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Abstract Tropical cyclones (TCs) are one of the most
devastating natural phenomena. This study examines the
capability of a global climate model with grid stretch-
ing (CAM-EULAG, hereafter CEU) in simulating the
characteristics of TCs over the South West Indian Ocean
(SWIO). In the study, CEU is applied with a variable
increment global grid that has a fine horizontal grid reso-
Iution (0.5°x0.5°) over the SWIO and coarser resolution
(1°x 1°—2°x%2.25°) over the rest of the globe. The simula-
tion is performed for the 11 years (1999-2010) and vali-
dated against the Joint Typhoon Warning Center JTWC)
best track data, global precipitation climatology project
(GPCP) satellite data, and ERA-Interim (ERAINT) reanal-
ysis. CEU gives a realistic simulation of the SWIO climate
and shows some skill in simulating the spatial distribution
of TC genesis locations and tracks over the basin. However,
there are some discrepancies between the observed and
simulated climatic features over the Mozambique channel
(MC). Over MC, CEU simulates a substantial cyclonic fea-
ture that produces a higher number of TC than observed.
The dynamical structure and intensities of the CEU TCs
compare well with observation, though the model struggles
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to produce TCs with a deep pressure centre as low as the
observed. The reanalysis has the same problem. The model
captures the monthly variation of TC occurrence well but
struggles to reproduce the interannual variation. The results
of this study have application in improving and adopting
CEU for seasonal forecasting over the SWIO.

1 Introduction

Tropical cyclones (TCs), one of the most devastating natu-
ral phenomena (Girishkumar and Ravichandran 2012), can
be catastrophic to coastal communities. TCs and associ-
ated storm surges cause severe flooding, damage proper-
ties and claim lives (Badarinath et al. 2012). Between 1952
and 2007, 152 cyclones out of a total of 633 over the South
West Indian Ocean (0°—40°S; 30°-75°E) made landfall in
Madagascar and/or Mozambique (Mavume et al. 2009). For
example, on February 22, 2007, TC Favio made landfall on
the southern coast of Mozambique as a category 3 cyclone
after developing in the South Indian Ocean a week earlier
(Klinman and Reason 2008). Klinman and Reason (2008)
also stated that Favio worsened an already occurring flood-
ing situation and led to the deaths of 4 people and injured
70. Businesses, hospitals, schools and a prison (from
which 600 inmates escaped) were destroyed. The flood-
ing displaced over 120,000 people in Mozambique. More
recently, on February 25 2013, TC Haruna pounded heavily
on Madagascar. The country’s National Disaster Risk Man-
agement Office reported that more than 17,000 people were
affected by the storm with 13 reported deaths and 1500
homes flooded or destroyed (IRIN 2015). In light of dev-
astating impacts of TCs, several TC modelling studies have
been conducted in order to provide accurate early warn-
ing systems based on predictions of the behaviour of TCs
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(Chatzidimitriou and Sutton 2005). Over the South West
Indian Ocean (SWIO), these studies are vital for the vulner-
able nations of Mozambique and Madagascar that face high
risks of damage and loss of life from these systems (Klin-
man and Reason 2008). These two countries are amongst
the developing countries of the world and their high vul-
nerability to TCs further compounds the socio-economic
issue. Hence, there is a need for a more understanding of
these systems.

