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ABSTRACT

Data from the Convection and Precipitation/Electrification (CaPE) Experiment conducted during the surnmer
of 1991 are used to examine and quantify the horizontal variability of temperature and moisture within the
convective boundary layer (CBL ). Potential temperature variations were only about 0.5 K, while variations in
water vapor mixing ratio values of 1.5-2.5 g kg ™' were observed throughout the CBL. Using radar, aircraft,
and sounding data, it is shown that horizontal convective rolls are the likely cause of these variabilities. The
enhanced moisture occurred within the roll updraft regions, thus rolls were transporting moist air from the surface
upward. The observed cloud-base heights, obtained from cloud photogrammetry, were produced from the highest
moisture values within the roll updraft regions. Since the roll ascending branches contained moisture values that
were most representative of the observed cloud-base heights, it is likely that measurements from within the roll
updrafts would provide the best estimate of the potential for deep, moist convection.

1. Introduction

Horizontal convective rolls are counterrotating hor-
izontal vortices that have been predicted with theory
(e.g., Asai 1970, 1972; Kuettner 1971; Brown 1980),
studied in the laboratory (e.g., Krishnamurti 1975;
Faller 1965; Deardorff et al. 1980), simulated with nu-
merical models (e.g., Sun 1978; Sykes and Henn 1989;
Moeng and Sullivan 1994) and observed within the
CBL (e.g., Malkus and Riehl 1964; LeMone 1973;
Kelly 1982, 1984). They commonly occur over uni-
form terrain when there is a moderate surface heat flux
and when some minimum wind speed or vertical wind
shear value is achieved (e.g., Woodcock 1942; Kropfli
and Kohn 1978; Grossman 1982). Previous observa-
tional studies have shown that the ascending and de-
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scending branches of rolls provide an efficient means
of vertically transporting heat and moisture across the
CBL (e.g., LeMone 1973, 1976; LeMone and Pennell
1976; Briimmer 1985; Chou and Ferguson 1991; Crook
1991; Kristovich 1991). They showed that throughout
the lowest 70%—-80% of the CBL, the ascending
branches of the rolls carry upward the warm, moist air
that originated at the surface. Within the top portion of
the CBL and within the capping inversion, the descend-
ing branches of the rolls tend to carry downward the
warm, dry air originating within the inversion.

The vertical transport within the roll updraft and
downdraft regions has been shown to cause varying
magnitudes of horizontal variability of heat and mois-
ture. LeMone and Pennell (1976) examined clear-air
rolls within 100 m beneath cloud base. They noted that
the temperature decreased approximately 0.1 K and the
vapor density increased 0.5 g m~* within the roll up-
draft regions. In another study of clear-air rolls, Rein-
king et al. (1981) observed increases of 0.5 K in po-
tential temperature and decreases of 3.5 g m™ in vapor
density within the roll downdraft regions at 0.67z;,
where z; is the height of the inversion base. Atlas et al.
(1986) examined data at two flight levels taken across
rolls that existed during a cold-air outbreak event. At
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0.26z; they found that the updrafts were 0.5 K warmer
and 0.5 g m ™ more moist than the surrounding air. At

the base of the inversion, however, the variability was.

larger wherein the downdrafts were 3 K warmer and
0.8 g m~? drier. All of these studies resulted in similar
findings, even though they had aircraft data from only
one or two heights. Kristovich (1991) was able to ex-
amine the variability at several heights within rolls that
occurred during a lake-effect snowstorm. The variabil-
ity within these rolls, however, was much less than in
previous studies. He found that throughout approxi-
mately 80% of the CBL, the roll updrafts were gener-
ally 0.15 K warmer and 0.08 g m™> more moist. The
lack of large variability with the lake-effect snowstorm
rolls may have been due to the relatively higher envi-
ronmental shear, which likely caused enhanced mixing
of the CBL. Another explanation may be due to the
increased mixing caused by the relatively deeper con-
vection associated with the lake-effect snowstorms.

Thermodynamic variability due to rolls was also
shown to occur with numerical model simulations (e.g.,
Crook 1991; Moeng and Sullivan 1994). A modeling
forecast application of this variability was performed
by Crook (1991). During a field project in Colorado
he used the Clark (1977) numerical cloud model to
predict thunderstorm formation. The simulation was
initialized with a local sounding and it produced a null
forecast. One-half hour later, however, the radar data
indicated that thunderstorms formed. Upon closer ex-
amination of the day, Crook (1991) noted that rolls
existed at the time of the sounding launch. He sus-
pected that the sounding was launched in a relatively

~dry portion of the rolls and noted that by increasing the

dewpoint temperature by 1-2 K it would change his
model forecast from null to the prediction of 50-dBZ
storms. '

Similar variability in CBL horizontal moisture and
temperature measurements has been observed with
frontal zones (e.g., Palmén and Newton 1977) and sta-
tionary boundaries (e.g., Wilson et al. 1992). This
study, however, focuses on the variability and fore-
casting issues due to the special case of horizontal con-
vective rolls. These analyses are unique in that they
combine aircraft, sounding and radar data to examine
the detailed thermal and moisture variability through-
out the CBL during clear-air roll occurrences. In ad-
dition, cloud photogrammetry provides for a direct
measurement of the cloud-base heights produced by the
roll updraft regions. This paper will focus on the hor-
izontal moisture variations on three days by 1) provid-
ing evidence that the observed variations are caused by
rolls at several levels throughout the entire CBL, as
well as quantifying those variations, and 2) describing
the effect of the variability upon the estimate of the
potential for deep, moist convection.

A discussion of the observational platforms used in
these analyses is provided in section 2. Evidence of the
existence of rolls is presented in section 3. Utilizing
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sounding and aircraft data, section 4 shows that the
rolls caused horizontal thermodynamic variability
throughout the entire CBL. Section 5 examines the ef-
fects of the variability on the estimates of the potential
for deep, moist convection. A summary and conclu-
sions are presented in section 6.

