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Abstract: The Weather Research Forecast model (WRF) configured with high resolution and NCEP 1°×1° 
reanalysis data were used to simulate the development of a tropical deep convection over the Tiwi Islands, 
northern Australia, and to investigate the sensitivity of model results to model configuration and 
parameterization schemes of microphysical processes. The simulation results were compared with 
available measurements. The results show that the model can reproduce most of the important 
characteristics of the observed diurnal evolution of the convection, including the initiation of convection 
along the sea-breeze front, which is then reinforced by downdraft outflows, merging of cells and the 
formation of a deep convective system. However, further improvement is needed to simulate more 
accurately the location and the time for initiation of the deep convective system. Sensitivity tests show that 
double-nesting schemes are more accurate than the non-nesting schemes in predicting the distribution and 
intensity of precipitation as far as this particular case is concerned. Additionally, microphysical schemes 
also have an effect on the simulated amount of precipitation. It is shown that the best agreement is reached 
between the simulation results and observations when the Purdue Lin scheme is used. 
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1  INTRODUCTION  

Tropical deep convection (TDC) provides the 
primary mechanism whereby solar heating received by 
the tropical ocean is carried upward into the free 
troposphere where it can be transported poleward. 
During this process, these great engines of the global 
climate produce precipitation and drive the global-scale 
circulation. The reactions between TDC and 
large-scale circulations determine the clouds, moisture, 
temperature and structure of the troposphere in tropical 
regions. In addition, TDC is the source of water vapor 
for the upper troposphere in the tropics. The 
upper-tropospheric moisture provided by TDC plays an 
important role in maintaining the natural greenhouse 
effect in the atmosphere[1]. Observations from 
geostationary satellites show that TDC have distinct 
diurnal cycles. Meanwhile, TDC can transport air, 
which contains various trace gases and aerosol 
components, from lower boundary layer to upper 

troposphere, even to the lower stratosphere in a short 
time[2]. The effect on the chemical properties of the 
upper troposphere and lower stratosphere (UTLS) of 
the transported atmospheric chemical compounds has 
attracted much attention during the last few decades 
and a series of internationally collaborated field 
campaigns were conducted to investigate the impact of 
TDC on the vertical redistribution of chemicals and 
moisture in the tropical region. 

Recently, an international project named ACTIVE 
(Aerosal and Chemical Transport In Tropical 
Convection) cooperated among Britain, Canada, 
Australia and other countries was conducted on Tiwi 
Islands, northern Australia, to investigate the effect of 
TDC on the chemical composition of the tropical 
tropopause layer (TTL). The Tiwi Islands consist of  
two small and flat islands, Melville (M) to the east, and 
Bathurst (B) to the west. They are located at 11°S, and 
are 50 to 100 km away from the northwest point of 
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Australian continent. The highest altitude of the islands 
is about 100 meters above sea level. The two small 
islands are separated by the Apsley channel. A TDC 
system, named Hector by the local residents, occurs 
almost everyday during the transitional season 
(November to December) and monsoon break periods. 
The relatively flat topography and the regularity of the 
occurrence of Hector make Tiwi islands an ideal place 
to observe TDC. 

A handful of observational and numerical studies 
have been conducted to understand the development 
and structure of Hector. It was commonly believed that 
the Hector clouds were triggered by collision of the sea 
breeze from two sides of the Tiwi islands. With 
analysis of the Doppler radar data obtained during the 
MCTEX (Maritime Continent Thunderstorm 
Experiment) project, it was found, however, that 
collisions between the sea breezes rarely occur. Based 
on these findings, Carbone et al.[3] classified the 
development of convection over the Tiwi islands into 
two types: The type A mode, which accounts for about 
20% of the total convection, is triggered by the 
interaction of the sea breezes from two sides of the 
island; the type B mode, which accounts for the 
remaining 80%, represents the strongest convection 
triggered by the interactions between sea breeze and 
gust fronts produced by earlier weak convection. It is 
also indicated that the type A mode always occurs 
under relatively stable atmospheric conditions which 
can make the sea breeze go deep into the central area 
of the islands. By analyzing different data from ITEX 
(Island Thunderstorm Experiment) project, Keenan et 
al.[4] showed that the evolution of dynamic structure of 
Hector, such as the lower-level wind-shear and the 
allocation of CAPE (convective available potential 
energy) and moisture content, was quite similar to the 
general feature of multi-cell convective systems. 

