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Abstract of the Thesis
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The extratropical tropopause is a familiar feature in metegyplhowever, the
understanding of the mechanisms for its existence, formation, maioeeaad sharpness
is still an active area of research. In order to examineshhepness of the tropopause,
Birner et al. (2002) proposed the concept of the TIL (Tropopause Inversion),Lalyerh
is based upon the characteristics of the thermal profile. aBdlliGeller (2008), believing
that the resulting stability profile was more fundamentadyoamics and transport,
defined the ESTL (Extratropical Stability Transition Layer)sdzh on the stability
characteristics.

Wirth (2004) suggested that the cyclonic/anticyclonic asymmetyspa large
role in the sharpening of the climatological TIL. Son and Polvani (208@)saowed that
TIL sharpness was greater when the upper troposphere relativetyeovas anticyclonic
than when there was cyclonic relative vorticity in their sifigai atmospheric general
circulation models. In contrast to this picture, we are findiag the location of the point
where the extratropical tropopause is being determined with tespéhe jet might be a
more important factor in determining the height of extratropit@popause.
Furthermore, since Bell and Geller (2008) showed that the depltie &S TL is mainly
determined by the height of the extratropical tropopause, the wamnld be true of the
sharpness. This may at first seem like a semantic argumgnte believe that there is
an important distinction of the physical processes involved if therupppospheric
vorticity is the dominant mechanism compared with the situation wiestotation with
respect to the jet is dominant.

In this study, three stations in the United States are useexamine the
association between the tropopause height and the distance fronetthang by
comparison of the correlations between the tropopause height aditdrece from the



jet and that between the tropopause height and the upper troposphérie keeicity,
the one which is more important in determining the tropopause heiglitecaeen. We
found that the distance from the jet is a more important in detergnthe tropopause

height for the two northern stations, and for the south most statiertwb correlations
are statistically similar.
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1. Introduction

The extratropical tropopause is the transition layer between tuhaulent
troposphere, which is the lowest layer of the atmosphere whererttorpedecreases
with height at an average lapse rate around 6.5°C, kamd the stably stratified
stratosphere, which is the layer above the troposphere wherentperature does not
change much with height in its lowest few kilometers and thereases with height.
People have been observing the troposphere over human history sinaehdres all
weather phenomena occur. The constituent contents of the troposphereatosplstre
are very different as well. In the troposphere, for instance, wapsr concentrations can
be very high (parts per 100), whereas in the stratosphere, wpteroaa@centrations are
only a few parts per million by volume (ppmv). On the other hand, ozmmeentrations
in the stratosphere are much higher than in unpolluted regions in the troposphere. Vertica
heat transport in the troposphere is principally by convection and lingzomixing,
whereas radiative heat transport is dominant in the stratospherefdre, understanding
the physical processes that form and maintain the tropopause istantpboth for
dynamical and chemical interactions between the troposphere anttatosphere. In
particular, the study of the mechanisms for the existenceafamm maintenance, and
sharpness of the extratropical tropopause is an active areseaifrch. In this work, | try
to explore one small facet of this problem, which contributes to this area of hesearc

1.1 Definition of the Tropopause

The easiest way to define the tropopause height is to use tmeathdefinition
officially accepted by the World Meteorological OrganizatidMO 1957); that is to
say, the lowest level at which the environmental lapse rd#&dz) becomes less than
2K/km for at least 2 kilometers. Some other definitions such as“dblel point
tropopause” (Highwood and Hoskins 1998) or the “top of the convective chyed’ |
(Manabe and Strickler 1964) can also be useful, especially inajbiedr An alternative
method to locate the tropopause height is to use the dynamicsdadisatibn, where the
critical value of 2 PVU (potential vorticity units, where 1 P4UL0° kg™ m?s?) is often
used to define the extratropical tropopause height (Hoerling é091). This value is
chosen because it approximates the thermal tropopause, and alsbédtter @ynamic
foundation (Hoskins et al. 1985). In the tropics, the distance betweserthermal
tropopause and cold-point tropopause can be on the order of kilometers; hawever
varying definitions of tropopause height converge to similar valuegba extratropical
region.

1.2 The Physical Mechanisms Maintaining Extratropical Tropopause

Stone (1978) proposed the theory of Baroclinic Adjustment, which sugbasts
the critical shear for baroclinic instability can be redate the meridional temperature
gradient and concludes that baroclinic eddy fluxes are responsibfeaiataining the
tropospheric lapse rate near its critical value in theagwipics. Held (1982) tried to pair
up the dynamical constraints, using Charney’s baroclinic indtabriodel, with the
radiative constraint of radiative equilibrium in the stratosphereddétermine the
tropopause altitude distribution. Lindzen (1993) developed a similamieedt where he



took the extratropical troposphere to achieve a baroclinicallyalestate using the Eady
model for baroclinic instability. A minimum meridional wavenumbeessablished by
the width of the subtropical jet, and neutrality is established dying the tropopause to
a sufficient height so that the total wavenumber corresponds to theastvar cutoff in
the Eady (1949) problem. Lindzen (1993) found the resulting height to be tddke
observed tropopause height. Thuburn and Craig (1997) performed generaticmcula
model experiments where they altered parameters such as the fyaienalaerature, the
boundary temperature gradient, and the planet’s rotation rate to blabdviibhdzen’s
(1993) arguments did not predict the relationship between the fluid depth scale hdight a
the modeled tropopause height. By these means, Thuburn and Craig (199d}lexbncl
that baroclinic adjustment is not the only mechanism constrainengyapopause height.
Barry et al. (2000) tried to explain this discrepancy and concltiggdhe time-scales of
the various baroclinic adjustments theories are the same todgyiais the radiative time-
scales, so that baroclinic adjustment is too slow to bring thesatmere into a
baroclinically neutral state.

Haynes et al. (2001) used an idealized general circulation modebwotbat sharp
extratropical tropopause can be obtained purely by the dynamisahgmeffect of
baroclinic eddies against a thermally relaxed equilibrium ,state statistical equilibrium
sense.

1.3 The Sharpness of the Extratropical Tropopause

Recently, the works of Birner et al. (2002) and Birner (2006) have
motivated much research activity. Birner et al. (2002) presenteadatological
calculations for two stations in Germany based on a highcaergsolution radiosonde
data set for a ten-year period (1990-1999). He showed fine-snatéust evident at the
tropopause using the WMO thermal tropopause as the geophysicahcefégvel, which
was quite different from the structure presented in standandtcliogies (see figure 1.1).
Birner (2006) expanded this work on the extratropical tropopause regitmetUS
operated upper air stations in North America and showed that thechie structure
evident in the German climatologies were not a local phenomenon.h&istowed that
the winds and vertical shear exhibited fine-scale structurbeatropopause consistent
with thermal wind balance. The tropopause-based climatologiesotor viest coast
United States stations (see figure 1.2) showed that the tropopaclsarasterized by a
much sharper temperature profile with a temperature inversibaljose the tropopause
level. This corresponded to an increasing buoyancy frequency (statility) below the
tropopause and a very sharp gradient in the static stability pasteathe tropopause
which then decays approximately exponentially back to typicatosipheric stability
values. He describes the increasing temperature with hegihalpove the tropopause as
the tropopause inversion layer (TIL), which is based upon the cbastics of thermal
profile. Bell and Geller (2008), believing that the resulting stgbgrofile was more
fundamental to dynamics and transport, defined the ESTL (Exiredfo Stability
Transition Layer), which is the depth from the maximum valueatfilty (the overshoot
value) right above the tropopause to the local minimum value of stabilithe
stratosphere, based on the stability characteristicsi(gee f..3). Bell and Geller (2008)
showed that this inversion layer exists in all seasons for botlcatognd extratropical
regions, with clear seasonal variations in depth. The global andtpetsharacter of the



TIL has potentially significant implications for chemicalnsgort across the extratropical
tropopause, and for the dynamical coupling between the stratosphere and the troposphere

Wirth (2003) has proposed that large-scale, balanced dynamical sgsaegyht
be responsible for the TIL structure. Wirth (2004) suggested that the
cyclonic/anticyclonic asymmetry plays a large role in thermdang of the
climatological TIL. This is based on the concept of potential vorticonservation,
(¢+f)/h=constant. That is, h is smaller whénis negative, anticyclonic, thus the
tropopause is sharper (see figure 1.4). Son and Polvani (2007) havetshotie TIL
sharpness was greater when the upper troposphere relative varéisignticyclonic than
when there was cyclonic relative vorticity in their simplif atmospheric general
circulation model, in which the only external forcing is an equiiioritemperature
structure to which the model is relaxed with a fixed timeesdahndel et al. (2007) also
demonstrated the Wirth cyclonic-anticyclonic TIL asymmetry wittbglalata using GPS
observations, but they noted that this asymmetry was not enough eveatie observed
sharpness. They suggested that radiative cooling in the region &lec@@T (Cold Point
Tropopause) provides the extra observed sharpness.

