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ABSTRACT

In the afternoon of 24 May 2002, a well-defined and frontogenetic cold front moved through the Texas
panhandle. Detailed observations from a series of platforms were collected near the triple point between
this cold front and a dryline boundary.

This paper primarily uses reflectivity and Doppler velocity data from an airborne 95-GHz radar, as well
as flight-level thermodynamic data, to describe the vertical structure of the cold front as it intersected with
the dryline. The prefrontal convective boundary layer was weakly capped, weakly sheared, and about 2.5
times deeper than the cold-frontal density current.

The radar data depict the cold front as a fine example of an atmospheric density current at unprecedented
detail (�40 m). The echo structure and dual-Doppler-inferred airflow in the vertical plane reveal typical
features such as a nose, a head, a rear-inflow current, and a broad current of rising prefrontal air that feeds
the accelerating front-to-rear current over the head. The 2D cross-frontal structure, including the frontal
slope, is highly variable in time or alongfront distance. Along this slope horizontal vorticity, averaging �0.05
s�1, is generated baroclinically, and the associated strong cross-front shear triggers Kelvin–Helmholtz (KH)
billows at the density interface. Some KH billows occupy much of the depth of the density current, possibly
even temporarily cutting off the head from its trailing body.

1. Introduction

In the afternoon of 24 May 2002, a cold front–dryline
intersection was intercepted over the southern Great
Plains by an armada of mobile observing platforms as
part of the International H2O Project (IHOP_2002;
Weckwerth et al. 2004). The objective of the mission
was to capture the initiation of thunderstorms in the
vicinity of these boundaries. In the region of detailed
observations, the cold front penetrated under the moist
air east of the dryline. Deep convection broke out a few
tens of kilometers east of this region, clearly ahead of
the well-defined surface cold front. This paper does not
attempt to explain the timing or location of this con-
vective initiation. Rather, it describes the meso-� and
microscale structure of this cold front, with an emphasis
on the vertical airflow structure, as documented by air-
borne radar data.

It has long been postulated that on the meso-� scale
the cold air associated with a cold front may assume the
vertical structure of a density (or gravity) current (Fig.
1). Such a current results when two fluids of different
density are juxtaposed. Because of negative buoyancy,
the denser fluid will penetrate below the less dense
fluid in the form of a shallow current with an elevated
head and a turbulent wake (Benjamin 1968). Atmo-
spheric density currents have received a great deal of
attention (e.g., Simpson 1987), and they have been in-
voked in the interpretation of a range of mesoscale
phenomena, including thunderstorm-generated gust
fronts (Charba 1974; Wakimoto 1982; Mueller and Car-
bone 1987; Mahoney 1988), sea breezes (Abbs and
Physick 1992), land breezes (Schoenberger 1984), ka-
tabatic winds spreading over level terrain (Bromwich et
al. 1992), and also cold fronts (Clarke 1961; Carbone
1982; Hobbs and Persson 1982; Shapiro 1984; Shapiro
et al. 1985; Bond and Fleagle 1985; Garratt 1988; Le-
maitre et al. 1989; Nielsen and Neilley 1990; Trier et al.
1990; Bond and Shapiro 1991; Hakim 1992; Roux et al.
1993; Koch and Clark 1999; Wakimoto and Bosart
2000). Numerical experiments have shown that the de-
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tailed vertical structure of atmospheric density currents
is sensitive to the ambient shear and stratification (e.g.,
Xue et al. 1997; Xue 2000, 2002; Liu and Moncrieff
2000).

While density currents have been described in detail
by means of numerical simulations and laboratory ex-
periments (e.g., Simpson 1969; Simpson and Britter
1980), their existence in the atmosphere mainly has been
inferred rather than observed, as the resolution of the
observations generally has been too coarse. Some stud-
ies do document the head and trailing billows associ-
ated with a density current (e.g., Intrieri et al. 1990;
Mueller and Carbone 1987; Wakimoto and Bosart
2000), but not nearly at the resolution presented here
or in numerical studies. The Doppler lidar study by
Intrieri et al. (1990) uses a grid spacing of 50 m in the
vertical and 300 m in the horizontal. Mueller and Car-
bone (1987) performed a dual-Doppler synthesis based
on two X-band radars with a baseline of 13 km and a
grid spacing of 200 m in three dimensions. The grid
resolution used in the current study is less than 40 m in
two dimensions.