Early modelling experiments have shown the applicabil-
ity of Global Climate Models (hereafter GCMs) in simulat-
ing TCs (e.g. Manabe et al. 1970; Bengtsson et al. 1995,
1996; Vitart et al. 2003). However, most of them are based
on the simulation of TC-like structures with low-resolution
(more than 100 km) GCMs. Some of the characteristics of
those low-resolution model cyclones, such as the spatial
and temporal distribution, resemble, to a certain degree,
observed TCs. The main limitation with these modeled
cyclones is that the intensities of the simulated TCs are
weaker and the spatial scales are larger than observed TCs
due to the low resolution (Vitart et al. 1997). This limitation
makes it difficult to simulate small-scale features, which are
important to many physical processes such as rapid inten-
sification of TCs. Bengtsson et al. (1995, 1996) performed
a S5-year simulation with the European Centre Hamburg
Model 3 (ECHAM3) at 100 km horizontal resolution and
found that the model could simulate some aspects of the
structure of TCs including spatial distribution and seasonal
variability. They concluded that in certain areas, particu-
larly in the northeast Pacific, a more realistic number of
TCs was generated by the model only when the horizontal
resolution was finer than 100 km. Regional Climate Models
(RCMs) with a limited model doman can be run at higher
resolutions than GCMs. However, they are compromised
by the accuracy of boundary conditions. This can be espe-
cially problematic for TCs because they are often strongly
influenced by large-scale systems that operate on spatial
scales of thousands of kilometers (Gray 1979). A partial
remedy for this boundary condition problem is to couple a
RCM with a lower resolution GCM (e.g. Mbedzi 2010) in
order to study large scale systems, but RCM boundary con-
dition errors can lead to weak representation of large-scale
processes like El Nifio Southern Oscillation (ENSO) and
Madden-Julian oscillation (MJO) that are known to drive
TC activity (Strachan et al. 2013).

Attempts have been made to resolve low-resolution
issues with GCMs by employing high resolution GCMs
(Zhao et al. 2012; Strachan et al. 2013; Bell et al. 2014;
Walsh et al. 2015). However, most of these use uni-
form resolution and require massive computing time
and resources—a less than ideal match for the develop-
ing nations of the Southern African Development Com-
munity (SADC) due to financial and resource constraints.
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Although variable-resolution GCMs have proven to be an
invaluable tool in simulating TCs (e.g. Zarzycki et al. 2014;
Harris et al. 2016; Hashimoto et al. 2016), not much has
been done in utilizing these GCMs in studying TCs over
the SWIO. Such an application is the focus of this study.

The Community Atmosphere Model with non-hydro-
static Euler-Lagrangian dynamical core (CAM-EULAG,
hereafter CEU) has been shown to be more computation-
ally economical and efficient as compared to GCMs with
uniform high-resolution grids (Abiodun et al. 2008, 2011).
Abiodun et al. (2008) conducted three aqua-planet simu-
lations using CAM3 with each of the dynamical cores
EULAG (CEU), finite volume (CFV) and Eulerian Spectral
(CES). They found out that CEU adequately captured the
result of CFV and CES and was therefore shown suitable
for climate simulations. Abiodun et al. (2011) compared the
simulated rainfall between CEU and CFV over West Africa
during the boreal summer from 1996 to 2006 and found
that CEU outperformed CFV even at the same uniform
grid of 2°x2.5°. Application of a stretched-grid improved
results further. Ogier (2013) applied CEU to study the char-
acteristics of inertial gravity waves over Southern Africa
and observed that CEU showed that the interaction between
horizontal wind and topography is an important cause of
inertial gravity wave activity over southern Africa. Driver
(2014) studied rainfall variability over southern Africa and
found out that CEU captured some of the essential features
of rainfall over southern Africa, such as the band of precip-
itation associated with the ITCZ as well the area of mini-
mum rainfall over the South Atlantic Ocean. CEU has not
yet been applied in the study of TCs. This study presents
the first known application of CEU in simulating TCs.

The aim of the present study is to evaluate the perfor-
mance of a GCM with grid stretching in simulating the
characteristics of TCs over the SWIO (0-40°S; 30-75°E)
(Fig. 1). The evaluation focuses on the ability of CEU to
simulate the climatology of the study area during the TC
season (November—April), the structure and intensity of
TCs, the interannual and seasonal variability of TCs, and
TC genesis and tracks. Section 2 describes the observa-
tions, reanalysis and simulated datasets used in the study as
well as the methods. The results of this study are discussed
in Sect. 3 and conclusion in Sect. 4.

