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ABSTRACT

Detailed observations of boundary layer structure were acquired on 14 September 2001, prior to and
during the landfall of Tropical Storm Gabrielle. The Mobile Integrated Profiling System (MIPS) and the
Shared Mobile Atmospheric Research and Teaching Radar (SMART-R) were collocated at the western
Florida coastline near Venice, very close to the wind center at landfall. Prior to landfall, the boundary layer
was rendered weakly stable by a long period of evaporational cooling and mesoscale downdrafts within
extensive stratiform precipitation that started 18 h before landfall. The cool air mass was expansive, with an
area within the 23°C surface isotherm of about 50 000 km2. East-northeasterly surface flow transported this
cool air off the west coast of Florida, toward the convergent warm core of the Gabrielle, and promoted the
development of shallow warm and cold fronts that were prominent during the landfall phase.

Airflow properties of the boundary layer around the coastal zone are examined using the MIPS and
SMART-R data. Wind profiles exhibited considerable temporal variability throughout the period of ob-
servations. The stable offshore flow within stratiform precipitation exhibited a modest jet that descended
from about 600 to 300 m within the 20-km zone centered on the coastline. In contrast, the onshore flow on
the western side of the wind center produced a more turbulent boundary layer that exhibited a well-defined
top varying between 400 and 1000 m MSL. The horizontal variability of each boundary layer is examined
using high-resolution Doppler radar scans at locations up to 15 km on either side of the coastline, along the
mean flow direction of the boundary layer. These analyses reveal that transitions in boundary layer struc-
ture for both the stable and unstable regimes were most substantial within 5 km of the coastline.

1. Introduction

Comprehensive measurements of atmospheric
boundary layer (ABL) properties within tropical cy-
clones (TCs) have been sparse over both the ocean and
coastal regions. On occasion, research aircraft have
flown below 500 m MSL in special experiments to ex-
amine ABL properties and the effects of rainbands and
convective cells on ABL airflow and thermodynamic
fields (Moss and Merceret 1976; Barnes et al. 1983;
Powell 1990a,b; Barnes and Powell 1995). ABL wind
profiles and their horizontal variability have received

attention over recent years because of their importance
in operational wind estimation (Powell and Black 1990;
Powell et al. 1996; Dunion et al. 2003; Franklin et al.
2003) and the clues they provide on low-level dynami-
cal processes (Kepert 2001; Kepert and Wang 2001).
Over oceanic regions, GPS dropsondes have revealed
high resolution vertical profiles with significant vertical
structure and the presence of wind maxima below alti-
tudes of several hundred meters (Franklin et al. 2003).

During landfall, additional asymmetries are intro-
duced in the ABL by discontinuities in surface proper-
ties, such as increased roughness and decreased heat
and moisture fluxes over land. The increase in rough-
ness reduces surface winds (Moss and Merceret 1976;
Powell 1982, 1987; Powell et al. 1991; Powell and Hous-
ton 1998), and leads to development of an internal
boundary layer for both onshore and offshore flow re-
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gimes. This land–water asymmetry also changes the
force balance within the ABL and produces spatial
variability in ABL wind profiles (Kepert 2001; Kepert
and Wang 2001; Chen and Yau 2003). While numerical
simulations of landfalling hurricanes can provide a
wealth of information on ABL processes and effects
(Jones 1987; Tuleya 1994; Li et al. 1997; Zhang et al.
1999; Wu 2001; Chen and Yau 2003), validation of nu-
merical models, and future improvements of model
subgrid-scale parameterizations for the high-wind hur-
ricane environment (Braun and Tao 2000), requires de-
tailed observations (Marks et al. 1998).