The Randel et al. (2007) and Son and Polvani (2007)'s papers wererbuilt
Wirth’'s concept of balanced dynamics, which suggests that a shexpatropical
tropopause should result when the relative vorticity in the uppposphere becomes
more anticyclonic, and that a less sharp extratropical tropopasidesre@hen the relative
vorticity is more cyclonic. Wirth (2001) argued that this antiogat sharpening should
dominate and lead to the observed sharpness due to nonlinearitiesv@Va different
hypothesis. We believe that the location of the point where thateydical tropopause is
being determined with respect to the jet axis is a more impdaetor in determining the
height of extratropical tropopause than is the upper troposphericeelatiticity. This
may at first seem like a semantic argument, but we betleatethere is an important
distinction between the physical processes involved if the upper plogas vorticity is
the dominant mechanism compared with the situation when the locatiomesfect to
the jet axis is dominant.

It is well known in synoptic meteorology that the height of tbpdpause on the
tropical side of the jet stream is higher, and it is lower patdvof the jet stream (figure
1.5). Clearly, the variations of the upper tropospheric relative vgroger a location are
related to variations in where this location lies with respetté jet stream as well. If an
upper-level trough (ridge), is moving over a station, this would likedyl Ito the station
lying north (south) of the jet. Thus, there should be a large coorelaetween the upper
tropospheric relative vorticity over a station and its locatioth wespect to the jet.
Therefore, if the distance from the jet is the controlling factor in detémgithe height of
the tropopause, then the cyclonic/anticyclonic asymmetry, suggesWath would also
be seen. We believe, since Wirth’'s concept involves balanced dysjawtich is a
reversible process, it is difficult to believe that thishie lominant dynamical process in
achieving the observed sharpness of the extratropical tropopaustherfare, since
Wirth’s suggestion, which involves balanced, reversible, physics, is deficianhieving
the observed sharpness, this motivated Randel et al. (2007) to suggskatphaning by
radiative processes is crucial to account for the observepn&ss; whereas if the Wirth
process is not the controlling dynamical process, appealing tanebd for extra
sharpening may not be necessary. We believe that barauiixiiog is the key factor for



the sharpening and lifting of the tropopause in the extratropics. Hél®82) and
Lindzen’s (1993) arguments imply that the sharpness is mainlycayside sharpening

of the vertical potential vorticity (PV) gradient by baroclimixing of PV. This is also
consistent with the results in Haynes et al. (2001), Schneider (2004%0@ and Polvani
(2007). In this work, | have improved upon Bell’'s work (2008) which showed that the
extratropical tropopause was sharpened by a dry baroclinic event.

Figure 1.6 gives some support for our argument that it is thédoaaorth or south
of the jet rather than upper tropospheric relative vortitigt ts the dominant control of
extratropical tropopause height, and hence the depth of the ESTL.igurs $hows a
plot of tropopause height versus relative vorticity at Dodge City, &ar{87.77°N,
99.97°W), from December, 2003 to February, 2004, which is similar to Figune 3 i
Randel et al. (2007). Note that all of the points above the avertage correspond to
when this station is south of the jet, and the lower points to whemadarth of the jet.
Furthermore, it is seen that the points below (when the statimrtis of the jet) the best-
fit curve of the average tropopause height within each vortiit are more scattered
than those above the curve (when the station is south of the jet). bebasoted that
more small-scale filamentary structure is seen in the teys®ppotential temperature in
winter than in summer, and also more is seen poleward than equataivwhe jet (e.g.,
Nielson-Gammon, 2001). Thus it is consistent with our seeing that stgtahy higher
tropopause altitudes, as implied by Wirth’'s upper troposphere relatrtieity concept,
occur when the station lies south of the jet, and lower, but morablariropopause
altitudes occur when the station is north of the jet. This motiatefuture plans to run
very high resolution Held/Suarez-type GCMs to see what horizartdl vertical
resolutions are necessary to resolve the filamentary miketgdads to high vertical PV
gradients at the extratropical tropopause.
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Fig. 1.1 —Figure 1 from Birner (2006). The top panel depicts an averaged sounding
(right) taken from three hypothetical temperature soundings (dfén averaged with
respect to a constant geophysical reference level (typitadlyground or sea-level
pressure). The bottom panel is averaged from the same three higpbtieenperature
soundings (left) to create an average profile (right) except tribygopause is the
geophysical reference level. Note that the tropopause maiataimsrper transition from
tropospheric to stratospheric characteristics in the profizaged with respect to the
tropopause.



Fig. 1.2 — Figure 3 from Birner (2006) presenting annual climatologies &r (
temperature, (b) buoyancy frequency squared, (c) horizontal wind(daride vertical
shear of the horizontal wind for four West Coast stations: MiraRAS, CA (solid),
Reno, NV (dotted), Quillayute, WA (dashed) and Yakutat, AK, (daskedptvith
horizontal lines denoting the tropopause height for each respective station.

oz

Z (km)

N2 (s79)
Fig. 1.3 —Schematic illustrating the definition of the ESTL (fr@ull and Geller, 2008,
dz= ESTL)
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2. Methodology

2.1 Data Sets and Description of Data

Three data sets have been used in the analysis involved in this.pfoeaataset
used in our investigation of the extratropical tropopause structuee cg baroclinic
wave passes through is the standard radiosonde data set. The dligtioresadiosonde
data set is used to double check the height of the tropopause givée lsyandard
radiosonde data set. The upper tropospheric relative vorticity wasmedttfrom the
gridded data from NARR (North American Regional Reanalysis) products.

2.1.1 Standard Radiosonde Data Set

Radiosondes have been launched once or twice daily globally sinces 1946’
original purpose of reducing the data transmitted for vérsicandings was to make the
data rapidly accessible in the days when there were not gabitiies for large data
storage and rapid communication of large amounts of data. The protoalhesvé
soundings report the so-called mandatory pressure levels wkid®@®, 925, 850, 700,
500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and 10 hPa depending on the final
altitude reached. These levels are designed so that tleetkeasame constant pressure
surfaces reported independent of station and region. Significant analdigvels are
also reported and are defined by the Federal Meteorology HanddeBM 1997).
These include the surface, the tropopause and the highest level dcleexeThe
significant levels based upon changes in the linearity of threntieorofile intrinsically
include the tropopause, but it is a derived level based upon the \Wai@al tropopause
criterion.

Although a substantial number of levels are provided in the lowssathere, the
resolution given by the standard radiosonde data set is still cdéogesver, one can
interpolate the standard radiosonde data set to a resolution compaithblde high
resolution data set andaintain information on the fine-scale nature of the tropopause
region, thus we still can see the clear inversion layer angrstss around the tropopause
(Bell and Geller, 2008). The standard soundings used in this thesisolv@ained from
IGRA (Integrated Global Radiosonde Archive), and this data sdy fseavailable to all
without modification. An analysis of the standard radiosonde data sehed through
IGRA (available athttp://www.ncdc.noaa.gov/oa/climate/igravas performed using a
cubic-spline fit to interpolate the standard radiosonde profile toséme 30 meter
vertical resolution as the high resolution data set.