The processing of the airborne radar data is discussed
in section 2. The mesoscale environment in which the
cold front evolved is summarized in section 3. Section 4
focuses on aircraft in situ data analyses, while section 5
describes the radar-derived airflow in vertical transects
across the cold front.

2. Airborne W-band single- and dual-Doppler
analysis

The Wyoming Cloud Radar (WCR) is a 95-GHz (3
mm) Doppler radar (Pazmany et al. 1994). During
IHOP the WCR was installed on board the University
of Wyoming King Air (UWKA) aircraft, configured for
two dual-beam configurations (Fig. 2). The first one is a
profiling mode, using both nadir and zenith beams si-
multaneously. The second one uses the nadir beam in
conjunction with a second downward-looking beam

slanted 30° forward of nadir. The profiling mode allows
near-vertical velocities to be measured within 100–130
m above and below the aircraft (Geerts and Miao
2005), while the second mode, referred to as the vertical
plane dual-Doppler (VPDD) mode, allows the velocity
components in two dimensions along the flight track to
be retrieved. If the aircraft flight attitude is relatively
constant (i.e., deviations from the mean in roll and yaw
are less than �5°), then the nadir beam resamples the
same volume observed by the downward-slanted beam
after a short time delay. The two Doppler velocity mea-
surements can be combined to give the horizontal and
vertical velocity components in a quasi-vertical plane
aligned with the aircraft track (appendix A). The dual-
Doppler Cartesian grid has a resolution of about 35 �
35 m2 in the horizontal (along-track) and vertical direc-
tions. During IHOP_2002, the WCR generally operated
in profiling/VPDD mode on flight legs below/above 700
m AGL. The WCR unambiguous velocity limits were
�15.8 m s�1. The radar minimum detectible signal at
1-km range was in the proximity of �28 dBZ.

The WCR echoes in the optically clear convective
boundary layer (CBL) are believed to be dominated by
small insects (Vaughn 1985; Geerts and Miao 2005).
Small insects are weak flyers and tend to advect with
the wind, hence the term “aerial plankton” (Drake and

FIG. 1. Schematic view of a density or gravity current (adapted
from several sources including Simpson 1969; Charba 1974;
Droegemeier and Wilhelmson 1987; and Mueller and Carbone
1987).

FIG. 2. Radar beam directions on the UWKA aircraft, as used in
this study. The two downward beams allow VPDD synthesis,
while the up and down beams provide a radar profile, centered at
flight level. The first gate for each antenna is at a range of about
100 m.
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Farrow 1988; Russell and Wilson 1997). Thus the re-
trieved horizontal velocity should be unbiased. It is not
clear how well the retrieved vertical echo motion rep-
resents vertical air motion. Small insects tend to oppose
the updraft in which they become embedded (Geerts
and Miao 2005). This seems to be the only viable ex-
planation for the existence and persistence of fine lines,
where the echo strength is some 10–30 dBZ above val-
ues observed elsewhere in the fair-weather CBL (Wil-
son et al. 1994; Russell and Wilson 1997), implying in-
sect concentrations of one to three orders of magnitude
higher than background values. Passive tracers would
simply diverge near the top of the CBL and disperse.
Hence the CBL is known as the “mixed” layer. A series
of IHOP_2002 flight legs in the fair-weather CBL (i.e.,
far away from fine lines) suggest that small insects
move down relative to the ambient vertical air motion
at 0.5 � 0.2 m s�1 on average, and that this downward
motion increases in updrafts, at nearly half the updraft
speed itself (Geerts and Miao 2005). Small insects may
move down either actively, or by folding their wings
and falling down at their “terminal velocity.” Which of
these two methods is the fastest depends on the Reyn-
olds number acting on the insect, but it is probably
limited to �2 m s�1 (Pedgley 1982). Thus it is conceiv-
able that the rate of opposition of microinsects to up-
drafts has a ceiling. Geerts and Miao (2005) did not find
such ceiling, but their assessment of insect vertical mo-
tion applies to the fair-weather CBL. The updrafts
along a cold front may be stronger and more sustained
than those associated with thermals. In short, in order
to obtain the best-guess vertical air motion (wwcr,air), we
adjust the echo vertical motion (wwcr,insects) for insect
motion by means of Eq. (2) in Geerts and Miao (2005):

