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Abstract
This study has used a numerical model (RAMS) at 1 km horizontal grid intervals over the Sydney Basin to assess the impact of
land cover change on storms. Multiple storms using the National Center for Environmental Prediction (NCEP) reanalysis data were
simulated with pre-European settlement land cover then re-simulated with land cover representing Sydney's current land use
pattern. While all simulated storms did not respond to the change in land cover consistently, storms of similar types responded in
comparable ways. All simulated synoptically forced storms (e.g. those triggered by cold fronts) were unresponsive to a changed
land surface, while local convective storms were highly sensitive to the triggering mechanism associated with land surface
influences. Storms travelling over the smoother agricultural land in the south-west of the Sydney Basin experienced an increase in
velocity, and in a special case, the dense urban surface of Sydney's city core appears to trigger an intense convective storm. It is
shown that the dynamical setting predominantly triggers storm outbreaks. This is seen most clearly in the isolated convective storm
category where the sea breeze front often dictates the location of storm cell initiation.
© 2006 Elsevier B.V. All rights reserved.
Keywords: numerical modeling; land cover change; storms; Sydney; Australia

1. Introduction
The land surface affects the lower atmosphere via the
surface energy budget and the surface water budget
(Verstraete and Dickinson, 1986). Several recent review
papers have addressed the issue of the role of the land
surface in weather and climate (Avissar and Verstraete,
1990; Betts et al., 1996; Pielke et al., 1998; Pitman,
2003; Kabat et al., 2004). Changes in the albedo, the
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surface roughness, leaf area index, root depth and a
range of other biophysical characteristics affect the
surface energy balance both via changing net radiation
and via the partitioning of net radiation between sensible
and latent heat (see Sellers, 1992; Betts et al., 1996). A
change in the partitioning of net radiation can affect
boundary layer depth (Pielke et al., 1998) and thereby
clouds and incoming solar radiation (Sellers, 1992). The
surface also affects the exchange of momentum and the
fluxes of carbon and other trace gases.
There is substantial recent literature focusing on how
the land surface affects weather and climate (see Pielke
et al., 1998 and references therein; Kabat et al., 2004 and
references therein). This literature includes modeling
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evidence from global climate models, regional climate
models and observational campaigns. Almost all this
literature focuses on the modification of natural landscapes to grassland or agriculture which is reasonable
given that humans have altered close to 50% of
continental surfaces (Vitousek et al., 1997) via reforestation, deforestation, overgrazing or agriculture. For
example, Copeland et al. (1996), Pielke et al. (1999) and
Marshall et al. (2004) found simulated changes in
precipitation resulted from altered surface vegetation at
a regional scale. In addition to the biophysical
characteristics of the surface, the specific distribution
of land cover types (i.e. landscape heterogeneity) can
also influence weather patterns at scales of tens of
kilometers (Chen and Avissar, 1994; Lynn et al., 1995;
Avissar and Liu, 1996; Shao et al., 2001). Thus, accurate
representation of land surface properties and landscape
patterns in regional climate studies across a range of
scales is important.
While the impact of land cover modification from
natural vegetation to crops or grasslands has been shown
to affect local weather, the impact of urbanization on the
atmosphere has been less well studied by the regional
climate modeling community. If land cover change
(LCC) can affect the partitioning of net radiation, the
depth of the boundary layer and the momentum flux,
then urbanization has the potential to affect weather
patterns over urban and surrounding areas. There is
extensive evidence that urban areas can affect climate
(Arnfield, 2003) as cities are capable of altering natural
weather patterns through the urban heat island effect, the
disruption of air flow, initiation of mesoscale circulations and through the discernable influence on storm
occurrence. Pielke (2002) gives a thorough summary of
both modeling and observational studies concerned with
urban impacts since their inception in the 1970s and
1980s. An important early study was conducted by
Hjelmfelt (1980), simulating the response of wind flow
over the urban area of St Louis. A recent study by
Kalnay and Cai (2003) investigated the impact of
urbanization on climate, highlighting the significance of
cities in terms of regional warming and the reduction in
diurnal temperature fluctuations. The precise impact of
urbanization on weather and climate warrants further
research as cities continue to draw higher populations
and expand in their spatial reach exerting a potentially
greater influence on atmospheric processes.
Observational evidence dating back over 30 yrs also
suggests an urban influence on weather and climate,
with some studies concluding increases in warm season
rainfall result downwind of cities (e.g. Changnon, 1968;
Landsberg, 1970; Huff, 1986). There is also evidence