2 Data and methods

2.1 Data

We analysed observational, reanalysis, and model simula-
tion data for the study period (1999-2010). The obser-

vational data includes the Joint Typhoon Warning Center
(hereafter JTWC) best track data, obtained online at
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Fig. 1 Topographical map (in metres) showing the South West Indian Ocean basin defined by coordinates 0°-40°S; 30°E-75°E

http://www.usno.navy.mil/JTTWC. Since the study period
is from November 1999 to 2010, we elected to only use
JTWC best track because there is not much difference
between JTWC and the Regional Specialized Meteoro-
logical Centre La Réunion Dataset in the 2000s (Schreck
et al. 2014). The JTWC uses the Dvorak technique
(Dvorak 1984) to estimate TC intensity, which is based
on the analysis of cloud patterns in visible and infrared
satellite imagery. The best track data contains TC centre
locations, the minimum surface level pressure (MSLP),
and maximum surface wind (MSWs) at 6-hourly intervals
and is used to validate CAM-EULAG (CEU) and ERA-
Interim (ERAINT) with regards to the spatial patterns
of TC tracks, genesis locations, intensities, as well as
the variation of TCs on monthly and annual time scales.
Monthly observed precipitation was obtained from the
Global Precipitation Climatology Project Version 2.2
(hereafter GPCP) and is obtainable from http://www.esrl.
noaa.gov/ps. The GPCP dataset, which combines global
observation and satellite precipitation data at 2.5° x 2.5°
grid resolution, is used to evaluate the ERAINT and CEU
simulated rainfall over the SWIO basin.

The monthly and 6-hourly reanalysis precipitation,
wind, vorticity, vertical velocity and temperature data, with
a spatial resolution of 80 km (T255 spectral) and 60 verti-
cal levels, were obtained from the ERA-Interim (ERAINT)
dataset http://www.ecmwf.int/en/research/climate-reanal-
ysis/era-interim and compared with CEU simulations over
SWIO during TC season (November—April). More infor-
mation about ERAINT can be found in Berrisford et al.
(2011).

2.2 Model description and experiment

CEU is a non-hydrostatic global climate model with grid
stretching capabilities (Abiodun et al. 2008). It uses the
Community Atmosphere Model Version 3 (hereafter
CAM3) physics routines and Euler-Lagrangian (EULAG)
dynamics. CAM3 is the fifth generation of the atmos-
pheric model component of the Community Climate Sys-
tem Model (CCSM), which also includes land, ocean and
thermodynamic sea-ice components. A complete descrip-
tion of CAM3 can be found in Collins et al. (2004). The
physics package consists of moist processes, cloud and
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radiation calculations, surface models and turbulent mix-
ing processes. A particular feature of CAM3 is the use of
a microphysical parameterization scheme that is similar to
cloud resolving models. However, higher grid resolution
simulations (~20 km) are required in order to take advan-
tage of these advances than what the standard CAM3 offers
(~200 km). CAM3 has a clean separation between the
dynamics and physics parameterizations, which allows for
relatively easier replacement of either set of subroutines.
This separation allows for the replacement of the dynamical
core by EULAG, a non-hydrostatic, parallel computational
model for all-scale geophysical flows. The non-hydrostatic
behaviour of EULAG is achieved through the anelas-
tic approximation of the equations of motion which are
solved in a EULerian (flux form) or a LAGrangian (advec-
tive form) framework. EULAG combines non-oscillatory
forward-in-time (NFT) numerical algorithms with a robust
elliptic Krylov solver. The key signature of EULAG is that
it is formulated in generalized coordinates that enable grid

adaptivity. These features give EULAG a novel advantage
over the existing dynamical cores in CAM3 (Abiodun et al.
2008).

In the present study, the CEU grid is stretched to a reso-
Iution of 0.5°x0.5° (meridional X zonal) over the SWIO,
1°x1° over much of the globe and 2°X2.5° over the
Pacific Ocean and poles (see Fig. 2). The stretching factor
was 4.5 along the longitude and 1.5 in the latitudinal direc-
tion, which satisfies the Caian-Geleyn condition of limiting
the stretching factor to values less than 8 in order to mini-
mize pole-symmetric dilations (Caian and Geleyn 1997).
The prevailing advantage of using a stretched grid is the
ability to apply higher resolution over an area of interest in
a global model without needing as substantial an increase
in computational power as required by a uniform high reso-
lution grid. Using scaling results from idealized dry global
simulations, we estimate that the 50 km stretched grid uses
about 1/8 of the CPU time required by a 50 km uniform
high-resolution global grid. The model simulation uses 26
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Fig. 2 The CAM-EULAG model stretch grid setup with the highest resolution (0.5°x0.5°) over the South West Indian Ocean (0°—40°S; 30°—
75°E). The top and right panels show the scaling zonal and meridional resolutions, respectively
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vertical levels with an integration time step of 30 s (i.e.
dynamic time step) and a sample output rate of 6-hourly
data. The physics routines have different time step; it is
about 30 s for the boundary layer schemes and 360 s for the
radiation scheme. The simulation was forced with observed
sea surface temperature (SST) data (obtained from the
Hadley Centre) and the Community Land Model (CLM,
version 2.1) was used in the simulation. The model topog-
raphy was obtained by interpolating the CLM dataset into
the CEU stretched grid (shown in Fig. 2).

