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R eoccurrences of high-impact thunderstorms on  
 yearly to decadal time scales quickly become part  
 of “local knowledge” through their long-lasting 

social and economic impacts. In addition, our cur-
rent knowledge of thunderstorms has been built from 
several decades of observational studies, idealized 
simulations, and full-physics modeling. Despite this 
accumulating experience, a deeper understanding 
regarding the presence and drivers of climatological 
thunderstorm “hotspots” on the mesogamma scale 
(2–20 km) is comparatively lacking. In part, this 
limitation arises from the scarcity of thunderstorm-
resolving observational datasets that extend over a 
sufficient period of time to provide a robust data-
set. From the perspective of community safety and 
economic interests, a climatological understanding 
of thunderstorm frequency on a local scale has im-
mediate applications in minimizing vulnerability 
and refining disaster preparedness. Within Australia, 
severe thunderstorms alone account for the greatest 
insured losses among all natural disasters, where 
damages from individual events often exceed 1 billion 

Australian dollars (AUD) (Australian Emergency 
Management Institute 2014).

For a regional forecaster, an understanding of pro-
cesses that create climatological thunderstorm hotspots 
is critical for improving forecasting accuracy and lead 
time. Numerous environmental features, including 
topography, sea breezes, and urban heat islands, have 
been associated with initiating and modifying deep 
convection (Johnson and Mapes 2001). The diversity 
of conditioning and trigger processes, especially in re-
gions of significant topography or complex coastlines, 
limits the applicability of a case study approach for 
conceptually understanding climatological hotspots. 
At the other end of the spectrum, previous climatologi-
cal studies often lack a sufficiently long duration and 
spatial resolution to quantify storm frequency at scales 
required to understand local triggering and condition-
ing processes. Integrating these two approaches into a 
single methodology is therefore necessary to help close 
the knowledge gap.

The purpose of this article is twofold. First, it is 
to demonstrate that significant variability in spatial 
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thunderstorm frequency exists on the 2–20-km scale 
in South East Queensland (SEQ), Australia. South 
East Queensland is situated on the eastern subtropical 
coast of Australia comprising coastal and inland relief, 
urban areas (combined population of 3.4 million), 
and coastal plains, and the region is well known for 
frequent warm season thunderstorm activity (Fig. 1). 
Second, it is to explore the underlying meteorological 
processes observed during the Coastal Convective 
Interactions Experiment (CCIE) in an effort to im-
prove the concepts and tools applied for short-term 
thunderstorm warnings and forecasts. The application 
of this study extends beyond SEQ to comparable coast-
al settings globally where warm season thunderstorm 
activity occurs (e.g., North and South Carolina and 
the Iberian Peninsula). The complexity of these envi-
ronments presents a challenge for understanding the 
mechanisms at work behind thunderstorm hotspots.

SOUTH EAST QUEENSLAND HAILSTORM 
CLIMATOLOGY. Thunderstorm climatologies can 
be developed from a variety of datasets spanning scales 
from individual cities to the globe. For a robust analysis, 
the sample size must be sufficiently large to accurately 
represent thunderstorm track tendencies, particularly 
for investigating behavior on fine spatial scales. The 
longest thunderstorm-related records are event-based 
reports provided by forecasters, media, and the public. 
This type of data predates all standard meteorological 
instrumentation used today. For the Australian re-
gion, Yeo (2005) and Allen and Karoly (2014) sourced 
reports from the Australian Bureau of Meteorology 
(BOM) Severe Storms Archive to investigate severe 

thunderstorm environments and correlations with 
climate oscillations (e.g., EL Niño–Southern Oscilla-
tion). Because of the sparseness of report sampling in 
both space and time, the practicality for identifying 
reoccurring behavior is limited, especially on the me-
sogamma scales. Furthermore, the determination of 
thunderstorm severity remains subjective, particularly 
from public reports. To overcome these sampling is-
sues, thunderstorm climatologies are often constructed 
from remotely sensed datasets, which provide more 
uniform and comparatively unbiased coverage. One 
recent example is the 18-yr lightning dataset derived 
from two satellite instruments applied by Dowdy and 
Kuleshov (2014) to produce lightning density maps for 
Australia. However, quantification of thunderstorm 
severity from lightning datasets is limited owing to 
the complex relationship with convective intensity 
(Rudlosky and Fuelberg 2013).