2. Observational platforms

Wakimoto and Atkins (1994) provided a discussion
of the observational platforms used for these analyses,
as well as a base map of the CaPE project area (see
their Fig. 1). Of primary importance in this paper are
the National Center for Atmospheric Research’s
(NCAR) CP3 and CP4 Doppler radars, CLASS
(Cross-chain Loran Atmospheric Sounding System)
soundings, PAM II (Portable Automated Mesonet 1)
surface stations, cloud photographs, and the NCAR
King Air and the University of Wyoming (UW) King
Air research aircraft.

The radar data were edited to remove ground clutter
and second-trip echoes with the Research Data Support
System (RDsS) software package (Oye and Carbone
1981). Comparisons between radar and aircraft data
were made after interpolating the radar data onto a Car-
tesian grid using a grid spacing of 250 m with the
Cressman (1959) interpolation scheme. The interpo-
lated data were displayed with the CEDRIC [custom ed-
iting and display of reduced information in Cartesian
space; Mohr and Miller (1983)] software package.

The aircraft data required significant corrections.
The NCAR King Air often exhibited an inaccurate po-
sition reading of as much as 5 km due to INS (Inertial
Navigation System) errors. Therefore, the backscatter
from the aircraft detected by the CP3 and CP4 radars
was used to determine the location of the aircraft. The
horizontal position absolute accuracy using this tech-
nique- was approximately 300 m. The UW King Air
data had previously been corrected for INS position
errors and for errors caused by the Schuler oscillation
with the procedure described in Rodi et al. (1991). The
backscatter return detected by the radars always con-
firmed the UW King Air’s recorded horizontal position.
The vertical positions of both aircraft were obtained by
converting the measured static pressure field to altitude
using a nearby sounding. The resulting absolute accu-
racy of the aircraft altitude was about 100 m. The mois-
ture, measured by a frost-point hygrometer, and vertical
velocity data from the UW King Air were corrected for
known biases obtained from intercomparison flights
with the NCAR King Air and tower flybys during CaPE
in a manner described by Fankhauser et al. (1985).
This correction required a subtraction of 0.95 g kg™
and 0.3 m s~ for the respective UW King Air mixing
ratio and vertical velocity measurements. After all cor-
rections were made, the expected absolute accuracies
(precisions) of the aircraft mixing ratio and potential
temperatures used in these analyses were 0.4 g kg ™!
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(0.04 g kg ") and 0.4 K (0.04 K), respectively [quoted
by the Research Aviation Facility (RAF) of NCAR in
Kessinger (1988)]. All of the corrections, as well as
objective analyses procedures, were performed with the
ACANAL (aircraft data processing and objective analysis
of aircraft tracks) software package (Fankhauser et al.
1985).

Corrections for the response time of the temperature
and moisture sensors of the CLASS soundings in the
CBL were also made. Throughout the lowest 1 km of
the sonde’s ascent it is suspected that the temperature
sensor was reading a value too high due to solar heating
and lack of ventilation before launch. This produced a
relative humidity reading that was too low. Therefore,
a correction was made to adjust for the thermal lag of
the sensor (Miller and Riddle 1994). This correction
is discussed further in the appendix. The absolute ac-
curacies (precisions) of the measurements within the
CBL were approximately 1.5 g kg ™' (0.4 gkg™') and
0.5 K (0.2 K) for mixing ratio and potential tempera-
ture, respectively (Mueller et al. 1993; Martner et al.
1993).

PAM 11 surface station data were utilized for the sur-
face measurements. The temperature and moisture
measurements were obtained at 2 m AGL, while the
winds were measured at 10 m AGL.

The heights of cloud bases and tops in photographs
taken from the CP3 radar site were determined from
photogrammetric techniques (e.g., Holle 1986; Kings-
mill and Wakimoto 1991). An azimuth—elevation grid
was placed upon the photographs and the range to each
cloud was obtained from the CP3 radar. The resulting
cloud-base heights are estimated to be accurate to
within 50 m.

3. Evidence of rolls

This section will describe the large-scale conditions
on the three days to be examined in detail. It will also
show that the dominant form of boundary layer con-
vection was rolls. Cloud streets, which are readily ap-
parent in the satellite imagery, are known to be asso-
ciated with horizontal convective roll motions within
the CBL (e.g., LeMone and Pennell 1976). The linear
patterns of the radar reflectivity field are also used to
confirm the existence of rolls (e.g., Christian and Waki-
moto 1989).

a. Satellite data

The visible satellite imagery at 1700 UTC (hereafter
all times will be UTC; UTC = EDT + 4 h) on 17
August 1991 is shown in Fig. 1a. Tropical Storm Bob
was east of Florida and the storm’s rainbands were
never closer than 50 km from the CaPE region (shown
by an arrow in Fig. la). The tropical storm induced
subsidence over the Florida peninsula likely inhibiting
the growth of deep convection. In addition, it created
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the northwesterly flow regime apparent from the PAM
wind directions and the cloud street orientation. The
correspondence between surface wind direction and
cloud street orientation is consistent with observations
by Malkus and Riehl (1964). Other than determining
the orientation of the roll axes, it is believed that the
tropical storm did not affect the CBL motions. Note the
somewhat discrete nature of the small cumulus clouds
along the cloud streets, a feature termed ‘‘pearls on a
string’’ by Kuettner (1959).

At 1700 on 2 August 1991 the center of the Bermuda
high was located southeast of Florida thereby causing
a turning of the winds over the peninsula. Note that in
the southern portion of Fig. 1b, the cloud streets were
aligned more nearly north—south, as compared with the
cloud streets over the CaPE network that were oriented
northeast—southwest. Once again these orientations
were roughly parallel to the surface wind directions.

