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ABSTRACT

Rawinsonde data were collected before and during passage of a squall line in Oklahoma on 15 May 2009
during the Second VeriÞcation of the Origins of Rotation in Tornadoes Experiment (VORTEX2). Nine
soundings were released within 3 h, allowing for unprecedented analysis of the squall lineÕs internal structure
and nearby environment. Four soundings were released in the prestorm environment and they document the
following features: low-level cooling associated with the reduction of solar isolation by a cirrus anvil; abrupt
warming (1.5 K in 30 min) above the boundary layer, which is probably attributable to a gravity wave; in-
creases in both low-level and deep-layer vertical wind shear within 100 km of the squall line; and evidence of
ascent extending at least 75 km ahead of the squall line. The next sounding was released; 5 km ahead of the
squall lineÕs gust front; it documented a moist absolutely unstable layer within a 2-km-deep layer of ascent,
with vertical air velocity of approximately 6 m s 2 1. Another sounding was released after the gust front passed
but before precipitation began; this sounding showed the cold pool to be; 4 km deep, with a cold pool
intensity C • 35 m s2 1, even though this sounding was located only 8 km behind the surface gust front. The
Þnal three soundings were released in the trailing stratiform region of the squall line, and they showed typical
features such as: ÔÔonionÕÕ-shaped soundings, nearly uniform equivalent potential temperature over a deep
layer, and an elevated rear inßow jet. The cold pool was 4.7 km deep in the trailing stratiform region, and
extended ; 1 km above the melting level, suggesting that sublimation was a contributor to cold pool de-
velopment. A mesoscale analysis of the sounding data shows an upshear tilt to the squall line, which is
consistent with the cold pool intensity C being much larger than a measure of environmental vertical wind
shearDU. This dataset should be useful for evaluating cloud-scale numerical model simulations and analytic
theory, but the authors argue that additional observations of this type should be collected in future Þeld
projects.

1. Introduction

Squall lines are linearly organized thunderstorm com-
plexes that often produce severe wind gusts, heavy rain,
and lightning. In recent decades, much has been learned
about squall-line dynamics from Doppler radar data and
through numerical simulation (see, e.g., Johnson and
Mapes 2001; Fritsch and Forbes 2001). However, in situ

observations of temperature and moisture have been
relatively rare, particularl y in midlatitude squall lines
because operational rawinsonde networks are too coarse
to resolve mesoscale structure, and because airplane
ßights in the convective region are too hazardous. This
article presents unique analyses of a squall line and its
nearby environment using high-frequency rawinsonde
launches from ground-based mobile platforms.

Before proceeding, we brießy review the important
thermodynamic features of squall lines, and techniques
that have been used to observe them. It has long been
recognized that relatively cold air arrives at the sur-
face during squall-line passage (see, e.g., the review
by Newton 1950). Meteorologists usually refer to the
near-surface cold air in squall lines simply as ÔÔcold pools,ÕÕ
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although the terms ÔÔdensity currentsÕÕ and ÔÔgravity cur-
rentsÕÕ are also used frequently. Cold pools are easily
observed from surface data. A thorough study was
published recently by Engerer et al. (2008) using high-
temporal-resolution observations from the Oklahoma
Mesonet during the warm season. Engerer et al. (2008)
found that mature mesoscale convective systems were
accompanied by average temperature drops of; 78C
and average pressure increases of; 4.5 mb. They noted
(p. 4846) that the vertical extent of cold pools remains
largely unknown.

Rawinsonde data are usually used to deduce cold pool
properties above the surface. However, high temporal
resolution (of order 1 h) or spatial resolution (of order
10 km) is necessary to document conditions before and
after passage of the surface gust front. A summary of
observed cold pool properties from rawinsonde obser-
vations was provided by Weisman and Rotunno (2005,
their Table 1). They found cold pool depths up to 2.5 km
and cold pool intensity (as measured by the parameter
C, explained later) up to 30 m s2 1. However, some sig-
niÞcantly deeper cold pools have been documented. For
example, Roux (1988) documented a cold pool depth of
; 4 km in a squall line over West Africa. In this case, the
cold pool sounding was taken ÔÔin the rear part of the
trailing stratiform regionÕÕ (p. 407), leading one to ques-
tion whether the squall-line cold pool was perhaps shal-
lower at the leading edge of the system. In the central
United States, Wakimoto (1982) used rawinsonde data
from the Northern Illinois Meteorological Research On
Downburst (NIMROD) project and found one case with
a cold pool depth of 3.95 km. He noted that this depth is
ÔÔa much larger value than is normally associated with the
gust front.ÕÕ