for cities causing decreased precipitation by altering
cloud microphysics (Rosenfield, 1999; Ramanathan et
al., 2001). An observational study by Shepherd and
Burian (2003) demonstrated the significance of the sea
breeze and coastline curvature in addition to the urban
surface for the meteorology of coastal cities, highlighting the complexities in urban-atmosphere studies. Thus,
specific features of cities are important in determining
meteorological outcomes, and generalized assessments
of urban influences on weather and climate must be
reviewed critically (Shepherd and Burian, 2003). Other
specific storm studies by Balling and Brazel (1987),
Jauregui and Romales (1996), Bornstein and Lin (2000)
and Baik et al. (2001) have shown urban areas to
directly influence storm initiation, intensity and motion.
In Australia, LCC has been extensive since European
settlement in 1788. Initially, this LCC was deforestation
for a variety of types of agriculture. More recently, urban
expansion in the Sydney region (mid-coast of New
South Wales) has been extensive to accommodate an
influx of 50,000 people per year (EPA, 2003). The
Sydney Basin is a relatively flat area, bounded to the
north, west and south by areas of high relief to create a
basin. This study explores whether the changes in land
cover over the Sydney Basin affect the characteristics of
storms occurring in the region (see Section 3 for a
description of storm types). The Sydney Basin is
frequently affected by such events, predominantly in
summer during the early afternoon and evening (Potts et
al., 2000). Case studies of several of Sydney's severe
storms can be found in Spillane and Dixon (1969) and
Bureau of Meteorology (1993, 1995), while Matthews
and Geerts (1995) provide a study of the spatial
distribution of Sydney's storms according to synoptic
type. The possible interaction of these storms with
Sydney's urban surface is a growing concern due to the
associated financial implications of storms. For example, Sydney's hailstorm of April 1999 caused the most
insured damage of any natural disaster in Australia's
history with insurance costs exceeding AU$1.7 bn
(Insurance Disaster Response Organisation, 2002).
Whether the urban surface played any part in the
intensity of this storm is worthy of further study.
This study tests the hypothesis that urbanization over
the Sydney Basin affects the nature of storms. The aim is
to determine whether the LCC over the Sydney Basin
has led to an intensification of storms, a change in their
preferred paths or velocities, or the time at which they
occur. To explore the land surface influence on storms in
the Sydney Basin, multiple simulations using a high
resolution numerical model were performed (described
in Section 2). Section 3 displays the results obtained
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using the different land cover regimes. Discussion of
results is found in Section 4, followed by conclusions in
Section 5.
2. Model description
This study used the Regional Atmospheric Modeling
System (RAMS). RAMS implements the fundamental
equations of heat, moisture, momentum and continuity
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(Pielke, 2002) and was described in detail by Pielke et
al. (1992) and Cotton et al. (2003). RAMS has been
successfully used across a range of applications, and has
been evaluated extensively in an operational capacity
(e.g. see Draxler et al., 1993; McQueen et al., 1999;
Aikman et al., 2000). RAMS' ability to realistically
simulate convective systems has also been validated in
previous studies (see Grasso, 1992; Nair et al., 1997;
Pielke et al., 1997; Rozoff et al., 2003). This section

Fig. 1. Nesting structure of grids used in this study. a) Grid 1 encapsulates the whole of south-east Australia, b) grid 2—south-east coastal region, c)
grid 3—Sydney Basin and surrounds and d) grid 4 encapsulating the Sydney Basin and also showing topography (meters above sea level).
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Table 1
Model configuration
Grid number

Number of horizontal
grid points

Horizontal domain
size (km)

Horizontal grid
increment (km)

Time step (s)

Depth (km)

Vertical
spacing (m)a

1
2
3
4

50 × 50
42 × 42
50 × 50
92 × 92

2940 × 2940
492 × 492
147 × 147
91 × 91

60
12
3
1

120
24
6
2

24,860
24,860
17,360
9860

100–1500

a

Constant for all grids.

briefly explains the model configuration used in this
study.
2.1. Grid structure and domain configuration
RAMS includes two-way interactive nesting of grids.
The use of four nested grids in this study enabled a very
fine (1 km) grid at the center of the domain with
additional grids at 3, 12 and 60 km covering increasingly
large areas of the Sydney Basin (see Fig. 1 and Table 1
describing the nesting structure). The horizontal domain
sizes of the outer grids were selected for two reasons: to
minimize the effects of boundary conditions via selection
of a larger outer domain; and secondly—the imposition
of relatively distant boundary conditions makes this
region of the model geographically remote from the area
of particular interest, which is toward the center of the
finer grids. The 1 km horizontal grid increment for the
fine grid enabled convective processes to be explicitly
resolved, but 1 km was also the finest resolution possible
given computational restraints and issues of numerical
stability over the complex orography of the Sydney
Basin. Our configuration of RAMS is not particularly
innovative. Similar studies include Pielke et al. (1997)
who used RAMS to investigate land surface influences
on deep convection, using four grids of comparable
horizontal resolution (60 km, 20 km, 5 km, 1 km) and
size, with vertical spacing and domain depth also similar
to those used here. Other studies of a similar nature have
used three grids. For example, Grasso (1992) investigated
tornadogenesis, Nair et al. (1997) used RAMS to simulate
a severe storm and Rozoff et al. (2003) studied the impact
of urban surfaces on thunderstorms. De Wekker et al.
(2004) used an inner grid interval of 333 m to simulate
mesoscale flow in mountainous terrain of southern
Switzerland. Four grids were used in this study to
improve the exchange of information between grids,
which is enhanced if a reduced nesting ratio is used
(Walko and Tremback, 1995).
The four grids were centered at 33.85°S and
151.083°E (30 km northwest of the Sydney central
business district and the center of the Sydney Basin).