CEU did not scale well on our computing system. For
the model set-up used in this study, the model scalability
dropped fast after 64 processors such that it did not make
sense to use more than 64 processors for the simula-
tion, even though we had access to about 400 processors.
With 64 processors, it took the model about 3 months to
complete a l-year simulation, meaning that a continu-
ous 11-year run was going to take 33 months (2 years, 9
months!). Given the limited computing time available for
the study, it was not feasible to embark on a continuous
the 11-year simulation. Hence, to create a climatology for
the SWIO TC season, 11 simulations of 1-year run were
performed in parallel. That reduced the simulation period
to about 6 months. Each run started (at rest) from August
of the previous year until July of the years from 1999 to
2010. Abiodun et al. (2008) showed that CEU reached sta-
tistical stationarity in approximately 40 days by looking at
the time evolution of the zonal average of (a) zonal wind,
(b) potential temperature and (c) specific humidity in an
aqua-planet simulation. In addition, Driver (2014) showed
a similar spin-up time (40 days) when CEU was initial-
ised with more realistic atmospheric conditions. Therefore,
the first 3 months were discarded as spin-up (i.e. August,
September, and October). The SWIO TC season months
(November—April) were used for all the following analyses
and discussions.

2.3 Methods

In this study, TCs are defined as any warm core, non-
frontal, low pressure systems that develop over tropical or
subtropical waters with a closed cyclonic surface circula-
tion about a well-defined centre with 10 m winds greater
than 17 ms™!. Storms that are identified as extratropical are
excluded from the data used here since this study focuses
purely on storms identified as TCs (Holland 1993).

2.3.1 Tropical cyclone detection and tracking algorithm

An objective procedure for detecting and tracking TCs
in this study uses a similar method to that described by
Vitart et al. (1997), Kleppek et al. (2008) and Zarzycki

and Jablonowski (2014). The TCs were detected in
6-hourly ERAINT and CEU output as follows:

e The centre of a low-pressure system was detected by
finding a closed minimum MSLP around an 8 X 8 grid.
For each low-pressure system, the nearest minimum
vorticity smaller than —3.5x 107> s~! was detected.
This minimum must occur within 4° of the centre of
the low-pressure system.

e The closest local maximum of 850-300 hPa average
temperature is defined as the centre of the warm core.
The average temperature must be greater than 0°C.
The warm core is defined within 2° from the centre of
the low pressure.

e The wind speed at 10 m is used as recommended by
Walsh et al. (2007) during the detection phase. The
maximum wind speed within 5° of the storms centre

must be greater than 17.00 m s™'.

Once a candidate TC has been detected:

e Search for the nearest storm within 500 km following
the 6-hour period. If a storm is detected, it is considered
to be the same storm. However, if there is no storm, then
the track of the storm is considered to have stopped.

e The storm must persist for at least 2 days to be consid-
ered a TC (Zarzycki and Jablonowski 2014)

2.3.2 Performance Measures

The interannual variability of the observed, reanalysis
and simulated TC anomaly patterns were computed using
phase synchronisation (n) that quantifies how well the
model simulates or captures the timing of patterns. This
is defined by Misra (1991) as:

!
n= <”—> x 100
n

where n' is defined as the number of years in which the
simulations are in phase with the observation (i.e. both
observed and simulated annual TC count anomalies are
simultaneously positive or negative), while n is the total
number of years in the study (11 years). The phase syn-
chronisation n will be 0% (i.e. no synchronisation) if all the
simulated TC occurrence anomalies are out of phase with
the observations, or 100% if all the simulations are in phase
(i.e. perfect synchronisation). Several studies (e.g. Araujo
et al. 2014; Tozuka et al. 2014) have used synchronisa-
tion to evaluate the accuracy of phase differences between
model and observed datasets.
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The accumulated cyclone energy (ACE) is used to
calculate the interannual variability of TC activity over
the SWIO. ACE is an integrated measure of TC activity
which combines intensity and duration (Bell et al. 2000).
ACE is defined as:

ACE =107* Y2

where v, is the MSW (maximum surface wind in knots)
for a TC at a given time. The sum is taken over all 6-hourly
time-steps during a TC’s lifetime. ACE from individual
TCs can be summed regionally in order to produce basin-
wide statistics.

The pressure-wind relationship was used to highlights
the ability of the model in producing the correct sur-
face gradient wind balance for a given sea level pressure
deficit.

The non-parametric Spearman rank correlation was
used to calculate the correlation of ERAINT and CEU
with respect to observation on the inter-annual variabil-
ity of TC occurrence. Spearman’s rank correlation was
chosen since it does not assume that dataset is described
by a normal distribution. Furthermore, Spearman’s rank
correlation overcomes the effect of outliers and skew-
ness by considering the rank values of the data instead
of the magnitude. The rank correlation is defined as:

. 6 d[,2

= T am o

where n is the sample size which is calculated by years in
each dataset (i.e. the sample size is 11 for CEU, ERAINT
and JTWC) and 4 is the difference between the rank of cor-
responding values of two datasets.

3 Results and discussion

3.1 Climatology of tropical cyclones over the South
West Indian Ocean

Although previous studies have established the capa-
bility of CEU in simulating the climate over various
regions (Abiodun et al. 2011; Ogier 2013; Driver 2014),
none of them evaluated the model over the SWIO region.
Therefore we begin the study by comparing the regional
climate produced by CEU over the SWIO with GPCP
and ERAINT. The validation focuses on how well CEU
simulates the temporal and spatial variation of essential
climatic features in rainfall and vorticity during the TC
season (November—April).
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3.1.1 Rainfall

There are common features in the rainfall distributions
produced by the CEU simulation, ERAINT, and GPCP
observation over the SWIO (Fig. 3). GPCP shows a band
of maximum rainfall (associated with the Inter Tropi-
cal Convergence Zone, ITCZ) around 5-20°S and an
area of minimum rainfall over the Mozambique Channel
(around 35-45°E; 20-35°S) (Fig. 3a). The GPCP rainfall
band shows a local maximum over Mozambique (about
8 mm day~!) and over Madagascar (about 12 mm day™!).
ERAINT reproduces well the rainfall band but fails to cap-
ture the local maximum over Mozambique. In addition,
ERAINT does not reproduce the minimum rainfall over
the Mozambique Channel (MC) as in GPCP, while CEU
simulates a local maximum over the area. The rainfall bias
over the MC is within +1 mm day~! in ERAINT but up to
9 mm day~! in CEU. The wet bias could be due to the con-
vective parameterization in the model; the parameteriza-
tion may be too sensitive to the warm boundary layer over
this area. It could also be due to a more generic resolution
sensitivity of moist physics. This has been highlighted for
older CAM physics by Williamson (2008). However, the
overestimation of the deep convection in this area may be
responsible for the inability of CEU to simulate the local
maximum rainfall over the Madagascar area, because local
areas of deep convection can suppress convection in adja-
cent regions, leading to the lack of a rainfall maximum. The
CEU dry bias over Madagascar is consistent with the warm
bias over the area (figure not shown), because less rainfall
results in reduced cloud albedo, more incoming solar radia-
tion, and more heat.

