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Abstract While GCMs do simulate tropical cyclone-like vortex tracks in the southern 

Indian Ocean, they do not capture well those which make landfall in southern Africa. 

The feasibility of using a nested modelling system to produce seasonal tropical cyclone 

forecasts is examined, since improved horizontal resolution may potentially improve 

simulated cyclone tracks. As a first approach, a regional climate model is driven by 

time-dependent large-scale meteorological analyses for several domain configurations. 

Tropical cyclones across the southern Indian Ocean are likely to be significantly 

affected by the large-scale zonal flow. Therefore, the effects of model domain size and 

the positioning of its lateral boundaries on the simulation of tropical cyclone-like vortices 

and their tracks on a seasonal time scale are investigated. Four tropical cyclones are 

studied, which occurred in January of the years 1995 to 1997. Results show that the 

positioning of the eastern boundary of the regional model domain is of significant 

importance in the life cycle of simulated tropical cyclone-like vortices: a vortex entering 

through the eastern boundary of the regional model is generally well simulated. It is 

inferred from these results that the nested approach can potentially improve upon the 

frequency of landfalling tracks over southern Africa simulated by GCMs. 
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1 Introduction 

 

General circulation models (GCMs) have the ability to create tropical cyclones that have 

good similarities with observed tropical cyclones. Parameters such as convergence, 

high moisture content and heavy precipitation at the lower levels are skillfully simulated 

(Vitart and Stockdale 2001). However, the coarse resolution of GCMs results in a lack 

of the presence of an eye and associated eye-wall and have a larger horizontal extent 

than the observed (Bengtsson et al. 1995), which has a strong impact on the intensity 

of the model tropical storms and on their tracks. Even with a GCM resolution close to 1 

degree, the mean simulated tropical storm frequency is only about 1/2 of the number 

observed (Vitart and Stockdale, 2001). Notwithstanding, finer-resolution GCMs should 

help to improve forecasts of tropical storm statistics such as the interannual variability 

of mean tracks or make the probability forecasts of landfalls over large regions more 

feasible (Vitart and Stockdale, 2001). Although the frequency of major landfalling 

tropical cyclone can be determined empirically (Bove, et al., 1998; Chan et al., 2001), 

the storms’ tracks may still be poorly captured. An alternative approach to improve on 

model resolution is by nesting a limited area or regional climate model within a GCM 

(McGregor, 1997). These models have been found to produce cyclones that are 

weaker than observed, but produced more realistic vortices similarly generated by a 

GCM (Walsh and Watterson, 1997; Nguyen and Walsh, 2001).  

 

Regional climate model simulations of mesoscale components of the Monsoon regions 

are not strongly sensitive to domain size (Bhaskaran et al., 1996). However, synoptic 

disturbances generated within a mid-latitude regional climate model domain are larger 

in amplitude than those generated within a tropical or sub-tropical domain and are more 

likely capable of interacting with and altering the long-wave circulation obtained from 

the large scale driving field (Bhaskaran et al., 1996; Jones et al., 1995). Tropical 

cyclones, classified by some as a mesoscale phenomenon (Holton, 1992), have their 

tracks across the Indian Ocean significantly influenced by the large-scale zonal flow, so 

much so that the risk of landfall over southeastern Africa significantly increases with a 

more westward steering flow (Vitart et al., 2002). These large storms therefore uniquely 

are both relatively small-scale phenomena and are at the same time affected by the 

large-scale circulation. Therefore, it is necessary to investigate the effect the size of the 

regional model domain and the positioning of its boundaries have on the simulation of 
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tropical cyclone-like vortex tracks and intensity within a regional climate model. 

Increasing the size of the model domain does not always improve simulations, 

especially over data sparse areas (Bormann and Marks, 1999) such as the 

southwestern Indian Ocean. Therefore careful consideration of domain choice and the 

location of the lateral boundaries are essential (Seth and Giorgi, 1998). 

 

 
Figure 1.Tracks of the tropical cyclone-like vortices over the southern Indian Ocean generated 

by a 24-member ensemble of ECHAM 4.5 GCM January 1996 simulations. The first position of a 

storm track is indicated by an asterisk, and the last position by an open circle. 

 

 

A first approach to investigate the viability of using a nested approach is by driving the 

regional climate model with time-dependent large-scale meteorological analyses data, 

reminiscent of GCM output. Using these “observed” large-scale features as the 

boundary forcing will also enable a direct comparison between regional model 

performance and the analyses. Here, no attempt is made to simulate the seasonal 

characteristics of tropical cyclones (e. g., storm frequency, interannual variability) that 
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would require a large number of cases nested in GCM large-scale fields. Instead it will 

be investigated whether or not a regional model has the potential to improve on the 

GCM's tropical storm simulation by comparing the storm characteristics of the regional 

and global models. Figure 1 shows the tracks of the tropical cyclone-like vortices 

generated by an ensemble of January 1996 ECHAM 4.5 GCM simulations (Roeckner et 

al., 1996). Although the characteristics of tropical cyclone-like storm statistics in GCMs 

vary among different models (Camargo and Zebiak 2002a), these tropical storm tracks 

generated by the ECHAM 4.5 GCM (Figure 1) and others (e.g., Vitart et al., 1997) are 

located too far to the east over the southern Indian Ocean. 