On 10 August the center of the Bermuda high was
located south of Florida, which created the westerly
flow shown by the surface stations and the east—west
cloud streets over eastern Florida (Fig. Ic). At 1700
deep convection initiated by Florida’s west coast sea-
breeze front was occurring over the western portion of
the peninsula.

b. Radar data

The radar reflectivity and Doppler velocity from CP3
radar (see Fig. 1 for location) at 1715 on 17 August
are shown in Fig. 2. Note that the northwest—southeast
linear patterns in radar reflectivity (i.e., alternating yel-
low and green bands) correspond to the orientation of
the cloud streets (Fig. 1a). The linear radar reflectivity
enhancements, or fine lines, indicate the roll updraft
regions (Christian and Wakimoto 1989) due to a con-
centration of insects into the low-level convergence
zones as they resisted ascent into colder surroundings
(Achtemeier 1991; Wilson et al. 1994). The Doppler
velocity field shows that the mean wind direction was
northwesterly (Fig. 2b), the same as the fine-line ori-
entation. There is also a suggestion of alternating bands
of confluence and diffluence caused by the roll circu-
lations (Kelly 1982). Although not well-defined, the
alternating pattern of yellow and green is most apparent
near the zero velocity regions (i.e., along the 240° az-
imuth).

At 1645 on 2 August an RHI (range—height indi-
cator) scan nearly perpendicular to the roll axes shows
the low-level enhancements of radar reflectivity every
2—4 km likely due to the roll updrafts (Fig. 3a). Small
cumulus clouds occurred atop many of the low-level
reflectivity enhancements. The relatively low reflectiv-
ity values near the surface were caused by intervening
trees blocking the radar beam. The black arrows indi-
cate the low-level convergence zones corresponding
with many of the reflectivity maxima (Fig. 3b). Cloud-
top divergence was also evident in a few cases, partic-
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1700 UTC

10 August 1991
1700 UTC

ularly the clouds at 23 and 39 km. Figure 3 shows that
the clouds atop the CBL were generally associated with
‘the roll updraft regions. Similar findings were obtained
by LeMone and Pennell (1976) and Christian and
Wakimoto (1989). There are some cases in which this
was not true. For example, the cloud at 23 km appears
to be displaced to the right from the CBL reflectivity
maximum simply because this RHI did not pass
through the cloud center that was likely directly atop
the low-level reflectivity maximum. The cloud at 34
km was not directly above the CBL reflectivity maxi-
mum since it was dissipating.

The CP3 interpolated reflectivity field at 1643 on 17
August within the box of Fig. 1a is shown in Fig. 4a.
Just as in Figs. la and 2a, the roll updraft regions were
fairly well defined and linear. Two mobile CLASS
soundings were launched to examine the rolls: one at
1642 (hereby called M1642) and one at 1700
(M1700). The launch positions were shown in Fig. 1a,
as well as in Fig. 4a, along with the balloon ascent

FiG. 1. Visible satellite images at (a) 1700 UTC 17 August,
(b) 1700 UTC 2 August, and (c) 1700 UTC 10 August. Se-
lected PAM II data are shown with temperature (°C) and dew-
point temperature (°C). One-half wind barb is 2.5 m s~ and
one full barb is 5 m s™!. The location of CP3 is shown for
reference, as well as boxes depicting the regions in which the
radar data are displayed in Fig. 4. Also indicated are the
sounding launch locations: (a) Mobile CLASS, M1642, and
M1700, to be displayed in Fig. 5; (b) Deer Park (DPK), to be
shown in Fig. 8a; and (c) Tico (TCO), to be shown in Fig. 8b.

tracks of the lowest 2 km. The ascent track of M1700
was adjusted for roll motion since it was launched 18
min after the time of the radar display shown. The as-
cent track of M1642 coincided with a fine line as it
propagated along the mean CBL wind direction, which
is suggestive that it ascended through a roll updraft
region.

At 1650 on 2 August the roll axes were northeast—
southwest (Fig. 4b), just as shown by the cloud-
street orientation within the box of Fig. 1b. The cor-
responding sounding was launched from the Deer
Park (DPK) site at 1650 and its ascent track
throughout the lowest 2 km is indicated. Note that
the sounding was launched nearby but not within a
reflectivity enhancement, suggesting that it was not
released into the updraft portion of a roll. The UW
King Air cross-roll flight track is shown. The NCAR
King Air was flying directly above the UW King
Air. The dots and letters along the flight track in-
dicate points at which the aircraft crossed fine lines
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FiG. 2. CP3 surveillance scan from 3° at 1715 UTC 17 August showing (a) reflectivity (dBZ,) and (b) Doppler velocity
(m s™"). Corresponding scales are beneath each panel. Range rings are every 5 km and azimuth lines are every 30°.

likely caused by roll updrafts. These locations will At 1700 on 10 August the rolls were not well defined
be useful when examining the time series of aircraft but there was a definite east—west linearity to the con-
data in section 4b. vective motions (Fig. 4c) within the box of Fig. lc.

Fic. 3. CP3 RHI scan nearly perpendicular to the roll axes at 1645 UTC 2 August showing (a) reflectivity (dBZ,) and (b) Doppler
velocity (m s™'). Arrows mark the locations of low-level convergence due to the roll updraft regions. Corresponding scales are beneath
each panel. Tick marks are every 2 km.
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FiG. 4. CP3 radar reflectivity field (dBZ,) at (a) 1643 UTC 17 August with northwest—southeast fine lines, (b) 1650 UTC 2 August with
northeast—southwest fine lines, and (¢) 1700 UTC 10 August with east—west fine lines. Reﬂectivity values greater than 4 dBZ, are lightly
shaded and those greater than 8 dBZ, are darkly shaded. The 0-dBZ, contour is also included in (c). The regions displayed are shown by the
boxes in Fig. 1. Several PAM II station data points are plotted on each panel, as in Fig. 1. The sounding ascent trajectories, adjusted for roll
motion, are indicated. The length of each trajectory is 2 km vertical distance. In (b) and (c) the UW King Air flight tracks are also shown.
Letters indicate locations at which the aircraft crossed radar reflectivity maxima and will be used in Fig. 6. The 10 m s™' lines indicate the

scales of the aircraft-measured winds.