One of the most valuable tools for understanding 
hazards associated with thunderstorms is the weather 
radar. Within Australia, a network of operational 
S- and C-band radars has provided surveillance over 
the past 60 years. The longest continuous archives of 
volumetric reflectivity for the network are approach-
ing 19 years in length. The addition of modern S-band 
Doppler weather radars to the network over the past de-
cade provides an archive approaching 7 years in length 
for the SEQ region, but climatological applications 
of this comparatively short Doppler dataset remain 
limited at present. To provide a consistent multiyear 
analysis for large volumetric datasets, automated 
algorithms developed for convective nowcasting can 
be applied. One such algorithm used operationally 
and for research by the BOM is the Thunderstorms 
Identification, Tracking, Analysis and Nowcasting 
(TITAN) package developed by the National Center for 
Atmospheric Research (Dixon and Wiener 1993). Potts 
et al. (2000) first demonstrated the capability of TITAN 
for the greater Sydney region, Australia, to investigate 
the characteristics of deep convective storms that oc-
curred across 12 thunderstorm days. Building upon 
this, Peter et al. (2015) applied TITAN to analyze 6 years 
of continuous radar data for the SEQ region to provide 
a unique insight into the deep convective properties 
and regimes. Despite their contributions to developing 
regional understanding, both of these analyses did not 
produce high-resolution spatial climatologies of thun-
derstorms owing to their limited temporal sample size.

For the CCIE climatological analysis, a continuous 
18-yr (July 1997 to June 2015) volumetric reflectiv-
ity radar dataset was sourced from the 1.9° S-band 
weather radar located at Marburg, 50 km west of 
Brisbane (Fig. 1). In Australia, the Marburg dataset is of 
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unprecedented length, providing a unique opportunity 
to explore long-term thunderstorm frequency within 
the region. Because of its central location, this radar 
provides good coverage across SEQ, including the city 
of Brisbane. Observations within a 16-km radius of 
this radar were excluded from the analysis because of 
the absence of overhead scanning, while data beyond 
100 km in range were excluded because of poor spatial 
resolution and increasing height of the low-level beam 
above the surface. A cell-based analysis of this archive 
was performed using a MATLAB implementation of 
the identification, tracking, and selected analysis algo-
rithms from the Weather Decision Support System—
Integrated Information (WDSS-II; Lakshmanan and 
Smith 2007). The WDSS-II algorithms were selected for 
their adaptability during cell detection and consistent 
cell tracking under a variety of storm modes (e.g., linear 
systems; Lakshmanan and Smith 2010; Lakshmanan 
et al. 2009). As part of this implementation, 1-km maxi-
mum expected size of hail (MESH) grids were gener-
ated as a proxy for the actual hail severity (Cintineo 
et al. 2012). Verification efforts of MESH through the 
Severe Hazards Verification Experiment (SHAVE) have 

suggested that MESH has an overforecasting bias and 
therefore caution must be used when applying it to 
quantify hail size (Wilson et al. 2009). Cintineo et al. 
(2012) demonstrated that MESH can, however, provide 
a useful discriminator between nonsevere and severe 
hail size (for the previous U.S. severe hail threshold 
of 19 mm) using the MESH values of 21 and 29 mm, 
respectively. For the purposes of this paper, the lower 
threshold of 21 mm is used to include both marginal 
and severe hail providing cells, thus providing the largest 
possible climatological sample size.

The 10-min interval of the Marburg radar volumes 
creates significant spatial discontinuities between 
MESH grids from an individual thunderstorm. To re-
duce this effect, MESH grids are converted into binary 
grids using a threshold filter set at the minimum value 
(21 mm) and sequential binary regions along a track 
are merged (using a convex hull approach) to produce 
a continuous swath, thus alleviating the discontinui-
ties. By applying the above technique across the entire 
processed dataset, a spatial climatology of hailstorm 
frequency can be produced for SEQ. Figure 2a shows 
local maxima of enhanced hailstorm activity in SEQ. 