 

A regional model is used in this paper to investigate the simulation of individual 

cyclone-like vortices over the southwestern Indian Ocean (e.g., Nguyen and Walsh, 

2001) as opposed to the use of GCMs (e.g., Vitart et al., 1997, 1999). Over this ocean, 

not only the dynamics of the atmosphere and ocean influence the genesis and tracks of 

these storms, but also the location of the island landmass Madagascar. This island with 

significant topographical features can potentially alter the life cycle of tropical cyclones, 

since it affects the low level flow (Walsh and Watterson, 1997). Four domains are 

considered to simulate the characteristics of tropical cyclone-like vortices that occurred 

during the months of January from 1995 to 1997. The domains are selected in such a 

way that the southern and western boundaries remain stationary since they have an 

insignificant effect on tropical phenomenon coming from the east, but with varying 

northern and eastern boundaries. Given a near perfectly forced regional model, two 

aspects of simulation are investigated: first, is the model able to simulate the tracks of 

tropical cyclone-like vortices entering the regional model domain which migrate further 

to the west, and second, can tropical cyclone-like vortices be simulated to develop 

inside the Mozambique Channel? If both these cases are realistically simulated by the 

regional model, then a nested approach has the potential to add to the GCM's 

performance improving their storm tracks over the southwestern Indian Ocean on a 

seasonal time scale.  
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2 Method and Data 

 

2.1 The Regional Climate Model and Domain Set-Up 

 

The regional model is the National Center for Atmospheric Research (NCAR) Regional 

Climate Model 2 (RegCM2) (Giorgi et al., 1993a,b), which is a second-generation 

regional climate modelling system. The dynamical component of the RegCM2 is 

essentially the same as that of the standard MM4, which is a hydrostatic, compressible, 

primitive equation, terrain following s vertical coordinate model, with 14 vertical levels. 

The physics parameterizations of the RegCM2 are described in Giorgi et al. (1993a,b) 

and Seth et al. (1999). The cumulus parameterization scheme is that described by Grell 

(1993). Since the domain is not of a global nature, its lateral boundaries require 

periodic forcing of the model prognostic variables by applied external conditions (Seth 

et al., 1999). A one-way nesting technique (Giorgi et al., 1994) is utilized whereby 

ECMWF analyses meteorological fields (Trenberth, 1992) are used as driving initial and 

time-dependent lateral conditions (6-hourly) for the RegCM2, with sea-surface 

temperatures specified from a data set of monthly mean values (Reynolds and Smith, 

1994). 

 

The forcing meteorological fields used here have a horizontal resolution reminiscent of 

most of the current operationally run GCMs, which means that the coarser resolution, 

like the case with the GCMs, would therefore not capture the observed scale and 

intensity of those tropical cyclones prior to entering the domain, since the success of 

tropical cyclone characteristic simulation depends on a high grid resolution and proper 

initial vortices (Liu, et al., 1997). Notwithstanding, no attempt is made to synthetically 

strengthen the cyclone-like vortex with realistic size, depth and intensity at the position 

of entry into the respective domains, or where regional model tropical cyclone-like 

vortices may happen to develop inside the domain. The use of such a “synthetic” 

tropical cyclone-like vortex of similar location, strength and motion of the observed, 

referred to as bogusing (Peng et al., 1993; Serrano et al. 1994), requires some 

foreknowledge of tropical cyclone-like structure and position, and is not relevant to the 

problem of producing skilful predictions of tropical cyclone activity operationally (Walsh 

1997). Bogusing is also more likely to improve only on the short-range prediction of 

tropical cyclone-like vortex characteristics (Serrano and Unden, 1994). 
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Experiments were performed with varying domain sizes in the simulation of tropical 

cyclone-like vortices for the period December 16 1995 to January 31 1996. Initial tests 

varying the northern boundary (12°N to 12°S, and not presented here) showed that a 

northern boundary far removed from the storm track of those vortices moving from east 

to west of the analyses had very little effect on the regional model simulations. 