The four grid domains are presented in Fig. 1 displaying
the nesting structure. The finest grid (grid 4, Fig. 1d)
extends north to Broken Bay, south to Wollongong and
west to the Blue Mountains, thereby capturing the whole
of the Sydney Basin while the coarsest grid covers most
of south-east Australia. The current land cover pattern
described in Sections 2.3 and 2.4 is shown in Fig. 2
while terrain for grid 4 is seen in Fig. 1d.
2.2. Model initialization and forcing
Initialization for this study was horizontally inhomogeneous with forcing data incorporated from the
National Centers for Environmental Prediction (NCEP)
Global Data Assimilation System (GDAS) (Kalnay et
al., 1996). The alternative method, homogenous initialization, involves triggering atmospheric processes
interpolating from a single sounding which does not
always accurately represent the processes involved in
the formation of specific weather events such as cloud

Fig. 2. Current land cover pattern for grid 4 where EU = established
urban, A = agriculture, NU = new urban, B = bush land, DU = dense
urban. Numbers refer to geographic locations: 1 = Broken Bay, 2 = Port
Jackson, 3 = Botany Bay, 4 = Parramatta, 5 = Campbelltown and
6 = Penrith.
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formation (Cotton et al., 2003). A study by Nair et al.
(1997) found that although both initialization techniques
captured the pattern of the storm being simulated, the
inhomogeneously initialized simulation results were
closer to observations. All simulations were run for
24 h. Soil moisture was initialized at 35% moisture
capacity (as a percentage of saturation) and was
prescribed as horizontally homogeneously across the
domain, as this value is deemed reasonable for most
applications (Walko and Tremback, 1995). Sensitivity
tests with 15%, 25%, 45% and 55% moisture capacity
revealed no systematic response to different soil moisture
initialization. Soil temperature was initialized at − 2 K
below the temperature of the lowest atmospheric level for
the top soil layer, to 5 K warmer than the temperature of
the lowest atmospheric level for the deepest soil layer.
Again, our results were insensitive to the details of the
soil temperature initialization. This does not mean that
soil moisture and soil temperature initiatilization can be
neglected in future studies. Rather it means that in our 1day January simulations over the Sydney Basin, storms
were insensitive to the initialization of these state
variables.
Lateral boundary conditions were also taken from the
NCEP GDAS and were updated every 6 h using the
Klemp and Wilhelmson (1978) condition based on
results from Walko and Tremback (2002). More
frequent updates (e.g. every 3 h) provided no improvement to the stability of simulations.
2.3. Parameterization selection
This study used a cumulus parameterization scheme
for grids 1 and 2 following Kain and Fritsch (1993)
based on the demonstration that this method is superior
to simpler alternatives at mid latitudes (Castro et al.,
2001). For the finer resolution grids (grids 3 and 4), the
resolution was high enough to explicitly resolve
convection (Pielke et al., 1992; Molinari, 1993).
In terms of radiative transfer, the Harrington scheme
(Harrington, 1997) was selected as it accounts for the
specific optical properties of moisture in liquid, ice and
gaseous form (Walko and Tremback, 1995; Pielke, 2002).
We utilized an explicit cloud microphysics scheme to
capture the numerous interactions occurring between the
atmospheric processes across multiple scales.
The Land Ecosystem Atmosphere Feedback (LEAF2) model (Walko et al., 2000) was used to account for
the exchange of heat and moisture between the soil,
vegetation, canopy, surface water and atmosphere.
LEAF-2 explicitly represents canopy processes following Deardorff (1978). It also represents the details of
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turbulent exchange and radiative transfer, as well as
transpiration, precipitation and fluxes of heat and
moisture between the soil or snow and the atmosphere
(Lee, 1992; Walko et al., 2000).
To differentiate between land cover types in LEAF-2,
various biophysical parameters need to be modified to
reflect the nature of the terrestrial surface. These
biophysical parameters include albedo (α), leaf area
index (LAI), vegetation fraction (δfm), aerodynamic
roughness length (z0), zero plane displacement height
(d), emissivity (ε) and root depth (Rd). For this study,
new surface classes were required to represent the
specific land cover found within the Sydney Basin. The
classes included in this study are:
(1) dense urban (confined to the city core and
Parramatta central business district [CBD]);
(2) new urban (newly established residential suburbs
lacking mature trees);
(3) established urban (residential suburbs with mature
trees);
(4) agricultural land (incorporating all agricultural
activity, although in the Sydney Basin is mainly
grazing land);
(5) bush land (i.e. all natural vegetation).
This number and definition of land cover classes was
selected based on previous studies of a similar nature.
For example, Seaman et al. (1989) investigated the
planetary boundary layer structure over urban, suburban
and rural areas in St Louis, Missouri and included 15
land use categories. These included five urban type
classes ranging from medium density/residential to the
CBD. Sailor's (1995) Los Angeles study of the urban
response to albedo and vegetation changes included 23
land use classes, 12 of which relate to built environments including separate classes for close and open set
houses, and close and open set apartments. Brown and
Williams (1998) used four built environment subclasses
(downtown/city center, industrial/commercial, residential with mature trees and residential without mature
trees). The definitions for the urban land cover classes in
this study are an amalgamation of those given by
Grimmond and Oke (1999), Sailor (1995) and Brown
and Williams (1998). The selection of these classes is
generally based on land use type, and following Brown
(2000), the principal characteristics defining the classes
are built versus green space, canopy height and building
density.
Table 2 shows the biophysical parameter values
assigned to the new land cover classes added to LEAF-2
that portray a broadly realistic representation of the
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Table 2
Classes added to LEAF-2 and their corresponding biophysical parameter values
Biophysical
parameters