Fig. 1. Map of the South East Queensland region, which forms the field site of the CCIE. Locations of fixed 
instrumentation and selected localities are shown. More densely populated regions are shaded in yellow. The 
dual-Doppler lobes between CP-2 and Mt. Stapylton are shown with red circles.
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The first region extends from the southwest valleys 
around the township of Boonah (the Scenic Rim 
region; see Fig. 1) to the north-northeast onto the 
southern suburbs of Brisbane. A second local maxi-
mum in hailstorm frequency occurs on the northern 
valleys near the town of Esk. Both hotspots are well 
known to experienced local forecasters as the primary 
regions for hailstorm activity in SEQ. Initial explana-
tory hypotheses provided by local forecasters for the 
more significant Boonah region hotspot centered on 
the arrival of the sea-breeze front in western SEQ coin-
ciding with the development of thunderstorms on the 

southern and western ranges and increasing boundary 
layer favorability for deep convection across this region.

To explore the sea-breeze influence upon hailstorms 
in SEQ, an automated filter-based algorithm was imple-
mented to identify sea-breeze days using surface weath-
er station observations (Fig. ES1; see online supplement 
at http://dx.doi.org/10.1175/BAMS-D-14-00212.2; 
Azorin-Molina et al. 2011). The Archerfield weather 
station was selected for this climatology because of 
its location in the western suburbs of Brisbane, guar-
anteeing that the sea-breeze front had propagated at 
least 25 km inland from the coastline (Figs. 1 and 2). 

Direct detection of the sea 
breeze in proximity to the 
Boonah and Esk regions was 
not achievable owing to the 
absence of surface weather 
stations. In comparison to 
coastal weather stations, the 
commonly expected tem-
perature drop associated with 
the passage of the sea-breeze 
front was often absent for the 
Archerfield site, presumably 
owing to enhanced mixing of 
near-surface air as it propa-
gates onshore (Novak and 
Colle 2006). Consequently, 
the filtering process relies 
on identifying a series of 
kinematic, moisture, and 
temporal characteristics of 
the sea breeze (see online 
supplement). A verification 
contingency table (Fig. ES1) 
estimates that the probability 
of sea-breeze detection for 
this method is 81%, with 
a false alarm rate of 19%. 
These scores are comparable 
to the performance of the 
Azorin-Molina et al. (2011) 
implementation, indicating 
that the detection methodol-
ogy is suitable for SEQ.

Following the detection 
of 1,893 sea-breeze days 
(4,316 other days) across the 
18-yr period, the hailstorm 
climatology was divided 
accordingly. A clear change 
in the spatial hailstorm fre-
quency is apparent where 

Fig. 2. Annual cumulative MESH swaths (sum of all MESH values averaged 
by the number of years in the climatology) for 21-mm threshold for (a) all 
days, (b) sea-breeze days, and (c) non-sea-breeze days. Towns marked 
include Brisbane (BNE), Archerfield (AF), Boonah (BNH), and Esk (ESK). 
Marburg radar location marked with black diamond and range rings shown 
at 16, 40, and 80 km.
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hailstorms in the Boonah region are more frequent 
on sea-breeze days and suppressed on non-sea-breeze 
days (Figs. 2b,c). In contrast, hailstorms within the 
Esk region remain relatively unaffected by the pres-
ence of sea-breeze activity. The Froude number of a 
500-m-deep sea-breeze front moving at 5 m s−1 for the 
700–800-m-high D’Aguilar Ranges (see Fig. 1 for loca-
tion) remains <<1, indicating topographic blocking 
would occur of onshore flow into the Esk region. No 
significant topography impedes the propagation of the 
sea breeze into the Boonah region from the northeast. 
This preliminary analysis suggests that the sea-breeze 
circulation and associated large-scale conditions in-
fluence the spatial distribution of hailstorms over SEQ.