Most prior investigations of the landfalling hurricane
ABL have been limited to analyses of surface proper-
ties. More recently, operational fixed-base instrumen-
tation, such as the Weather Surveillance Radar-1988
Doppler (WSR-88D) radar, has been used to determine
wind profiles within and above the ABL during hurri-
cane landfall (e.g., Marks 2003) and to examine other
hurricane properties (Dodge et al. 1999; Blackwell
2000). The use of surface-based mobile instrumentation
has been emphasized by Marks et al. (1998) to advance
understanding of ABL properties. Specialized mobile
instruments, including 10-m towers, mobile Doppler ra-
dars, and the Mobile Integrated Profiling System
(MIPS), have been used in recent years to acquire tar-
geted measurements of landfalling hurricanes. For ex-
ample, recent measurements by mobile Doppler radars
within high winds of landfalling TCs have revealed fi-
nescale lineal features in radial velocity measurements
over the lowest several hundred meters that appear
similar to ABL rolls (e.g., Wurman and Winslow 1998).
Details on ABL properties observed by a 915-MHz
Doppler wind profiler during the landfall of Hurricane
Georges (1998) are summarized in Knupp et al. (2000).
Using airborne Doppler data, Geerts et al. (2000) also
documented the landfall of Hurricane Georges over the
Dominican Republic, which involved explosive growth
of deep convection and release of copious rainfall over
mountainous regions.

To date, however, a detailed understanding of 3D
ABL changes during landfall remains incomplete. Im-
proved knowledge of the ABL processes have impor-
tant connections to (i) hurricane intensity change; (ii)
improved knowledge of the ABL over water, land, and
the differences between the two; (iii) improved param-
eterizations in numerical models; and (iv) improve-
ments in quantitative precipitation forecasting and even
quantitative precipitation estimation.

On 14 September 2001, Tropical Storm (TS) Gabri-
elle underwent rapid transformation during landfall on
the western Florida coast near Venice. Special observ-
ing platforms [associated with Fourth Convection and

Moisture Experiment (CAMEX-4)], including the Uni-
versity of Alabama in Huntsville (UAH) MIPS and the
Shared Mobile Atmosphere Research and Teaching
Radar (SMART-R), acquired high-resolution datasets
that documented ABL and mesoscale airflow very near
the point of landfall. The observations presented in this
paper examine the spatial/temporal variability in ABL
structure that occurred around the time of landfall.

Section 2 describes the instrumentation used in the
study. Section 3 provides an overview of the mesoscale
characteristics of TS Gabrielle around the time of land-
fall in order to place the observed surface and ABL
properties in proper context. Section 4 considers sur-
face properties during landfall and addresses two ques-
tions. (i) What is the impact of cold air production over
land on intensity change during landfall? (ii) What is
the role of boundaries during the landfall process, and
under what conditions are boundaries produced? Sec-
tion 5 examines ABL spatial/temporal variability with
Doppler radar and profiler observations, and focuses
on two additional questions. (iii) What are the ABL
temporal variability properties at a fixed point at the
coastline? (iv) How do the ABL properties change
from offshore to onshore flow regimes?

2. Data sources

One of the goals of CAMEX-4 was to improve un-
derstanding of processes and impacts associated with
landfalling tropical storms and cyclones. Ground-based
mobile facilities were assembled to supplement mea-
surements from aircraft. These included the SMART-R
(a mobile C-band Doppler radar), the X-band polari-
metric radar on wheels (X-POW; University of Con-
necticut), and the MIPS. Measurements from the X-
POW did not materialize for this mission because of
technical problems. Likewise, aircraft operations were
not conducted because landfall occurred much sooner
than forecast.

The SMART-R and MIPS setup near the Venice air-
port on 14 September 2001 at 0235 and 0400 UTC,
respectively, at locations about 1 km apart. The MIPS
site was located about 100 m from the coastline. The
primary MIPS dataset used in this paper is derived from
the 915-MHz wind profiler, which sampled to about 11
km AGL. The vertical beam was sampled every 60 s,
and the dwell time for all beams was about 30 s. The
SMART-R scanned primarily full-volume (360°) scans
continuously at elevations defined in Table 1. Obstruc-
tions from trees and the radar truck cab were somewhat
problematic at low elevation angles, particularly in the
eastern semicircle (the land side). Reflectivity factor
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(Z) and radial velocity (Vr) data were collected at
range gate intervals of 133 m and azimuth intervals of
about 1°. The radar beamwidth is about 1.5°. The
SMART-R was located 70 km south of the Tampa Bay
WSR-88D radar, which was scanning in the Volume
Coverage Pattern Eleven (VCP-11) scan mode.