Dense urban

New urban

Established urban

Bush land

Agricultural land

α

0.16 (Brest, 1987;
Seaman et al., 1989;
Sailor, 1995; Strugnell
et al., 2001)

0.17 (Brest, 1987;
Seaman et al., 1989;
Sailor, 1995; Strugnell
et al., 2001)

0.135 (Brest, 1987;
Seaman et al., 1989;
Sailor, 1995; Strugnell
et al., 2001)

0.14 (Collins and
Avissar, 1994; Sailor,
1995; Pielke, 2002)

z0 and d (m)

2.5, 16.7 (Sailor,
1995; Grimmond
and Oke, 1999)

0.35, 2.4 (Sailor,
1995; Grimmond
and Oke, 1999)

0.5, 3.3 (Sailor, 1995;
Grimmond and
Oke, 1999)

2.21, 11.34 (Seaman
et al., 1989; Rozoff
et al., 2003)

0.2 (Oke, 1973;
Rosenberg, 1974;
Noilhan and Planton,
1989; Seaman
et al., 1989)
0.06, 0.7 (Sailor,
1995; default
LEAF-2 values)

LAI

3.8 (Sailor, 1995;
Rozoff et al., 2003)

2 (Sailor, 1995;
Rozoff et al., 2003)

4 (Sailor, 1995;
Rozoff et al., 2003)

δfm (%)

0.05 (Sailor, 1995;
Rozoff et al., 2003)

0.05 (Sailor, 1995;
Rozoff et al., 2003)

0.3 (Sailor, 1995;
Rozoff et al., 2003)

ε (%)

0.9 (default LEAF-2
urban value)

0.9 (default LEAF-2
urban value)

0.88 (default LEAF-2
urban value)

4 (Sailor, 1995,
default LEAF-2
values)
0.4 (Sailor, 1995,
default LEAF-2
values)
0.86 (default
LEAF-2 value)

0.95 (default
LEAF-2 value)

Rd (m)

0.6 (default
LEAF-2 value)

0.6 (default
LEAF-2 value)

0.6 (default
LEAF-2 value)

0.6 (default
LEAF-2 value)

0.6 (default
LEAF-2 value)

patterns of the Sydney Basin's land surface. Values for
the biophysical parameters were chosen based on
previous studies, default values in similar classes of
LEAF-2 as well as via consideration of the specific
nature of Sydney's land surface.
2.4. Sydney's land cover
In order to explore the potential impact of LCC on
storms over the Sydney region, a realistic representation
of the Sydney Basin's current land use patterns and the
land cover prior to European settlement were needed.
High resolution data sets were generated via GIS
classification techniques from Landsat Thematic Mapper (TM) satellite imagery and incorporated into LEAF2. Classification of heterogeneous urban areas from
remotely sensed imagery is challenging due to the
difficulty in differentiating urban areas from other land
use types (Treitz et al., 1992; Gao and Skillcorn, 1998;
Zha et al., 2003). However, if done carefully it is a
valuable tool in realistically investigating land surface
impacts on meteorological processes (Dupont et al.,
2002). For the purpose of this study, year 2000 images
from the Landsat 7 Enhanced Thematic Mapper Plus
(ETM+) were used. These images have seven bands in
the visible, near infra-red, mid infra-red and thermal
infra-red (Haack, 1983). Six bands (excluding thermal
infra-red) were included when classifying the land
surface. Supervised classification, where representative
areas of land use are selected to classify an image, was

5 (default
LEAF-2 values)
0.85 (default
LEAF-2 values)

performed on the original, multispectral image (Maunsel
et al., 1990). A homogeneous land cover dataset,
consisting only of natural bush land and water, was
created to represent the pre-European settlement land
cover. This was simply a land cover type that represents
the biophysical parameters of still existing vegetation
over the Sydney Basin that is believed to be typical of
the types that existed prior to European settlement over
widespread areas.
2.5. Experimental methodology
The method to test the effect of LCC on storms in the
Sydney Basin involved simulating storm events with the
control (natural) land cover, followed by simulating the
same events (using identical boundary conditions and
model configuration) with current land cover. This
experimental design (i.e. using identical lateral boundary conditions and altering the land surface) follows
Sailor (1995), Pielke et al. (1999) and Eastman et al.
(2001) in testing model sensitivity to the land surface.
Our approach was to simulate many individual days
using natural land cover (270 days were run, reaching
the limit of available lateral boundary conditions). We
targeted days producing storms, with storms defined as
those days with rain 25 mm h− 1 or more (following
Brooks and Strensrud, 1999; Bureau of Meteorology,
2003). Twenty storms were identified which were then
re-simulated using identical lateral boundary conditions
and model configuration, except for the change to
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current land cover. This allows the influence of the land
surface on the behaviour of storms to be examined. The
selection of 20 storms, based on simulated rainfall
amounts under natural land cover, also provides a
reasonably large sample of separate events and ensures
that conclusions reached are robust. The sample size of
20 storms, selected from the 270 days simulated,
represents the limit of our computational capacity at
this time. The NCEP reanalysis data is at 2.5° by 2.5°
grid spacing, and is too coarse for skillfully initialing as
lateral boundary conditions for the mesocale model for
actual storm events. Therefore, the experimental design
was selected to perform the model simulations as a
sensitivity process study to investigate the relative
importance of landscape processes on storm initiation,
intensification and movement.

