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Table 2.1. Meteorological classification of flights during MACPEX in April 2011

Date Synoptic conditions Clouds sampled [altitude
sampled]

3 April Entrance region of strong southwesterly jet  Fast moving jet stream cirrus
stream with streamline divergence at upper  [11 km]
troposphere

14 April Weakening subtropical jet stream maximum  Jet stream cirrus [10 — 11 km]
over Gulf Coast with cut-off low over
central US

16 April Exit region of subtropical jet stream over Thin patchy jet stream cirrus
Gulf of Mexico [10 — 11 km]

20 April Streamline divergence in upper air waves Cirrus layer with embedded
and troughs in zonal flow isolated convection [9 km]

25 April Deep trough with strong positive vorticity Cirrus anvil with MCS and
advection over southern plains overshooting tops [12 — 13 km]

26 April Amplified short wave trough with strong Cirrus anvil with deep
positive vorticity advection over southern convection and overshooting
plains tops [7 — 8 km]

Figure 2.4. 500 mb geopotential height contours valid 12:00 GMT on 25 April 2011. The
line AB shows a through axis that is approaching the study area. The region east
(upstream) of the through experiences upper-level divergence which creates large-scale
instability. In this case, a large MCS formed over the south-central US.

The image was obtained from the NOAA National Centers for Environmental
Information, https://www.ncdc.noaa.gov
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Figure 2.5. Satellite images for each flight in this study. The whole aircraft track is shown
with flight tracks colored by time segment. The date and time of the satellite images are
19:45 GMT on 3 April, 19:45 GMT on 14 April, 19:45 GMT on 16 April, 19:15 GMT on
20 April, 21:15 GMT on 11 April and 20:03 GMT on 26 April.

The images were obtained from the NASA Langley Cloud and Radiation Research
Group, http://angler.larc.nasa.gov/satimage/products.html
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2.2.3 Meteorological reanalysis data.

Additional meteorological data analysis was needed to visualize the
measurements in the synoptic scale and to derive other parameters that cannot be
calculated from the aircraft data alone. This was done by sampling a meteorological
reanalysis dataset. Reanalysis (or retrospective analysis) presents a clear picture of past
weather events, independent of the variety of instruments used to make the
measurements. Through a variety of methods, observations from different instruments are
assimilated to a regularly spaced grid of data. Reanalysis data are created by data
assimilation schemes and models that ingest all available observations. Placing all
instrument observations onto a regularly spaced grid makes comparing the actual
observations with other datasets easier.

In this work, the NASA Modern-Era Retrospective Analysis for Research and
Applications (MERRA; Rienecker et al., 2011) reanalysis dataset was used. MERRA is a
NASA global reanalysis for the satellite era (1979 to present) generated with the Goddard
Earth Observing System Data Assimilation System Version 5 (GEOS-5) atmospheric
model and data assimilation system. Specifically, the GOES-5 implements incremental
analysis updates (Bloom et al., 1996) to adjust the model states toward the observed state.
It was developed with NASA instrument teams and the science community as the user
group. The MERRA resolution is 0.5° latitude and 0.667° longitude with 72 vertical
levels, from the surface to 0.01 hPa, and extends through the stratosphere. The vertical
resolution in the lower stratosphere is near 1 km. The MERRA data files available from

NASA’s Global Modeling and Assimilation Office (GMAO) are described by Lucchesi
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(2012). The various data types used in MERRA include satellite radiance information,
profiles from radiosondes and dropsondes (winds, temperature, and humidity), radar
winds, surface meteorological data from automatic weather stations, ships and buoys, and
wind and temperature reports from aircraft.

The objective of sampling MERRA was to retrieve temperature profiles and
vorticity fields that were collocated in space and time with the aircraft data. The MERRA
temperature and vorticity fields were linearly interpolated to match the position of the
aircraft. The MERRA derived temperature was used to calculate the thermal tropopause.
The identification of the dynamic tropopause was done by using potential vorticity (PV)
as a diagnostic, which cannot be provided by any measurement system. MERRA PV
contours for each flight in this study are shown in Figure 2.6 along with the aircraft flight
track. These PV values vary from 0O close to the ground to 50 standard PV units (PVU) in
the stratosphere, where 1 PVU = 10 K m#/kg s. The value for PV in MERRA is the Ertel
potential vorticity. The PV was derived from the MERRA relative vorticity, temperature,
and pressure fields. Potential vorticity is defined by Holton et al. (1995) as (1),

P = (g +f) (—g06/dp) (1)
where &g is Rossby’s “isentropic relative vorticity”, a vorticity-like quantity
approximately equal to the component of relative vorticity normal to an isentropic
surface; f is the Coriolis paremeter (twice the local vertical component of the Earth’s
angular velocity); @ is the potential temperature; and g is the gravitational acceleration.
Since —dp/06 may be interpreted as a local measure of the depth (in pressure units) of

the layer between two potential temperature surfaces, an increase in —dp/d6 implies
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stretching of vortex tubes and in increase in absolute vorticity. In Chapter 4, this

definition of PV was used to diagnose the tropopause as a surface of constant PV.
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Figure 2.6. Flight track mapped on MERRA PV altitude — latitude profile. The dynamical

background of the flights is shown by PV (contours). Flights were 4.5 to 6 hours in

duration while the MERRA PV data are at the time step closest to the end of flight.

The MERRA data were obtained from Global Modeling and Assimilation Office
(GMAO) and GES DISC, https://disc.gsfc.nasa.gov/daac-bin/DataHoldings.pl
Figure 2.6 shows that the PV contours increase in height equatorward. The PV

gradient is sharp near 2 PVVU. This is the conventional PVU found to be remarkably close

to the tropopause (Holton et al., 1995). With this in mind, some general features were
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observed. The tropopause, if assumed at 2 PVU, was above 15 km at the 20 ° N latitude
and dropped to about 10 km at the 40° N latitude. This drop in the tropopause is a
discontinuity that is found in the vicinity of the subtropical jet and the polar jet. On
certain flights the decrease in PV was sharp and it occurred over a short latitudinal
distance. For example, on 20 April a drop in 2 PVU was observed at 22° N and 43° N
latitude. The analysis chart of the 21 April 00:00 GMT 250 mb geopotential streamlines
showed a jet maximum over the central US and another over the Gulf of Mexico (see
Figure A6 in Appendix A). These correspond with the height changes in PV contours at
the same latitude. Similar features were observed on 26 April. The subtropical jet and the
polar jet were both analyzed on the 250 mb geopotential upper air chart (see Figure A8 in
Appendix A). This time the polar jet was of large amplitude and positioned in south
central US at latitude 32° N, while the position of the subtropical jet is approximately the
same at latitude 22° N. This synoptic feature of deep throughing is common in spring and
often produces severe weather in the southeastern United States. The features described
as drops in PV are deep stratospheric intrusions, called “tropopause folds”, that coincide
with the frontal zone beneath the jet stream. Deep folds can extend down into the top of
the boundary layer and are regions of intense mixing between the stratosphere and the
troposphere (Danielsen, 1968).

In this study, | examine whether PV diagnostics provide an improved
understanding of mixing between tropospheric air and stratospheric air in the tropopause
layer. In this layer mixing between distinct airmasses of tropospheric and stratospheric

origin occurs. Potential vorticity is a dynamic meteorological feature that describes the
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limits of the upper troposphere and the lower stratosphere, as well as the location of the
jet stream. It is the aim of this work to identify the variation of the tropopause layer and

to determine the source region where new particle formation occurs relative to this layer.
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