The sounding, released from Tico Airport (TCO), was
likely launched between the updraft and downdraft por-
tions of the rolls. The aircraft actually flew directly over
the sounding site in the cross-roll direction. Just as on
2 August, they were flying in a stacked formation.
The respective roll wavelengths, measured from
both the cloud streets and radar reflectivity enhance-
ments, on 17, 2, and 10 August were approximately

3, 3, and 5 km. The corresponding CBL depths were
1.0, 1.2, and 1.1 km, thereby producing roll aspect
ratios of 3.0, 2.5, and 4.6. These values were within
the range of previous roll observations (e.g., Kuett-
ner 1971; LeMone 1973; Weston 1980; Atlas et al.
1983).

The existence of rolls at 1700 on all three days was
apparent from 1) the occurrences of cloud streets, 2)
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the relatively linear orientations of the fine lines of re-
flectivity along the wind direction, and 3) the aspect
ratios which compared well with previous research on
rolls. The effect that these rolls had on the horizontal
thermal and moisture fields will be examined presently.

4. Thermodynamic variability due to rolls
a. Sounding data

The two soundings launched on 17 August are com-
pared in Fig. 5. The schematic diagram in the center of
the figure depicts a vertical cross section of the relative
locations of the launches within the roll circulations.
M1642, which was likely launched into a roll updraft,
is shown by the white balloon and thick lines on the
sounding while M1700, launched between an updraft
and downdraft of rolls, is shown by the black balloon
and relatively thin lines. The ascent rate for both bal-
loons is shown on the left of Fig. 5. Within the CBL,
M1642 ascended at 7-9 m s ~!, while M1700 ascended
atonly 4-6 m s, providing evidence that M1642 was
launched into a roll updraft region. The ascent rate of
M1642 increased to about 10 m s ' between 1.5 and 2
km. This was likely caused by the sonde experiencing
an increased updraft during a cloud penetration. Above
2 km, the ascent rates were fairly uniform.

There was not much variation between the two
soundings in the temperature profile; potential temper-
ature was well mixed throughout the CBL. This is con-
sistent with the small potential temperature variabilities
shown in previous studies during roll occurrences. The
horizontal wind speeds were also comparable for both
soundings.
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The primary difference between the two soundings
within the CBL was the moisture profile. M1642 mea-
sured approximately 1.5 g kg~' more moisture than
M1700 throughout the entire depth of the CBL. The
thermodynamics of M1642 support the suggestion of
the ascent rate that the sonde penetrated a cloud at 1.5
km AGL. The temperature increased and the air was
nearly saturated, therefore a cloud is shown schemati-
cally within the 500-m layer. When M1642 exited the
cloudy region, the temperature sensor was likely wet
and, as a result of evaporation from the sensor, mea-
sured a value colder than actual, thereby recording a
false superadiabatic lapse rate. The fact that M1642
went through a cloud is more evidence that the sound-
ing was launched into a roll updraft since it has been
shown that the clouds occur atop roll updraft regions
(Fig. 3a). The moisture difference above the CBL was
also observed with aircraft data on several other days
(not shown). This may be a result of internal gravity
waves (i.e., convection waves) aloft (e.g., Kuettner et
al. 1987). It seems as if the enhanced moisture vari-
ability in this example was due to the roll updraft
regions. In order to examine the variability with more
detail, aircraft data is necessary. It was not available on
17 August, but 2 and 10 August both had several flight
tracks within and atop the CBL. These aircraft data will
be used to further explore the possibility that the CBL
moisture variability was caused by rolls throughout the
depth of the CBL, as well as to quantify that variability.

b. Aircraft data

Figure 6 shows in situ aircraft data and CP3 radar
reflectivity. On 2 August the NCAR King Air was fly-

17 August 1991 > .
Mobile - %t

-3 — Q ‘f',\ .
km nene 1642 UTC e
AGL EAN
-2
-1

Ascent
Lo Rate 1 __1L 1 i 1

(m s-1)4 5 6 7 8

FiG. 5. Mobile CLASS sounding comparisons taken on 17 August within the roll updraft region
(1642 UTC called M1642 in the text; thick lines) and between a roll updraft and downdraft (1700
UTC called M1700 in the text; thin lines). These balloon launch locations are shown schemati-
cally in the center relative to the boundary layer roll circulations. See Fig. 4 for exact launch
locations relative to radar reflectivity field. Schematic cloud indicates cloud penetration by
M1642. The ascent rates (m s~') for each sonde are shown on the left. Horizontal wind speeds
are shown on the right (full barb—35 m s™'; half barb—2.5 m s7).
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2 August 1991
NCAR KA @ 0.52z;
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10 August 1991
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FIG. 6. Interpolated CP3 radar reflectivity (dBZ,; gray line) and time series of aircraft-measured vertical velocity (m s™'; thin solid line),
potential temperature (K; thick solid line), and mixing ratio (g kg™'; dashed line). Data from the (a) NCAR King Air at 0.52z;, (b) UW King
Air at 0.15z; on 2 August, (¢) UW King Air at 1.15z;, and (d) NCAR King Air at 0.57z; on 10 August are shown. Flight tracks for 2 and 10
August are shown in Figs. 4b and 4c, respectively. Letters correspond with locations of reflectivity maxima along the flight tracks of Fig. 4.

Schematic clouds in (c) indicate times of cloud penetrations.

ing at 0.52z; (624 m AGL) between 1650:00 and
1654:50 (Fig. 6a), while the UW King Air was flying
beneath it at 0.15z; (177 m AGL) between 1650:25 and
1655:00 (Fig. 6b). The top panel is the CP3 radar re-
flectivity along the track near the flight level. These
data are plotted every 250 m (every 2.8 s along the
flight track ) and are terminated at the edge of the radar
scan. The three lower panels show the 1-s aircraft-mea-
sured parameters. The same information is displayed
for the UW King Air at 1.15z; (1269 m AGL) between
1701:30 and 1706:40 (Fig. 6c) and the NCAR King
Air at 0.57z; (629 m AGL) between 1702:50 and
1706:40 on 10 August (Fig. 6d). The vertical lines with
letter labels on the bottom correspond to the times at
which the aircraft crossed the radar reflectivity maxima
of Figs. 4b and 4c, which were likely representative of
roll updraft regions.