wwcr,air � min�1.96wwcr,insects � 0.82, wwcr,insects

� 1.5	 m s�1. 
1�

The first term is a linear regression based on vertical
velocity comparisons between the UWKA gust probe
and first-gate WCR data above and below the aircraft.
The second term constrains this correction (i.e., the in-
cremental upward motion) to 1.5 m s�1. Here wwcr,insects

is the scatterer vertical motion (appendix A), wwcr,air is
the best-guess air vertical motion, and min() takes the
minimum of its arguments.

How accurate are the resulting air velocities? One
source of uncertainty is the temporal evolution of the
scattering features (at a resolution of �35 m) between
the two radar illuminations. The airborne dual-Doppler
velocity retrieval method is feasible as long as the vol-
ume scanned by one of the beams is observed by the
other in a time interval shorter than the characteristic

evolution time scale of the scattering volume. With a
beam-to-beam time difference of 6 s per 1 km from the
aircraft, this condition should be satisfied at typical
WCR ranges (usually no more than 3 km). But clearly
this error increases with range. Other error sources in-
clude both rapid aircraft attitude variations and the
cross-track wind. The first results in an irregular spac-
ing and alignment between adjacent beams, with con-
sequent degradation of the vertical resolution. The sec-
ond plays a role in the removal of the horizontal wind
component from the near-vertical radial wind; the best-
guess horizontal wind profile is used in the solution of
the velocity decomposition problem (see appendix A).
The roll and yaw (sideslip) standard deviations for the
flight segments used here were within 2°. The overall
uncertainty in the calculated velocities for the 24 May
data is estimated to be in the order of 1 m s�1 at a range
of 1 km and for WCR signal-to-noise ratios greater than
0 dB.

3. Mesoscale evolution

In the afternoon of 24 May 2002, a SW–NE-oriented
cold front approached a nearly stationary, north–south-
oriented dryline near Shamrock, near the eastern mar-
gin of the Texas panhandle (Weckwerth et al. 2004;
Wakimoto et al. 2006). This front was weak in the
morning hours, but frontogenesis occurred during the
daytime as the cold sector remained covered by a vast
stratus cloud deck (Fig. 3), a process that has been ob-
served elsewhere (e.g., Miller et al. 1996). A sharp con-
trast in equivalent potential temperature (�e) was
present at 1800 UTC mainly near the Oklahoma pan-
handle (Fig. 4). Differential horizontal advection of �e

during 0600–1800 UTC clearly contributed to the
sharpening �e gradient. The center of the low-level cy-
clonic circulation was in the northern Texas panhandle,
just north of the intensive observations, and a 1.2 �
10�4 s�1 center of positive relative vorticity was found
over eastern Colorado at 300 mb, associated with a
well-defined short-wave trough (Fig. 4).

The front was mostly stationary in the morning hours
(1000–1400 UTC), but it accelerated thereafter. The
convergence along the cold front was weak between
1500 and 1900 UTC, at least around the Amarillo Next-
Generation Weather Radar (NEXRAD; 143 km west
of Shamrock): a clearly defined fine line did not de-
velop there until 2000 UTC, about 4 h after frontal
passage at the radar site. Similarly, radar and surface
station data do not reveal a dryline until about 1930
UTC, but this may be due to the remoteness of the
surrounding radars and the paucity of operational
weather stations in the Texas panhandle: mobile meso-
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net and mobile ground-based radars confirm the pres-
ence of a weak dryline boundary from about 1840 UTC,
and the Naval Research Laboratory (NRL) P-3 with
Electra Doppler Radar (ELDORA) manages to track
this dryline from about 1900 UTC (Wakimoto et al.
2006).