However, a northern boundary too close to the analyses’ storm track distorted the 

simulated circulation patterns significantly. The greatest effect on the simulated life 

cycle of these tropical cyclone-like vortices is associated with the positioning of the 

eastern boundary, however. Based on these initial tests, four main domains were 

selected for this study and are given in Figure 2. The first two (D1 and D2) have an 

eastern boundary at about 64°E, with the eastern boundaries of the remaining domains 

closing in towards Madagascar (42°E for D4 and 53°E for D3). The northern boundaries 

are respectively north (12°N) for D1 and south of the equator (3°S) for D2, D3 and D4. 

 

The model horizontal resolution is 60 km (domain 1 [D1]: 90 X 111 grid points; domain 

2 [D2]: 64 X 111; domain 3 [D3]: 94 X 91; domain 4 [D4]: 64 X 71) and 40 km (domain 

2 [D2]: 94 X 167), and the model is run at a time step of 150s. A horizontal resolution of 

60 km corresponds to about 0.5 degrees latitude and longitude. The driving lateral 

conditions are taken from 6-hourly ECMWF analyses at T42 resolution and interpolated 

spatially to the model grid and temporally to the model time step. The boundary forcing 

is applied in a buffer zone wherein a weighting function equal to one at the boundaries 

decreases exponentially inward. The number of grid-points in the buffer zone depends 

on the size of the domain. Here, the buffer zones vary between about 3° (D1 and D2) 

and 7° (D3 and D4) with increasing domain size. The RegCM2 is initialized on the 16th 

of the Decembers preceding each of the three Januaries from 1995 to 1997. Integration 

is terminated after 50 days, with the first 16 days of simulation discarded to allow for 

model spinup (Anthes et al, 1989). For tropical cyclone-like vortices, increased 

horizontal resolution should be used in preference to vertical resolution (Keen and 

Glen, 1998). However, simulations performed on a horizontal resolution of 40 km 

instead of 60 km on the same domain did not produce any significant improvement in 

simulation performance, as was also found in regional model simulations over the 

upper Mississippi basin (Seth and Giorgi, 1998). 
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Figure 2. The four regional model domain configurations (labeled D1 to D4) used in the 

analyses. Heights contours are in meters.  
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Error growth is artificially limited for a model forced with observed meteorological fields 

if a sufficiently small domain is used. At the same time, the limited area domain must be 

sufficiently large to ensure that boundary-generated errors do not have enough time to 

reach the area of interest before the end of the forecast period. This is analogous to an 

operational forecasting setting. Forcing the regional climate model with analyses data, 

the smaller the domain the better the hindcast simulation (Chouinard  et al. 1994). 

Notwithstanding, the smallest of the four domains is selected for some cases in order to 

eliminate the effect the model topography of Madagascar has on the simulation of 

tropical cyclone-like vortex characteristics. A simulation is also run where the model 

topography has been reduced significantly to further investigate the role topography 

plays on modelled tropical cyclones. Although the smaller two domains are located 

close to the island, no special treatment of the topography is attempted in order to 

achieve more skilful simulations (Walsh and McGregor 1995). 

 

2.2 Tracking the Storms 

 

The simulated cyclone-like vortex tracks are determined by a tracking algorithm 

(Camargo and Zebiak, 2002b), which determines the position of the storms every 6 

hours as the centroid position of the low level (850 hPa) vorticity, analogous to a centre 

of mass. This procedure has been used successfully to track tropical cyclone-like 

vortices in different GCMs. The low level vorticity maximum is a sufficient parameter to 

use in estimating the tropical cyclone-like vortex position here, since the 850 hPa 

vorticity seems to explain the simulated tropical storm interannual variability over the 

south Indian Ocean (Vitart et al., 1999). After the algorithm has determined the center 

of each vortex at 850 hPa for each time step, the same location per time step is used at 

higher atmospheric levels to obtain the upper air characteristics of the vortex (area-

averaged wind speed, temperature, pressure heights, etc.). This calculation is done at 

different pressure levels, thus assuming that the vertical structure of the vortices 

remains intact throughout its life cycle. This has been found to be the case for the most 

part of the vortices’ duration, except towards their demise when the higher levels closed 

circulation of the vortex either fall behind or lead the lower level closed circulation. 

Tropical storms of the analyses are tracked the same way. 
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2.3 Tropical Cyclones of the Analyses 

 

ECMWF analyses data do not represent every observed tropical storm (Walsh, 1997). 

This has also been found with ECMWF re-analyses data where the representation of 

Southern Hemisphere tropical cyclones has a hit rate of 86% (Serrano, 1997). The 

missing storms are primarily a result of lack of data: most of the missing storms are 

located far from major landmasses (which is the case with the southwestern Indian 

Ocean). Since data coverage in the analyses is not optimal, their representation of real 

tropical cyclones is therefore inherently uncertain; even in data-rich regions, some 

essential data may be missing which will have a detrimental effect on the depiction of 

tropical cyclones in the analyses (Walsh, 1997). However, tropical cyclone structure, as 

represented in the analyses where data coverage is adequate, is similar to reality 

except for the wind speed structure close to the center of the storms. Further tropical 

cyclone structure problems are found with small but intense storms, since the analyses 

underestimates the minimum surface pressure and maximum wind speeds (Walsh, 

1997). Notwithstanding these problems, it was possible to identify four tropical cyclones 

in the analyses and are subsequently considered in this paper.  