All of the analyses cited above used two soundings to
document the cold pool: one in the cold pool itself
(hereafter referred to as a ÔÔcold pool soundingÕÕ), and
one ahead of the system (hereafter referred to as an
ÔÔenvironmental soundingÕÕ). More comprehensive anal-
yses utilizing soundings at multiple locations are quite
rare. To our knowledge, the highest-resolution direct
thermodynamic measurements of a squall-line cold pool
using rawinsonde data (prior to this article) were ob-
tained more than 60 years ago during the Thunderstorm
Project in southwest Ohio (Byers and Braham 1949). On
29 May 1947, a squall line passed the projectÕs array of
six closely spaced rawinsonde sites near Wilmington,
Ohio. Some sites released more than one rawinsonde,
and so a total of 10 soundings were obtained: 2 just be-
fore passage and 8 within 3.4 h after squall-line passage.
The data were originally analyzed and reported by
Newton (1950). Further analysis of this dataset was pre-
sented in Newton and Newton (1959). The analysis

remains a classic in squall-line observations, and is often
reproduced in review articles on squall lines (e.g., Newton
1963; Hane 1986). Vertical cross sections of temperature
and potential temperature (see Figs. 10Ð11 in Newton
1950) show that the cold pool was; 3 km deep. The
analysis of cross-line system-relative wind (see Fig. 14
in Newton 1963) shows an elevated rear-inßow jet near
the top of the cold pool.

Newton (1950) was perhaps the Þrst to determine that
air in squall-line cold pools originates in midlevels
(; 5 km AGL) and has very low wet-bulb potential tem-
perature uw. A mesoscale, subsaturated downdraft toward
the back of the squall line (at least 100 km behind the
surface gust front) was responsible for the transport of
this low-uw air from midlevels to low levels in this case.
Evaporation of rain was inferred to be the mechanism
that cooled the air. These processes have since been
supported by numerous observational studies and nu-
merical simulations.

Several times during the 1960s and 1970s, the National
Severe Storms Laboratory conducted special Þeld ex-
periments in which rawinsondes were released from
multiple sites in Oklahoma with relatively high frequency
(; 3 h). Using these data, mesoscale analyses of squall-
line events were published by Sanders and Paine (1975),
Sanders and Emanuel (1977), Ogura and Chen (1977),
Ogura and Liou (1980), and Park and Sikdar (1982).
Broadly speaking, these studies found similar features
to Newton (1950). In the analysis of Ogura and Liou
(1980), the cold pool was; 4 km deep, according to their
Fig. 21. Based on the potential temperature analysis of
Sanders and Paine (1975, their Fig. 10), their case had a
cold pool ; 3 km deep.

More recently, rawinsonde data were collected using
mobile platforms during the Bow Echo and Mesoscale
Convective Vortex Experiment (BAMEX; Davis et al.
2004). The BAMEX dataset included mobile surface-
based radiosondes as well as dropsondes from a jet ßying
at ; 12 km. Several mesoscale convective systems were
sampled. Analysis of cold pool properties by Bryan et al.
(2004, 2005) and Ahijevych et al. (2006) showed that
cold pools were occasionally greater than 4 km deep,
even at the leading edge of the system (Bryan et al. 2005).

Despite several analyses that show cold pool depths
up to 4 km, cold pool depths are generally quoted in the
literature to be about 1Ð2 km deep (a factor of 2 smaller).
These smaller depths seem to be true for most un-
organized convection (e.g., Mahoney 1988), supercellular
thunderstorms, and tropical oceanic MCSs (see, e.g., re-
view in chapters 8 and 9 of Houze 1993). Many idealized
simulations of midlatitude-type convective systems also
produce the 1Ð2-km depth (e.g., Rotunno et al. 1988;
Weisman 1992; Weisman and Rotunno 2004; Parker and
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Johnson 2004), although many early simulations neglected
ice microphysics and used highly idealized initial condi-
tions. Regardless of the origin for the 1Ð2-km depth, it
seems that relatively few analyses of mature midlatitude
MCSs have been conducted/published using direct ther-
modynamic observations.