In general, there was good agreement between the
largest-amplitude (1-3 m s '), low-frequency (wave-
lengths of 2—5 km) updrafts and the enhanced radar

reflectivity, indicating that the roll updrafts were ex-
hibited as enhanced lines of radar reflectivity ( Christian
and Wakimoto 1989; Wilson et al. 1994). The excep-
tions were primarily found at 0.15z; (Fig. 6b) where .
there were many small, high-frequency updrafts and
downdrafts. This is consistent with results of LeMone
(1976), who showed that turbulent eddies near the sur-
face may be forced into more organized roll motions
at higher levels. High-frequency fluctuations of vertical
motion with magnitudes of about 0.5 m s™! occurred
on scales of less than 1 km at all levels and were likely
due to turbulent eddies.

There was a tendency for the potential temperature
and vertical velocity fields to be in phase near the sur-
face (Fig. 6b), providing evidence that the rolls were
a form of thermal convection (e.g., Kristovich 1991).
Within the stable layer, however, there was a sugges-
tion of an inverse relationship between updrafts and
potential temperature maxima (Fig. 6¢) such that the
updrafts were forcing upward the relatively cool CBL
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FiG. 7. Histograms of mixing ratio (g kg™'; left columns for each day) and potential temperature (K; right columns for each day)
measured by (a), (b) NCAR KA at 0.52z; and (c), (d) UW KA at 0.15z; on 2 August and (e), (f) UW KA at 1.15z; and (g), (h) NCAR KA
at 0.57z; on 10 August. Aircraft means are shown by dots beneath each panel and one standard deviation is indicated by the solid lines.
The range of data for mixing ratios is shown by dashed lines. Sounding symbols indicate 200-m sounding mean centered at the aircraft
altitude. The cloud symbols indicate the value of each parameter necessary to create photogrammetric cloud base shown in Fig. 8. The
cloud symbols are not shown for (¢) and (f) since that flight leg was above cloud base.

air and the downdrafts were forcing downward the rel-
atively warm stable-layer air. These results are similar
to those of previous studies (e.g., LeMone 1973). The
largest variations occurred nearest the surface (Fig. 6b)
and within the stable layer (Fig. 6¢), while the middle
of the CBL was generally well mixed (Figs. 6a and
6d). Similar to that observed in the vertical velocity
field, there were high-frequency (wavelength of less
than 1 km), low-amplitude (~0.2 K) fluctuations
in potential temperature likely caused by turbulent
mixing.

The highest mixing ratios generally corresponded
with the roll updrafts at all flight levels, suggesting that
the rolls were transporting high surface moisture values
upward and low stable-layer moisture values down-
ward (e.g., LeMone 1973; Kristovich 1991). The larg-
est amplitude CBL variations (~2 g kg ™') occurred on
scales of 2—5 km and were therefore likely caused by
roll motions. The turbulent mixing of moisture, which
caused variations of less than 0.5 g kg ™', was evident
at all levels but was most pronounced near the surface
(Fig. 6b).

The flight track within the stable layer actually
penetrated clouds (Fig. 6¢). This was observed on

both the in-flight video and the cloud liquid water
field measured by the UW King Air. The times of
the primary cloud penetrations, as determined from
the cloud liquid water field (not shown), are indi-
cated as schematically drawn clouds. The cloud
penetrations corresponded with the maximum up-
drafts, moisture, and radar reflectivity, as well as
relatively low potential temperatures. Beneath the
clouds within the CBL (Fig. 6d) maxima were ob-
served in reflectivity, vertical velocity, and mixing
ratio. The higher-frequency variations of the poten-
tial temperature signal of Fig. 6d was likely due to
turbulence.

The magnitude and frequency of the variability is
more clearly seen with histograms. Figure 7 shows the
distribution of the mixing ratio and potential tempera-
ture fields of the data shown in Fig. 6. For each day the
left panels show the mixing ratio (Figs. 7a, 7c, 7e, and
7g), while the right panels (Figs. 7b, 7d, 7f, and 7h)
show the potential temperature frequencies during the
flight tracks. The scales for the horizontal axes are the
same for all panels but the ranges are different for the
stable-layer panels (Figs. 7e and 7f) since this flight
experienced much warmer and drier conditions. Plotted
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beneath each figure are the mean and standard devia-
tion for the variable during the flight leg shown by the
dot and solid line, respectively. The extended dashed
lines on the mixing ratio panels signify the ranges of
measurements observed. There had to be at least two
occurrences of a measurement before it was included
in this range. The sounding symbol shows the sound-
ing’s 200-m average value of that variable centered at
the aircraft flight level. The cloud symbols will be de-
scribed later.

The potential temperature within the CBL exhibited
only about 0.5-K variability (Figs. 7b, 7d, and 7h).
This is consistent with the difference in sounding po-
tential temperature values when comparing a sounding
launched within a roll updraft to one launched between
an updraft and downdraft portion of rolls (Fig. 5), as
well as with previous studies. The variability within the
stable layer (Fig. 7f) was greater (~1 K).

The mixing ratio variations of 2.0-2.5 g kg™' due
to rolls, as compared with less than 0.5 g kg™ due to
turbulence (see Fig. 6), occurred at all flight levels
within the CBL (Figs. 7a, 7c, and 7g). This magnitude
is similar to that shown in the sounding comparison on
17 August (i.e., 1.5 g kg~'; Fig. 5). Thus, with clear-
air roll occurrences, moisture variabilities of 1.5-2.5
g kg ™! generally occurred throughout the CBL. Within
the stable layer (Fig. 7e) the variability was even
larger: 4.5 g kg™'. The larger-amplitude perturbations
of both potential temperature and mixing ratio within
the stable layer were likely caused by entrainment be-
tween the relatively cool, moist CBL air and the rela-
tively warm, dry stable-layer air.