EXPERIMENT MOTIVATION AND STRAT-
EGY. The initiation of deep convection along the sea-
breeze front convergence zone is a well-documented 
phenomenon (e.g., Miller 2003; Fovell 2005). Florida, 
in particular, has hosted extensive field programs to 
investigate this process (e.g., Atkins et al. 1995; Wilson 
and Megenhardt 1997; Kingsmill 1995), of which some 
cases have been simulated numerically (e.g., Dailey and 
Fovell 1999; Nicholls et al. 1991); however, concepts 
developed for this low-lying peninsula, which com-
monly produces converging sea breezes from the west 
and east coasts, have limited application for continental 
coastlines with significant inland topography. The 
physical setting found along much of eastern Australia 
is such that deep convection is most frequently initi-
ated by the Great Dividing Range and lesser coastal 
ranges (see Fig. 1 for location). Under prevailing 
upper-level westerly steering flow, these storms then 
move onto the coastal plains where they often interact 
with the sea-breeze front and postfrontal air mass, in 
contrast to storms initiating along the sea-breeze front. 
Numerous reports over the past 30 years have docu-
mented this mode of interaction in association with the 
highest-impact thunderstorm events for the Sydney 
and Brisbane regions, which resulted in cumulative 
insured losses exceeding 10 billion AUD (Holcombe 
and Moynihan 1978; Harper and Callaghan 1998; 
Richter et al. 2014; Australian Emergency Management 
Institute 2014; Callaghan 1996). Despite the historical 
significance of sea-breeze–cold pool interactions for 
eastern Australia, research remains limited to a small 
body of anecdotal case studies.

To understand how the sea-breeze interaction can 
modify existing thunderstorms, it must be considered 
with respect to the fundamental ingredients for deep 
convection—namely, the role of buoyancy and shear 
(e.g., Doswell 2001). Relative to the western conti-
nental air mass (in SEQ), the sea breeze is generally 

considered as cool, moist, and stable. However, modi-
fication of the sea breeze via entrainment of warm-
ing near-surface air during overland flow promotes 
increased buoyancy (Simpson et al. 1977). Subtle 
changes in boundary layer stability are known to have 
significant effects upon the likelihood of initiating 
thunderstorms (Weckwerth et al. 2008; Weckwerth 
2000). In addition to modifying buoyancy, the sea 
breeze generally augments the magnitude of near-
surface vertical shear normal to the coastline (east 
to northeasterlies), typically opposing in direction 
to shear generated by the cold pool forward f lank 
(eastern edge) for thunderstorms moving under pre-
vailing ambient westerly to southwesterly steering 
f low. The net tendency from these opposing shear 
profiles potentially promotes deeper lift along the 
cold pool interface, particularly for environments 
lacking strong ambient low-level environmental 
shear (e.g., Rotunno et al. 1988; Thorpe et al. 1982). 
Furthermore, enhanced convection has also been 
documented observationally for colliding gravity cur-
rents (e.g., Karan and Knupp 2009; May 1999; Wilson 
and Megenhardt 1997). The hypothesized kinematic 
and thermodynamic processes that take place during 
an interaction reside at spatial scales that are difficult 
to accurately initialize or reproduce in numerical 
models for individual events; therefore, an intensive 
observational approach was considered necessary.

The field campaign phase of the CCIE was designed 
to capture both the properties of the thunderstorm 
(particularly its cold pool) and the local environment, 
prior to and following an interaction with the sea 
breeze. Field work was conducted across two warm 
seasons: the first extending from 20 November 2013 
until 31 January 2014 and the second period from 
15 October 2014 to 31 January 2015. The network of 
BOM-operated radars, automatic weather stations, and 
a radiosonde facility in SEQ formed the backbone of 
the CCIE. Furthermore, the radars include the polari-
metric dual-wavelength (S and X band) CP-2 radar and 
the operational Mt. Staplyton S-Band Doppler radar 
(Fig. 1). The close proximity of CP-2 to the thunder-
storm hotspots identified in SEQ, and its exemption 
from operational surveillance duties, prioritizes 
the radar as a core instrument for the experiment. 
Building upon the existing BOM network, additional 
instrumentation was deployed in mobile and static 
configurations. To complement the Brisbane Airport 
(YBBN) radiosonde profiles of the sea breeze close to 
the coast, a sonic detection and ranging (sodar) wind 
profiler and a radio acoustic sounding system (RASS) 
array were deployed on the western fringe of Brisbane, 
30 km inland (Table 1, Fig. 1). A lack of BOM automatic 
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weather stations throughout the Boonah thunderstorm 
hotspot prompted the deployment of three additional 
stations in this region to improve monitoring of sea-
breeze penetration and inland airmass characteristics.