In addition to uncertainties about the properties of
squall-line cold pools, some recent studies have shown
that squall lines can modify their environment in sig-
niÞcant ways. Most of these studies have utilized numer-
ical simulation or analytic theory. For example, Nicholls
et al. (1991), Mapes (1993), Fovell (2002), and Fovell et al.
(2006) have shown how gravity waves triggered by con-
vective heating can modify stability, humidity, and vertical
wind shear in the nearby environment (i.e., within about
100 km). As far as we can tell, there are few observational

studies that have evaluated these modeling/theoretical
studies.

In this article, we analyze a unique dataset collected
during the Second VeriÞcation of the Origins of Rota-
tion in Tornadoes Experiment (VORTEX2). The pri-
mary focus of this Þeld project was to study supercellular
thunderstorms and tornadoes. However, on 15 May 2009
a squall line passed over the VORTEX2 armada of mo-
bile observing facilities. Herein, we present an analysis of
the mobile rawinsonde data, primarily using 9 rawin-
sonde launches over a 3-h time period. The following
analyses support the earlier observational studies (dis-
cussed above) showing that MCS cold pools can be 4 km
deep in mature midlatitude MCSs. The soundings launched
before passage of the squall line also show the evolution
of the near-squall-line environment with unprecedented
detail.

2. Overview of the 15 May 2009 squall line

The 15 May 2009 squall line formed at approximately
2030 UTC along a cold front that extended from the
northern Texas Panhandle to southern Minnesota. Be-
hind the front, temperature and moisture steadily de-
creased to the north and west (Fig. 1). Ahead of the
front in Oklahoma, temperature and moisture were
mostly uniform with temperatures around 308C and
dewpoint temperatures around 208C. The front was also
marked by strong surface convergence, with 15Ð20-kt
southerly ßow to its south and 15Ð20-kt northerly ßow to
its north.

On 15Ð16 May, Þeld observations for VORTEX2 were
collected primarily near Cherokee, Oklahoma, within
Alfalfa County (shown in inset of Fig. 1) from approxi-
mately 2130 UTC 15 May to 0100 UTC 16 May 2009.
Rawinsonde launches during this time period are sum-
marized in Table 1. At the beginning of this time period,
the squall line was still becoming organized but was
characterized by almost continuous reßectivity. 40 dBZ

FIG . 1. Surface observations at 2000 UTC 15 May 2009. Tem-
perature and dewpoint are in 8C, wind speed is in kt. The inset in
the upper-right corner shows a zoomed-in view of the boxed region
where VORTEX2 observations were collected on 15 May.

TABLE 1. Rawinsonde launches on 15Ð16 May 2009 during VORTEX2. All rawinsondes were launched from a site 10 km south of
Cherokee, OK, with the exception of S5 that was launched 6 km northwest of Cherokee, OK.

ID
Time of launch

(UTC)
Time relative to

gust-front passage (min)
Distance from gust front

at launch (km) Conditions at launch

S1 2138 1 110 1 106 Clear overhead
S2 2214 1 74 1 71 Edge of cirrus anvil overhead
S3 2241 1 47 1 45 Thick cirrus overcast, edge of mammatus
S4 2307 1 21 1 20 Thick cirrus overcast, mammatus
S5 2307 1 4 1 4 Overcast, shelf cloud to northwest
S6 2339 2 11 2 11 Overcast, stratus, windy
S7 0016 2 48 2 46 Overcast, stratus, light rain
S8 0032 2 64 2 61 Overcast, stratus, light rain
S9 0045 2 77 2 74 Overcast, stratus, light rain
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from the northern Texas Panhandle to northeastern
Kansas (Fig. 2a). Severe hail was reported in several
locations of northwest Oklahoma and south-central
Kansas in the early stages of squall-line development.
Soundings S1ÐS3 were released well ahead of the squall
line ( . 40 km).