 

The identified storms are in order of occurrence Christelle (1 – 10 January 1995) 

(Figure 3), Bonita (1 - 15 January 1996) (Figure 4), Fabriola (31 December 1996 - 9 

January 1997) (Figure 5) and Gretelle (19 - 31 January 1997) (Figure 6). In Figures 3 to 

6, the storm tracks of the four cyclones are shown as given by the JTWC (Joint 

Typhoon Warning Centre) data (http://www.npmoc.navy.mil/jtwc.html) (black lines) and 

as these storms appear in the ECMWF analyses (grey lines). The first and last days of 

the storms are on the figures, which show the tracks every 6 hours and each new day 

is marked with an asterisk. These storms are representative of storms developing east 

of Madagascar, including those that have landfall as they move across Madagascar 

and sometimes into southern Africa, and those that migrate towards the southeast as 

they move into the mid-latitudes. Close agreement is found between the analyses 

tracks and that of the JTWC, except for Christelle where the JTWC data do not identify 

a tropical vortex for the period 1 – 3 January 1995. 
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Figure 3. Observed (Joint Typhoon Warning Center - JTWC) (black line) and ECMWF analyses 

(grey line) tracks of tropical cyclone Christelle (1-10 January 1995). The first and last days of the 

storms are numbered, and the tracks every 6 hours and each new day are marked with an 

asterisk. 

 

 

Christelle moved across the eastern boundary of the largest domain (Figure 2) on 

January 1st 1995 and back across on the 10th (Figure 3). Bonita moved across the 

location of the eastern boundary of domains 1 (D1) and 2 (D2) on the 8th of January 

1996, made landfall at Madagascar on the 11th, moved across the location of the 

eastern boundary of domain 4 (D4) between the 12th and 13th, and subsequently made 

landfall at the subcontinent on the 14th. Soon after, it moved zonally as a tropical 

depression across the subcontinent where it died at 21ºE (Figure 4). Tracks similar to 

Bonita's were also observed recently between 4 and 23 February (Leon-Eline), 24 

March to 9 April, 2000 (Hudah). Fabriola also made landfall twice, but once on the east 

coast of Madagascar, followed by a west coast landfall a few days later. This vortex 

started off on the 30th of December 1996 between the location of the eastern 

boundaries of domain 2 (D2) and 3 (D3), and then moved south across the island to die 

over the ocean on January 10, 1997 (Figure 5). Gretelle made landfall once at 

Madagascar on January 24, 1997, migrated into the channel, and curved anti-clock 
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wise until its demise on the 31st. This storm originated between the locations of the 

eastern boundaries of domain 2 (D2) and 3 (D3) (Figure 6), as was the case with 

Fabriola. Of the four tropical cyclones, two moved across the eastern boundary of 

domains 1 (D1) and 2 (D2) as it entered the regional model domain (Christelle and 

Bonita). Two developed east of the eastern boundary of domain 3 (D3), but west of the 

eastern boundary of domains 1 (D1) and 2 (D2) (Fabriola and Gretelle). 

 
Figure 4. Observed (Joint Typhoon Warning Center - JTWC) (black line) and ECMWF analyses 

(grey line) tracks of tropical cyclone Bonita (1-15 January 1996). The first and last days of the 

storms are numbered, and the tracks every 6 hours and each new day are marked with an 

asterisk. 
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Figure 5. Observed (JTWC) (black line) and ECMWF analyses (grey line) tracks of tropical 

cyclone Fabriola (31 December 1996 to 9 January 1997). The first and last days of the storms 

are numbered, and the tracks every 6 hours and each new day are marked with an asterisk. 

 
Figure 6. Observed (JTWC) (black line) and ECMWF analyses (grey line) tracks of tropical 

cyclone Gretelle (19-31 January 1997). The first and last days of the storms are numbered, and 

the tracks every 6 hours and each new day are marked with an asterisk. 
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3 RegCM2 Simulation Results 

 

The performance of the regional model is investigated by graphically comparing the 

track, the 850, 500 and 300 hPa geopotential heights, wind magnitude, temperature, 

and the 850-200 hPa vertical wind shear of the simulated cyclone-like vortices and the 

cyclones of the analyses. The heights and temperature values are 5°X5° area 

averaged values, centered around the calculated storm center. Since it is assumed that 

the vertical structure of the vortices remains intact throughout its life cycle, values at 

higher levels are also centered around the geographical location of the 850 hPa storm 

center. Although tangential storm wind speeds of the analyses are similar to observed, 

certain storms are poorly represented (Walsh 1997). In addition, the wind magnitudes 

shown here are 10°X10° area averaged values centered around the calculated storm 

center, since this area is representative of the horizontal extent of the storms. Both 

these factors lead to area-averaged wind magnitudes that are lower than the normally 

observed maximum wind speed near tropical storm centers.  