In comparison to a sea breeze, the propagation 
and geographic regularity of thunderstorms is con-
siderably less predictable, presenting a significant 
challenge for in situ observations. Over the last two 
decades, the international community has met this 
challenge through the use of mobile instrumentation, 
in particular the use of mobile weather radar (e.g., 
Wurman et al. 2012; Weckwerth et al. 2004). In an 
Australian first, a mobile pulsed Doppler lidar was 
deployed for the 2013/14 field campaign and a mobile 
polarimetric X-band radar (UQ-XPOL) was operated 
for the 2014/15 campaign (Fig. 3, Table 1). Given that 
winds behind a gravity current boundary such as sea 
breezes or gust fronts are generally perpendicular to 
the boundary, radial winds observed at low-elevation 
angles in scans aligned normal to the front would be 
expected to closely approximate the true wind velocity 
(Wakimoto 1982). This range–height indicator (RHI) 
scanning strategy was utilized extensively by CP-2, 
the mobile lidar, and UQ-XPOL to capture the vertical 
wind structure for application to the aforementioned 
shear balance arguments. Complementary mobile 

thermodynamic observations were collected by a 
truck GPS sounding system and automatic weather 
station. Thunderstorms developing in the Boonah re-
gion that were expected to interact with the sea-breeze 
circulation were prioritized targets for CP-2 and the 
mobile instrumentation during CCIE operations.

HIGHLIGHTS OF PRELIMINARY FINDINGS. 
The fine temporal and spatial resolution datasets col-
lected during CCIE, particularly from the CP-2, mo-
bile UQ-XPOL radar, and Doppler lidar instruments, 

Fig. 3. Photograph of the mobile X-band dual-polarized 
radar deployed with mobile weather station at Gatton, 
SEQ (see Fig. 1), on 26 Nov 2014.

Table 1. Summary of instrument and sensors for the CCIE.

Platform/ 
instrument Operator

Manufacturer/ 
sensor/type

Sampling 
strategy Season

Doppler scanning 
lidar

University of Queensland Leosphere WL100S Targeted RHI 1

UQ-XPOL University of Queensland Furuno WR2100 (dual 
polarized)

Targeted RHI 2

CP-2 Centre for Australian 
Weather and Climate 
Research

NCAR (dual polarized, 
dual frequency; X and 
S band)

Sequenced tar-
geted RHI and 
PPI scanning

2

Mt. Stapylton 
radar

Bureau of Meteorology Meteor 1500 (S-band 
Doppler)

6-min volumet-
ric cycle

Both

Marburg radar Bureau of Meteorology WSR74 (S band) 10-min volumet-
ric cycle

Both

Sodar profiler University of Queensland Scintec AG MFAS Continuous Both

RASS profiler University of Queensland Scintec AG RAE1 Continuous Both

Radiosonde 
system

Brisbane Airport office, 
Bureau of Meteorology

Vaisala Inc. RS92 
DigiCora

0000 UTC and 
on request

Both

Mobile radiosonde 
system

University of Queensland Vaisala Inc. RS92 
DigiCora

0200 UTC and 
on request

2

Truck weather 
station

University of Queensland Vaisala Inc. WTX520 Targeted de-
ployment

Both

Weather stations University of Queensland HOBOnet Systems Three fixed 
deployments

Both

Weather stations Bureau of Meteorology Various Continuous Both
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highlight the complexity 
that inherently occurs at the 
mesogamma scale of cold 
pool–sea-breeze interac-
tions. Here three examples 
are presented for different 
conditions: 1) the pulsed ad-
vance of a sea-breeze front 
on 28 November 2013, 2) a 
multicell thunderstorm cold 
pool on 27 December 2013, 
and 3) a collision between a 
sea breeze and a squall-line 
cold pool on 11 December 
2014.