Golding et al.[5] used the mesoscale model of UK. 
Met. Office and simulated two cases observed during 
ITEX. They reproduced the development of the TDC 
over the Tiwi islands, but the 3-km resolution and a 
single sounding thermodynamic profile used in their 
simulation, however, were unable to resolve the fine 
structure of the clouds. Satio et al.[6] simulated a 
tropical convection observed during MCTEX with the 
double-nested 1-km resolution MRI NHM. The results 
demonstrated that the diurnal evolution of the 
convection is characterized by a transition from 
horizontally forced convection in the morning to a 
vertical convection in the afternoon. They classified the 
life cycle into five stages: 1) The dry stage. During this 
stage a sea breeze front driven by the temperature 
difference between the sea and land appears along the 
seashore, and Rayleigh-Benard convection develops 
over the inner island. Meanwhile, horizontal convective 

rolls oriented along the direction of sea breezes may 
appear, especially at the windward coast. 2) The 
condensation stage. During this stage, upward motion 
at the sea breeze front head and Rayleigh-Benard cells 
exceed the lifting condensation level (LCL) and 
shallow clouds appear along the sea breeze front. The 
release of latent heat is small at this stage and the basic 
circulation over the island is the same as in the first 
stage. 3) The precipitation stage. During this stage, sea 
breeze from both sides intrude farther inland; 
meanwhile, upward motion in some clouds becomes 
stronger, and precipitation begins to appear at the 
surface. Clouds align along the leeside coast of the 
islands and the sea breeze propagates further inland 
without the formation of distinct cloud lines at the 
windward coast. The sea breeze forms a convergence 
zone, where the Rayleigh-Benard convection cells 
become less distinct, near the central area of the island. 
4) The merging stage. Cloud lines form on the lee side 
of the islands in an east-west direction; meanwhile, 
deep convection begins to form with cloud merging. 5) 
The decay stage. Convection decays gradually with the 
decrease of solar radiation. 

All the studies mentioned above used a single 
sounding profile as the initial condition to simulate 
TDCs and stated that the results were representative of 
the development and mechanisms of convection. 
However, the lack of large scale meteorological 
background limited their results for general 
representation of TDCs. In this study, the latest version 
of WRF model with high resolution (1°×1°) NCEP 
reanalysis data was used to simulate the development 
of TDCs and to investigate the influence on cloud 
development of different model configurations. Section 
2 gives a general introduction to the model and 
simulation configuration. Analysis of the observed as 
well as the simulated convection will be given in 
Section 3. The simulation results using different 
configurations will be presented in Section 4, followed 
by conclusions in Section 5. 

2  THE MODEL AND THE EXPERIMENTS 

WRF model is a new-generation high 
computational efficiency mesoscale forecast and 
assimilation system which can support 1-way and 
2-way multi-domain nesting. This model focuses on the 
application of forecast and research from cloud to 
synoptic scale and provides several parameterization 
schemes[7-8]. A lot of work has been done on forecast 
and research using WRF model all over the world. Sun 
et al.[9] simulated three heavy rain events in 1998 in 
China using WRF and MM5 models respectively, and 
showed that for all levels of heavy rain processes and 
in all areas, the accuracy of simulated weather systems 
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and rainfall areas using WRF is superior to that of 
MM5 except that the amount of the precipitation is less 
than the observations. However, Hou[10] simulated 11 
heavy rain events in Shanxi in 2005 using 
three-domain nesting configuration, and demonstrated 
that the precipitation amount was overestimated in the 
simulations. Wang et al.[11] found that the rainfall 
intensity and area were simulated more realistically 
when nested domains were used. On the other hand, 
Holland and Leung et al.[12, 13] simulated tropical 
atmospheric circulation using WRF model with 4-km 
resolution and found that the model presented a good 
performance on reproducing the monsoon circulation in 
the Australian area. Wapler[14] also simulated a 
convection that occurred in the Darwin area during the 
TWP-ICE project using 1.3-km resolution and 
evaluated the simulation results with observational 
data. 