  

3.1 Bonita 

 

Landfall forecasts are most accurate for storms moving at oblique or normal angles to 

the coastline (Powell and Aberson, 2001), which is the case here for tropical cyclone 

Bonita (Figure 7). The simulated track using domain configurations D1 is shown in 

black, and of D2 in grey. This cyclone was subject to the enhanced westward steering 

flow during the early part of 1996. Simulations using domain configurations D1 and D2 

(Figure 7) show the tropical cyclone-like vortex move across Madagascar and the 

Mozambique Channel and into southern Africa at landfall. The migration of the regional 

model’s cyclone-like vortex into the channel is suggestive of a potential improvement in 

tropical storm seasonal predictions over GCMs (c.f. Figure 1). Moreover, the placement 

of the eastern boundary in the channel has the duration of the tropical cyclone-like 

vortex track (not shown) increased by at least 3 model days over the larger domain 

runs so that its time of demise corresponds to that of the storm of the analyses. Also, 

the track produced from using this domain configuration has as a result that the tropical 

cyclone-like vortex progressed further into the interior as opposed to those simulated 

using the larger domains. The simulation with the much reduced topography (~2m at its 

highest elevation) does not improve much on the tropical cyclone-like vortex track since 
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a split vortex is produced northeast of Madagascar. One part of the vortex progresses 

across the channel as before but further inland than the vortices of the domain 1 (D1) 

and 2 (D2) simulations with normal model topography, but the other curves on an 

unrealistic northbound track opposite to the southward track normally observed for 

tropical cyclones east of Madagascar (Figure 8).  

 
Figure 7. Simulated tracks of Bonita using the configurations of domain 1 (D1) (black line) and 

domain 2 (D2) (grey line). The first and last days of the storms are numbered, and the tracks 

every 6 hours and each new day are marked with an asterisk. 

 

 

Figure 9 is the comparison between the simulated (thin numbered lines) and analyses 

(thick line) tropical cyclone-like vortex 850, 500 and 300 hPa geopotential heights 

(again spatial averages around the defined storm centre), wind magnitude and 

temperature of the vortex supplied to the eastern boundary of the four domains. The 

thin-line numbers correspond to the domain numbers. The left hand panels correspond 

to domains D1 and D4, while the right hand panels show the results of the simulations 

using domains D2 and D3. The model is successful in simulating the intensification of 

the vortex (D2 and D3, all levels; D1 at 500 hPa) as it approaches Madagascar, 

followed by its weakening and subsequent second intensification (D4 at 850 and 500 
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hPa) as the vortex moves into the channel. However, after 30 hours after the 8th, the 

model underestimates the low level intensity of the vortex, because at this time the 

simulated 850 hPa geopotential heights at the storm’s centre deviate from that of the 

analysis’ intensification. Owing to the more strongly forced upper levels of the model, 

the modelled vortex heights at middle to high atmospheric levels are well simulated, 

with the best simulations made for the 300 hPa level (Figure 9). Similar results are 

found for the modelled winds (not shown). Also found is that the modelled low level 

temperature (not shown) is constantly below that of the analyses, which will lead to less 

favorable conditions for deep convection, and subsequently to the modelled vortex 

being of lesser intensity than the analyses.  

 
Figure 8. Simulated tracks of Bonita using domain configuration D2 with a maximum topography 

of ~2m. The first and last days of the storms are numbered, and the tracks every 6 hours and 

each new day are marked with an asterisk. 

 

 

The smallest of the domains (D4) has its eastern boundary west of Madagascar, 

resulting in much further westward migration of the vortex into the subcontinent (not 

shown) as is found using the other domain configurations. This is mainly due to the 

regional climate model eastern boundary being close to the area of interest, which will 

subsequently limit error growth artificially (Chouinard  et al. 1994). This domain does 
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not have the potential to improve on a GCM’s tropical cyclone-like tracks, since they are 

found to be mostly restricted to the east of Madagascar. (c.f. Figure 1). However, the 

simulation with the D4 domain configuration illustrates the effect the close proximity of 

a boundary has on simulated tropical cyclone-like vortex tracks. To further illustrate the 

effect the close proximity of a boundary has on simulated tropical cyclone-like vortex 

tracks, the evolution of tropical cyclone Christelle during January 1995 is subsequently 

presented. 