2.1.2 High Resolution Radiosonde Data Set

The high resolution data set is freely available from the SPARtospheric
Processes and their Role in Climate) Data Cemten.sparc.sunysb.efluThe SPARC
initiative is part of the World Climate Research Programe W$ high-resolution
radiosonde for gravity wave analysis was pioneered by Allen amceht (1995) using
high resolution radiosonde observations over Australia to study temgadakpatial
variations of gravity wave activity in the lower atmosphere. Thgh hiesolution
radiosonde data contained at the SPARC Data Center consistsaofrata 93 U.S.
operated upper-air observing stations from 1998 to 2008. The radiosonde ttirermis
hygristor, pressure sensor, and balloon tracking radiotheodilite iafrmusing the

10



MicroArt system give measurements of temperature, humidity pmedsure. The
meteorological data are transmitted as 6 second averages anackiveg data are also
transmitted every six seconds. The typical ascent rate & Hatl®ons is approximately
5 m/s in the troposphere and lower stratosphere, which leads to aalvessiolution of
approximately 30 meters. The National Weather Service is clyriemplementing the
Radiosonde Replacement System (RRS) at all the U.S. statiodgr lthis program,
during the period 2005-2011 all of the stations will transition to operatitmupgraded
equipment and with data being archived at 1 second (vertical resolutieh ofeter)
resolution instead of the previous 6 second (~30 meter) resolution. Botloridsend 6
second resolution data are provided by the SPARC Data Center gy lissecond
resolution data  from 20056 to 2008 can be  obtained from
ftp://atmos.sparc.sunysb.edu/pub/sparc/hres/1_se@mtl/6 second data from 1998 to
2008 can be obtained froftp://atmos.sparc.sunysb.edu/pub/sparc/hres/6_secthi¥y
so-called “high resolution” radiosonde data denotes this highecalerisolution than is
normally supplied. Although the temperature, pressure, and refatmality information
has a vertical resolution of approximately 30 meters in the ojd¢ers, information on
wind speed and wind direction is calculated from differencingtréneking information
and this does not have as high vertical resolution. The verticdlities of the wind data
is approximately 150 metershe cost of obtaining these data has been funded through
NSF support, and the data are disseminated through the SPARC &, which has
been funded by NASA. The data were obtained originally from theomNd Climate
Data Center (NCDC) as part of their program of archivinghigl resolution upper-air
data. Figure 2.1 shows the geographical location of the upper-ainstaind Table 2.1
lists all of the available stations, their geographical locatiand their WMO and WBAN
identification numbers. For further information, the reader is medeto the data set
documents, which are at the SPARC Data Cédritpr//www.sparc.sunysb.edu/

2.1.3 Gridded Data Set from NARR

NARR (North American Regional Reanalysis) is a long-teromsistent, high-
resolution climate dataset for the North American domain. The nrajmovements of
NARR are in both resolution and accuracy compared to the egtbbal reanalysis
datasets. In 1977, during the late stages of production of the NCHBAR Global
Reanalysis (GR), there was increased attention to regicaalyesis, particularly since
the RDAS (Regional Data Assimilation System) is signiftba better than the global
reanalysis at capturing the regional hydrological cycle, dhenal cycle and other
important features of weather and climate variability. The RARodel uses the very
high resolution NCEP Eta Model (32km horizontal resolution and 45 lay@gsiher
with the Regional Data Assimilation System which, signifiggntassimilates
precipitation along with other variables. The improvements in the Ifagdemilation
have resulted in a dataset with substantial improvements in theaag®f temperature,
winds and precipitation compared to the NCEP-DOE Global Reanal@sis
(http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysisR.NARR currently
has output 8 times daily data at 29 levels for most of the varidalihescomplete list of
model output variables can be obtained from NCEP
(http://www.emc.ncep.noaa.gov/immb/rreanl/merged_land AWIP32.pdf
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The major breakthroughs of the NARR are seen in the precipitation datatlo@er
continental United States (CONUS), which is seen to be verytheangested analyzed
precipitation (figure 2.2); fits of tropospheric temperatures anasvito rawinsonde
observations; and fits of 2-m temperatures and 10-m winds to sustation
observations. The NARR has helped answer questions about the ugriabiater in
weather and climate, in particular as it concerns U.S. precipitatiomrzatte

Another advantage of the NARR compared to GR is its higher tampor
resolution, 3 versus 6 hr. Not only are analyses and first guéds dieailable at shorter
time intervals, but also a considerable fraction of the data arg besimilated at times
closer to the observation time. The main reason | chose to use MARRoOnNly that it is
the gridded data set that GEMPAK requires, but also its better resolution.
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Fig. 2.1- Location of the U.S. radiosonde sites archived by the high resolution
radiosonde data set.
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WBAN  Station

3020

3160

3190

3198

3937

3940

3948

3952

3990

4102

4105

4106

4830

4833

4837
11501
11641
11813
11818
12842
12919
12924
13723
13841
13880
13889
13897
13957
13985
13995
13996
14607
14684
14733
14898
14918
14929
21504
22010
22536
23023
23047
23050
23062
23066
23160
23230
24011
24023
24061
24127
24131
24225
24232

SANTA TERESA
DESERT ROCK/MERCURY
MIRAMAR NAS

RENO

LAKE CHARLES
JACKSON/THOMPSON FLD
NORMAN

N LITTLE ROCK

FT WORTH

GREAT FALLS

ELKO

SPOKANE INTNL APT
DETROIT/PONTIAC
LINCOLN-LOGAN COUNTY AP
GAYLORD / ALPENA
SEAWELL APT

SAN JUAN/ISLA VERDE
GRAND CAYMAN

BELIZE

TAMPA BAY/RUSKIN
BROWNSVILLE

CORPUS CHRISTI
GREENSBORO
WILMINGTON
CHARLESTON
JACKSONVILLE
NASHVILLE

SHREVEPORT REGIONAL AP
DODGE CITY
SPRINGFIELD REGIONAL AP
TOPEKA

CARIBOU

CHATHAM

BUFFALO/GRTR ARPT
GREEN BAY
INTERNATIONAL FALLS
ABERDEEN

HILO

DEL RIO

LIHUE/KAUAI

MIDLAND

AMARILLO
ALBUQUERQUE
DENVER/STAPLETON ARPT
GRAND JUNCTION
TUSCON

OAKLAND INT AP
BISMARCK

NORTH PLATTE
RIVERTON

SALT LAKE CITY

BOISE

MEDFORD

SALEM

State
NM
NV
CA
NV
LA
MS
OK
AR
TX
MT
NV
WA
Ml

Ml

PR

FL
X
X
NC
OH
SC
FL
TN
LA
KS
MO
KS
ME
MA
NY
Wi
MN
SD
HI
X
HI
X
X
NM
(6{0)
CO
AZ
CA
ND
NE
WY
uT

OR
OR

Country
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
BA
us
Cl
BE
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
us
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WMO

72364
72387
72293
72489
72240
72235
72357
72340
72249
72776
72582
72786
72632
74560
72634
78954
78526
78384
78583
72210
72250
72251
72317
72426
72208
72206
72327
72248
72451
72440
72456
72712
74494
72528
72645
72747
72659
91285
72261
91165
72265
72363
72365
72469
72476
72274
72493
72764
72562
72672
72572
72681
72597
72694

Latitude

Longitude
31.9 -106.7
36.62 -Dp6.
32.87 -117.15
39.57 -119.8
30.12 -93.22
32.32 690
35.23 -97.47
34.83 -92.27
32.8 -97.3
47.45 -111.38
40.87 -115.73
47.68 -117.63
42.7 -83.47
40.15 89.33
44.55 -84.43
13.07 -59.5
18.43 -66
19.3 -81.37
17.53 -88.3
271.7 -82.4
25.9 -97.43
27.77 -97.5
36.08 -79.95
39.42 -83.82
32.9 -80.03
30.43 -81.7
36.25 -86.57
32.45 93.83
37.77 -99.97
37.23 -93.4
39.07 -95.62
46.87 -68.02
41.67 -69.97
42.93 -78.73
44.48 -88.13
48.57 -EB
45.45 -98.42
19.72 -155.07
29.37 -100.92
21.98 -159.35
31.93 -102.2
35.23 -101.7
35.05 -106.62
39.77 04-88
39.12 -108.53
32.12 -110.93
37.75 -122.22
46.77 -100.75
41.13 -100.68
43.06 -108.47
40.77 -111.97
43.57 -116.22
42.37 -122.87
44.92 -123.02

Elevation (m)

1257
1007
134
1516
5
91
362
172
196
1130
1608
728
329
178
48
47

13

14
277
317
15
10
180
84
791
394
268
191
16
218
210
359
397
10
313
36
873
1095
1619
1611
472
788