A 1906 UTC Mobile GPS/Loran Atmospheric
Sounding System (M-GLASS) sounding on the moist
side of the dryline (not shown) shows a well-mixed
CBL, with a well-defined top around 2.0 km AGL. The
CBL wind is weak, from 160° to 190°, and the wind
veers to �220° just above the CBL, with speeds increas-
ing to 12 m s�1. The sounding does not reach saturation
in the CBL, but UWKA observations at this time indi-
cate several cumulus clouds in the upper �400 m of the
CBL, at 7, 15, and 19 km east of the dryline. Eight
dropsondes were released by a Learjet aircraft around
2030 UTC from 4700 m MSL along an east–west
flight leg located just south of the UWKA flight tracks
(Fig. 5). The CBL in the eastern half of this leg has
mixing ratio (q) values around 12 g kg�1. This layer is
weakly capped at about 1.4 km AGL. The cap has a
potential temperature jump 
� of 1–2 K, a 
q of about
�3 g kg�1, and a winds veering from southeasterly to
southwesterly. This shallow cap becomes better defined
toward the east, where it caps abundant stratocumulus
clouds, according to UWKA forward camera footage.

The low-level moisture gradient and confluence be-

tween sondes 3 and 4 (2032–2035 UTC) suggests the
presence of a dryline at the surface. Dropsonde 3 has a
remarkably deep mixed layer (about 2.6 km deep),
which is drier (8 � q � 9 g kg�1) than that in sonde 4.
Also, the near-surface wind has a westerly component
(Fig. 5). The (q, �) of the air in this CBL is similar to
that in the southwesterly current above the dryline;
thus presumably this is one air mass advected over the
dryline.

A second, stronger stable layer (
� of �3 K) is
present near 2.4 km AGL above this air mass. This cap
extends west of the dryline and is better defined at
sounding 3 than on the moist side of the dryline, be-
cause of surface-driven convective mixing and/or me-
soscale frontogenetical forcing. Near the top of the
deep mixed layer just west of the dryline (sounding 3),
the relative humidity peaks at 91%.

A marked humidity gradient is present farther west,
above the cold-frontal surface between dropsonde 2 (q
� 2 g kg�1) and the Mobile Cross-Chain Loran Atmo-
spheric Sounding System (M-CLASS) sounding (q � 8
g kg�1), between 1.4 and 2.2 km AGL. This boundary
also separates warmer air to the west from �2 K cooler
air to the east and is convergent in the east–west direc-
tion. It is marked as an “elevated dryline” in Fig. 5.
Remotely sensed humidity data from the Lidar Atmo-
spheric Sensing Experiment (LASE) instrument,
aboard an aircraft following exactly the same track as
the dropsonde aircraft, confirm the existence of this
sharp humidity boundary above the cold front
(Wakimoto et al. 2006). The UWKA never traveled far
enough west to sample it. This boundary may be due to
frontogenetical vertical motion, with subsidence to the
NW and uplift to the SE. Because just east of this el-
evated dryline potential instability exists [(d�e/dz) � 0]
and the air is close to saturation, such uplift would lead
to deep convection. In fact �e decreases some 14 K
between 2.5 and 3.5 km AGL in sonde 3 (Fig. 5).

We calculate the convective available potential en-
ergy (CAPE) and convective inhibition (CIN) of the
soundings assuming adiabatic mixing in the lowest 50
mb. The 1906 UTC sounding (east of the dryline) has a
CAPE of 1627 J kg�1 and a CIN of �45 J kg�1. An
M-GLASS sounding was released at 1917 UTC be-
tween the surface cold front and the surface dryline.
This sounding, the last one released before the cold-
frontal passage, only extends up to 340 mb, but it cap-
tures the same deep, dry CBL as sonde 3, with a clear
cap near 2.5 km AGL. Its CIN is �5 J kg�1 and its
CAPE is estimated at 1806 J kg�1. Sonde 3, released in
the same sector some 30 km farther south at 2032 UTC,
has a CIN of �12 J kg�1 and a CAPE estimated at 1983
J kg�1. These estimates assume an upper atmosphere