Table 3
Classification of storms by description and reaction to LCC. Note that
“significant” does not imply “statistically significant”
Storm type

Date of storm

Reaction to LCC

Frontal

16.1.85
13.1.94
12.1.61
19.1.90
5.1.86b⁎
15.1.85

6.1.89
5.1.86a⁎
2.1.88
28.1.86
4.1.88
3.1.61
22.1.89
4.1.86
22.1.86

No reaction
No reaction
No reaction
No reaction
Weakening of storm
Increased horizontal
velocity
Increased horizontal
velocity
Increased horizontal
velocity
Increased horizontal
velocity
Significant reaction
Enhancement of storm
Enhancement of storm
Significant reaction
Significant reaction
Significant reaction
Significant reaction
Significant reaction
Significant reaction

21.1.87
7.1.90
29.1.61

No reaction
No reaction
No reaction

South-west triggered

10.1.88
8.1.88
13.1.90
Isolated convective

3. Results and initial interpretation
The 20 days that produced storms exceeding 25 mm
h− 1 using natural land cover were re-simulated with
current land cover using RAMS. Since some storms are
more dependent on wider scale synoptics than others
(e.g. those triggered by cold fronts compared to isolated
convective storms) it was anticipated that LCC would
affect different types of storms in varying ways. Table 3
classifies the 20 simulation dates into storm types, and
rates how the change to current land cover affected the
storm. To aid explanation, individual storms are
referred to by their date of occurrence (e.g. 13.1.94
etc). Local standard time (LST) is used throughout this
paper.
Storms were found to respond to LCC in one of
five ways: no reaction, increased horizontal velocity,
significant reaction (consisting of storms being
displaced in location, of different intensities or
triggered earlier/later with altered land cover), enhancement or weakening of the storm (note “significant” does not imply “statistically significant”). The
storm's response was dependent on the particular type
of storm being simulated. This section presents
representative storms from the different reactions
identified in Table 3 with storms referred to as N1
and C1, N2 and C2, N3 and C3 and N4 and C4,
denoting natural (N) or current (C) land cover and
storm reactions as described in Table 3. Key storm
ingredients (instability, low level moisture and a
triggering mechanism, Kuleshov et al., 2002) are
included in this initial interpretation of results. Storm
figures display precipitation rate (mm h− 1 ), and
surface winds (m s− 1). Since our interest is the impact
of LCC on storms, only results from grid 4 are shown.
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Other (e.g. weaker
storms)

⁎ Two storms occurred on this date.

3.1. Frontal storms
Table 3 shows that the simulated frontal storms
appear little affected by LCC, as these types of events
are triggered away from the region of LCC and are
driven predominantly by synoptic forcing. A similar
conclusion can be reached for “other” storms (Table 3)
as these refer to broad scale rain and weaker synoptic
storms. An example of a storm triggered by a cold front
is shown in Fig. 3 with simulated rainfall and winds
plotted over grid 4 for each 15 min period for natural and
current land cover and the difference. Fig. 3 shows that
LCC has minimal impact on storm behavior (trajectory,
intensity, location and timing). The storm moves onto
the fine grid (grid 4) of both N1 and C1 at 1730 from the
west where it is initiated away from any area of LCC.
Although not extending across the entire leading edge of
the front, frontal characteristics are evident in the
opposing direction of pre- and post frontal winds and
contrasts in temperature. At 1745, the maximum
precipitation rate is 22 mm h− 1, however, the next two
time steps show a decline in this rate until 1830 where it
increases again to a maximum of 49 mm h− 1 for C1 and
46 mm h− 1 for N1. The storm cell size for both cases is

64

A.F. Gero et al. / Global and Planetary Change 54 (2006) 57–78

Fig. 3. Storm of 13.1.94. Shading refers to rainfall intensity (20 mm h− 1 is shaded light grey and 60 mm h− 1 is shaded black); arrows denote surface
winds (m s− 1; length proportional to speed). Left column is natural land cover, middle is current land cover, right column is the difference (current
minus natural with amounts shown as contours). Rows are the 15 min time intervals of outputs with local standard time shown above each plot.
Images are taken from the fine grid (4).
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Fig. 3 (continued).
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approximately 16.6 km in diameter. From this point, the
storm continues to move east until 1930 where it
dissipates under both land cover regimes. The trajectory
of the storms is such that with current land cover, it
encounters agriculture, new and established urban, as
well as bush land, see Fig. 2.
Pre-storm conditions for the 13.1.94 storm follow the
same pattern as that of all frontal storms. The
atmosphere over the area of LCC is up to 2% drier (in
terms of relative humidity, RH), and instability
(measured by equivalent potential temperature (θe),
following Pielke, 2002) is greater with current land
cover. Before and during the storm, surface pressure and
near-surface wind speed and direction indicate no
visible differences between the two land cover regimes.
The cold front that triggers the storm originates from the
west (a region unaffected by the LCC). Therefore, for
natural and current land cover in the frontal storm
category the triggering mechanism is not influenced by
LCC and the land surface influence is not seen during
the frontal storms, since they are forced by large scale
synoptic factors. Similar results were found by Doran
and Zong (2000) in the investigation of the influence of
surface fluxes on the stability of pre-storm environments. In their study, synoptically forced storm events
were excluded as the surface exerted little part in the
evolution and maintenance of these events.