Some skepticism may be induced sin¢e the magni-
tude of the moisture variations are of the same order as
the absolute accuracy of the sounding measurements.
This can be addressed with a comparison between the
aircraft and sounding measurements shown in Fig. 7.
For all four of the moisture panels shown in Fig. 7, the
sounding values were within 1.4 standard deviations of
the aircraft means, providing confidence for both mea-
surements. The soundings often measured mixing ratio
values of about 0.5 g kg ~' less than the aircraft means.
This difference, however, is significantly less than the
observed CBL moisture variability. In addition, both
the aircraft and the soundings measured similar mag-
nitudes of the variabilities.

It is not surprising that the thermodynamic variabil-
ity due to the rolls was more significant in the moisture
field than the thermal field. Mahrt (1976) found that
the vertical temperature flux decreases with height
more rapidly than the moisture flux since the vertical
gradient of potential temperature is less than the ver-
tical gradient of moisture. This is due to the fact that
the thermal entrainment at the top of the CBL and the
surface temperature flux both act to warm the CBL,
causing a reduced vertical thermal gradient. The mois-
ture flux, however, is such that the flux at the top of the
CBL tends to dry the CBL, while the flux at the surface
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moistens the CBL, causing an enhanced vertical mois-
ture gradient. Thus, the most pronounced thermody-
namic transport due to rolls would occur with the mois-
ture field.

The mixing ratio plots obtained within the CBL were
typically negatively skewed; that is, the high mixing
ratio values occurred more frequently than the low val-
ues (Figs. 7a, 7¢, and 7g). The same was true for the
vertical velocity field (not shown). This is suggestive
of a vertically growing CBL with moist updrafts (1-3
m s ') dominating over dry downdrafts (~1 ms™"),
as is the case in the early afternoon in Florida. In fact,
on 2 August the CBL depth increased from 1 km at
1600 to 1.2 km at 1650 to 1.3 km at 1800. On 10 Au-
gust the CBL depth was 1.1 km at 1700 and 1.3 km at
1800. Within the stable layer there was a relatively
equal number of high and low mixing ratio values (Fig.
7e); that is, neither the updrafts nor the downdrafts
dominated.

The skewness of the histograms was compared with
various theoretical functions (not shown). A nega-
tively skewed distribution was obtained from a time
series with relatively broad maxima and narrow min-
ima. This is in agreement with the CBL time series,
which showed that the aircraft were generally within
the higher mixing ratio values longer than the lower
mixing ratio values (e.g., Fig. 7a). A histogram similar
to that within the stable layer (Fig. 7g) was produced
using white noise. Thus, it is likely that the stable-layer
histogram was depicting a preponderance of random
turbulence.

5. Effect of moisture variability upon the expected
cloud field

The soundings for 2 and 10 August are shown in
Fig. 8. The launch locations are respectively shown in
Figs. 4b and 4c. Schematic diagrams indicating the as-
cent positions relative to the roll circulations on both
days are included. Just as in Fig. 7, the dots are the
aircraft-measured means and the solid lines extend out-
ward to one standard deviation. The dashed extensions
are the entire ranges of mixing ratio values. The entire
ranges are not shown for the potential temperature
since the ranges were so small. There are four tracks
(two for each aircraft) shown here, while only two

‘tracks each were shown in Figs. 6 and 7. The extra

tracks were added to the soundings to show that similar
ranges were generally observed throughout the CBL.
All data plotted were obtained from cross-roll flight
tracks within 15 min of the sounding launch time.
The symbols CB, indicate the lifting condensation
levels (LCL) predicted by the soundings and were 1.1z;
(1300 m AGL) on 2 August and 1.2z; (1336 m AGL)
on 10 August. Cloud photographs were taken on these
two days and were used to determine the observed
cloud-base heights (CB,) of 0.9z; (1100 m AGL) on
2 August and 1.1z; (1250 m AGL) on 10 August. On
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Fic. 8. CLASS soundings for (a) Deer Park at 1651 UTC 2 August and (b) Tico at 1700 UTC
10 August. Launch site locations are shown in Figs. 4b and 4c, respectively. Schematic diagrams
illustrate the approximate launch locations relative to the roll circulations. The mean and standard
deviations of aircraft-measured mixing ratio and potential temperature are respectively shown by
the dot and solid lines at four heights. The entire ranges of mixing ratio values observed are shown
by the dashed lines, as in Fig. 7. Cloud bases predicted by the sounding are labeled CB,, while
cloud bases measured from photographs are labeled CB,. The schematic clouds represent the base
and depth of clouds measured from the photographs. Parcel ascent tracks predicted by the sound-
ings (black dashed lines) and expected from observed cloud bases (gray dashed lines) are shown.

Wind barbs are the same as in Fig. 5.

2 August it was possible to determine cloud bases of
three clouds on three different rolls, while on 10 August
cloud bases of four clouds on three different rolls were
measured. Thus, these cloud-base values represent av-
erage heights over the entire cumulus field, not simply
the cloud base produced by one roll. Furthermore, the
variability of all cloud bases measured from photo-
grammetry was less than 50 m. Since the 10 August
UW King Air flight track at 1.15z; (1269 m) was above
cloud base, as discussed in section 4, this provides ev-
idence that the sounding was predicting too high of an

LCL and that the photogrammetric cloud base was sup-
ported.

