well as relationships from other studies of tropical-extratropical
interactions could be borne out physically, motivating the work presented in Chapters 4

and 5.
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6.1 Summary

Use of the TE-EOF technique offers a robust means of identifying the preferred
evolutions of the tropopause-level jet stream over the North Pacific at synoptic time scales.
The leading modes of jet variability identified in Chapter 3 (Figs. 3.1, 3.2) are consistent
with the two leading modes of North Pacific jet variability identified via the traditional EOF
analyses presented by Athanasiadis et al. (2010) and Jaffe et al. (2011). The two phases of
each mode, namely jet extension/retraction for TE-EOF 1 and poleward/equatorward shift
of the jet for TE-EOF 2, can be identified using the TE-PCs corresponding to each TE-EOF.
Chapter 3 presented a series of composite analyses based on events during which each
phase of the first two TE-EOFs exceeded 1.5 standard deviations in magnitude. These
composites highlighted the presence of a strong negative (positive) height anomaly in the
Gulf of Alaska for jet extension (retraction) events (Figs. 3.3, 3.4). Poleward (equatorward)
shifted jets were characterized by a similar distribution of height anomalies though of
lesser magnitude and a northward phase shift. Upstream precursor height anomalies over
Asia vary among the composites, but are of generally low amplitude. However, anomalous
convective activity over the Maritime Continent was also noted throughout the composites
of the retraction phase (Fig. 3.7b,d,f) and poleward shift phase (Fig. 3.8a,c,e).

Downstream, the jet extension (Fig. 3.3) and jet retraction (Fig. 3.4) modes are
associated with a limited area of significant low-level temperature anomalies over North
America between D-5d and D+5d (Fig. 3.3g-i, Fig. 3.4g-i). These anomalies peak near a
magnitude of 4°C, while the 850 hPa temperature anomalies peak in excess of +8°C (-8°C)
during poleward (equatorward) shifted jet events at both DO and D+5d (Fig. 3.5h,i, Fig.

3.6h,i). The magnitude of the 850 hPa temperature anomalies associated with TE-EOF 2
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events are significantly larger than those associated with the TE-EOF 1 events even though
the variability of the jet stream itself explains a lower portion of the total zonal wind
variance. It is not immediately apparent why this relationship holds true.

Isentropic pressure depth, introduced in Chapter 4, is a tool that can be used to trace
the upper tropospheric mass exhausted from deep convection (Fig. 4.1). The horizontal
gradient of isentropic pressure depth is directly related to the vertical shear of the
geostrophic wind in a given isentropic layer. Thus, when positive pressure depth anomalies
abut a jet streak, they can contribute to the intensification of that jet streak (Fig. 4.4). Itis
possible to follow those pressure depth anomalies back to the original source of their
inflation and thereby attribute that contribution to the jet streak’s intensification to a
region of aggregate deep convection.

An example of the diagnostic utility of isentropic pressure depth is provided in
Chapter 4 via a study of the sequence of tropical and extratropical pressure depth inflation
events that led to a period of extreme warmth over eastern North America in March 2012.
A key event in that sequence is the rapid cyclogenesis event near Kamchatka on 12 March
(event 3 in Fig. 4.17). Prior to this cyclogenesis event, the sequence of events centered
around the evolution of the 340-355 K pressure depths, containing mass exhausted from
tropical deep convection. After this cyclogenesis event, the sequence of events centered
around the evolution of the 315-330 K pressure depths, containing mass exhausted from
mid-latitude convection. The rapidly deepening cyclone associated with this transition
relates back to the eastward evolution of the jet stream from the Asian coast during 8-12
March in response to the positive pressure depth anomalies associated with a strong MJO

event (events 1 and 2 in Fig. 4.17).
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These two perspectives are brought together in Chapter 5, where composites of
anomalous isentropic pressure depth are constructed based on events during which each
phase of the first two TE-EOFs exceeded 1.5 standard deviations in magnitude. In these
isentropic pressure depth composites, focus was placed on examining the events preceding
and concurrent with the TE window for each phase of the two leading modes of North
Pacific jet variability. Jet extension events are dominated by an intense negative pressure
depth anomaly in the 315-330 K layer over the Gulf of Alaska and a positive pressure depth
anomaly in the 340-355 K layer near 25°N at DO (Figs. 5.1d, 5.2d, 5.9a). Jet retraction
events were characterized by a similar distribution of pressure depth anomalies though of
opposite sign in each isentropic layer (Figs. 5.3d, 5.4d, 5.9b). In the 315-330 K layer, the
large pressure depth anomaly in each of the jet extension and retraction composites
evolves, in part, from an anomaly that originates upstream over Asia and progresses
through the climatological jet (Figs. 5.1b-d, 5.3a-d). A similar progression of 315-330 K
positive pressure depth anomalies is observed in the poleward shifted jet composite,
contributing to a positive pressure depth anomaly in the climatological jet exit region at D-
5d (Fig. 5.5c). Although lagging behind the 315-330 K isentropic layer anomalies by about 5
days, the 340-355 K layer contains a similar progression of a large positive pressure depth
anomaly from over southeastern Asia at D-10d (Fig. 5.6b) toward the jet exit region by DO
(Fig. 5.6d). Many of these positive pressure depth anomalies appear to originate over Asia,
suggesting deep convection or elevated heating as likely causes of these anomalies. In the
case of jet retraction and the poleward shift of the jet, the origin of the positive pressure
depth anomalies is consistent with the presence of anomalous OLR in the composites