Pulsed sea breeze of 28 No-
vember 2013. On 28 No-
vember 2013, the sea-breeze 
front was observed 31 km 
west of the coastline using 
the mobile pulsed Doppler 
lidar in the Brisbane suburb 
of Wacol (see Fig. 1). Lidar 
RHI scans through the sea 
breeze show turbulent flow, 
particularly around 1300 m 
(Fig. 4b). Rather than prop-
agating as a single front, a 
staggered passage of three 
temporally coherent sea-
breeze pulses was observed 
over a period of 28 min, 
each separated by a region 
of weak f low (Fig. ES2). 
Each pulse decreased in 
depth (1250 to 750 m) and increased in inbound ve-
locity (4 to 8 m s−1) at a periodicity of approximately 
10 min until the arrival of the stable maritime flow. 
In addition to these postfrontal oscillations, the scal-
loped boundary between the inbound gravity current 
and outbound return f low aloft suggests possible 
Kelvin–Helmholtz wave activity (e.g., Plant and Keith 
2007; Chiba 1997). Kelvin–Helmholtz wave activity is 
also evident along the leading edge of the sea-breeze 
front in the 0304:49 UTC RHI (Fig. ES2). Puygrenier 
et al. (2005) noted that a complex physical setting 
(complex coastline, urbanized terrain, topography), 
similar to SEQ, is related to the pulsed behavior of 
the sea-breeze flow. This deviation from the standard 
gravity current description of a sea-breeze front must 
be considered during an interaction with a thunder-
storm cold pool.

Multicell thunderstorm cold pool on 27 December 
2013. Thunderstorm cold pools are in a constant 
state of evolution from the initial downdraft to the 
dissipation of the convective cell and the radially 
outward propagation of the gust front (e.g., Wilson 
and Megenhardt 1997; Wakimoto 1982). Doppler 
lidar observations of a multicell thunderstorm at 
Rosewood (see Fig. 1 for location) on 27 December 
2013 demonstrate this constant state of evolution. 
Marginal instability (CAPE of 1296 J kg−1) and 
0–6-km shear (8 m s−1) observed by the Brisbane 
Airport 0000 UTC radiosonde release was indicative 
of a marginal multicell environment, suggesting cold 
pool evolution would be highly variable. In this case, 
two gust fronts were initially observed in the 0320:22 
UTC scan: a maturing gust front on the upshear side 
of the cold pool exhibiting a tight velocity gradient at 

Fig. 4. Vertical cross sections of Doppler lidar radial velocity for a sea-breeze 
front advancing from the southwest (right)–(left) at (a) 0310:07 and (b) 0325:50 
UTC 28 Nov 2013 at –27.583°S, 152.933°E (Wacol locality; Fig. 1) at an RHI 
azimuth of 42° true north (TN). Inbound radial velocities are shaded in blue 
with solid contour lines; outbound radial velocities are shaded in red with 
dashed contour lines (contour intervals are 1 m s–1). The zero velocity isodop 
is shown in gray and arrows approximating the radial flow path shown in black.

1693SEPTEMBER 2016AMERICAN METEOROLOGICAL SOCIETY |



1500 m from the lidar propagating into an older, less 
intense outflow region (Fig. 5a). Ninety seconds later, 
the maturing gust front collapsed from 500 m to ap-
proximately 250 m and the distinct boundary was lost 
as it merged with the existing gust front (Figs. 5b and 
ES3). Furthermore, an emerging convective down-
draft evident in Fig. 5b leads to the deepening of the 
multicell cold pool from 250 to 500 m at 0325:08 UTC. 
This case highlights the rapid evolution of the cold 
pool depth and intensity on minute time scales. This 
variability again creates significant uncertainty that 
must be considered when analyzing and predicting 
interactions with an advancing sea-breeze front.

Collision between a sea breeze and a thunderstorm cold 
pool on 11 December 2014. The sea-breeze–thunder-
storm cold pool interaction observed during CCIE on 

11 December 2014 occurred approximately 50 km in-
land, a comparable distance to the majority of events ob-
served throughout the two field campaigns. To explore 
the overland evolution of the sea breeze, three vertical 
wind profiles from various data sources were sampled 
along a northeast-to-southwest transect (Fig. 6a). Start-
ing from the northeast at Brisbane Airport, an onshore 
wind profile derived from the 0300 UTC (1300 local 
time) radiosonde shows a distinct low-level maximum 
of 12.5 m s−1 at 200 m within the 1200-m-deep onshore 
component (60°) of the sea-breeze circulation (red 
dashed profile in Fig. 6b). The next transect profile 
was observed 28 km to the southwest of Brisbane Air-
port using sodar/RASS instrumentation at 0330 UTC 
(orange dashed–dotted profile in Fig. 6b). Across this 
heavily urbanized segment of the transect, the sea 
breeze experienced a reduction in surface wind speed 