503
847
1688
28B
871
397
61



25308 ANNETTE ISLAND AK us 70398 55.03 -131.57 73

25339 YAKUTAT AK us 70361 59.52 -139.67 10
25501 KODIAK AK us 70350 57.75 -152.48 4
25503 KING SALMON AK us 70326 58.68 -156.65 15
25624 COLD BAY AK us 70316 55.2 -162.72 30
25713 ST PAUL ISLAND AK us 70308 57.15 -170.22 01
26409 ANCHORAGE IAP/PT. CAMPBE AK us 70273 61.17 -150.02 45
26411 FAIRBANKS AK us 70261 64.82 -147.87 135
26510 MCGRATH AK us 70231 62.97 -155.62 103
26615 BETHEL AK us 70219 60.78 -161.8 36
26616 KOTZEBUE AK us 70133 66.87 -162.63 5
26617 NOME AP AK us 70200 64.5 -165.43 5
27502 POINT BARROW AK us 70026 71.3 -156.78 12
40308 YAP ISLAND KA 91413 9.48 138.08 17
40309 KOROR/PALAU ISLAND KA 91408 7.33 134.48 33
40504 PONAPE ISLAND KA 91348 6.97 158.22 46
40505 TRUK INTL/MOEN ISL KA 91334 7.47 151.85 2
40710 MAJURO/MARSHALL ISL MH 91376 7.08 171.38 3
41415 GUAM, MARIANA IS MY 91217 13.55 144.83 111
FLAGSTAFF/BELLEMT
53103 (ARMY) AZ us 72376 35.23 -111.82 2179
53813 SLIDELL LA us 72233 30.33 -89.82 8
53819 PEACHTREE CITY GA us 72215 33.35 -84.56 624
53823 BIRMINGHAM (SHELBY APT) AL us 72230 33.1 86.7 178
53829 ROANOKE/BLACKSBURG VA us 72318 37.2 -80.41 648
54762 GRAY ME us 74389 43.89 -70.25 125
61705 PAGO PAGO INTL ARPT ZM 91765 -14.33 -170.7 3
92803 MIAMI/FL INTL UNIV FL us 72202 25.75 -8083 4
93734 STERLING(WASH DULLES) VA us 72403 38.98 737 85
93768 MOREHEAD CITY/NEWPORT NC us 72305 34.7 g6 11
93805 TALLAHASEE FL us 72214 30.38 -84.37 25
94008 GLASGOW MT us 72768 48.2 -106.62 693
94043 RAPID CITY SD us 72662 44.07 -103.21 1037
94240 QUILLAYUTE WA us 72797 47.95 -124.55 56
94703 BROOKHAVEN NY us 72501 40.87 -72.87 20
PITTSBURGH/MOON

94823 TOWNSHIP PA us 72520 40.53 -80.23 360
94980 OMAHA/VALLEY NE us 72558 41.32 -96.37 350
94982 DAVENPORT MUNICIPAL AP 1A us 74455 41.6 0%7 229
94983 MINNEAPOLIS MN us 72649 44.83 -93.55 287

Table 2.1 — List of stations with high resolution radiosonde data available figen
SPARC data center. The column headings are; WBAN identditatumber, station
name, state (if applicable), WMO identification number, latitude, itodg and station
elevation in meters.
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NARR Precipitation (in) January 1997

= TucuH

It
.

Hational Heather Service — ABRFC - Tulsa DK LERT A,
noRAR Gage Biased Radar Estimated Rainfall = HONTHLY PRECIPITATION 011997 b 1 ““’
Inches = o
I n B NN
Bt
B.66 @.61 6.168 /.25 B.38 @8.75 1.86 1.56 2.80 2.58 3.868 4.68 5.068 6.68 S.68 12.66+

Figure 2.2 — The upper panel is NARR precipitation (inches*10) for 3gni!®97 and
the lower panel is the NOAA precipitation (inches) for the same month.
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2.2 Temperature and Stability Profiles Comparisons from theStandard Resolution
Radiosonde Data and High Resolution Radiosonde Data

In the dry baroclinic case, standard radiosonde data were usedts#tychave less
small-scale variability, thus representing a smoothed version ohitife resolution
radiosonde data. The 30 meter resolution, produced by interpolation, i tisisdstudy.
Data without a tropopause being indicated is excluded (some soundings thdaiothe
tropopause altitudes). Sometimes, since the report of signifeagls might be false, the
high resolution radiosonde data were used to double check the correctntss
tropopause height.

The tropopause is calculated via the WMO thermal definition thrabghhigh
resolution data set. The lapse rate is calculated as a exbri#ference between two
levels,T'i=-(Ti+1-Ti-1)/(Zi+1-Zi-1), whereT'; is the lapse rate at level i, T is the temperature
at levels (single increments in i correspond to altitude inan&syed 30 meters) i+1 and i-
1 (where i is an integer denoting the level of the measuremehtimd being the
surface), and Z is the geopotential height in meters at thelsaeie as temperature. The
lowest level where the lapse rate of the atmosphere ish@s2tdegrees/km for at least 2
km above that level is taken to be the tropopause. If the aboveorritenot valid (the
lapse rate less than 2 degrees/km does not exist for akl&as), one searches for the
next level above where the criterion is met. Sometimes, muttipt®pauses are found
that satisfy the lapse rate criterion. Soundings in which the muiesdid not reach the
tropopause or did not have an identifiable tropopause have been excluded, as have
soundings where the balloon did not reach an altitude of at least kiéw@eters above
the tropopause. If the tropopause height calculated from the high resalata does not
match the tropopause height given by the standard radiosonde datamieesikoth the
data manually to see if there are unreasonable numbers otamiztans. We choose the
one that seems to be the most correct to determine the actual tropopause height.

The stability or Brunt-Vaisala frequency (N) is convenient é@termining
whether a level is in the troposphere or the stratosphere, thiacgtability is greater
(larger N) in the stratosphere than in the troposphere. Dry static gtalaBtcalculated at

30 meters resolution from the time-averaged soundingss= (I', —l“i)_rg, where g is

gravity, I =Cg, G is the specific heat at constant pressure, islthe average layer

p

T

— T -T
temperature T = HlT

), and T, :_-lz-nl—z:l' The index level i represents each
i+1 i-1
level of the averaged sounding as integers (non-negative integessthe ground-based
profile; positive and negative integers {2,-1,0,1,2,...) if it is the tropopause-based
profile) with 0 being the ground if we are calculating the grourskthastability profile,
and with O being the tropopause if calculating the tropopause-badeiitys profile and
each positive (negative) integer being one 30 meter level above (hibgiound or the
tropopause.

2.3 GEMPAK for Calculation of the Upper Tropospheric Relative Vorticity

GEMPAK, the general meteorology package, is an analysis, displayproduct
generation package for meteorological data
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(http://www.unidata.ucar.edu/software/gempakit was developed by NCEP (the
National Centers for Environmental Prediction) for use by thigoNal Centers (Storm
Prediction Center (SPC), Tropical Prediction Center (TPC), lwiatVeather Center
(AWC), Hydrologic Prediction Center (HPS), Marine Predictionnt€e (MPC),
Environmental Modeling Center (EMC), etc.) in producing operationalcésteand
analysis products. Graphical User Interfaces provide conveniensdodeseractive data
manipulation. A comprehensive set of decoders enables integration d@imeahnd
archive data, products, and bulletins. The GEMPAK distribution condisdssaite of
application programs, Graphical User Interfaces (GUIs), metapcalocomputation
libraries, graphic display interfaces, and device drivers for tbedileg, analysis, display
and diagnosis of geo-referenced and meteorological data.

First, nagrib in GEMPAK is used to convert the gridded NARR file to a
GEMPAK file. Then,gdplot is used with the functiopvor (calculating the Ertel potential
vorticity by the winds from the reanalysis data automatitaltyavor (calculating the
absolute vorticity automatically) to calculate the potential gibytior absolute vorticity
for a rectangular area (in this case, from 35°N to 45°N, and I20AW to 90°W). The
vertical profile (pressure is the vertical axis) of potent@ticity contours for the cross
section is plotted bgdcross, and the potential vorticity for specific points (stations) is
calculated bygdpoint. From the PV contours, one can see where the tropopause is
sharpening since the level of the 2 PVU surface approximateigides with the WMO
thermal tropopause level in the extratropics. Figure 2.3 is am@e. The thermal
tropopause derived from the standard radiosonde data in green in fi§jagoBoximates
the dynamic tropopause (the 2 PVU surface) derived from the poteotiadity for the
cross section from (35°N, 120°W) to (45°N, 95°W). The upper tropospheric relative
vorticity can also be determined by subtracting the planetarycigriigiven by the
Coriolis parameter, f=Q@sing) from the absolute vorticity.