FIG. 3. Change of temperature gradient (
T/
x) over time dur-
ing 24 May 2002 in the Texas panhandle and western Oklahoma.
Temperatures are obtained from the Oklahoma Mesonet and the
National Weather Service network. Here 
x is computed as the
shortest distance between a station in the cold air and the cold
front. The location of the latter is fine-tuned based on a fine line
observed in the displays of the Amarillo and Vance, TX,
NEXRAD radars and S-band dual-polarization Doppler radar
(S-Pol), although between 1600 and 1800 UTC none of the radars
clearly locates this fine line. The value of 
T is obtained from the
station in the cold air, and the closest station in the warm air.
Mobile mesonet temperatures are not included.
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(above the highest level with data) from the 1906 UTC
full sounding. In short, the triple-point environment
was poised for convective initiation.

Shared Mobile Atmospheric Research and Teaching
Radar (SMART-R) and mobile mesonet data show
that the circulation near the dryline is confluent, and
that the dryline echo strength intensifies between 1900
UTC and the time that it is lifted over the cold front.
During that period the dryline also moved to the east at
about 3 m s�1. The cold front, propagating toward the
southeast at a speed of about 7 m s�1, and the devel-
oping dryline intersect about 25 km west of the
SMART-R located at Shamrock at 2000 UTC (Fig. 6).
Mesonet surface observations confirm the presence of
three air masses near the “triple point”: the postfrontal
cool air mass; the warm, moist air east of the dryline,
advected from the south; and the warmest and driest air
mass, wedged between the cold front and the dryline.
Note the elevated dewpoint values in the postfrontal
air; in fact they are higher than those east of the dryline
(Fig. 6). The high moisture content of the postfrontal

air is confirmed by UWKA measurements (e.g., Fig. 8
of Weckwerth et al. 2004) and is consistent with the
stratus cloud deck, whose edge trailed the cold front by
about 10 km during UWKA observations. The synoptic
flow (Fig. 4) suggests that this moisture is drawn from
the east and is wrapped around by the cyclonic flow.

The triple point was the focus of intensive observa-
tions. ELDORA Doppler wind syntheses indicate that
the triple point was the center of a cyclonic circulation
and rising air currents (Wakimoto et al. 2006). The
UWKA flew multiple legs, 30–50 km long at levels be-
tween 150 and 2440 m AGL, crossing both the surface
dryline and cold front. The cold front protruded under
the dryline, upon which the latter becomes elevated
and smeared out, as shown further by radar data.

Deep convection did not break out at the cold front,
nor did it break out along the triple point as that point
“zipped” southward. Rather, deep convection devel-
oped east of the cold front, and the development zipped
northward. The first towering cumuli developed around
2010 UTC, just east of the SSW–NNE-oriented dryline,

FIG. 4. Synoptic situation at 1800 UTC on 24 May 2002, based on the initial fields of the Eta Model. Shown are the 900-mb equivalent
potential temperature (color field), the 900-mb wind barbs (a full barb equals 5 m s�1), the sea level pressure (thin yellow contours),
and the 300-mb geopotential height (thick red contours).
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FIG. 5. Cross section across the cold front and dryline, based on a series of sondes dropped between 2022 and 2047 UTC along a
west-to-east transect at 35°N, starting near the center of the Texas panhandle. Also included is an M-CLASS sounding released at
2056 UTC. The top transect shows mixing ratio q (g kg�1) and potential temperature � (K), and the bottom one relative humidity

→
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near Childress, about 90 km south of Shamrock (Xue
and Martin 2006). Later the deep convection pro-
gressed northward, with the first towering cumulus
along the final UWKA flight leg at 2113 UTC, some
30 min after the dropsonde data were collected there
(Fig. 5). The echo from this first cumulus was weak
(��5 dBZ), indicating that precipitation-size particles
had not yet formed. The UWKA forward-looking cam-
era indicates that the congestus penetrated well above
the flight level, which was 2.6 km AGL, that is, just
above the second stable layer, with even taller cumuli
just south of the flight track. This indicates that at this
location and time an undiluted parcel rising to 2.5 km
was positively buoyant, or at least penetrated through
what CIN may have remained. By 2130 UTC a solid
line of thunderstorms was present from Childress to the
Texas–Oklahoma border east of Shamrock. This line
was aligned with the dryline, but as it continued to
expand toward the northeast, it became aligned with
the cold front.