 

 
Figure 9. Geopotential heights at 850, 500 and 300 hPa of the analyses (thick line) and 

simulations (numbered thin lines) of Bonita for each of the four domain configurations. The thin-

line numbers correspond to the domain numbers. The left hand panels correspond to domains 

D1 and D4, while the right hand panels show the results of the simulations using domains D2 and 

D3. 
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3.2 Christelle 

 

Tropical cyclone Christelle moved into domain D1 of the regional model on the 1st of 

January 1995 (Figure 3). It started off in a southwesterly direction, moved 

southeastward as it moved out of the domain on the 10th. Its entire track is not more 

than 10 degrees of longitude away from the eastern boundary of domain 1 (D1) and 2 

(D2), which is about 3 degrees outside of the buffer zone (see section 2.1). The 

modelled tropical cyclone-like vortex stayed even closer to the eastern boundary of the 

domain than the analyses storm, but moved outside of the buffer zone on the 5th 

(Figure 10). Figure 11 shows the geopotential heights of cyclone Christelle of the 

analyses data and the simulations done with domain configurations D1 and D2. There 

is close agreement between the low level simulated vortex and analyses storm 

geopotential heights (averaged around the calculated storm center) until it moves 

outside of the buffer zone on the 5th. Thereafter, the modelled vortex at the 850 hPa 

level is of a much lesser intensity than the analyses storm, except for domain 1 (D1) 

where a good agreement between the simulated vortex and analyses storm is again 

found as the track of the latter curves back out of the domain. This seemingly skillful 

simulation is an example where error growth has been limited artificially owing to the 

proximity of the analyses forced eastern boundary to the vortex track. However, the 

cyclone to be discussed next had its track much further away from the eastern 

boundary of the respective domains, thus resulting in the modelled vortex less 

susceptible to artificially depressed error growth. 

 

3.3 Fabriola 

 

The modelled tracks of the cyclone-like vortex associated with tropical cyclone Fabriola 

are shown in Figure 12. The cyclone had its origin in a region inside domain 2 (D2), but 

outside domain 3 (D3), and subsequently move westward into a region of domain 3 

(D3). The tracking algorithm shows a migration of the vortex, simulated with domain 2 

(D2) (eastern boundary east of the initial vortex), to only reach the east coast of 

Madagascar. The simulation done with domain 3 (D3), however, shows a improved 

track which, in agreement with the analyses, has the vortex migrating across northern 

Madagascar, into the Mozambique Channel and then across southern Madagascar 

before it dies in the ocean south of the island on the 9th. The migration into the channel 
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is an additional example of how the regional model could potentially add to the GCM's 

tropical cyclone-like simulation performance, since the GCMs have a bias of not 

producing enough tropical cyclone activity in the channel. 

 
Figure 10. Simulated track of Christelle using domain configuration D2. The first and last days of 

the storms are numbered, and the tracks every 6 hours and each new day are marked with an 

asterisk. 

 

 

Atmospheric characteristics of the analyses and simulated vortices are shown in Figure 

13 (average values around the calculated storm centre). The simulation of the 

geopotential heights with domain 3 (D3) shows that the low-level heights of the 

simulated vortex deviates from the analyses after only a few model days, but improves 

again towards the end of the modelled vortex's life cycle as the vortex curves back 

towards the eastern boundary. In addition, the vertical wind shear is in close agreement 

with that of the analyses tropical cyclone throughout its duration. So are the wind 

magnitudes (not shown). The good performance of the regional model's low level 

simulation at the beginning and end of its life cycle might, as above, be attributed to the 

relative close proximity of the eastern boundary of domain 3 (D3) (Chouinard et al. 

1994). However, the influence of the eastern boundary here is negligible and of a much 

lesser extent than the case of Christelle above, since the modelled vortex has its track 

well beyond the latitude of the eastern boundary buffer zone (see section 2.1). 
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Therefore, the migration of the tropical cyclone-like vortex into the channel and back 

across Madagascar should not be seen as a consequence of the position of the 

eastern boundary of domain 3 (3D), but rather to the skill of the regional model to 

simulate tropical cyclone-like vortex tracks. Tropical cyclone Gretelle, which originated 

close to where Fabriola had its origin, had its observed track going even further beyond 

the eastern boundaries of domain configurations D2 or D3. Its associated cyclone-like 

vortex is discussed in greater detail next. 

 

 
Figure 11. Geopotential heights at 850, 500 and 300 hPa of the analyses (thick line) and 

simulations (numbered thin lines) of Christelle for domain configurations D1 and D2. 
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Figure 12. Simulated tracks of Fabriola using domain configurations D2 (grey line) and D3 (black 

line). The first and last days of the storms are numbered, and the tracks every 6 hours and each 

new day are marked with an asterisk. 