2.4 Computation of the Distance from the Jet Stream

To objectively examine the correlation between distance fromandttropopause
height, the first thing is to determine the criteria of the range of desdoc which the jet
has a clear association with the dynamic tropopause heighth(wehgenerally close to
the WMO definition determined tropopause height, as illustrated urefi@.3). By
comparing the tropopause height and isotachs through the crassrdeamin (35° N,
120° W) to (45°N, 95°W), we can determine how far the jet associaiolearly seen
and beyond what distance other influences become apparent. Figuaesl 2.4 show an
example. The red line in figure 2.4 shows the region where thantg tropopause is
sharpening, and the green line shows the region where the dynapapause goes back
to its normal height (where the association with the jet sirdaminishes and other
effects seem to become more important). The blue line inefigs shows the cross
section in figure 2.4, the black square indicates the location wineredgnamic
tropopause is sharpening, and the pink circle indicates where tth@eginot have clear
association with the dynamic tropopause height anymore. The pemgandiistance (the
red line) from the location where the dynamic tropopause is shagpélack square) to
the jet stream axis (grey line) shows the distance fromshthgoened dynamic tropopause
to the jet axis for this case, which means the minimum disthatehe association with
the jet stream exists, whereas the perpendicular distanagréere line) from the location
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where the jet association disappears (pink circle) to thergsms axis (grey line) shows

the maximum distance that the jet stream has associatibntiveitdynamic tropopause
height. Once this range of distance is determined for a givandp&005 winter,
December, 2005 to February, 2006), we apply these criteria to anetdrgi2903 winter,
December, 2003 to February, 2004) and 3 different stations (Dodge Cihga¥a
(37.77°N, 99.97°W), Riverton, Wyoming (43.07°N, 108.49°W), and Omaha, Nebraska

(41.32°N, 96.37°W)) to examine the jet association with the WMO detedmine
tropopause height.
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Fig 2.3 —The potential vorticity contours at 12Z, December 30, 2003 for crossrsecti
from (35°N, 120°W) to (45°N, 95°W). The 2 PVU line can be taken asiynamic
tropopause. The green line is the thermal tropopause derived from dtaadiasonde

data.
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Fig 2.4 —The potential vorticity contours at 12Z, January 1, 2006 for cros®isdémm
(35°N, 120°W) to (45°N, 95°W). The 2 PVU line can be taken as the tropopausedThe re
line shows where the tropopause is sharpening and the greenhbmes shat the
tropopause goes back to its normal height.
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Fig. 2.5 —Isotachs at 1200Z, January 1, 2006 for the United States. The unit for the
isotachs is m/s. The blue line is the cross section from (35° N,WW2@3 (45°N, 95°W),

the black square is where the tropopause is sharpening, as found enZiguand the

pink circle is where the tropopause goes back to its normal heighgréjdine shows

the jet stream, the red line indicates the distance from ttls&rgam to the location where

the jet has influence on the tropopause (where the tropopause isngtgrpand the
green line indicates the distance from the jet stream to the location tlvbge¢ influence
disappears.
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3. A Case Study of Dry Baroclinic Event in Extratrgoics

As discussed earlier in the introduction, we believe that baroalmang is the
most important factor for the sharpening and lifting of the tropapauthe extratropics.
In this work, the pilot case study in the MS thesis of Mr. Shauh(Bell, 2008) is used
to visualize how a passage of a dry baroclinic wave liftssirailpens the extratropical
tropopause.

The example case was done for an event that occurred in the Rankytdihs
between December 13 and 19, 2003. The estimated amount of precipitatiosafbof
Rocky Mountains to the Western Great Plains was very smallt Moations had less
than five millimeters of rain during the event. We can then assbatehere was no, or
very little deep convection occurring during this period; that saly, this was basically a
“dry” baroclinic event. Since Juckes (2002) proposed that moist precessealso play
an important role in determining tropopause height at mid latitud@st processes were
excluded by choosing a dry event without active, deep convection occurring.

In this case, we will look into the evolution of the tropopause height arsiahiity
profile with the tropopause as the reference frame.

3.1 Synoptic Setup

The period from December 13 to December 19, 2003 was split into tveapevith
respect to the passage of the upper level baroclinic wavetloeeDenver, Colorado
upper air station on December 16. The purpose is to see the evolutiontropthigause
height and stability profile before and after the wave passagereFB.1 shows the
development of the 300 hPa flow for this period. At the beginning of thedpéhere
was a short wave trough diving from the Gulf of Alaska into the Intermountast. Wee
trough is then amplified as it progressed eastward through thé Bedas around the
16th, and there was a broad scale ridge moving in from the northefvéise North
American coast during the latter half of the period.

Standard radiosonde data are used in this case study sinces fleesesmall-scale
variability (i. e., gravity waves). For each of the three @tati(along the cross-line line in
figure 3.2, Riverton, Wyoming (43°N, 108°W), Denver, Colorado (39°N°, 104°W), and
Dodge City, Kansas (37°N, 99°W) used in this study, the verticallggadre shown
(figure 3.3) to represent the local evolution of the thermal tstreicof the lower
atmosphere at the three stations considered. Denver, Colorado &iguit®), which is
the center station among these three stations. Soundings in greledieadve of the
passage of the baroclinic wave over Denver Colorado, whichlidZaton the 16th. Blue
(grey) lines are for 12Z, on the 14th9th). Thus, the four days “before” and “after”
period are chosen with respect to the passage of the wave over,Déaleado (the
central station along this line). December 13-16 is classifsetbefore”, when the wave
has not yet reached the Denver station, and December 16-19eis, “afhen the wave
has already passed over the Denver station. It can be seenh&dimeé series of the
temperature profiles that in the “before” soundings, the tropopaudedsasf a distinct
thermal signature (sharp inversion) than in the “after” soundidgditionally, a much
more distinct inversion is evident just above the tropopause for tleg™aftundings (the
tropopause inversion layer).
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Stability profiles are being plotted as well to see how thelESTevolving. The
figures are split into two components, the first is the traditional way, usimggavg with
respect to the ground (Fig. 3.4 (a) and 3.4 (b)), and the second usiagiagewith
respect to the tropopause (Fig. 3.4 (c) and 3.4 (d)). The two diffenahgsis methods
show differences in the thermal structure of the tropopause both before andeaftavéh
passage, as might be expected from Birner’'s results. Motengtrvariations in the
thermal and stability structures are seen when tropopause-baseaging is used,
however. This shows that even on short times scales, using the tropagmuse
geophysical reference level gives a clearer picture thenwround-based averaging is
used. The sharp transition from tropospheric to stratospheric stafailites just above
the tropopause is much stronger when tropopause-based averaging is usedardhe
large differences in the temperature and stability structdtesthe wave passage. The
tropopause height has increased, in the regions where the bareawve has recently
passed through, by approximately 2km regardless of which amgragithod is used. In
addition to the increase in the height of the tropopause aftbatbelinic wave passage,
both the vertical gradient of the stability and the maximum aifikty at and above the
tropopause have also increased. More of the increases in théystnd its vertical
gradient are captured when the tropopause-based averaging isnagethe changes in
the tropopause structure are so variable in time during the wave passage.

Figure 3.3 shows that the tropopause is sharpened and lifted tfeal stations.
The sharpening and lifting occurred first at Riverton, Wyomiagian, as the wave was
just passing over Denver, Colorado (vertical profile in gredigure 3.3 (a)). Then this
occurred over Denver, Colorado which was just after the wave passageal profile in
red following the green line in figure 3.3 (b)). It finally showguat Dodge City, Kansas
station after the wave passed over Denver station (the secomzhlverofile in red
following the green line in figure 3.3 (c)), which is consistent with passage of the
baroclinic wave moving from west to east. Thus, it is quite dlearit is the baroclinic
wave that is causing the sharpening and lifting of the tropopatsesdme conclusion
can be made from the stability profiles since the tropopauseipened and lifted after
the wave passage (see figure 3.5).

3.2 Conclusions from this Pilot Study

The primary purpose of this pilot study is to explore the response of the extrdtropica
tropopause to the baroclinic wave. From this study of a baro@wvent in the western
portion of the country, we see that the Birner method (tropopause-basediagkis
useful for the study of changes in structure during passage abelib@ wave even
when averages of only four (approximately eight soundings) are beargireed. Not
only was the thermal structure substantially more apparent irtrdpepause-based
averages, compared to the ground-based averages, but the sharpnessopbplaeise,
indicated by both the depth and absolute value of stability in the r@ggombove the
tropopause, was also enhanced by averaging with respect to the trepophas
tropopause was sharpened and lifted after the baroclinic wave @assagatters which
averaging method was used (ground- or tropopause-based). This stheséast that
baroclinic mixing is indeed an important factor in the sharpenimdy ldting of the
extratropical tropopause.
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Of course, we are only seeing the changes in the tropopauseirstriegulting
from the baroclinic mixing. The mixing processes themselves likedy being
undersampled given the spatial and temporal spacing of the observations.