4. Finescale aircraft and cloud radar observations

A vertical transect of WCR reflectivity and corre-
sponding in situ measurements across the cold front
and primary dryline is shown in Fig. 7. Note that the
WCR reflectivity values are much lower than those for
a C-band radar (Fig. 6). That is because reflectivity is
inferred from power assuming Rayleigh scattering, yet
the bulk of the W-band scatterers in the CBL are be-
lieved to be in the Mie regime (Geerts and Miao 2005)
where the scattering efficiency oscillates with size. At C
band, a larger fraction of scatterers are in the Rayleigh
regime.

A transect similar to the one in Fig. 7, but about 13
min later, is shown in Fig. 8 of Weckwerth et al. (2004).
In both transects the cold-frontal surface clearly slopes
toward the cold air, while the dryline echo is upright.
Both show a clear discontinuity of � and q at the cold
front. The dryline is marked by sudden moistening (
q
� 2 g kg�1) and some cooling (
� � 1 K). In terms of
buoyancy, the moistening and cooling roughly cancel
each other [
�� � 0 (Fig. 7b)]. In both transects the
dryline echo is weaker than the cold front echo, possi-
bly because the �10 m s�1 surface winds behind the
cold front pick up and mix more insects and nonbiotic

scatterers. The most remarkable difference between
the 1935 UTC transect (Fig. 7) and the 1948 UTC
transect (Fig. 8 of Weckwerth et al. 2004) regards the
depth and shape of the leading edge of the cold-frontal
density current. Clearly the morphology of the density
current head (Fig. 1) changes rapidly. The WCR data
may also witness alongfront variations: laboratory
simulations have demonstrated that the leading edge of
density currents is marked by a series of clefts and lobes
(e.g., Simpson and Britter 1980).

The rapid changes in echo structure are consistent
with the variability of vertical air velocity structure. In
Fig. 7 an updraft of up to 7 m s�1 occurs at the head of
the cold front, and several strong up- and downdrafts
follow behind. Behind the first, shallow head at x � 0
(horizontal axis in Fig. 7), warm, dry air is entrained
from above, down to flight level (360 m AGL). This is
suggested by the q depression and � spike at 1.5 � x �
2 km (Fig. 7a), and the coincident low WCR reflectivity
above flight level. This buoyant parcel (Fig. 7b) is about
to be propelled upward again by the observed updraft.

FIG. 6. SMART-R 0.5° elevation reflectivity (dBZ ) scan, plus
mobile mesonet observations, at 2000 UTC. Also shown are the
UWKA track, nearly intersecting the triple point, with flight-level
winds at 725 mb, and the Learjet track, with the location of some
dropsondes shown in Fig. 5.

←

RH (%) and equivalent potential temperature �e (K). Wind vectors are plotted, with a full barb representing 5 m s�1. The cold front
and the dryline are shown. The moist air below the dryline (solid red line) is weakly capped near 1.4 km AGL, and a second stable layer
is found near 2.4 km AGL (dashed red line). This appears to be the upper limit of an elevated moist layer, whose western limit is quite
apparent above the cold-frontal surface.
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FIG. 7. (a) Mixing ratio and potential temperature, and (b) virtual potential temperature and gust probe vertical velocity, along a flight
track at 360 m AGL across the cold front and dryline, around 1935 UTC, displayed at an aspect ratio (height:length) of 21⁄2:1. This cross
section cuts across the cold front at an angle of about 35° from the cold-front normal direction. (c), (d) Corresponding WCR vertical
velocity and reflectivity above flight level.
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It is not clear whether the strong postfrontal echo at
2 � x � 4 km in Fig. 7d, up to 1.5 km AGL, contains
cold air, in other words whether the head tops at 1.5 km
AGL. A flight leg at about 1200 m AGL crosses the
cold front at 2025 UTC and encounters two brief surges
of cooler, moister air, coincident with WCR plumes up
to flight level, but 
� � 1 K, suggesting that this plume
has been much diluted. Another flight leg at this level,
crossing the cold front at 2054 UTC, does not intercept
the cold-frontal surface at all. Other WCR reflectivity
transects and photography from aboard the UWKA in-
dicate that the deep cold-frontal plume shown in Fig. 7
is rather rare. The head of the cold front was not deep
enough to saturate the air and yield a cloud. Several
downward intrusions of ambient air can be seen in the
reflectivity transect behind the cold front, and the high
variability of � behind the cold front is an indication of
intense mixing between the two different air masses.