and indeed this is the case for other storms in this study.
What is pertinent for this group of storms, however, is
that in their early stages of development they are in
direct contact (through updrafts and horizontal advection) with the smooth agricultural surface, thus directly
influenced by characteristics of that surface. Our results
are supported by an observational study of urban
influences on convective precipitation, by Jauregui
and Romales (1996), who found smoother surfaces
surrounding Mexico City caused cloud cells to move
faster and in a more uniform manner. This results from
less surface drag being exerted on the flow, allowing
winds to pass relatively unperturbed and thus permitting
an increase in velocity. In the present study, the
difference in wind speed for the current minus natural
simulations is up to 2.5 m s− 1 faster over the area of
LCC, where roughness is reduced for agricultural and
new urban surfaces. The horizontal acceleration of this
type of storm is therefore directly caused by the
smoothing of the surface and the reduction in roughness
and displacement height (Table 2). All four storms of
this type showed similar behavior. While there was no
systematic intensification of this type of storm following
LCC, there was a clear change in timing, which may be
significant for forecasting storms and for the impact on
some insurance portfolios that are exposed to vehicle
claims.

3.2. South-west triggered storms

3.3. Isolated convective storms

These storms are initiated in the south-west (sometimes out of grid 4's reach) and travel directly over
agricultural regions in their early stages of development.
This increases the horizontal velocity of the storms due
to the smoother surface (the roughness length is 0.2 m
compared to 2.21 m for natural land cover). An example
of a south-west triggered storm with increased velocity
under current land cover conditions is seen in Fig. 4. The
C2 storm develops at 1615, moving in a northeasterly
direction directly over the agricultural area of south-west
Sydney. N2 reached the fine grid at 1630, with the same
intensity as C2 (24 mm h− 1). As time progresses, the
difference plots show C2 to move ahead of N2, however
the trajectories and intensities remain similar. Maximum
intensity is reached by C2 and N2 at 1715 over bush land
(50 mm h− 1 for N2 and 34 mm h− 1 for C2). This rate is
sustained by N2 until 1800, while the rainfall rate for C2
decreases at 1745. Strong winds ahead of both storms are
associated with downdrafts and precipitation, both
characteristic of traveling storms (Chappell, 1986).
It is noted that storm motion is often linked to winds
at ∼ 5–7 km altitude (e.g. Weisman and Klemp, 1986)

Isolated convective storms are relatively common
over the Sydney Basin especially in the summer months
(Bureau of Meteorology, 2003). Six of the eight isolated
convective storms simulated by RAMS exhibit a
reaction to LCC but the reaction appears non-systematic
and probably non-deterministic. Two storms in the
isolated storm classification are enhanced by LCC.
However, all pre-storm surface conditions in this
category indicate enhanced instability with current
land cover. Storms of this nature therefore appear to
be more sensitive to the change in land cover and its
associated impacts particularly changes to the dynamical conditions (see Section 4 for further discussion on
instability).
An example of an isolated convective storm
suggesting a potentially significant land surface impact
is that of the 6.1.89 seen in Fig. 5. This storm is
characterized by several isolated convective cells that
are sensitive to the inland propagation of the sea breeze
which is affected by the LCC. Again, instability is
greater over the inland area of LCC, which is also drier
than under natural land cover.
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Fig. 4. As for Fig. 3 but for the 8.1.88 storm.
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Fig. 4 (continued).
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Fig. 5. As for Fig. 3 but for the 6.1.89 storm.
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The triggering mechanism for this storm is related to
dynamics forced by the sea breeze front. The role of the
sea breeze in relation to storm initiation, organization,
maintenance and longevity has been extensively studied
(see Pielke, 1974; Arritt et al., 1996; Wilson and
Megenhardt, 1997). Observational evidence also supports the potential role of Sydney's sea breeze
enhancing storm frequency (see Potts et al., 2000).
Sea breeze fronts are a type of boundary layer
convergence line where the convergence of advancing
low level moisture advected inland by the sea breeze
provides uplift and additional low level moisture
capable of transporting warm, humid surface air high
into the atmosphere leading to the outbreak of storms
(Wilson and Megenhardt, 1997). Not all sea breeze
fronts initiate storms with factors such as wind shear,
buoyancy, moisture depth and the strength of convergence contributing to the variability of storm initiation
(Wilson and Megenhardt, 1997). Surface winds are
sensitive to the nature of the underlying surface via
frictional forces, momentum exchange and turbulent
energy fluxes. Therefore, seemingly small perturbations
to the inland propagating sea breeze or easterly synoptic
winds may affect the location of isolated storm cells and
the timing of their initiation. Small perturbations,
amplified by intense convection within a storm, can
generate an overall response that seems out of
proportion to the initial perturbation because the system
is affected by positive nonlinear feedbacks.
3.4. Enhanced convective storm
A storm triggered by LCC is seen in the case of the
5.1.86, which is characterized by two separate intense
storm events, different in origin and trigger mechanism.
The first storm appears only during the current land
cover simulation (Fig. 6). It is initiated at 1430 over
Sydney's dense urban city core and quickly intensifies,
growing to a size of 26.5 km in diameter with a
precipitation rate of 70 mm h− 1. At 1445, two separate
intense regions are discernable, and during the following two time steps the storm splits, maintaining two
distinct and still intense (i.e. 60–70 mm h− 1) storm
cells. These are moved off the coast by the 2–4 km
(altitude) westerly winds. The left column of Fig. 6
shows an absence of a storm for the natural land cover
simulation, with the difference plot showing the winds
to diverge due to storm inflow and outflow. A clearly
visible sea breeze can be seen for both cases,
propagating inland. It is undisturbed for the natural
land cover case but perturbed with current land cover
due to the first storm event during this simulation.