3.1.2 Vorticity

The CEU simulated 850 hPa vorticity field has common
features with those in ERAINT results (Fig. 4). ERAINT
shows a large area of negative vorticity approximately
50-75°E; 0-20°S, which is consistent with the ITCZ since
negative vorticity values in the southern hemisphere lead
to surface convergence. Moreover, this result is consist-
ent with the observed GPCP precipitation (Fig. 3a) since
areas of high surface convergence are favourable to the for-
mation of convective precipitation. Below 25°S, ERAINT
shows positive vorticity values which are associated with
the South Indian high pressure system. Moreover, posi-
tive vorticity values associated with the South Indian High
Pressure System indicate areas of subsidence where con-
vective rainfall is often inhibited. Therefore, this result fur-
ther highlights the difference in rainfall patterns between
areas in the vicinity of the ITCZ and South Indian high
pressure system. CEU is in agreement with ERAINT with
regards to the spatial pattern of the ITCZ as well as areas
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Fig. 3 Climatological rainfall

over the South West Indian
Ocean for TC season Novem-
ber—April 1999-2010 in mm/
day. The red contours in b and
¢ show the bias between the
ERAINT and CEU rainfall with
respect to GPCP i.e. CEU-
GPCP and ERAINT-GPCP.
Solid contours denote a wet bias
and dashed contours indicate a
dry bias
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of subsidence. However, the CEU vorticity field over the
MC is much stronger than the reanalysis. This strong bias is
consistent with the models wet bias over that region.

3.2 Simulated tropical cyclone structure

Figures 5 and 6 show details of TC storm structure from
ERAINT and CEU, respectively. Since ERAINT is reanaly-
sis, it is able to simulate actual storms in the JTWC dataset
and in fact the TC depicted in Fig. 5 is TC Hary 2002. CEU
on the other hand develops its own realization of climate
and does not show close correspondence with any particu-
lar JTWC TC during the 11 year period. For comparative

50°E 60°E 70°E

purposes we have selected a TC out of the CEU dataset that
is similar to ERAINT’s TC Hary 2002 in duration, size,
and intensity. This is the storm depicted in Fig. 6.

ERAINT TC Hary 2002 (Fig. 5) formed in the SWIO on
the 7th of March 2002 as a tropical depression (minimum
MSLP of 1007 hPa) reaching MSWs of 36 ms~! on the 10th
of March when it brushed the north eastern parts of Mada-
gascar. It reached a wind intensity of 29 ms™' (minimum
MSLP of 973 hPa) on 11 March 2002 and transitioned into
an extra-tropical cyclone on the 17th of March. JTWC data
indicate TC Hary formed on March 5 2002 and dissipated
on March 17 2002. Figure 7 shows the ERAINT TC Hary
(red) has a very similar track to the observed JTWC TC
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Fig. 4 850 hPa climatological

vorticity over the South West

Indian Ocean for TC season 5°S
November—April 1999-2010 in
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Hary (blue). Overall, the timing of TC development and
trajectory match the observations very well. The quality of
the ERAINT trajectory verifies the ability of the objective
TC detection algorithm in tracking TCs in gridded datasets.
Note however that the maximum surface wind of ERAINT
Hary is about half of the JTWC observed value of 72 ms™".

Figure 6 shows the comparable CEU TC. This storm
appeared on the 21st of January 2000 in the SWIO as a
tropical depression with a maximum 850 hPa wind inten-
sity of 26 ms™'. It strengthened into a TC, reaching a maxi-
mum surface wind intensity of 39 ms™' (minimum MSLP

@ Springer

50°E 60°E 70°E

of 973 hPa) on the 23rd of January 2000. The 10 m hori-
zontal wind at the storm’s peak is shown in Fig. 6a. Simi-
lar to ERAINT (Fig. 5a), the CEU TC exhibits a calm eye
and strong cyclonic winds surrounding the eye (Fig. 6a).
In both results, the highest wind speeds occur on the left
side relative to the storm motion (Figs. 5a, 6a) which is a
common feature of southern hemisphere TCs. Note some
spiral band structure appears north and southwest of the
CEU storm core (Fig. 6a), a feature that does not appear
in the ERAINT TC (Fig. 5a). Figures 5b and 6b show the
warm cores that are associated with diabatic heat release in
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the two TCs. The cores are seen to extend from 950to 150
and 900 —200 hPa in ERAINT and CEU, respectively. For
CEU, the TC detection algorithm (see Sect. 3.3.1) indicates
an average temperature excess of 6° from 850 to 300 hPa.
The ERAINT warm core is stronger and deeper. These
difference trends are mirrored in the vertical wind fields
(Figs. 5c, 6d) and vorticity (Figs. 5d, 6d). Maximum wind
speeds are similarly confined to lower levels (Figs. Sc, 6¢).
The eyewall diameter is very similar between the 2 results;
both have eyewall diameter ~1° at lower levels that slowly
increases to ~2° at upper levels (Figs. 5c, 6¢). Both CEU
and ERAINT simulate well the relative vorticity in the cen-
tre of the storm with the largest values of negative relative
vorticity in the lower levels (Figs. 5d, 6d). The negative
low-level vorticity represents the spinning of a cyclonic
rotating storm in the Southern Hemisphere.