Surface data from 32 National Weather Service
(NWS) Automated Surface Observing Systems
(ASOS) and four Florida Agricultural Weather Net-
work (FAWN) sites were analyzed to determine sur-
face properties over the Florida Peninsula. Most of the
ASOS data had a default 1-h sampling frequency for all
standard meteorological variables and cloud base, but
additional supplemental observations within the 1-h pe-
riod were relatively frequent. FAWN data have a uni-
form 15-min temporal sampling period of standard me-
teorological variables, solar radiation, and soil tempera-
ture. Several supplementary buoy (National Data Buoy
Center and University of South Florida) and Coastal-
Marine Automated Network (C-MAN) sites were used
to determine offshore and coastal conditions at loca-
tions near the point of landfall.

3. Mesoscale evolution and precipitation
properties

a. Precipitation distribution and mesoscale flows

Gabrielle exhibited a period of rapid intensification,
followed by rapid weakening, during the 12-h period
(0000–1200 UTC) before landfall. Although Gabrielle
was classified as a strong TS, both aircraft reconnais-
sance and Doppler radar measurements suggest that
Gabrielle may have intensified to a marginal category 1
hurricane by 1000–1100 UTC (1–2 h prior to landfall)
on 14 September 2001. Molinari et al. (2006) provide
details on this rapid intensification. A rapid weakening
occurred after 1100 UTC because of a combination of
effects, some of which are considered in section 4. Thus,
Gabrielle was a distinctly unsteady tropical storm dur-
ing the period of observations.

The general pattern of intensity change—strength-
ening followed by weakening—between 0000 and 1200
UTC is portrayed in Geostationary Operational Envi-

ronmental Satellite (GOES)-enhanced infrared (IR)
imagery presented in Fig. 1. Even 12 h prior to landfall,
at 0015 UTC, Gabrielle was a rather disorganized con-
vective system (Fig. 1a). By 0645 UTC, rapid intensifi-
cation was indicated by cold cloud-top temperatures
closer to the wind center1 (Figs. 1b,c); active cloud-to-
ground (CG) lightning activity that appeared within
vigorous deep convection immediately downshear of
the wind center (Molinari et al. 2006); and a general
increase in cyclonic circulation, measured by reconnais-
sance aircraft between 0600 and 0900 UTC (Molinari et
al. 2006), and by the WSR-88D and SMART-R Doppler
radars between 0900 and 1100 UTC.

During the 0645–1200 UTC period, Gabrielle exhib-
ited improved organization, but prominent asymmetry
was still apparent; for example, the wind center was
located on the upshear (southwest) flank of the cen-
troid of cold cloud-top temperatures (Figs. 1b,c). A
broad area of cold cloud tops is also shown extending to
the northeast (downshear) from Gabrielle’s core. A
rapid weakening of deep convection occurred during
the 1100–1815 UTC period, and by 1815 UTC, deep
convection around the wind center had disappeared
(Fig. 1d). At this time, much of the central Florida Pen-
insula was void of clouds with brightness temperatures
less than 270 K, although extensive precipitating strati-
form clouds at slightly warmer temperatures did exist
over this region. In the next section, this rapid demise is
related to the presence of very cool air that had devel-
oped prior to landfall over this part of the Florida Pen-
insula.

The evolution of precipitation around the landfall
point is depicted by equivalent reflectivity factor (Z)
images presented in Fig. 2. The rapid intensification
stage was accompanied by vigorous deep convection
(regions with Z exceeding 45 dBZ at 0601 and 0801
UTC) downshear of the wind center. A broad strati-

1 The wind center, estimated from animations of WSR-88D re-
flectivity and Doppler velocity data, is defined as the apparent
center of the wind circulation relative to the ground (Harasti et al.
2004).

TABLE 1. Elevation angles used by the SMART-R, which scanned fill 360° circles.