By 2305 UTC, the squall-line gust front was nearing
VORTEX2 facilities. Weather Surveillance Radar-1988
Doppler (WSR-88D) data from KVNX at this time
(Fig. 3a) show a continuous line of strong reßectivity
(. 45 dBZ) from the southwest to northeast near the
KansasÐOklahoma border. A persistent minimum in re-
ßectivity to the west-southwest of KVNX is attributable
to partial beam blockage, and is denoted in Fig. 3 by

FIG . 2. Regional radar composites at (a) 2130 UTC 15 May (at
the beginning of VORTEX2 data collection) and (b) 0100 UTC
16 May 2009 (at the end of VORTEX2 data collection). The ÔÔ1 ÕÕ
symbol denotes the location of Cherokee, OK. Images were pro-
vided by NCAR/EOL using the National Severe Storms Labora-
tory Q2 radar product.

FIG . 3. Reßectivity (dBZ) from the lowest elevation scan of the
KVNX WSR-88D at (a) 2305 UTC 15 May, (b) 2337 UTC 15 May,
and (c) 0016 UTC 16 May 2009. The launch sites of S4ÐS7 are in-
dicated at sounding launch time, and the ÔÔ1 ÕÕ symbol denotes the
location of Cherokee, OK. The dashed black lines denote a region
of partial beam blockage, and the dashed gray line denotes the
locations of cross sections shown in Fig. 4.
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dashed lines. Two soundings (S4 and S5) were released
at this time, at locations shown on Fig. 3a. A vertical
cross section of reßectivity is shown in Fig. 4a; the lo-
cation of this cross section is shown by a dashed gray
line in Fig. 3a. For vertical cross sections, data from
KVNX were interpolated onto a Cartesian grid with 1-km
grid spacing using a Barnes (1973) analysis (radius of
inßuence5 2 km; nondimensional smoothing parameter5
0.5). To account for system movement during the vol-
ume scan, data are advected to a common time assuming
a storm motion of 16 m s2 1 to the southeast. At this
time, the high-reßectivity core was roughly upright, and

a trailing stratiform region was apparent above the melt-
ing layer (Fig. 4a).

The next sounding was released 32 min later (S6 in
Fig. 3b). This sounding was launched after the gust front
passed but before rain began. A Þne line, denoting the
gust front, can be seen in Fig. 3b. The squall lineÕs
trailing stratiform region was becoming notable in the
lowest elevation scan of KVNX (Fig. 3b) at this time. A
vertical cross section (Fig. 4b) shows that the trailing
stratiform precipitatio n was beginning to reach the
ground over an area roughly 40 km behind the convec-
tive region.

FIG . 4. Objective analyses of reßectivity (dBZ) using volume scans from the KVNX WSR-88D,
valid at sounding launch times: (a) 2307 UTC 15 May, (b) 2339 UTC 15 May, and (c) 0016 UTC
16 May 2009, wherexc is the across-line distance from the surface gust front, andz is height AGL.
Positive values ofxc indicate the presquall-line environment. The system-relative trajectories of
soundings S4ÐS7 are shown in gray.
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The next sounding was released 37 min later in the
trailing stratiform region (S7 in Fig. 3c). Because of the
beam blockage, the trailing stratiform region is not ob-
vious in Fig. 3c, although light rain was falling at the
surface at this time. The structure of the trailing strati-
form region is more obvious in the vertical cross section
(Fig. 4c), which shows. 25 dBZ below the melting level
extending more than 50 km behind the convective re-
gion. Two more soundings were released in the trailing
stratiform region within the next 30 min (Table 1).

By the end of the VORTEX2 observing period, the
convective region of the squall line had moved into
north-central Oklahoma and developed a bow shape to
the east-southeast of the primary sounding site (Fig. 2b).
Widespread severe winds were reported along the
KansasÐOklahoma border, near the northern end of the
bow. No severe weather was reported in Alfalfa County
during this event.