Besides, figure 3.1 (b), (c), and (d) indicates that there avasugh (cyclonic
circulation) passing over the line of the three stations fromi5tie to 16th and the lower
tropopause height is seen for all stations (see the lines betweeblue and green lines in
figure 3.3). After the trough passes the line, there came a (adicyclonic circulation)
moving into this region and the tropopause was sharpened and lifteds Toissistent
with what Wirth has proposed that the sharpness of the extratraopisapause is greater
when the upper tropospheric relative vorticity is anticyclonic.
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(a) 12/14/03 00Z (b) 12055002

(d) 120300z

Fig. 3.1 —300 hPa height (black lines), and isotachs (contoured) daily at 00Z, for the time
period, (a) December 13, 2003, (b) December 14, 2003, (c) December 15, 2003, (d)
December 16, 2003, (e) December 17, 2003, (f) December 18, 2003. Plots obtained from
the Storm Prediction Center’'s (SPC) operational archivenat.spc.noaa.gav

26



Fig. 3.2 —-Map showing approximate regions of cross section used in the gdetstudy.
The blue line represents the baroclinic cross section centeoet tae Denver, CO upper
air station.
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Fig. 3.3 —Time series of sounding profiles from December 13 2003 to Decelbtbe

2003 for (a) Wyoming, (b) Colorado and (c) Kansas. The verticalissthe tropopause

height (m) and horizontal is temperature (°C). Temperature ite@gl@very 12 hours

when available and offset by 10 degrees for each successive time. Soundings argre
indicative of the passage of the baroclinic wave over Denvear&is, which is at 127

on the 16th. Blue (grey) lines are for 12Z on the {#%th).
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Fig. 3.4 —Contour plots of stability (Y averaged before the passage of the baroclinic
wave (December 13-16, panels (a) and (c)) and after the pafdagember 16-19,
panels b and d). The vertical axis is stabilit§) @nd horizontal is the three stations from
east to west, Wyoming, Colorado, Kansas. The panels (a) and (evenaged with
respect to the ground and panels (c) and (d) are averaged sy#tir¢o the tropopause.
Values less then 3xT0s? which are representative of tropospheric values are not
contoured.
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Fig 3.5 —Vertical stability profile for Dodge City. The horizontal sxs stability (N)
and the vertical axis is height (m). (a) and (c) are befwenvave passing over Dodge
City. (b) and (d) are after the wave passing over Dodge City.

30



4. The Association of Distance from the Jet with th
Tropopause Height

As mentioned previously, we believe that the distance from the fee dominant
controlling factor in determining extratropical tropopause height.cBmparing the
correlation between the distance from the jet and the tropopause &eaytitat between
the upper tropospheric relative vorticity and the tropopause height, Nvedetérmine
which factor is more important in determining the tropopause height.

4.1 Determining the Objective Criteria

A cross-section from (35° N, 120° W) to (45°N, 95°W) is chosen to deterimase
criteria since there are many stations along that line asdgha region where the jet
stream often passes through as synoptic systems move from tHewv&siuto the
Northeast of the United States. Data from the 2005-6 winteusse to determine these
criteria. There are 42 realizations used out of 180 possible onesnrfdiisgs for each
day, 90 days from December 1, 2005 to February 28, 2006) where cleaoettsn
with the dynamic tropopause height is seen in the PV crosstsgcr in another words,
when we can see clear sharpening and lifting of the tropopausenpanying nearby
jets, as shown in figure 2.4. The mean station distance for the 42 toafee location
where clear dynamic tropopause sharpening is seen is 195.66 kimetethe square
root of the variance about this mean is 74.50 kilometers. Thereforéakeel21.16
kilometers (subtracting the square root of the variance from #an)ras the minimum
distance from the jet, where the jet has clear associatidn tmipopause sharpening,
since this will most likely include 84 percent of the casesufagng a normal
distribution). On the other hand, there are 29 data realizations Wigestation distance
from the jet is so large that other factors are seen &ffbeting the tropopause, as shown
in figure 2.4. The mean distance over which the jet associdirmmishes and other
factors are dominant in affecting the tropopause for these 29 isaE&37.33 kilometers
and the square root of the variance about this mean is 482.69 kiloméienmmaximum
distance, beyond which the jet association with the tropopause hassted, is taken to
be the sum of the square root of the variance and the mean, which is 1990.02 kilometers.

Once these criteria are decided upon, we can start to look ffeieedt stations in

different years to examine the correlation between the distaoge the jet and the
tropopause height. The distances from the jet stream that viitheled in our study are
within the range between 121.16 to 1990.02 kilometers. Distances frorat thgeam
which are larger than this maximum distance from the jetaller than this minimum
distance from the jet are not considered.

4.2 Correlation between the Distance from the Jet and the Tropopause Height

Three stations, Dodge City, Kansas; Riverton, Wyoming; and Oniiaraska
during the 2003-4 winter (December, 2003 to February, 2004), are chostadphere.
These stations in the middle United States have been chosen rarginod the jet
association should exist everywhere as long as there goagsages in the region and
period we have selected. A different winter from that used tardete the minimum-
maximum jet distance criteria is utilized in this study so that our sisak/not dependent
on a particular winter’'s behavior.
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There are 34, 49, and 43 cases that meet our criteria for Dodge City, Rivedon, a
Omabha, respectively. Figure 4.1 shows the comparisons of the relgtidrethieen the
distance from the jet and the tropopause height and also that be¢heegpper relative
vorticity and the tropopause height for these three stations. Tra®hiali axis represents
the case number. These three variables (tropopause height, distancthé jet, and
upper relative vorticity) have been normalized to the same unidsvlaling each of their
deviations from its mean by the corresponding square root of tlenee. The vertical
axis represents the values of the three normalized variahies.bllie lines are the
variations in the tropopause height for the identified jet events,ethédirre is for the
distance from the jet, and the purple one is for the upper troposgp@icPa) relative
vorticity. Not much difference between the 2 correlations (onegbéetween the
distance from the jet and the tropopause height; the other onel®imgen the upper
tropospheric relative vorticity and the tropopause height) for Dodge City caebeThe
red line correlates better with the blue line than does the punglddr the other two
stations (Riverton and Omaha), which indicates that the statiomabsteom jet stream
has higher correlation with the tropopause height than does the trppespheric
relative vorticity does for these two stations. This can be geen calculations as well
(Table 4.1 and 4.2). The two correlations are statistically airtol each other for Dodge
City and it is also true at 95% interval of correlations. Ew other two stations
(Riverton and Omaha), the interval of 95 % confidence limit of tairom between the
distance from the jet and the tropopause height sits at highettmmthat between the
upper tropospheric relative vorticity and the tropopause height. Theediffes between
the two correlations are larger than at Dodge City, but thegtdlr@ot significant at +1
sigma level. These results are not unexpected, given that thentisfrom the jet” is
highly correlated with the upper troposphere relative vorticifjaus, we now calculate
the partial correlations, which correspond to the correlation of oneesé tfactors with
the other held constant (see Statistical Methods In the AtmosBegnces by Wilks,
DS, 2005).