Overall, the reanalysis storm is stronger and deeper, yet
has a less detailed wind field than the CEU storm. These
differences are likely due to a number of factors. First is the
lower horizontal but greater vertical resolution and atmos-
pheric depth of ERAINT vs. CEU. A second possible fac-
tor is that the numerical schemes of CEU’s dynamical core
are less diffusive at small scales as well as generate better

dynamical upscale transfers—allowing more realistic phys-
ics at a given grid resolution (Prusa and Gutowski 2010).
Structural differences could also result due to the differing
physical parameterization schemes employed. Last, sam-
pling issues can affect the comparison. In particular, the
ERAINT and CEU TCs are intrinsically different storms.

3.3 Simulated tropical cyclone intensity
3.3.1 Accumulated cyclone energy

Figure 8 shows the accumulated cyclone energy (ACE)
for the JTWC data, reanalysis, and model. ERAINT cor-
relates (spearman) much better with the observations (p
=0.75; p value=0.01) in comparison to CEU (p = —0.57,
p value=0.07) on the interannual variability of ACE. The
use of the observed atmospheric state in the reanalysis is
obviously a significant factor in this comparison. Addition-
ally, the poor CEU correlation may be due to the relatively
short 11-year simulation and one model realization of ACE
which could lead to lower correlation due to the presence
of noise. Ensemble runs may improve the results (Goerss
2000; LaRow et al. 2008; Hamill et al. 2011). The observed
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annual mean ACE over the SWIO basin is 138.31 x 10* kn?.
By contrast, ERAINT and CEU show annual mean ACE of
39.28 and 62.06x 10* kn?, respectively (Fig. 8). Although
CEU does a much better job than ERAINT on the annual
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Fig. 7 Observed JTWC (blue) and ERAINT (red) Tracks for TC
Hary which developed on the 5th of March 2002 over the South West
Indian Ocean
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mean ACE over the basin, it is still well below the JTWC
observations. The factor of 2 differences in ACE values
between ERAINT and CEU scales well with the effective
grid resolution ratio of the models, suggesting these dis-
crepancies are largely due to insufficient grid resolution.
Other issues, such as simulation noise noted above, may
also be involved.

3.3.2 Wind-pressure relationship

There is good overall agreement between observation,
ERAINT and CEU on the wind-pressure relationship MSW
(MSLP) shown in Fig. 9. Both CEU and ERAINT show the
highest wind speeds corresponding with the lowest mini-
mum MSLP, which is consistent with JTWC. The wind-
pressure relationships were curve fit with a quadratic equa-
tion (lines shown in Fig. 9). The R? value of the JTWC data
is 0.99 while ERAINT and CEU yielded R? values of 0.64
and 0.72 respectively—showing adequate skill in the grid-
ded datasets. However, both the model and reanalysis fail
to adequately produce the lower MSLPs seen in the obser-
vations, which drop to ~900 hPa. Although both CEU and
ERAINT have similar upper bounds as JTWC observations
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for MSLP ~1010 hPa, the lower bound for MSLPs is
~930 hPa for CEU vs. ~960 hPa for ERAINT. This strongly
suggests grid resolution limitations. Hence, reanalyses (and
likely CEU) are of insufficient resolution to fully capture
the intense tail of the TC distribution [e.g., Schenkel and
Hart (2012)].