For both cases, the LCL expected from the sounding
was higher than that determined from photogrammetry.
Since there was little CBL variability in potential tem-
perature, mixing ratio variabilities were the likely cause
of this discrepancy. On 2 August the sounding mea-
sured an average mixing ratio value of 15.5 g kg ™' in
the lowest 50 mb, which combined with the potential
temperature of 302.8 K to suggest a cloud base of 1.1z; .
Using the same potential temperature of 302.8 K, in
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order to obtain the observed cloud-base height of 0.9z;,
a parcel mixing ratio value of 17.0 g kg ™' is required.
On 10 August the sounding measured an average low-
est 50-mb parcel mixing ratio value of 15.5 g kg ™' and
parcel potential temperature of 303.1 K to suggest a
cloud-base height of 1.2z;. Using the same potential
temperature, a parcel mixing ratio value of 16.3 g kg™’
is required to produce the observed cloud-base height
of 1.1z;. The respective mixing ratio values necessary
to produce the observed cloud bases on 2 and 10 Au-
gust (17.1 and 16.3 g kg™") were close to the surface
mixing ratio values (17.2 and 16.6 g kg ). The values
necessary to create cloud bases at heights determined
by photogrammetry were shown by the cloud symbols
of Fig. 7. The cloud symbols were not used for the 10
_ August 1.15z; track since it was above cloud base
(Figs. 7e and 7f). The mixing ratio values that created
the observed cloud-base heights were within the range
of measurements taken by the aircraft but consistently
on the high end. The highest mixing ratio values were
previously shown to coincide with roll updraft regions
(Figs. 5 and 6). Thus, the clouds were formed from the
air parcels containing the relatively high mixing ratio
values observed within the roll updraft regions. It was
therefore likely that those moist parcels of air, which
determined L.CLs as shown by photogrammetry, were
also the most representative values to use in the pre-
diction of the potential for deep, moist convection. The
corresponding parcel ascent trajectories are shown by
the gray dashed lines of the soundings (Fig. 8).

It may seem strange that the aircraft did not measure
potential temperatures closer to 303.1 K (i.e., the parcel
potential temperature) since it flew so close to cloud
base at 1.15z; (Fig. 8b). The difference between
the aircraft minimum potential temperature value
(303.3 K; see Fig. 7f) and the parcel potential temper-
ature (303.1 K) is so small that it could be attributed
to instrument error. The frequency of occurrence of
303.3-K potential temperature values, however, is very
small. In addition, the aircraft-measured temperatures
within cloud were likely too low due to wetting of the
temperature sensor {e.g., Lenschow and Pennell 1974 ).
The fact that the aircraft consistently measured values
higher than the parcel potential temperature may be
explained by the release of latent heat of condensation.
Assuming that the formation of all of the cloud water
measured by the aircraft (~0.11 g m~?) contributed to
latent heat release, the expected increase in temperature
was approximately 0.25 K. Therefore, the potential
temperature values measured by the aircraft were
higher than the parcel values because it was often
within the clouds that were warmed by latent heat re-
lease. The times at which the aircraft was not pene-
trating clouds, the potential temperatures were even
slightly higher (see Fig. 6¢). This may have been due
to both the stable layer atop the CBL and subsidence
warming caused by the small cumulus cloud motions.
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The cloud-top heights were photogrammetrically
measured on at least two different hard-based clouds
each on 2 and 10 August. These ranges are shown by
the vertical extent of the schematically drawn clouds
of Fig. 8. It appears that each of the four cloud-top
heights corresponded to small stable layers of the tem-
perature profiles, suggesting that cloud growth may
have been inhibited by the stable layers. It is also pos-
sible that detrainment at cloud top produced the stable
layers. On 10 August, in particular, there was some
indication that the cloud-top heights also corresponded
well to reductions in moisture, implying that entrain-
ment of relatively drier air may have reduced the po-
tential for cloud growth.

The entire soundings for 2 and 10 August are shown
in Fig. 9, along with tables comparing stability param-
eters assuming that soundings were launched in various
portions of the roils. The parameters listed are the low-
est 50-mb average mixing ratio (g kg ') and potential
temperature (K) used in the calculations of LCL, level
of free convection (LFC), convective inhibition
(CIN), lifted index (LI), and convective available po-
tential energy (CAPE). Parcel 1 (P,) is indicative of
the minimum moisture observed by the aircraft within
the CBL on each day. This likely occurred within the
roll downdraft region, as shown schematically in the
figure. Parcel 2 (P,) represents the actual soundings.
Parcel 3 (P;) provides information for the maximum
moisture values measured by the aircraft. This also gen-
erally corresponded with cloud-base measurements
from photogrammetry. Thus, P; is likely the most rep-
resentative of the potential for deep, moist convection.
There was a large variation in the stability parameters
depending upon which parcel trajectory was assumed.
For example, on 10 August if the sounding were
launched into the roll downdraft region (P;) the pre-
dicted CAPE would have been 420 J kg“, but if it
were launched into the roll updraft region (P;) the pre-
dicted CAPE would have been 1684 J kg ~' (Fig. 9b).
Thus, a CBL mixing ratio value of 2.3 g kg ' higher
produced a CAPE four times larger. Therefore, unless
the sounding happened to be launched into the roll up-
draft region, it underestimated the convective potential.

Similar results were found in a numerical modeling
study by Crook (1991), who showed that an increase
in dewpoint temperature of 1-2 K could change a
model forecast from null to the prediction of deep con-
vection. Indeed, the corresponding dewpoint tempera-
ture variations in this study were 2—3 K, which pro-
duced significantly different sounding estimates of the
potential for convective development.