The partial correlation between the distance from the jet hedtropopause
height, which corresponds to holding the upper tropospheric relative wyofitteid, gives
a higher value than that between the upper tropospheric relatitieityoand the
tropopause height, which corresponds to holding the distance fromt thieegm fixed
(see Table 4.3) for Riverton and Omaha. Taking the correlationaestfsquared to be
indication of the explained variance, we see that for Omahaattiel correlation with
the distance from the jet explains more than 50% Of the varianués the upper
tropospheric relative vorticity only explains less than 25%. Fover®in, the
corresponding numbers are more than 45% for the distance from ,tiwéhijlet for the
upper troposphere relative vorticity it is less than 30%. The amouhedbtal variance
explained by these two factors are similar to each other for DodgeaBhough even for
this station the percent of the explained variance is sligatfyet for the distance from
the jet than for the upper troposphere relative vorticity. Thesdtseare consistent with
our hypothesis that the distance of the station from the jetstieanore important in
determining the tropopause height than is the upper troposphere retaticgy at the
two northern stations, but the factors seem equally important at Dodge City.
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4.3 Some Conclusions from this Correlation Study

It is shown from both the plots and calculations for the two nortstations that the
distance from the jet stream has higher partial correlatiintixe tropopause height than
does the upper tropospheric relative vorticity. However, the value otdirelation
between the distance from the jet stream and the tropopause $exgd to be close to
that between the upper relative vorticity and the tropopause heigbbfige City, and
also both values are higher compared to those from the other tlemstal/e assume
that the location of the station might be the reason causingdbestation values to not
only be close to each other, but also be relatively high. DodgasCityy. most southern
station among these three. Table 4.4 shows that the mean dis@ancthér jet stream
when Dodge City is south (north) of the jet stream is the sar@enallest) among these
three stations. We can see from figure 4.2 that when the swsafficiently far south of
the jet stream, the correlation is higher and more stablegtheircle region); whereas, if
the station is near the blue circle region (closer to thetjeam, but still beyond the
minimum distance criteria (121.16 km) where the jet has clesocation with the
tropopause height. In these cross-sections, the distance scaleded dby 84 small
rectangular segments (the rectangles under the figurtee afross-section of potential
vorticity contours) and 1 rectangle is around 30 km in distantwgs,Tsince Dodge City
has the largest mean value of the distance from the jet stream whentibiatistsouth of
the jet, the correlation between the distance from the jensiaed the tropopause height
should be the highest when the station is south of the jet, as shaaineid 6. The same
reasoning can be seen when the stations are north of the jet. 8&iaagon has the
largest mean value of the distance from the jet stream whkestahon is north of the jet
and has the largest fraction of the total cases studied whetatioa $s north of the jet, it
has the highest correlation between the tropopause height andtdreeifom the jet
when north of the jet. However, as shown earlier by Neilsen-Ganiatfyi) there are
less small-scale filamentary structures equatorward thamvaaleof the jet. Thus the
correlations are lower for all three stations when they aré nbthe jet than south of the
jet. These filamentary structures will have less influencehensbuthern most station.
Since Dodge City is the most southern station and it has théestmakean value of the
distance from the jet stream when the station is north ofethé js reasonable that its
distance from the jet stream has the highest correlationth@tiropopause height. Figure
4.3 shows that Dodge City is at the flat region (the correlaitigher and more stable)
when south of the jet, and at the slope area when north of the jeb(tietation is not
that clear). Also, the cross-section where Dodge City ibeaténter in figure 4.5 are 3
cases among the 9 (figure 4.4) for which Dodge City is southeofjet. They show that
Dodge City is closer to the flat region (the red circle atiea) the slope region (the blue
circle area). We believe that this might explain why tHeesaf the correlation between
the distance from the jet and the tropopause height for Dodge Gty lighest among
the three stations selected for study here.

Figure 4.6 shows the average tropopause height within each votinitfor 3
stations in this study and the cases which jet has cleaciasn with the tropopause
height in 2003-4 winter. The average tropopause height is higher wheoppe
tropospheric relative vorticity is negative (anticyclonic cirtiola); lower when the
vorticity is positive (cyclonic circulation) for all stationsstudy, which corresponded to
Wirth’'s arguments. The cases where the jet has clear assocwith the tropopause
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height for Dodge City still show that the tropopause is highemwlpper tropospheric
circulation is anticyclonic and lower when it is cyclonic. Howewbe Riverton and
Omaha cases do not show clear correlation between the tropopaugeahdighe upper
tropospheric relative vorticity. Although for the cases when Rivels north of the jet,
the correlation that the tropopause height is lower when the uppealation is more
cyclonic can be seen, the cases where Riverton is south of tire jedt consistent with
Wirth’s hypothesis. The correlations for both the cases w@eraha is north and south
of the jet are not that clear as wélhe correlation between the upper tropopheric relative
vorticity and the tropopause height seem higher when the upperlatoo is
anticyclonic than cyclonic circulation (figure 4.7). Dodge dgycloser to the “high-
correlated” region since it is the south most station whichth@shighest chance of
anticyclonic circulation might also explain the highest con@tait has between the
upper tropospheric relative vorticity and the tropopause height atheniipree stations
(table 4.7). Furthermore, these results are consistent with oupypsesalculations that
showed the correlation between the tropopause height and the ngmospheric relative
vorticity is not as high as for these stations as for Dodge Titis corresponds to our
hypothesis that the distance from the jet is more important @mndeting the tropopause
height than is the upper tropospheric relative vorticity, especially for norttagions.
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(a) Dodge City, Kansas
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(b) Omaha, Nebraska
2003 Winter for Omaha
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(c) Riverton, Wyoming

2003 Winter for Riverton
tropopause height (blue) & distance from jet (red)
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Figure 4.1—Relation between the distance from the jet (red) and the tropopeigde
(blue) and that between the upper relative vorticity (purple) anttdhepause height for
(a) Dodge City, (b) Omaha, and (c) Riverton.
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Dodge City Omaha Riverton

Distance from jet 0.85+0.094 0.82+0.086 0.81+0.09

Upper tropospheric. g3, n9g 0.7120.10 0.7320.11
rEIatlve VOfthlty

Table 4.1 —The correlation between the tropopause height with each varidistante
from jet and upper tropospheric relative vorticity) for 2003-4 wi{Dercember, 2003 to
February, 2004) at Dodge City, Kansas, Omaha, Nebraska, and Rivegtominyg. The
values followed by * are one standard deviation.

Dodge City Omaha Riverton
Distance from jet 0.71~0.92 0.68~0.90 0.68~0.89
Upper tropospheric 0.69~0.91 0.52~0.83 0.56~0.84
relative vorticity

Table 4.2— 95% confidence interval for correlations between the distanoe jét and
tropopause height and that between upper tropospheric relative vodicDpdige City,
Kansas, Omaha, Nebraska, and Riverton, Wyoming.

Dodge City Omaha Riverton
Distance from jet 0.61 0.71 0.68
Upper tropospheric
relative vorticity 0.57 0.49 0.53

Table 4.3 —The partial correlation between the tropopause height with eadnea
when the other one is fixed for 2003-4 winter (December, 2003 to Fep2@0¥) at
Dodge City, Kansas, Omaha, Nebraska, and Riverton, Wyoming.

Dodge City Omaha Riverton
South of the Jet 1264 km 775 km 750 km
Stream
North of the Jet 853 km 994km 1249 km
Stream

Table 4.4 —The mean value of the distance from the jet stream for south attdtadne
jet stream, respectively for 2003-4 winter at Dodge City, Kar@asha, Nebraska, and
Riverton, Wyoming.

Dodge City Omaha Riverton

(34 cases) (43 cases) (49 cases)
South of the Jet 9 cases (~26%) 8 cases (~19% 12 cases (~24%)
Stream
North of the Jet 25 cases (~74% 35 cases (~81%) 37 cases (~76%)
Stream

Table 4.5 —The number of cases when the station is south to the jet strehnoeh to
the jet stream, respectively for 2003-4 winter at Dodge City, Kar@@maha, Nebraska,
and Riverton, Wyoming.
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Dodge City Omaha Riverton
(34 cases) (43 cases) (49 cases)
South of the Jet 0.76x0.112 0.47+0.143 0.43+0.151
Stream
North of the Jet 0.40+0.120 0.52+0.101 0.63+0.103
Stream

Table 4.6 —The separate correlation between the tropopause height and the distance
the jet when the three stations (Dodge City, Kansas, Riverton, Wgorand Omaha,
Nebraska) are south to the jet stream and north to the jeinstrespectively for 2003-4
winter. Again, the values followed by + are one standard deviation.
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Figure 4.2 —The upper panels are potential vorticity contours and the lowerspares!
the isotachs at 250 MB at (a) 12Z, December2D05(b) 12Z, January'12006 for cross
section from (35°N, 95°W) to (45°N, 120°W). The 2 PVU line can be taketheas
tropopause. The purple lines indicate the location of the jet streaented lines in the
lower panels are the cross-section from (35°N, 95°W) to (45°N, 120°W).
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(a) Dodge City, Kansas
Tropopause Height versus Distance from the Jet
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(b) Omaha, Nebraska
Tropopause Height versus Distance from the Jet

<10t 2003-4 Winter, Omaha, Mebraska
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(c) Riverton, Wyoming
Tropopausze Height versus Distance fram the Jet