The intense mixing behind the cold-frontal head is
apparent also in a transect around 2028 UTC (Fig. 8),
after the cold front has penetrated under the dryline
(the one shown at x � �12 km in Fig. 7). A �700 m
wide updraft peaking at 9 m s�1 is found at the cold-
frontal head. This broad updraft is strongest near the
top of the strongest echoes (700–800 m AGL according
to Fig. 8d), but it extends to the top of the mixed layer

near 2.0 km AGL; that is, it is much deeper than the
cold-frontal surface. The updraft peak is trailed by a 5
m s�1 downdraft. The curling of the reflectivity in the
direction of the wind shear across the cold-frontal sur-
face is indicative of large, breaking Kelvin–Helmholtz
(KH) waves.

One of the KH billows, at x � 2.6 km, brings drier,
warmer air down to flight level, merely 170 m AGL
(Fig. 8). Downward curls of low reflectivity tend to cor-
respond with downdrafts. The amplitude of the KH
billows and the strength of the updraft/downdrafts near
the cold-frontal surface quickly dampen toward the
rear. The sloping echo bands above the cold front in
Fig. 8d may be detrained echo-rich cool air, or else they
may be sheared-out remnants of plumes in the prefron-
tal CBL. The trailing narrow strip of higher reflectivity
around 600–700 m AGL (x � 8 km in Fig. 8) is at least
partially due to cloud droplets: stratus clouds were
present starting at about x � 8 km. Video from a for-
ward-facing camera on the UWKA shows a series of
low-amplitude cloud bands aligned with the front, pre-
sumably due to gravity waves on the cold-frontal sur-
face. The bands merge into a continuous stratus deck
farther rearward. WCR reflectivity transects such as
that in Fig. 8 indicate that the depth of the trailing body
of the density current (h in Fig. 1) is about 800 m. This

FIG. 8. (a) Mixing ratio and potential temperature, and (b) wind speed and direction along a flight track at 170 m AGL across the
cold front, around 2029 UTC. (c), (d) The corresponding WCR vertical velocity and reflectivity fields above flight level. The aspect ratio
of the cross sections is exactly 1:1. The angle between this cross section and the cold-front normal direction is less than 20°.
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agrees with lidar backscatter observations (Wakimoto
et al. 2006), and a high-resolution numerical simulation
(Xue and Martin 2006).

We now compare some of the observed density cur-
rent characteristics to theory. Kelvin–Helmholtz insta-
bility occurs when the Richardson number Ri is less
than 0.25 (Britter and Simpson 1978; Mueller and Car-
bone 1987). The Ri is the ratio of the stability (N2) to
the shear between two fluids; in other words it com-
pares the potential energy needed to overturn two lay-
ers, to the kinetic energy available for it (Holton 2004,
p. 283). The Ri for an interfacial layer is