6. Summary and conclusions

It has long been known that horizontal convective
rolls affect the heat and moisture budget of the CBL.
The resulting horizontal variability in temperature and
moisture measurements throughout the entire CBL due
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Fi1G. 9. Full soundings for (a) 1650 UTC 2 August of Fig. 8a and (b) 1700 UTC 10 August of Fig. 8b. Three parcel ascent tracks are
shown to indicate the variations depending on low-level mixing ratio values. Parcel 1 (P;) represents the minimum moisture measured by
the aircraft, P, represents the parcel ascents expected from the soundings, and P, represents both the maximum moisture measured by the
aircraft and the parcels producing cloud-base heights determined from photogrammetry. Tables showing stability parameters for the three

parcel ascents are shown. Wind barbs are the same as in Fig. 5.

to clear-air rolls and how the variability influences the
environment had not been previously examined in de-
tail. To examine the CBL in the presence of rolls, two
sounding comparisons were made: one within a roll
updraft region and one between the updraft and down-
draft portion of rolls. They showed an approximate 1.5
g kg~ difference in the mixing ratio throughout the
entire CBL. Aircraft data were added to provide further
evidence that moisture variations of this magnitude
were consistently found within the CBL and were
caused by rolls. The updrafts observed by the aircraft
corresponded with the enhanced radar reflectivity
bands due to the rolls. In addition, the updrafts and
enhanced reflectivity both agreed well with the maxi-
mum mixing ratio values at all levels. At low levels, in
particular, the potential temperature maxima were in
phase with the roll updrafts. Thus, the relatively warm,
moist, surface-layer air was concentrated in the roll up-
draft regions as the rolls mixed the CBL air. The
potential temperature variations due to rolls were only
about 0.5 K, while the mixing ratio variations were
1.5-2.5 g kg ~! throughout the entire depth of the CBL.

It is well known that soundings give point measure-
ments throughout their vertical ascents and may there-
fore not be representative of the environment (Stull
1988; Mueller et al. 1993). After using cloud photo-
grammetric techniques to determine the actual cloud-
base heights, it was shown that the roll updraft air was
most representative of the observed LCL. Thus, when

rolls are present, sounding measurements are likely to
underestimate the amount of moisture within the CBL
unless the sounding happens to be launched into a roll
updraft region. This is shown schematically in Fig. 10.
Near the surface, the moisture field shows high-fre-
quency variability and is not affected by the rolls. The
clouds produced within the roll updraft regions are
formed from the relatively moist air that originated at
the surface and penetrated the CBL. The cloud bases
produced with this relatively moist air are relatively
low and the clouds are relatively deep (schematically
shown by the solid cloud). This can be compared with
cloud bases and depths that would be expected if mois-
ture measurements directly beneath them were used to
predict the stability parameters. The expected bases
would be higher and the predicted cloud depths may
be more shallow (shown by the dashed clouds in
Fig. 10).

Results presented herein may have implications for
both forecasters and cloud modelers. They require ther-
modynamic measurements from within the CBL to
make their forecasts and run their simulations. If the
measurements during roll occurrences are not taken
within a roll updraft region, then it is likely that the
moisture values will be too low and their predictions
and simulations of the expected cloud field will be un-
derestimated. Perhaps with the installation of NOAA’s
Wind Profiler Demonstration Network, many of which
are equipped with the radio acoustic sounding system



782

relative cloud bases and depths
predicted from measurements
directly beneath them

actual cloud

FiG. 10. Schematic diagram summarizing results of this study.
Gray lines indicate roll circulations. Thick black lines are contours
of moisture with the maxima existing within the roll updraft regions.
Actual cloud base and depth are shown by the solid cloud. Dashed
clouds represent relative cloud bases and depths expected if stability
parameters were estimated from CBL moisture values directly be-
neath those clouds.

(RASS) capability to measure virtual temperature, it
may be possible to use these results. Using moisture
variations observed in this study, the corresponding
variations in virtual temperature are 0.2—-0.4 K. With a
RASS continuously sampling the atmosphere as rolls
propagate overhead, virtual temperature variations may
be apparent since the typical absolute measurement er-
ror is 0.1-0.35 K (e.g., Martner et al. 1993; Angevine
and Ecklund 1994). Assuming that the temperature
variability is negligible, the RASS would allow for a
continuous, detailed horizontal and vertical examina-
tion of the moisture variability due to rolls. It may also
be possible to adjust the morning sounding with this
information of the maximum moisture observed within
roll updrafts to obtain more representative predictions
and numerical simulations of the potential for deep,
moist convection.
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APPENDIX
CaPE Sounding Corrections

As discussed in section 2, corrections were made to
the soundings to account for radiational heating and
sensor lag (Miller and Riddle 1994). The sounding
corrections were made for both temperature and mois-
ture. Since the thermistor was located in a position that
was easily ventilated upon launch, the radiational heat-
ing of the boom did not significantly affect the tem-
perature measurements and the corrections were min-
ute. The humidity sensor, however, had to overcome
both radiational heating and sensor lag since the sensor
was not readily ventilated upon launch (Cole 1993).
Although detailed analyses of these errors were per-
formed on the Tropical Oceans Global Atmosphere
Coupled Ocean—Atmosphere Response Experiment
dataset, it was recommended by Surface and Sounding
Systems Facility (SSSF/NCAR) personnel that similar
corrections be made for the CaPE soundings since the
launch conditions were likely similar (i.e., strong solar
heating and poor ventilation prior to launch).

An example of the corrections made to the moisture
measurements is shown in Fig. Al. It is apparent that
a correction of approximately 0.5 g kg ™' in mixing ra-
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Fic. Al. Example of sounding correction from the Tico sounding
at 1700 UTC 10 August 1991 shown in Fig. 8b. Corrections in the
moisture profile (dashed line) were made to account for the radia-

tional heating of the sensor and sensor lag. The corresponding cor-
rected cloud-base height is shown by the dashed arrow.
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tio was deemed necessary throughout the depth of the
CBL for the Tico sounding at 1700 UTC 10 August
1991. This correction was based upon the collocated
PAM measurements and the response time of the mois-
ture sensor. This correction acted to decrease the
sounding’s predicted cloud-base height, which was
then more comparable with the photogrammetric
cloud-base height. If the corrections were not made, the
CBL moisture measurements made by the soundings
would have been more biased toward low values and
the resulting estimates of the potential for deep moist
convection would have been underestimated even more
than those shown in this paper.
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