presented by Jaffe et al. (2011) and in Chapter 3 (Figs. 3.7b,d,f; 3.8a,c,e).
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6.2. Correlations between TE-EOFs and the PNA

The downstream impacts associated with each of the two TE-EOFs share similarities
with the Pacific North American (PNA; e.g. Wallace and Gutzler 1981) pattern. These
similarities are examined by calculating a correlation for DJF of each year 1980-2010 at
lags of -20 to +20 days from a given day in the TE-PC time series. This calculation is
performed by taking each day's TE-PC and the PNA value (obtained from the Climate
Prediction Center at

http://www.cpc.ncep.noaa.gov/products/precip/CWIlink/pna/pna.shtml) and correlating

across the entirety of a single DJF season. Each season's correlations were averaged to
produce the seasonal mean (solid lines in Fig. 6.1) and the *1 standard deviation value of
those seasonal mean correlations (dashed lines).

TE-PC 1 and the PNA correlate best at a zero day lag (Fig. 6.1a) with a peak
correlation coefficient of r=0.59, explaining 35% of the variance of the TE-PC. The positive
correlation between the two indicates that the positive phase of the PNA and jet extensions
tend to occur simultaneously, as do the negative phase of the PNA and jet retractions. This
agrees with a visual comparison of the composite height anomalies associated with each
phase of TE-EOF 1 (Fig. 3.3b-d and Fig. 3.4b-d) and the canonical PNA pattern (e.g. Wallace
and Gutzler 1981, their Fig. 5 and Fig. 7). A similar but weaker correlation is noted between
TE-PC 2 and the PNA (Fig. 6.1b), with a peak correlation coefficient of r=0.44 which
explains only 19% of the variance of the TE-PC. The downstream responses associated with

TE-EOF 2 events (Figs. 3.5, 3.6) do not align with canonical PNA patterns nearly as well as
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the downstream responses associated with TE-EOF 1 (Figs. 3.3, 3.4), suggesting that the
two modes of variability drive substantially different downstream responses.

Correlations with the PNA can also be examined for the traditional PC and a 10-day
smoothed PC as each was presented in Chapter 3. The traditional EOF, on average, has a
lower correlation with the PNA compared to the TE-EOF at all leads and lags for both EOF 1
(Fig. 6.1a; peak r=0.54, 29% variance explained) and EOF 2 (Fig. 6.1b; peak r=0.42, 18%
variance explained). The smoothed EOF, which has a peak correlation coefficient equal to
that of the traditional EOF, is similar to the TE-EOF correlation except within +5 days of lag
zero. This suggests that the 10-day temporal coherence of the TE-EOF improves the ability
to identify a PNA-like response over the eastern Pacific and North America without
smoothing out the correlation within +5 days of DO.

The factors driving the interannual variability of the strength of the correlation
between the TE-EOFs and the PNA is unclear. Some of this interannual variability may stem
from large-scale phenomena that remain unaddressed in this analysis, such as ENSO, the
Pacific Decadal Oscillation (PDO, Mantua and Hare 2002), or the AO (Thompson and
Wallace 1998). An analysis of the synoptic- and planetary-scale differences between such
years could provide key information for understanding the variability of the expected

downstream impacts from notable TE-EOF 1 or 2 events in any given season.

6.3. Discussion of isentropic pressure depths
6.3.1. The transition from tropically- to extratropically-driven flow
In the case study of the events preceding the March 2012 warmth, the co-evolution

of the east Asian jet stream with the support of a tropically-inflated positive pressure depth
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anomaly (Figs. 4.9¢,d, 4.11b; events 2 and 3 in Fig. 4.17; Sections 4.5.2, 6.1) is comparable
to the composite means presented for poleward-shifted jet events (Figs 3.5, 5.5, 5.6). In
that composite, a region of positive pressure depth anomalies in the 340-355 K isentropic
layer is already building over southeast Asia prior to D-15d (Fig. 5.6a), an anomaly likely
supported by the anomalous composite negative OLR that extends back through at least D-
5d in poleward shifted jet events (Fig. 3.8a). This positive pressure depth anomaly starts to
slide off the Asian coast by D-5d (Fig. 5.6c), enhancing the zonal wind on its poleward flank
and establishing a poleward shift of the jet exit region by DO (Fig. 5.6d). The similarities
between March 2012 case and the poleward shifted jet composite are greatest on 12
March, when the 340-355 K isentropic pressure depth anomalies (Fig. 4.11b) are most
comparable to the composite 340-355 K pressure depth anomalies at D-5d (Fig. 5.6c¢).
Beyond this time, the pressure depth anomalies associated with the March 2012 case move
poleward as the cyclone near Kamchatka rapidly deepens, ending any further similarities
with the poleward shifted jet composites.