Ri �
N2

|�v|2
, 
2�

where is v the wind vector. Because Ri involves gradi-
ents, it is very scale-dependent. Near-surface flight-
level data [Figs. 7 and 8, as well as Fig. 8 in Weckwerth
et al. (2004)] suggest that the horizontal temperature
gradient (
�/
x) at the cold front is about 3 K over a
distance of 100 m along the flight track. If we assume
that this gradient is tilted into the vertical, then N2 ≅
10�3 s�2. An M-GLASS sounding was released about 2
min after the passage of the cold front, at 2006 UTC.
The cold-frontal surface is encountered at about 800 m
AGL. Potential temperature and the horizontal wind
normal to the cold front are filtered to a height incre-
ment of 100 m. Under these conditions, we obtain a
maximum stability (
�/
z) of 3.6 K (100 m)�1 at 800 m
AGL, that is, about the same gradient as in the hori-
zontal direction across the front. At the same level and
over the same depth, the front-normal shear |�v| is 0.12
s�1. Thus the minimum Ri is 0.08; that is, the density
interface at 800 m AGL is unstable to KH overturning.

The wavelength L of KH billows depends on the
depth of the mixed layer h and also on Ri. For Ri � 0.1,
the ratio h/L � 0.4 (Thorpe 1973). Assuming a post-
frontal mixed-layer depth h of 800 m, the wavelength L
should be about 2 km. Figure 8d, and flow field analyses
presented in section 5 below, indicate that the wave-
length is quite irregular, starting at about 1 km and
increasing rearward of the head. Most theoretical and
laboratory work on KH billows has focused on linear
wave development along a horizontal, sheared density
interface, not along the leading edge of a density cur-
rent. The irregularity of the KH wavelength is consis-
tent with the variable structure of the head and the
nonlinear behavior of high-amplitude breaking waves.

The intense mixing can only be sustained by contin-
ued front-relative rear-to-front inflow of cool air. The
frontal passage is associated with a veering of the wind
from southwesterly to northwesterly (Fig. 8), with wind

speeds at 170 m between 10 and 13 m s�1, clearly ex-
ceeding the speed of the cold front (7 m s�1). Such
front-to-rear current is characteristic of a density cur-
rent (Simpson 1987), and laboratory experiments sug-
gest that it is 40%–50% stronger than the density cur-
rent speed (Simpson and Britter 1980; Goff 1976), that
is, about 9.8–10.5 m s�1 in our case, in a fixed reference
frame.

Finally, we compare the observed speed of the cold
front to the density current speed Udc as inferred from
theory and laboratory experiments (Simpson 1987):

Udc � Fr�gh
���

��

� 0.62U. 
3�

Here Fr is the Froude number of the prefrontal air, 
��

the difference in virtual potential temperature across
the density current, and U the prefrontal flow, normal
to the density current. In our case, 
�� � 4K [Figs. 7
and 8, and Fig. 8 in Weckwerth et al. (2004)], and U �
�4 m s�1 (Fig. 9). Thus to yield Udc � 7 m s�1, Fr
should be about 0.9, which compares well to the values
of Fr used in the literature (e.g., Wakimoto 1982; Smith
and Reeder 1988).

5. Vertical kinematic structure of the cold front

Four sections of VPDD-derived air motion across the
cold front are presented. Two of them are from a low
flight level (about 1200 m AGL) and two from a higher
altitude (about 2300 m AGL). The former ones clip off
parts of the circulation above the density current, but
they tend to be more accurate due to the shorter radar
range (section 2). The vectors will be shown in a front-
relative frame of reference. Also shown are select
streamlines and the “horizontal” vorticity field, that is,
the component of the vorticity vector normal to the
WCR transect. More details on the derivation of the
velocity fields are given in appendix B.

The cold front is merely 1.5 km northwest of the
primary dryline (Fig. 6) in the cross section shown in
Fig. 10. The peak reflectivity values are unusually high
(�5 dBZ) near the ground, possibly due to debris and
dust that could be seen blowing over some bare fields
from the air. The tilt of the warm current rising over the
density current, and that of the echo plume associated
with it, is close to 45°. Just behind the deep slanted
updraft is a pronounced downdraft. At flight level q is
some 2 g kg�1 higher above the head (x � 2200 m), and
� some 4 K lower. Also, the maximum q and minimum
� are about the same values as those encountered at low
levels in the prefrontal dry-side CBL. This suggests that
air from the prefrontal CBL below is lifted to a height
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