 

 
Figure 13. Geopotential heights at 850 and vertical wind shear of the analyses (thick line) and 

simulations (numbered thin lines) of Fabriola for domain configurations D2 and D3. 
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3.4 Gretelle 

 

The modelled track of the cyclone-like vortex associated with tropical cyclone Gretelle 

is shown in Figure 14. The analyses tropical cyclone initially developed, like Fabriola, 

inside domain 2 (D2), but outside domain 3 (D3). The simulation with the vortex moving 

through the eastern boundary of domain 3 (D3) produces a vortex life cycle duration 

close to that of the analyses cyclone (Figure 6). However, its track leads to landfall at 

northern Mozambique as the simulated track curves towards the north as opposed to 

the analyses southward curvature. This northward curvature, although uncommon, is 

not unprecedented, since such a landfalling northward curvature has been seen to 

occur in the channel in some cases (e.g., Hudah, 24 March to 9 April 2000). 

Notwithstanding, the progression of this cyclone-like vortex into the Mozambique 

Channel is again an example where a regional model could potentially add to the 

GCM's seasonal tropical storm forecast skill over the southwestern Indian Ocean. 

However, the simulated vortex of domain 3 (D3) correctly shows an initial intensification 

of the vortex, but fails to intensify the vortex further (not shown), as was also seen with 

most of the cases above. These failures to skillfully intensify the vortex suggest that the 

main advantage of nesting a regional model in the simulated large-scale of a GCM 

could potentially be the improved simulated tropical cyclone-like vortex tracks into the 

Mozambique Channel, and not the improvement in the simulated low-level intensity of 

the vortex. 

 

3.5 Channel-Vortex Simulation 

 

The coarse resolution associated with most operational GCMs contributes to their poor 

skill in simulating tropical cyclone-like vortices in the Mozambique Channel since there 

is an inadequate number of GCM grid-points found there to enable the GCM to form a 

tropical cyclone-like vortex. However, the RegCM2 has a much finer resolution than 

these GCMs, and shown here to potentially add to the performance of a GCM through 

the improved track simulation of tropical cyclone-like vortices into the Mozambique 

Channel. Next it has to be investigated if the regional model can also generate its own 

cyclone-like vortices inside this channel, since it often happens that tropical cyclones 

develop there (e.g., Fodah, 19-27 January 1995; Josta, 4-12 March 1995; Beltane, 12-

18 February 1998; Alda, 14-19 January 1999; Dera, 9-13 March 2001; Cyprien, 1-2 



 23

January 2002). The regional model run for the January 1995 period using domain 2 

(D2) does simulate cyclonic circulation in the channel between southern Africa and 

Madagascar (Figure 15). This tropical cyclone-like vortex is weak, however, possibly 

due to the simulated surface temperatures in the channel being too cool. Imposing a 

significant monthly mean sea-surface temperature anomaly in the channel of +1.5ºC 

and running the regional model with the same D2 domain, strengthens the simulated 

vortex only somewhat. In addition, the selection of the domain size is of significant 

importance here, since the run with the largest domain (D1) does not simulate any 

cyclone-like vortex in the channel during the corresponding period, with or without an 

imposed sea-surface temperature anomaly.  

 
Figure 14. Simulated track of Gretelle using domain configuration D3. The first and last days of 

the storms are numbered, and the tracks every 6 hours and each new day are marked with an 

asterisk. 

 

 

4 Discussion and Conclusions 

 

Fine-resolution GCMs should help to improve seasonal forecasts of tropical cyclone 

statistics (Vitart et al., 2002). However, even with a GCM resolution close to 1 degree, 

the mean simulated tropical storm frequency is only about 1/2 of the number observed 
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(Vitart and Stockdale, 2001). In addition, GCMs tend to simulate tropical cyclone tracks 

over the southern Indian Ocean too far to the east, making useful probability seasonal 

forecasts of tropical cyclone landfall occurrence at the southern African east coast 

difficult when using only raw GCM output. Although regional models have been found 

to produce tropical cyclone-like vortices weaker than the observed, these models can 

produce more realistic vortices than the GCMs (Walsh and Watterson, 1997). In this 

paper, the potential to use a nested approach over the southwestern Indian Ocean has 

been investigated by driving a regional climate model, the RegCM2, with time-

dependent large-scale meteorological analyses data. Since the GCMs produce very 

few tropical cyclone-like vortices in the Mozambique Channel, the ability of this nested 

scheme to simulate vortex tracks into the channel and also the development of these 

vortices in the channel, have been assessed. Success with these suggests that there is 

potential in improving GCM seasonal tropical storm track forecasts over the 

southwestern Indian Ocean through the use of regional models.  