In this study, the WRF model version 2.1.2[15] and 
NCEP 1°×1° global analysis data were used to 
simulate a deep convection that occurred over the Tiwi 
islands on November 16, 2005, and to understand the 
effects on model results of horizontal resolution and 
nested configuration. The model domain is shown in 
Fig. 1. Four cases were examined in this paper (Table 
1): Cases 1 and 2 were set up with 1 and 2 km 
horizontal resolutions, respectively; Cases 3 and 4 
were configured with nested double-domain with a 
coarse grid size of 3 km and a fine grid of 1 km, 
respectively. Cases 1, 2 and 3 used the same schemes 
for parameterization of cloud microphysical processes, 
PBL and radiative processes to evaluate the influence 
of resolution and nested configuration on simulation. 
The Purdue Lin scheme, which is a relatively more 
sophisticated scheme and includes five hydrometer 
species of cloud, rain, ice, snow and grauple, was 
chosen for Cases 1, 2 and 3 in the microphysical 
processes. This scheme was first presented by Lin et 
al.[16] and was improved by Rutledge and Hobbs[17] and 
Tao et al.[18]. The WSM6 microphysics scheme, which 
is similar to Purdue Lin scheme but with different 

calculation of the amount of hydrometer, was used in 
Case 4 in order to evaluate the influence of 
microphysical schemes. In all the cases, explicit 
cumulus scheme, instead of cumulus parameterization, 
was used. The integration was conducted from 0630 
LST to 2130 LST on November 16, 2005 with a time 
step of 10 seconds. In addition, 31 sigma levels in the 
vertical direction were considered in all the cases. The 
radar observations from ACTIVE project in the 
Darwin area were used to evaluate the simulation 
results. 

3  GENERAL FEATURE OF THE TDC CASE 

A typical TDC (Hector) that occurred over Tiwi 
islands on November 16, 2005 was considered in this 
study. The sounding data (Fig. 2) presents a typical 
unstable vertical profile in this season and implies that 
strong convection would occur later that day. 
 

 
Fig.1. Model domain (B is short for Bathurst island and M is 

for Melville island) 

Table 1. Schemes For numerical experiments 

Schemes Horizontal grid intervals Microphysics 

Case 1 1 km Purdue Lin 

Case 2 2 km Purdue Lin 

Case 3 Course 3 km, fine 1 km Purdue Lin 

Case 4  Course 3 km, fine 1 km WSM6 

 
Fig. 2. Sounding profiles at Darwin station. Left panel: temperature (solid) and dew point temperature (dotted); right panel: 

relative humidity (solid) and wind speed (dotted) 
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Figure 3 shows the cloud images over Tiwi islands 

derived from GMS satellite. The sky was almost clear 
in the morning. Then, the inner island began to be 
covered by shallow convective clouds starting from 
1230 LST (Fig. 3, left panel), and two hours afterwards 
the clouds began to enhance and arranged as a cloud 
line in E-W direction along the southern coast region. 
Furthermore, these shallow convective clouds merged 
and formed a stronger convection in the southern 
central area of M island and the central area of B 
island. At last, these deep convective clouds moved to 
the southwest and disappeared gradually after 1600 
LST. 

Figure 4 shows the precipitation process observed 
by the Doppler radar in Darwin. At 1158 LST it began 

to rain at Pirlangimpi station at the west rim of M 
island. The rain then moved to the central region of M 
island and spread over the whole western part of it. At 
the same time, the convection became stronger. The 
rainfall on B island started at 1400 LST and then 
merged with the system over M island. A relatively 
strong rainfall sustained from 1500 LST to 1600 LST 
in both the southern and western part of M island and 
southern and central area of B island. After 1630 LST, 
the core rainfall area gradually moved to the southwest 
of B island. Meanwhile, moderate precipitation was 
observed at Nguiu station on M island and a second 
round of precipitation was observed at Pirlangimpi 
station. Finally, the rainfall around the islands ceased 
after 1800 LST.

 

 
Fig. 3. GMS visible images at 1230 LST (left panel), 1430 LST (middle panel) and 1600 LST (right panel) November 16, 2005 

 
Fig. 4. Surface rainfall intensity estimated by radar observation at 1200 LST (a), 1300 LST (b), 1400 LST (c), 1500 LST (d), 1600 

LST(e) and 1700 LST(f) on November 16, 2005

4  MODEL RESULTS AND DISCUSSIONS 

4.1  Development of the convection 

The simulation results of Case 3 are used here to 
demonstrate the evolution of the convection. Figure 5 
shows the horizontal wind field at 10 m and the vertical 
velocity field at 100 m. Because of the solar radiation 
heating, 2–3 m/s sea breezes initiated along the coasts 
of the islands and formed a sea breeze front. 
Meanwhile, some shallow convective clouds emerged 
along the sea breeze front, especially in the north-coast 
region where relatively strong convection occurred due 

to the convergence produced by high terrain. We 
denote this period as the development phase of the 
convection. Most of the shallow convective clouds 
occurring during this period have single-cell structure 
(Fig. 6). 