Time period Scan type
No. of

elevations
Scan time

(min)
No. of

elevations Elevation angles (deg)

0545–0918 UTC Volume (360°) 17 5.7 17 0.8, 1.7, 2.9, 4.4, 6.0, 7.7, 9.5, 11.5, 13.7, 16.1, 18.7, 21.7, 25.2,
29.2, 33.7, 38.7, 44.2

0924–1317 UTC Volume (360°) 11 4.2 11 0.8, 1.7, 2.9, 4.4, 6.0, 7.7, 9.5, 11.5, 13.7, 16.1, 18.7
1322–1500 UTC Volume (360°) 13 5.0 13 0.8, 1.7, 2.9, 4.4, 6.0, 7.7, 9.5, 11.5, 13.7, 16.1, 18.7, 21.7, 25.2
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form region appears as a separate entity north and
northeast of the convective region during the 0600–
1000 UTC interval, and stratiform precipitation ex-
tended over much of central and northern Florida dur-
ing this period. During the latter part of this sequence,
beginning near 1200 UTC, a dry intrusion wrapped
around the southern and eastern side of the circulation
(Figs. 2d,e).

Soundings from Tampa Bay (TBW) at 0600, 1200,
and 1800 UTC (Fig. 3) reveal a temperature profile that
was weakly stable to neutral with respect to saturated
air, with the following exceptions. The 0600 UTC

sounding sampled stratiform precipitation 210 km
north-northeast of the wind center. This sounding
shows a slightly subsaturated layer below 80 kPa, which
would have supported evaporation within inferred me-
soscale downdrafts. An elevated moist absolutely un-
stable layer (MAUL; Bryan and Fritsch 2000) is cen-
tered near the top of this layer near 80 kPa. The 1200
UTC sounding (70 km north of the wind center) is com-
pletely saturated throughout its depth. Another MAUL
is centered near 58 kPa and caps a region of significant
warming that had occurred over the previous 6 h.
Warming of this layer is consistent with a veering wind

FIG. 1. GOES-enhanced IR imagery at (a) 0015, (b) 0645, (c) 1215, and (d) 1815 UTC 14 Sep 2001. (b)–(d) The
approximate location of the wind center is denoted by a filled circle. The grayscale on the left defines brightness
temperature (K). Instrument locations are identified in (d). The distance between the TBW WSR-88D and
SMART-R radars is 70 km.
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FIG. 2. Equivalent reflectivity factor (dBZ ) at
0.5° elevation from the TBW WSR-88D at (a)
0601, (b) 0801, (c) 1002, (d) 1203, and (e) 1359
UTC.
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profile,2 suggesting warm advection within the strati-
form precipitation region.

The 1800 UTC TBW sounding (60 km southwest of
the wind center) reveals considerable drying above the
cloud top near 65 kPa (near 0°C). Entrainment of dry
air into the circulation at upper levels also likely played
a role in the rapid weakening of Gabrielle around and
after landfall. Most vigorous flow was confined to levels
below 70 kPa. This sounding reveals an ABL about 500
m deep, capped by an absolutely stable layer between
92 and 80 kPa.

b. MIPS observations during landfall

The wind center of Gabrielle passed very close to the
MIPS and SMART-R. A time versus height section of
915-MHz profiler spectral moments is presented in Fig.
4 for the 12-h period 0400–1600 UTC. This figure is
annotated with the following regimes, using objective
criteria developed by Williams et al. (1995):

(i) the mature stage of the leading stratiform precipi-
tation (0500–0700 UTC);

(ii) a period of convective and mixed convective/

stratiform precipitation, represented by greater
variability in W (Fig. 4b) and enhanced spectrum
width within the 1–8 km AGL layer (Fig. 4c), be-
tween 0700 and 1130 UTC;

(iii) a period of no precipitation during the passage of
the wind center over the MIPS (1030–1230 UTC);

(iv) west flank stratiform precipitation, followed by
shallow rainbands during 1230–1500 UTC.

Wind profiles for the 0500–1200 UTC period (Fig. 5)
show a low-level, easterly flow that veered with height,
consistent with the warming indicated in the 0600–1200
UTC TBW soundings. Likewise, the northwesterly flow
measured after the wind center passed (1300 UTC)
backed with height, consistent with cold advection.
Relatively strong flow exceeding 25 m s�1 over the low-
est 2 km was sampled within 3 h of landfall at 1200
UTC. The easterly flow was associated with cool, off-
shore flow; the northwesterly flow after 1200 UTC sup-
ported a warmer onshore flow and more unstable ABL
conditions. The onshore, turbulent ABL appears to be
well marked by enhanced spectral width below about
600 m AGL after 1230 UTC (Fig. 4c). A similar signa-
ture was not apparent during the more stable (less tur-
bulent) offshore flow regime prior to 1200 UTC.