 

Tropical cyclones as represented in the analyses data, which are of lesser intensity 

than observed cyclones, have been considered here as a representation of the tropical 

cyclone-like vortices that GCMs are able to generate on a seasonal time scale. The 

observed cyclones considered here have all developed east of Madagascar where 

most of the GCM’s tropical cyclone-like vortices in the southwestern Indian Ocean are 

likely to be found. It has been shown here that the regional model has the ability to 

simulate tropical cyclone-like vortex tracks across Madagascar and into the 

Mozambique Channel, which is indicative of the nested scheme’s potential to improve 

on the GCM’s seasonal tropical cyclone track forecasts. However, the regional model’s 

ability to simulate tracks west of the island may be dependent on the GCM’s ability to 

skillfully simulate the large-scale circulation over the southern Indian Ocean (Vitart et 

al., 2001), as well as the simulation of tropical cyclone-like vortices east of Madagascar. 

 

Notwithstanding the successful capturing of the westward moving tropical cyclone-like 

vortex tracks, the regional model has difficulty in creating intense vortices at lower 

atmospheric levels. For the most part the intensity of the cyclone-like vortices is only 

simulated well close to the eastern boundary of the model domain, but becomes weak 

as the simulated vortex progresses in its life cycle. Low level core temperatures are 

also simulated to be too cold, which will subsequently hamper deep convection and 
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might be a reason for the weak low-level vortex intensities. In addition, modeled 

vortices tend to move slower than their associated analyses storms. 

 

 
Figure 15. Simulated 850 geopotential height field of a tropical cyclone-like vortex in the 

Mozambique channel using domain configuration D2. The first and last days of the storms are 

numbered, and the tracks every 6 hours and each new day are marked with an asterisk. 

 

 

Since it has been shown here that the regional model’s potential to simulate tracks 

beyond what can be achieved by most current GCMs depends on whether the cyclone-

like vortex is allowed to move through the eastern boundary of the model domain, the 

correct placement of the eastern boundary in the nesting is therefore of the utmost 

importance. To optimize the nesting of a regional model into the GCM large scale, the 

GCM’s tropical cyclone-like vortex climatology should be investigated to determine the 

area east of Madagascar of highest simulated track density and the eastern boundary 

of the regional model should be placed across that area. The eastern boundary might 

have to be placed somewhere east of Madagascar, since this island affects the low 
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level flow and ultimately the tropical vortices’ evolution over the southwestern Indian 

Ocean. In addition, the placement of the northern boundary has been found to effect 

the development of these tropical vortices in the channel. Moreover, a very large 

domain might be less successful in channel-vortex simulation than a domain with a 

more southward placed northern boundary.  

 

In addition to the regional model’s sensitivity to the placement of the northern and 

eastern boundaries, it has been found that the regional model makes the surface 

temperatures in the channel too cold. However, a large artificial increase of monthly 

mean sea-surface temperatures did not improve on the intensity of the vortex that 

developed in the channel. The lower surface temperatures could therefore not be a 

viable reason for the lack of vortex intensification in the channel. Notwithstanding, 

monthly mean sea-surface temperature fields, which were used in the regional model 

setup, may not capture the small-scale sea-surface temperature variations in the 

channel very well. Therefore, it is recommended to run the regional model with weekly 

as opposed to monthly sea-surface temperatures instead, since local sea-surface 

temperatures may play a significant role in the interannual variability of simulated 

tropical cyclone-like vortex frequency, intensity and location over the southern Indian 

Ocean (Vitart et al., 1999).  

 

Useful forecast skill in forecasting the interannual variability of tropical sea-surface 

temperatures is a requirement for dynamical systems such as the one proposed here to 

be successful in forecasting the interannual variability of tropical storms (Vitart and 

Stockdale, 2001). Forecast monthly mean sea-surface temperatures (Landman and 

Mason, 2001) could be interpolated to weekly data and used in an operational forecast 

mode at a lead-time of a few months. However, the predictability of Indian Ocean sea-

surface temperatures is not as high as has been found for the eastern equatorial 

Pacific Ocean. This means that an atmospheric GCM forced with predicted weekly or 

monthly mean sea-surface temperatures could possibly produce an even lower 

frequency of tropical cyclones over the southwestern Indian Ocean than is the case 

with a GCM forced with observed sea-surface temperatures. Even with a lower than 

observed frequency of forecast tropical cyclone-like vortices, the use of a regional 

climate model optimally nested in the large scale of a GCM that can produce an 

accurate seasonal cycle of vortex occurrence in the southwestern Indian Ocean east of 
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Madagascar, should add to the predictability of tropical cyclone tracks in the 

southwestern Indian Ocean on a seasonal time scale. 
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