« 107 2003-4 Winter, Riverton, Wy oming
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Figure 4.3 —The blue stars represehltopopause Height versus Distance from the Jet for
(a) Dodge City, Kansas (b) Omaha, Nebraska (c) Riverton, Wyorhirggreen line is
the 4" degree polynomial fitting curve. Negative (positive) distance desotets (north)

to the jet.
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Tropopause Height versus Distance from the Jet

w10 2003-4 Winter, Dodge City, Kansas
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Figure 4.4 —The blue stars represehltopopause Height versus Distance from the Jet for
Dodge City, Kansas. The green line is tHedégree polynomial fitting curve. Negative
(positive) distance denotes south (north) to the jet. The 3 red aitetedte the 3 cases
corresponded to the cases in figure 4.5.
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Tropopause Height (m)
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()
Tropopause Height at Cross-Section frorm Tucson to Chanhassen
w10° 127, Jan. 11, 2004
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Figure 4.5 —The upper panels are the tropopause height at the cross-sectioe of f
stations (Tucson, Arizona, Albuquerque, New Mexico, Dodge City, KansashQ
Nebraska, and Chanhassen, Minnesota from Southwest to Northeastjvelypdoom
Tucson, Arizona to Chanhassen, Minnesota. The lower panels are 300 HRgdlaak
lines), and isotachs (contoured) which show the location of the jeirsrat (a) 00Z,
Dec. 2, 2003 (b) 127, Dec. 19, 2003 (c) 12Z, Jan. 11, 2004.
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w10t 2003-4 winter, Riverton
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Figure 4.6 —Tropopause height (m) versus relative vorticity P161) at 200 hPa for (a)
Dodge City (b) Omaha (c) Riverton from December, 2003 to February, Pa@31signs
are the average of tropopause height and the curve is the averageatise height
within each relative vorticity bin. Circles (Stars) are individteses where the station is
south (north) of the jet.
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(b) DJF 2002—2005 30N—60N
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Figure 4.7 —Altitude of LRT derived from the GPS temperature profiles sestavithin
each vorticity (10 s™) bin. The circles show the mean values, and the error bars denote
the std dev of the means (Figure (b) from Randel 2007).

Dodge City Omaha Riverton
(34 cases) (43 cases) (49 cases)
South of the Jet 0.54+0.099 0.16+0.093 0.35+0.091
Stream
North of the Jet 0.64+0.098 0.56+0.098 0.50+0.096
Stream

Table 4.7— The separate correlation between the tropopause height and the upper relative
tropospheric vorticity when the three stations (Dodge City, Kar®@asha, Nebraska

and Riverton, Wyoming) are south to the jet stream and north to thstrgam,
respectively for 2003-4 winter. The values followed by * are one standard deviation.
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5. Summary, Conclusions and Future Work

5.1 Summary

Building on previous research results of Birner et al. (2002), B{&@6), Son and
Polvani (2007), Wirth (2003) and others, additional understanding of prot¢hasésad
to the observed sharpness of the extratropical tropopause has been obtaenathin
results of this thesis are as follows:

(1) I have reproduced, and somewhat extended, a pilot study frora @€07) MS
thesis and have shown that the extratropical tropopause dsififedtitude and sharpened
as a dry baroclinic wave passes over the station. These @®ultsade clearer when the
thermal tropopause is used as the geophysical reference level.

(2) Our hypothesis, that the distance from the jet is more i@pmtoit determining
the extratropical tropopause height than is the upper relative tropmspbdicity is
confirmed by comparing the partial correlations betweenrtpopause height and the
upper relative tropospheric vorticity and that between the tropopaugkt laid the
distance from the jet for northern stations during a winter season.

5.2 Conclusions

In a previous effort, | tried to examine the relative contribuabdry dynamics
and moist processes in leading to the observed extratropical trop@paucsere (Juckes
2000). A dominant idea then was that balanced dynamics imply aeshdigher
extratropical tropopause when the upper tropospheric relative wowtiag anticyclonic,
with the opposite being the case when the upper troposphere relaticgywmicyclonic
(Wirth 2002). An alternative concept follows from the seminal workdedél (1982) and
Lindzen (1993), and that is that the sharpness of the extratropical tuggogamainly a
result of the sharpening of the vertical potential vorticity (Rygdient by baroclinic
mixing of the PV below the tropopause. A pilot study, largely reprodéroed Bell's
(2007) MS thesis showed that during the passage of a dry baroclineg; the@re was
indeed lifting and sharpening of the extratropical tropopause.

An interesting result from Bell and Geller (2008) was thatcilvwe showing the
variation of the thickness of the extratropical stability tramsilayer (ESTL) with
latitude shifted equatorward about 15° from summer to winter (seeeflgl from Bell
and Geller, 2008). This is consistent with our hypothesis that ttendesfrom the jet is
important in determining the extratropical tropopause height sheedetjuator-to-Pole
temperature difference in winter is larger and the jets #ne shifted equatorward at this
time. Figure 5.1 shows that the extratropical tropopause is legs ishainter at given
latitude (the tropopause is less sharp when the ESTL thicknesges)l Son and Polvani
(2007) found that they could reproduce Bell and Geller's (2008) resulsljbsting the
specified pole-equator temperature difference in their siraglitmospheric general
circulation model. Thus, our hypothesis that it is the distance tenjet that exerts the
main control on the height of the extratropical tropopause and its tblgiees us a
framework for understanding the cited Son and Polvani (2007) and Bell died Ge
(2007) results.

Our study of 2 northern stations among the 3 in the extratropmasssthat the
distance from the jet is more important in determining extratebgropopause height
than the upper tropospheric relative vorticity. When we compare thelatmns between
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tropopause height and the station distance from the jet axish&iitotrelations between
the upper tropospheric relative vorticity at the 2 northern statioesfimd that the
association with the distance from the jet is more important. iBhisot to say that
Wirth’s concept of balanced dynamics giving a higher and shagqaause when the
upper troposphere relative vorticity is more anticyclonic is notdvaliWe do claim,
however, that the distance from the jet axis exerts greatdrol over these tropopause
variables especially at northern stations.

5.3 Suggestions for Future Work

Several studies have shown that the sharpness of the extrattoppcgdause is
mainly caused by the sharpening of the vertical potential vgrt{€iV) gradient by
baroclinic mixing of PV. It is also well known that a greatldsf small-scale filamentary
structure is seen at extratropical tropopause levels (Nielaem¥®n, 2001). We believe
that mixing of the large stratospheric PV values into the troposphkes place by the
baroclinic eddies shearing off high stratospheric PV filamenksgchware then further
sheared and mixed into the troposphere. By this process, the sharpritiatycbetween
the troposphere and stratosphere is lifted and sharpened furthemighisexplains why
Son and Polvani’s (2007) models gave sharper tropopause structurethe/henizontal
resolution was increased in a much more striking way tham whee vertical resolution
was increased. Both high vertical and horizontal resolution ig/liketded to resolve the
smaller PV filaments, and if these filamentary structumes reot being resolved, the
mixing process is not properly resolved, and numerically, thisngibdoks like diffusion
rather than filamentary mixing. It is interesting to note thatlevttie high-reolution
modeling of Miyazaki et al. (2010) gave a tropopause sharpness thataresm
reasonably with observations, they state the following. “Based orcdahwparison
described here, however, the relative importance of horizontal andaveesolutions on
the TIL simulation is not clear.”

This leaves us with two open questions. One is what horizontal atidalve
resolutions are necessary to model realistically sharpteofireal tropopause structures.
To answer this question, we wish to run very high resolution Held/&tygpe GCMS in
order to understand the vertical and horizontal resolution requiremoergsolve the PV
filaments, and thus the mixing process.

The other important question is what the importance of havinglestreally
sharp extratropical tropopause on troposphere-stratosphere exchanige answer this
guestion, we will examine the stratosphere-troposphere mixingdiynlg at Lagrangian
mixing of “clouds” of particles released in the lowermost strtese for different
resolution models with differing tropopause sharpness in these Held-Suaregz.model
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Figure 5.1 — Seasonally averagedtitudinal variability of the ESTL depth for high
resolution data for DJF (blue +), MAM (red o), JJA (green *) antl $ack x). (Figure
4 from Bell (2008))
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Figure 5.2 —Tropopause (1.5 PVU surface) potential temperature (in K) for 18Z on
2/1/97. Southern (Northern) Hemisphere is on the left (right). Blacloamare 250-mb

wind speed at 20 m/s increments starting at 30 m/s. (Figure Nietden-Gammon
(2001))
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