These single shallow convective clouds differed 
from each other in the development processes and 
began to merge and to precipitate when the sea breezes 
went deeper into the inner area of the island. We 
denote this period as the merging phase (Fig. 7). In the 
merging phase, a number of convective clouds merged 
to form stronger convection. Meanwhile, these 

a                                  b                                 c 

d                                  e                                 f 
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formerly single-cell convective clouds started to 
disappear and new cells were triggered by the 
environmental air flow and the downdraft produced by 
these convective clouds. Multi-cell storms produced 

local heavy rainfall and moved slowly. 
 
 
 

 
Fig. 5. Simulated 10-m horizontal wind field (a, b, c) and 100-m vertical velocity (d, e, f) at 0900 LST, 1300 LST and 1700 LST 

 
Fig. 6. Simulated cross-section of total water content (shaded, units: mg/kg) and vertical velocity (contour, units: m/s) along 

11.40°S and at 1240 LST (a), 1300 LST (b), 1310 LST (c) and 1320 LST (d)

The simulation showed that single-cell convective 
clouds started to merge and form a multi-cell 
convection which led to heavy precipitation after the 
earlier rainfall caused by prior shallow convective cells. 
Figure 7 gives the merging and moving processes of 
typical single-cell convective clouds: two typical 
single-cell convection, with cloud tops reaching 8 km 
and 5 km, respectively, initiated at the west area of M 
island at 1530 LST, then merged into a single 
convection with its cloud top reaching 9 km and the 
maximum intensity of the vertical velocity in the 
central area of the cloud body reaching more than 9 

m/s. 
Figure 8 shows the total water content and vertical 

velocity at the strongest convection period at 1700 LST. 
Convection grew up rapidly, and the cloud top reached 
14 km and spread around and formed an anvil at the 
upper levels. The maximum total water content reached 
more than 1.0 g/kg and a large area was covered by the 
clouds. 

Droegemeier et al.[19] and Simpson et al.[20] 
proposed that new convection can be triggered by the 
downdraft produced by previous convection, but the 
case simulated here does not show that mature 

a                                             b 

c                                             d 

a                                   b                                c 

d                                   e                                 f 
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convection could cause a new and stronger convection. 
The simulated precipitation, which mainly 

distributed around Apsley channel, initiated at 1220 
LST in some single-cell convective clouds and became 
heavier at 1510 LST. Furthermore, the precipitation 
field moved to the west and the core of precipitation 
field arrived at the west rim of M island at 1550 LST. 
Comparing with the observations, one can find that the 
model has relatively good capability to simulate the 

precipitation event except for the rainfall area. The 
simulated appearance of the strongest convection is 
delayed for about one hour. In addition, the simulated 
distribution of cloud body was consistent with the 
observations that most convective clouds are mainly 
arranged along the E-W line across the Apsley channel 
and then moved to the west area, except that a 
relatively strong convection occurring at the northeast 
area of M island is missed by the model.

 

 
Fig. 7. Simulated cross-section of total water content (shaded, units: mg/kg) and vertical velocity (contour, units: m/s) along 

11.55°S at 1530 LST (a), 1540 LST (b), 1550 LST (c) and 2.5 km total water content (units: mg/kg) at the corresponding 
time (d, e, f)

 
Fig. 8. Simulated cross-section of total water content 

(shaded, units: mg/kg) and vertical velocity 
(contour, units: m/s) of the strongest convection 
along 11.46°S at 1700 LST. 

After 1700 LST, the core area of the convective 
system moved from the central region of B island to the 
west and precipitation began to decrease. The 
atmospheric profile became more stable due to the 
release of unstable energy and decrease of short wave 
radiation intensity.  

Meanwhile, the anvil at the upper level spread to 
southwest under the influence of the upper level wind. 