2 The 1200 UTC sounding reveals veering between 900 and 300
hPa, which implies warm advection assuming that the winds are in
geostrophic balance. The winds were not in geostrophic balance,
since the centrifugal acceleration is about 50% the magnitude of
the pressure gradient force [i.e., the Rossby number, Ro �
V/( f0R), is in the range 3–4].

FIG. 3. Soundings from TBW at 0600, 1200, and 1800 UTC,
plotted on a skew T–log p diagram. The TBW location is shown in
Figs. 1 and 2.

FIG. 4. Time vs height sections of 915 Doppler wind profiler
parameters at vertical incidence: (a) signal-to-noise ratio (SNR,
dB), (b) total vertical motion, W � w � VT (m s�1), and (c)
spectrum width (m s�1).
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4. Surface cooling and its impact on the ABL

In this section, the surface properties over the
Florida Peninsula during the landfall of Gabrielle are
examined. The temporal and spatial ABL properties
are analyzed in section 5. Surface analyses presented in
Figs. 6–8 document two significant features that af-
fected ABL processes during the landfall period.

(i) An extensive area of very cool air was generated by
prolonged cloudiness and evaporation of stratiform
rain prior to landfall. The large area of cool air
exerted impacts on ABL processes and storm in-
tensity changes around landfall time.

(ii) As Gabrielle made landfall, boundaries resembling
warm and cold fronts were produced. The genera-
tion of these boundaries was dependent on the
presence of cool surface air.

a. Cool surface air

A prolonged production of cool surface air was pro-
moted by overcast conditions and evaporation of strati-
form precipitation that began about 18 h before land-
fall. Much of the Florida Peninsula experienced over-
cast conditions on 13 September, and light stratiform
rain formed over this region by 1800 UTC 13 Septem-
ber. The surface analyses in Figs. 6a–c reveal that light
to heavy rainfall, and very cool surface temperatures
were particularly common over the northern two-thirds
of the Florida Peninsula at 0553, 0853, and 1153 UTC.
Land temperatures of 21°–22°C are unusually cold for
Gulf Coast and Florida landfalling tropical cyclones,
particularly for a limited land area such as the Florida
Peninsula. Cooling over the adjacent water was much
less (e.g., buoy 41009 off the east Florida coast) because

of compensating surface heat fluxes over water. This air
mass is colder and more extensive than that docu-
mented in other cases. Some notable examples include
Hurricanes Frederic (1979) and Alicia (1983), each
which developed a limited area, about 5000 km2 or less,
of cool air (�23°C) on the left flank around landfall
time (Powell 1982, 1987). In contrast, the area within
the 23°C isotherm for Gabrielle (�50 000 km2) was
about one order of magnitude larger.

The ABL over Florida and adjacent coastal waters
was stabilized by prolonged evaporational cooling
within (inferred) mesoscale downdrafts of the leading
stratiform region. The presence of downdrafts is sup-
ported by a decreasing trend in surface �e over this
region, and is further corroborated by a general in-
crease in easterly flow (Figs. 6a,b) from Melbourne
(MLB) on the east coast, westward through Ona and
Sarasota (SRQ) on the west coast. Such flow implies
mesoscale divergence in the east to northeasterly sur-
face winds across the central Florida Peninsula.

Figure 7 presents a time series of parameters related
to the ABL energetics, including solar radiation, 15-min
rainfall, temperature, and equivalent potential tem-
perature (�e) at Ona, located about 50 km northeast of
the MIPS (see Fig. 6). Total solar radiation remained
below 200 W m�2 during the solar cycle on 13 Septem-
ber (Fig. 7a), and stratiform rain started by 1600 UTC.
As the stratiform rain and embedded showers intensi-
fied, �e decreased from 350–353 to 342–345 K near 0000
UTC, and remained within this range as stratiform rain,
followed by more intense convective rain, continued
until about 1200 UTC. Thus, widespread development
of cool air prior to landfall was facilitated by insignifi-
cant solar radiation and by evaporational cooling within
mesoscale downdrafts under the canopy of extensive
stratiform precipitation downshear from Gabrielle’s
core.