The second storm on this day (storm b) becomes
visible on the fine grid at 1530 for the natural land cover
case in the northwest corner of the domain. Moving
forward in time, this is revealed to be a storm triggered
by a cold front, which moves across the domain in a
south-easterly direction, reaching maximum intensity of
120 mm h− 1 at 1630. The spatial reach of storm N3b at
the time of maximum intensity is 61 km in length and
20 km in width. N3b then weakens until it reaches the
coast at 1730. The same storm for the current land cover,
C3b, reaches a maximum intensity of 16 mm h− 1 at
1700 in the south of the domain. It reveals the same
frontal characteristics of N3b, however is visibly weaker
due to storm C3a neutralizing the instability of the
atmosphere (see both storms at 1630).
Judging by equivalent potential temperature (θe) and
relative humidity (RH), there is no reason for an intense
storm to only develop over the dense urban surface for
current land cover, although measures of instability are
not always correlated as instability is highly variable in
space and time (Weckwerth et al., 1996; Wilson and
Megenhardt, 1997; Doran and Zong, 2000). However,
the vertical structure of the atmosphere (which assists in
linking convective scale interactions with larger scale
horizontal processes, Dickinson et al., 1997) revealed a
strong temperature inversion and positive vertical
velocity (i.e. an updraft) for current land cover
conditions, both of which are conducive to triggering
storms. Thus, for the case of C3a, a capping inversion
promotes the build-up of instability required for a storm
while moisture convergence provides a trigger to release
energy trapped below the warmer mid level air. In an
observational study, Bornstein and Lin (2000) found
warm city temperatures, combined with resulting
convergence zones, to initiate urban storms, supporting
the results presented here.
4. Discussion
Generalizations regarding the influence of LCC
cannot be made from our experiments as storms interact
to varying degrees with the land surface depending on
the significance of synoptic forcing (Doran and Zong,
2000). Storms triggered away from the region of LCC
and primarily driven by synoptic scale influences are not
demonstrably affected land cover change, while isolated
convective storms are more sensitive to the local scale
thermal, moisture and dynamic fields.
The primary land surface impacts (e.g. the partitioning of sensible and latent heat, QH and QE respectively
and the effect of surface roughness on wind speed) are
relatively consistent across the pre-storm environments
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Fig. 6. As for Fig. 3 but for the 5.1.86 storm.
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Fig. 6 (continued).
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Fig. 6 (continued).
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and stem from the differences in land surface properties
(Table 2). QE is reduced over much of the area of LCC
due to the reduced vegetation cover in the urban land
cover classes. Across the agricultural, new and established urban surfaces, wind speeds are enhanced due to
the lower roughness. These land surface influences
affect the key factors contributing to storm occurrence
(instability, atmospheric moisture and a triggering
mechanism, Kuleshov et al., 2002). As a result of
urbanization and the addition of agricultural land in the
Sydney Basin, instability (θe) is enhanced for the prestorm conditions in the majority of simulations with
current land cover (this comes despite the reduction in
QE, meaning the influence of QH dominates in
contributing to θe). However, storm intensity and
frequency do not respond with corresponding increases
indicating that instability does not dictate the occurrence, location or intensity of storms. This finding is
supported by a study by Zawadzki et al. (1981) who,
although finding instability (measured by convective
available potential energy, CAPE) to be highly correlated with convective rainfall amounts in the tropics, the
study also found a significant number of days exhibiting
high CAPE values but with no convective rainfall. This
indicates that while CAPE can be used to predict the
strength of convection and resulting convective rainfall
it is not a good indicator of whether a storm will occur. A
trigger mechanism to instigate strong enough vertical
motion to transport parcels of air into the troposphere to
initiate buoyant cumuliform clouds is required for
storms to occur.
Storms in the isolated convective storm category are
highly sensitive to the triggering mechanism which in
most cases is associated with an advancing sea breeze

and the convergence of moisture occurring at its leading
edge. Reasons for the differences in the storms for
natural and current land cover within this category are
therefore linked to the differences in the propagation of
the sea breeze as it interacts with atmospheric moisture
and the buoyancy forced by surface heating. The
propensity of sea breeze fronts to affect storms is
dependent on several factors linked to features of the
land surface. To determine the significance of each of
the factors contributing to sea breeze propagation (e.g.
wind shear, buoyancy, moisture) far more study is
required, but initial analysis in this study has shown that
small perturbations to the advancing sea breeze front
invokes feedbacks in the system that become critical in
determining whether an isolated convective storm will
be initiated at a particular location. It is sufficient here to
conclude that storm initiation is highly sensitive to
perturbations of sea breeze propagation and related
moisture convergence and that disturbances can be
traced to land surface properties.
In addition to the enhanced instability with current
land cover, surface temperatures across the region of
LCC in the west and south of the Sydney Basin are
warmer than natural surfaces by up to 0.6° C (Fig. 7,
showing averaged pre-storm temperatures for all
simulations). The increase is due to the dominance of
QH resulting from the lack of vegetation (for new and
established urban areas) and low z0 (for agricultural
land) where the high resistance to turbulent transfer
makes heat dissipation more difficult. Since sea breezes
develop as a result of the land–sea temperature gradient,
current land cover provides for an environment with a
stronger sea breeze, or one that can propagate further
inland. Furthermore, as the sea breeze front encounters