by approximately 50% to 
5 m s−1. As previously noted 
in the pulsed sea-breeze case 
study (28 November 2013), 
it is hypothesized that the 
increased surface rough-
ness and urban heat island 
circulations across the city 
landscape contributed to-
ward this modification of the 
sea breeze (Puygrenier et al. 
2005). A final vertical wind 
profile was reconstructed 
using a CP-2 vertical cross-
sectional scan orientated 
242°, opposite to the onshore 
component, at 0341 UTC 
(yellow profile in Fig. 6b). 
This profile was extracted 
within the sea-breeze air 
mass, immediately to the 
northeast of the cold pool 
gust front to provide a close 
proximity wind profile rep-
resentative of the interacting 
sea breeze. This profile shows 
limited change from the so-
dar profile 11 min earlier, 
suggesting the sea breeze 
had reached a more steady 
kinematic state of inland 
propagation over the final 
15-km segment (Fig. 6b).

Prior to the sea-breeze 
interaction, the UQ-XPOL 
mobile radar was deployed 

Fig. 5. Velocity cross sections of Doppler lidar radial velocity for a thunder-
storm gust front at (a) 0320:22 and (b) 0321:58 UTC 27 Dec 2013 at –27.643°S, 
152.567°E (Rosewood locality; Fig. 1) at an RHI azimuth of 187.7°TN. Inbound 
radial velocities are shaded in blue with solid contour lines; outbound radial 
velocities are shaded in red with dashed contour lines (contour intervals are 
1 m s–1). The zero velocity isodop is shown in gray and arrows approximating 
the radial flow path are shown in black.
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12 km south of Rosewood (Fig. 1) to observe the cold 
pool structure and dynamics. Analogous to CP-2, 
boundary-normal vertical cross-sectional scans 
(Fig. 6a) were utilized to provide a precollision cross 
section of the cold pool structure. Between the 0321 
UTC UQ-XPOL scan and the 0341 UTC CP-2 scan, 
the cold pool shear and depth appear unchanged (blue 
profiles in Fig. 6b). Such steady cold pool behavior 
is dissimilar to the rapid evolution observed in the 
27 December 2013 lidar case study (Figs. 5a,b). This 
continuity, in addition to the separation of the gust 
front from the convective cells (not shown for XPOL), 
suggests that the cold pool was in the later stages 
of its life cycle (Wakimoto 1982). A mobile sound-
ing launched 10 km north of Boonah at 0230 UTC 
(not shown) indicates that the level of free convec-
tion (LFC) for an inland pre-sea-breeze parcel was 
986 m, approximately the same as the cold pool depth 
(Fig. 6c). Modifying this sounding using post-sea-
breeze observations from Archerfield weather station 
at 0300 UTC increased the LFC to 1251 m, above the 

Fig. 6. Analysis of a sea breeze and cold pool features on 11 Dec 2014. (a) The 0.9° reflectivity PPI from CP-2 
radar at 0338 UTC with the locations of XPOL and CP-2 RHI scans (gray dots and lines) and associated vertical 
profiles (colored diamonds) shown. (b) Vertical profiles of the cold pool wind speed (242° component) based on 
CP-2 and XPOL and the sea-breeze wind speed (60° component) based on CP-2, airport radiosonde (YBBN), 
and sodar observations. Colored diamonds associated with each vertical wind profile from (a) are shown in 
the legend and plot. (c) The CP-2 RHI at 0341 UTC with shaded radial velocity and contoured reflectivity from 
35 dBZ in 5-dBZ steps. Level of free convection for the sea-breeze (pre-sea-breeze) air parcel is shown with 
a dashed (solid) line. Colored lines and diamonds indicate the locations of profiles extracted from the CP-2 
RHI for (a) and (b).

depth of the cold pool induced lift (Fig. 6c). CP-2 
radar observed the cooler (22°C) cold pool air collide 
with and lift the warmer (28°C) sea breeze at 0330:02 
UTC (not shown). At 0341:28 UTC a shallow 50-dBZ 
region is evident behind (southwest of) the cold pool 
gust front head in the CP2 RHI (Fig. 6c) owing to 
lifting in the region; however, the lofted sea breeze 
primarily manifested itself as horizontal flow above 
the cold pool. Kingsmill (1995) observed a similar lack 
of ascent above the cold pool following a sea-breeze 
interaction and attributed this to a reduction in gust 
front depth. In contrast, no significant changes in 
gust front depth were observed immediately follow-
ing the sea-breeze collision for the 11 December 2014 
case study (Fig. 6b).