b. Boundaries

We hypothesize that the generation of cool surface
air produced horizontal temperature contrasts within
the coastal zone, that later transformed to boundaries
(fronts) in the ABL around landfall time. At 1115 UTC,
a “warm” front increased �e from about 343 to 352 K at
Ona (Fig. 7). This was followed by a “cold” frontal
passage 2 h later, and advection of cool, drier air that
reduced �e to values below 340 K for the remainder of
14 September. Because distinct fronts associated with
low-latitude landfalling tropical storms and hurricanes
have not been documented in previous studies, and rep-
resent significant ABL heterogeneity, the formation
and evolution of these features is examined in greater
detail in the following subsections.

FIG. 5. Wind profiles derived from the 915-MHz profiler based
on 10-min averages plotted every 30 min. A full wind barb rep-
resents 5 m s�1, and a flag represents 25 m s�1. The wind center
passed over the MIPS site at about 1215 UTC.
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FIG. 6. Surface analyses at (a) 0553, (b) 0853, (c) 1153, and (d) 1453 UTC 14 Sep 2001. Temperature
and dewpoint are plotted in °C; full wind barbs represent 5 m s�1. Pressure is coded in the upper right,
in units of hPa according to standard convention (e.g., 082 � 1008.2 hPa, 940 � 994.0 hPa). Warm and
cold frontal symbols represent boundaries that behave like warm and cold fronts. (b) Surface sites
referred to in the text are identified. The MIPS and SMART-R locations are coincident with the Venice
C-MAN station (VENF1).
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1) FRONTOGENESIS

For a 12-h period prior to landfall, northeasterly flow
transported cool air (22°C) over warm coastal water
(28°C) toward Gabrielle (Fig. 6). Surface conditions
and frontal behavior from the C-MAN station at Ven-
ice, located very close to the MIPS, are displayed in Fig.
8. Following Cione et al. (2000) a standard bulk aero-
dynamic expression was used to estimate the heat flux
(over the coastal waters),

Hs � �cpch�Twater � T�V10, �1�

where 	 is air density, cp is the specific heat of air at
constant pressure, Twater is the water temperature, T is
the air temperature at 10 m, V10 is the horizontal wind
speed at 10 m, and ch is the dimensionless coefficient of
heat exchange at 10 m. Cione et al. (2000) used an
expression for ch that applies for strong wind,

ch � �a � bV10� 
 10�3,

where a and b are empirically determined constants
with values a � 0.75 and b � 0.067. Hourly values of Hs

are plotted in Fig. 8.
A surface heat flux represents a diabatic heating

source (Hs � dQ/dt) that drives a corresponding en-
thalpy change rate cp(dT/dt) according to the first law
of thermodynamics, expressed as

dQ

dt
� cp

dT

dt
� �

dp

dt
, �2�

where � is specific volume, and dQ/dt � Hs from Eq.
(1). The rate of temperature change, dT/dt is deter-
mined from Eqs. (1) and (2), with three additional as-
sumptions: (i) the heat (surface flux) is distributed uni-
formly over the lowest 200 m as the internal ABL de-
velops, (ii) evaporation of stratiform precipitation is
negligible, and (iii) the process occurs isobarically (i.e.,
dp/dt � 0). The temperature change rate can be con-
verted to a horizontal temperature gradient along the
flow (�T/�s) assuming that the local change is small.
This gradient, also plotted in Fig. 8 (
T/
s, bottom
panel), parallels the behavior of Hs, but is not strictly
similar to it.

As the convergent ABL flow within Gabrielle ap-

FIG. 7. Time series selected quantities from Ona, whose location
is shown in Fig. 6b: (a) solar radiation, (b) rainfall rate, and (c)
temperature, dewpoint, and equivalent potential temperature for
the 36-h period 1200 UTC 13 Sep to 0000 UTC 15 Sep 2001.
Temporal resolution is 15 min.

FIG. 8. Time series of recorded and estimated quantities of the
Venice (VENF1) C-MAN station, located adjacent to the MIPS.
The bottom panel includes surface heat flux (Hs), estimated from
Eq. (1), and temperature gradient (
T/
s) off the west coast
based on the value of heat flux and wind speed.
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