Surface observations from the Oklahoma Mesonet
station in Cherokee are shown in Fig. 5. Three distinct
time periods are apparent in these observations, as
delineated by the vertical gray lines in Fig. 5. Before
2150 UTC 15 May, the temperature, water vapor mixing
ratio, and wind speed were all roughly constant. The
pressure dropped; 2 mb in 45 min starting at; 2100 UTC,
perhaps because of the approaching cold front. The Þrst
VORTEX2 sounding was released at 2138 UTC, near
the end of this pressure drop. (Note that sounding launches
are denoted by large dots in Figs. 5aÐc.)

At 2150 UTC, an optically thick cirrus anvil cloud be-
gan blocking the sun at Cherokee. This fact is apparent
in the sudden drop in incoming solar radiation at the
Oklahoma Mesonet site (Fig. 5e). A visible satellite im-
age from 2139 UTC (Fig. 6) shows the shadow just to the
west of Cherokee. The air temperature at Cherokee then
decreased steadily, and 48C of cooling occurred over

FIG . 5. Surface observations from the Oklahoma Mesonet station in Cherokee (time runs from right to left):
(a) temperature (8C), (b) surface pressure (mb), (c) water vapor mixing ratio (g kg2 1), (d) maximum wind gust (m s2 1,
contour) and wind barbs of 5-min average winds, (e) solar radiation (W m2 2), and (f) precipitation every 5 min (mm)
(where the minimum reportable precipitation amount is 0.01 in 5 0.254 mm). Included in (a)Ð(c) are surface data
from the nine sounding launches where the primary sounding location is shown by black dots and S5 is shown by open
circles. The gray vertical lines denote the time when anvil shading began (at 2150 UTC) and the time when the gust
front passed Cherokee (at 2320 UTC).
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90 min (Fig. 5a). This amount of cooling is consistent
with observations and modeling of anvil shadows from
deep cumulonimbus clouds in Oklahoma at this time of
year (Markowski et al. 1998; Markowski and Harrington
2005). The water vapor mixing ratio and wind direction
were approximately constant in this time period (Figs.
5c,d), which suggests that Cherokee was experiencing the
same air mass (i.e., prefrontal).

The pressure time series was complex between 2150
and 2300 UTC, with a 1-mb pressure rise immediately
after anvil shading began, followed by a 1-mb pressure
drop, and then several mb of pressure rise, all during a
70-min time period. The sharp pressure rise that started
at 2150 UTC might be related to the anvil shading; that
is, surface pressure should have increased in hydrostatic
response to the near-surface cooling. The sharp pressure
drop that started at 2210 UTC might be associated with
a propagating gravity wave, perhaps triggered by the
formation of the squall line in Texas or Kansas. Using
high-temporal-resolution surface observations, Adams-
Selin and Johnson (2010) documented a pressure drop
of similar amplitude during formation of a bow echo in
Oklahoma. These explanations for the surface pressure
changes during this time period are evaluated further
using VORTEX2 data later in this article.

The surface gust front of the squall line passed Cher-
okee at ; 2320 UTC. Temperature and water vapor

mixing ratio both decreased rapidly and surface pressure
increased sharply. The maximum wind gust (16.3 m s2 1)
occurred shortly after gust front passage but before pre-
cipitation started. At the primary sounding site ( ; 10 km
to the south of Cherokee), heavy precipitation began
shortly after 2340 UTC, or roughly 15 min after passage
of the gust front. The wind speed at Cherokee dropped
signiÞcantly as precipitation began.

After 0000 UTC 16 May, conditions at Cherokee were
more quiescent. An exception was a sharp pressure drop
of ; 2 mb starting at 0100 UTC, followed by a sharp
pressure rise of equal amplitude. This feature might
have been associated with a wake low (e.g., Johnson and
Hamilton 1988) at the trailing edge of the stratiform
precipitation region.

Based on Oklahoma Mesonet observations and
wind proÞler data (not shown), the cold front likely
passed Cherokee at about 0300 UTC 16 May. The Þnal
VORTEX2 sounding was launched 2 h earlier, and so
the cold front was not sampled by rawinsonde data pre-
sented herein.

3. Rawinsonde data

Nine soundings were released in Alfalfa County as
part of special data collection during VORTEX2. All
but one of the soundings were released from a location

FIG . 6. Visible satellite image at 2139 UTC 15 May 2009.
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