Fig. 7. Averaged pre-storm temperature (°C) for natural (left) current (middle) and difference (right). Average is taken over the first 4 h of all
simulations excluding the first hour to eliminate initial spin-up effects.
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heterogeneous land surfaces of varying roughness and
temperature etc., perturbations may be felt in terms of
the speed, intensity and trajectory. Even a small
perturbation can dictate whether a storm is initiated.
Thus, it becomes very difficult to predict the precise
occurrence and location of isolated convective storms,
only the conditions under which they are most likely,
e.g. strong instability in the presence of a sea breeze
front or other triggering mechanism. Even if these
processes are well understood, the outcome may still be
non-deterministic since not all sea breeze fronts initiate
storms, and instability varies spatially.
Doran and Zong (2000) examine the difference of
homogeneous and heterogeneous surface fluxes on
affecting the stability of pre-storm environments,
particularly isolated convective storms. Results indicated that the modified spatial distribution of instability
resulting from the differences in surface fluxes does not
dictate the location of storm activity. Local triggering
mechanisms were found to be more influential in
determining whether a storm is likely (Doran and
Zong, 2000). Their results are consistent with the
present study where for isolated convective storms small
perturbations to the dynamical setting, rather than
enhanced instability, are a major factor in the timing
of onset and location of the storm.
5. Conclusion
This study has utilized a numerical model at high
resolution across the Sydney Basin to determine the
influence of LCC on storms. When classified into
categories, the simulated storms respond relatively
consistently to altered surface properties. The trajectory,
intensity and duration of synoptically forced storms are
insensitive to changes to the land surface (in agreement
with Doran and Zong, 2000). A close relationship,
however, was found for storms developing near the
southern boundary of the Sydney Basin. The velocity of
these storms with current land cover was greater due to
the smoothness of the agricultural land. Similar findings
from an observation study were reported by Jauregui
and Romales (1996). Isolated convective storms were
the most sensitive of all storm types to LCC. Small
perturbations to the triggering mechanism (e.g. altered
speed, moisture content and location of the sea breeze)
revealed implications for storm initiation and intensification when compared to the initial disturbance,
illustrating the non-linearity of the climate system
(supported by results from Doran and Zong, 2000). In
a special case, an intense convective storm appears to be
triggered by the dense urban surface as a result of a
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strong inversion and convergence absent under natural
land cover conditions.
The responses of simulated storms to LCC have
demonstrated how different types of storms have
contrasting dependency on, and sensitivity to, surface
properties. Whether storms are forced by synoptic scale
influences, or local- to mesoscale influences largely
determines how sensitive a storm is to the underlying
surface. The non-systematic response of storms within a
particular category (e.g. isolated convective storms)
provides further evidence of the complexity of atmospheric processes. Small changes to the dynamical field
induced by the land surface can have an impact of
greater magnitude than the initial perturbation due to the
feedback mechanisms that are ubiquitous in many
natural systems. Therefore, urbanizing the land surface
may indeed alter the state of the atmosphere to be more
conducive to storms via the increased instability.
However, simulations have shown that storms are
more sensitive to small perturbations to the triggering
mechanism, which potentially dictates whether a storm
is initiated.
The significance of the results presented here extends
beyond the scope of the regional climate modeling
community. This study has raised issues regarding the
scale of landscape heterogeneity and the potential of
sufficiently large patches of uniform land cover to
contribute to storm sensitivity, as well as the potential of
urban areas to enhance storms. The urban surface clearly
influences atmospheric processes; therefore realistic
representation of the current land surface in weather
forecasting may lead to more accurate weather predictions. These issues are also relevant to urban planners
who could provide the community with responsible and
thoughtfully designed areas incorporating sufficient
green space and vegetation to minimize the potential
negative implications associated with large expanses of
vegetation-free urban areas. Implications of this research also extend to the insurance industry. The most
expensive insured event of Australia's history, the
Sydney Hailstorm of April 1999, demonstrates the
link between storm events and the insurance industry.
The insurance industry might therefore consider this
link between the land surface and the atmosphere, and
potential of continued urbanization to affect the
atmosphere and increase their exposure risk.
This study has several limitations that should be
addressed in future work. The inclusion of observational
data for boundary conditions rather than NCEP
boundary conditions is one priority for future work.
This would enable a direct comparison between past and
simulated storms. Assessing the robustness of model
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configuration is also important to improve the accuracy
of the simulations. Results showed an impact from LCC
on temperature, where the removal of bush land leads to
temperature increases allowing the sea breeze to travel
further inland. This has the potential to mix the
atmosphere and atmospheric pollutants over a larger
area, although the concentration of pollutants would
also be diluted. This also deserves further research.
Furthermore, inclusion of the explicit microphysics
option of RAMS provides the opportunity to investigate
the aerosol effect on rainfall and storm intensity. While
not within the scope of this study, this too is a possibility
for future work.
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