Based on the above analysis, the simulated 

location and intensity of the strongest convection have 
relatively good agreement with the observations, but 
the capacity of the model to simulate the appearance 
time is limited. This may be caused by the random 
characteristic of convection and the lack of accuracy of 
initial meteorological fields.  

From the results one can find that the initial 
convection was triggered by sea breezes and went deep 
into the inner area of island together with the sea 
breeze front, and at the same time, convective clouds 
acquired energy from the sea breeze front continuously. 
Furthermore, the phenomenon that the intensity of 
convection enhanced remarkably after crossing the 
channel demonstrates that the precipitation could be 
influenced significantly by the topography. 

4.2  Comparison of the results using different 
resolutions and nesting domains 

The rainfall time in Cases 1, 2 and 3 are 1400–800 
LST, 1500–810 LST and 1220–800 LST, respectively, 
indicating that the result of Case 3 was most similar to 
the observations among the three cases and that the 
rainfall was delayed in Cases 1 and 2. Figure 9 shows 
the core area and distribution of precipitation from 

 a                                   b                                  c 

d                                   e                                  f 
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different cases. Case 1 only simulated small amount of 
rainfall at the central area of B island and west area of 
M island, while Case 2 just reproduced a smaller 
rainfall area at the west area of M island. The rainfall 
distribution in Case 3 is most similar to the 
observations. However, some precipitation was still 
underestimated at Nguiu station. 
 

(a) 

(b) 

(c) 

(d) 
Fig. 9. Simulated distribution of total precipitation with Case 

1 in (a), Case 2 in (b), Case 3 in (c) and Case 4 in (d), 
respectively (units: mm) 

The total precipitation and rainfall intensity in 
different cases differ greatly. Case 1 shows a weaker 
rainfall area at the central region of B island and a 
relatively stronger rainfall area at the west coast of M 

island (Fig. 9a), and the maximum precipitation 
exceeds 12 mm. Case 2 only gives one rainfall area at 
the west coast of M island with the maximum 
precipitation of 6 mm. Due to the lack of observational 
precipitation data, we could not evaluate more 
quantitatively the capability of the model in simulating 
precipitation. However, comparisons of the 
radar-observed rainfall intensity and distribution 
suggest that simulation with nested domain can produce 
a relatively larger rainfall area at the north region of B 
island with the maximum precipitation of 12 mm, 
indicating that the best agreement between simulated 
and observed total precipitation can be reached using 
this configuration. 

4.3  Comparison of the results using different 
microphysical parameterizations with nesting 
domains 

Previous studies proposed that microphysical 
parameterization schemes could influence the effect of 
simulated precipitation obviously[16]. Sensitivity 
experiments carried out using two schemes in this study 
prove the above conclusions to certain extent. Both of 
the two different schemes reproduce the rainfall at the 
central area of B island and the west coast of M island, 
but some differences are still found according to 
rainfall intensity and distribution. The results simulated 
using Lin scheme (Fig. 9c), which reproduces an 
obvious rainfall core at the north area of B island, were 
closer to the observation. The comparison of the 
rainfall simulation using WSM6 scheme (Fig. 9d) and 
Lin scheme demonstrated that different assumptions of 
microphysical processes and various calculating 
methods of hydrometers could lead to differences in 
rainfall distribution and intensity, although these two 
schemes had similar classification setup for 
hydrometers. 

5  CONCLUSIONS 

The WRF model was used to simulate the 
development of a tropical deep convection over the 
Tiwi Islands, northern Australia, and to investigate the 
sensitivity of model results to model resolution and 
microphysical parameterization schemes. The 
simulation results were compared with available 
measurements. The results show that the model could 
reproduce the most important characteristics of the 
observed diurnal evolution of the convection, including 
the initiation of convection along the sea breeze front 
which was then reinforced by downdraft outflows, 
merging of cells and the formation of a deep convective 
system. Sensitivity tests show that double-nesting 
schemes are more accurate than the non-nesting 
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schemes in predicting the distribution and intensity of 
precipitation as far as this particular case is concerned. 
Additionally, microphysical schemes also had some 
impacts on the simulation of precipitation. Better 
agreement is reached between the simulation results 
and observations when the Purdue Lin scheme is used. 
However, the WRF model still has some limitations on 
simulating relatively small local convection, especially 
on accurately simulating the location and time for deep 
convection. 
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