Such a comparison can be extended to include the evolution of the western North
Pacific jet stream prior to and during the ET of a TC (e.g. Jones et al. 2003, Archambault et
al. 2013). In these cases, a source of deep convection (such as a TC) in the vicinity of a jet
streak may be able to interact with the jet streak via its upper-level outflow. When this
does occur, a downstream response is triggered, often in the form of a Rossby wave train
(e.g. Simmons and Hoskins 1979, Riemer et al. 2008). This is comparable to the process
observed in the March 2012 case, where deep convection (associated with the MJO) is able
to interact with the jet stream to produce a downstream response. A notable difference,

however, is the distance between the deep convection and the jet stream in these two
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processes. For a TC, the distance between its center and a jet streak is generally on the
order of hundreds of kilometers before an interaction takes place (e.g. Harr et al. 2000,
Archambault et al. 2013), while interactions via the inflation of the pressure depth in an
isentropic layer can occur over thousands of kilometers. The persistence of isentropic
pressure depth anomalies provides a means to diagnose the prolonged nature of some

tropical-extratropical interactions.

6.3.2. Sources of positive pressure depth anomalies over the mid-latitudes of Asia

A number of the composite analyses in Chapter 5 contain pressure depth anomalies
that originate in or near the entrance region of the climatological North Pacific jet stream,
which includes much of China and the Tibetan Plateau. When positive, these isentropic
pressure depth anomalies likely represent features related to elevated heating near the
Tibetan Plateau (e.g. Ye and Wu 1998). In particular, the composite of 340-355 K pressure
depths in jet extension cases (Fig. 5.2a-b) as well as the composite of 315-330 K pressure
depths in jet retraction cases (Fig. 5.4a-c) and poleward shift cases (Fig. 5.5 b-c) show
pressure depth anomalies centered over or intensifying downstream of the Tibetan
Plateau.

A study by Christenson (2013) discusses the role that mesoscale convective systems
(MCSs) play in producing elevated regions of “high 08¢, low PV outflow” over southeast Asia,
specifically Vietnam. In his case from April 2011, the outflow is characterized by large
isentropic pressure depths in the 330-340 K layer (his Fig. 5.6b) and traces this region of
high 6, low PV air on the anticyclonic shear side of a subtropical jet streak as it moves

across the North Pacific over a period of a week. Christenson’s description of the
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progression of the area of large pressure depths along and/or through the climatological jet
core is similar to the progression of a positive 315-330 K pressure depth anomaly in jet
retraction cases between D-10d and DO (Fig. 5.3b-d).

To underscore the perspective gained by using the isentropic pressure depth
composites in Chapter 5 to diagnose upstream precursors, note that the evolution of some
isentropic pressure depth anomalies described in this section are not well represented in
the corresponding composite analyses in Chapter 3. For example, in the poleward shifted
jet composite, the large accumulation of positive 340-355 K pressure depth anomalies over
southeast Asia is represented by a small yet statistically significant positive 250 hPa height
anomaly. This composite height anomaly does not move appreciably throughout the 20-day
composite period (Fig. 3.5a-e), while the composite positive pressure depth anomaly in the
same region at D-10d propagates eastward to support the poleward shift of the zonal wind

in the climatological jet exit region at DO and D+5d(Fig. 5.6b-f).

6.4. Potential forecast applications of downstream impacts of TE-EOF modes
Understanding the typical downstream impacts associated with each of the two TE-
EOFs may have predictive use. A study focusing on such power may use a combination of
gridded analyses and forecast data from numerical weather prediction (NWP) models to
develop an analog-style forecast tool. Real time calculations of the TE-PC yield a TE-PC
value from which historic dates with similar TE-PC values can be used to create composite
analysis, or analog forecast. That analog forecast may provide insight into potential
downstream impacts for the current event. It is not clear what skill current NWP has in

predicting the downstream impacts associated with high-amplitude TE-EOF 1 and 2 events,
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but the predictive skill associated with NWP beyond the 7-10 day range is widely
considered to be poor at the present time. Investigation into the utility of this type of
analog forecasting at leads beyond 7 days may allow for an improved anticipation of high-

impact weather over North America.
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Figure 6.1. Daily time-lagged correlation between the PNA and (a) TE-PC 1, PC 1, and a 10-
day smoothed PC 1. (b) As in (a) for the second leading modes of each EOF analysis. The
bold middle line represents the mean of the correlation calculated for each season 1980-
2010. Dashed lines above and below the bold line represent the +1 standard deviation of

the seasonal correlations. Lines colored per the legend.
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