Following the sea-breeze collision, the prestorm sur-
face to 1-km wind profile directed normal to the cold 
pool (∆u) transitioned from a weakly sheared environ-
ment (2.7 m s−1) in the 0210 UTC sounding profile at 
Boonah (not shown) to stronger shear (7.7 m s−1) in the 
0341:28 UTC CP-2 RHI. Rotunno et al. (1988) showed 
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that conditions for deep up-
drafts are optimized as the 
net vorticity generated in the 
low-level shear balances the 
net buoyant vorticity from 
the cold pool. The thunder-
storm cold pool boundary-
normal shear (∆u) at the time 
of collision (0341:28 UTC) 
was 18.9 m s−1 through the 
surface to 1-km layer, sug-
gesting that the sea-breeze 
environment was more op-
timal for updrafts than the 
prestorm environment. A 
conceptual schematic of the 
circulation tendencies associ-
ated with the sea breeze and 
cold pool shear is shown in 
Fig. 7 before and after the col-
lision. Despite this potential 
for deeper lifting, sea-breeze 
air struggled to lift, possibly 
owing to the elevated LFC, 
resulting in the rapid dis-
sipation of deep convection 
as it crossed the sea-breeze 
boundary (Fig. 7b).

Field operations summary. 
This selection of case studies 
from the two-season CCIE 
campaign highlights the 
complex evolution of both 
the sea-breeze circulation 
and thunderstorm cold pools 
and difficulties present for understanding interactions 
between these air masses at the subkilometer and 
minute scales. Continued analysis of events observed 
throughout the campaign is expected to outline a spec-
trum of sea-breeze collision responses in thunderstorm 
convective behavior. Particular attention will be paid 
to the spatial distribution of favorable and unfavorable 
interactions with respect to the Boonah climatological 
thunderstorm hotspot. The CCIE was also fortunate 
enough to operate for the severe 27 November 2014 
hailstorm event, which developed in a sea-breeze air 
mass. Insured damage from this single event has ex-
ceeded 1.34 billion AUD for the Brisbane city region 
(Insurance Council of Australia 2015), mainly because 
of giant hail; however, convective interactions were not 
directly observed and the event will require careful 
reanalysis to understand the mechanisms operating.

CONCLUSIONS. The CCIE’s integration of cli-
matological analysis with an intensive field campaign 
has provided an opportunity for revealing some of 
the complexities surrounding thunderstorm hotpots 
in complex physical settings like SEQ. A preliminary 
analysis indicates a strong relationship between the 
presence of the sea breeze and the Boonah hailstorm 
hotspot, but further analysis is needed to isolate the ad-
ditional influence of synoptic and topographic drivers. 
Furthermore, finescale field observations of the sea-
breeze–thunderstorm interaction events have begun to 
shed some light on the meteorology of thunderstorm 
hotspots in SEQ. The future application of the concepts 
developed by the CCIE to sea-breeze forecasts based 
on high-resolution operational numerical weather 
prediction models is expected to improve operational 
nowcasting of events such as the 27 November 2014 

Fig. 7. Conceptual analysis of 11 Dec 2014 thunderstorm–sea-breeze inter-
action. (a) Prior to the collision, the cold pool circulation lifts surface air 
parcels above the ambient LFC (dashed line). (b) The introduction of the 
sea-breeze circulation may reinforce the cold pool circulation and promote 
deeper lifting; however, the higher LFC of the sea-breeze air parcels (dashed 
horizontal line) remains above the deeper lifting depth, suppressing further 
updraft development. Adapted from Bryan et al. (2004), their Fig. 3.
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hailstorm. We hope the novel methodology and insight 
this article provides into localized hailstorm hotspots 
will motivate further research into similar anomalies 
worldwide for thunderstorm-prone environments.
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