3.4 Spatial patterns of tropical cyclone tracks
and genesis locations

Figure 10 shows TC genesis locations (right) and tracks
(left) over the SWIO basin (0—40S°; 30-75°E). Approxi-
mately 55% of all JTWC SWIO TCs formed in the eastern
(65-75°E) portion of the basin and moved westward with
the aid of the south-east trade winds (zonal steering flow
in Vitart et al. 2003); this pattern is similar to the findings
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of Mavume et al. (2009). ERAINT had similar results with
51% of cyclogenesis events in the furthest east region. CEU
had only 16% of TCs forming in the same region. This lack
of cyclogenesis between 65°E and 75°E in CEU might be
attributed to the lower resolution (>50 km) stretched area
towards the edge of the basin. Approximately 28% of all
CEU TCs formed over the MC compared to only 11% in
the observation. This finding suggests that there is a strong
TC bias present in CEU over the MC. Figure 4B strongly
suggests that the 850 hPa vorticity anomaly present in CEU
may be the chief cause of the substantial TC genesis over
the MC since large values of vorticity aid in the forma-
tion of TCs (Gray 1968; Henderson-Sellers et al. 1998).
By contrast, CEU does exhibit skill in the latitudinal dis-
tribution of genesis locations. For example, the TC genesis
is mostly concentrated between 5° and 25°S and no TCs
originate below 30°S, which is in agreement with observa-
tions. Furthermore, CEU agrees with the observation and
ERAINT with regards to the lack of TCs forming close to
the equator. Near the equator, the Coriolis parameter tends
to zero and the development of strong organized vortices is
generally inhibited.

As noted earlier, CEU simulations cannot be expected
to match particular best fit trajectories of JTWC because
it develops its own atmospheric synoptic flow details and
TCs are exquisitely sensitive to those details. Yet it does
generate plausible climate statistics. In particular, there is
reasonable agreement between the observation (Fig. 10d),
reanalysis (Fig. 10e) and model (Fig. 10f) on the spatial
characteristics of TC tracks over the SWIO. The observa-
tion shows the largest concentration of TC activity approxi-
mately between 10-30°S and no TC activity near the equa-
tor. This result is consistent with earlier studies by Vitart
et al. (2003) and Mavume et al. (2009). Near the Horse
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latitudes (30-35°S), observed TCs tend to recurve eastward
due to the prevailing westerlies which are characteristic of
the mid-latitude atmospheric circulation. Both ERAINT
and CEU capture the spatial pattern of TC tracks very well.
The reanalysis and model both show landfalling TCs over
Madagascar as well as over the eastern parts of Mozam-
bique. The most significant difference in the CEU tracks is
a concentration of TC activity over the Mozambique Chan-
nel. Again, this can be attributed to the anomalous 850 hPa
vorticity over the area (Fig. 4b). Last we note that CEU’s
enhanced TC count over the MC may artificially increase
the ACE over the basin since there are more TCs forming
in comparison to the JTWC observations.

3.5 Monthly variation of tropical cyclone occurrence

CEU captures the basic monthly variation of the observed
TCs over the SWIO (Fig. 11). It agrees with observations
by showing peak TC activity in January and February—the
peak of summer in the southern hemisphere when SSTs are
high and the formation of TCs is favored. However, both
the model and ERAINT overestimate the number of TCs
for each of the two peak months (January and February) in
comparison to the observation.

Out of the total CEU TCs that formed over the chan-
nel (i.e. 26), 14 (54%) formed in January, 8 (~31%) in
February and 4 in other months. This firmly suggests that
the MC bias in CEU is strongly exhibited in January and
February when it shows a prevalence of TC genesis. Out
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Fig. 11 Monthly variability of TCs over the South West Indian ocean
for study period 1999-2010

of the 9 JTWC TCs that formed in the MC (Fig. 10a), 2
(22%) formed in January and February which is incon-
sistent with previous studies (e.g. Mavume et al. 2009).
The inconsistency may be due to the time period of the
11 years which is too short to have robust statistics of the
variability of MC TCs, Mavume et al. (2009) analysed
TC data for 27 years (1980-2007) and showed 60% MC
TCs forming in January and February. The model shows
some skill in simulating TC numbers during December
and March with marginal differences in comparison to
the observation but struggles to adequately simulate TC
counts for November and April.
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3.6 Interannual variability of tropical cyclones

In the SWIO, TCs show variability on an annual basis
with an average of 7.3+2.2 observed JTWC TCs occur-
ring per season. Climate variability modes (teleconnec-
tions) such as El Nifio Southern Oscillation (ENSO),
Indian Ocean Dipole (IOD) and South Atlantic Subtropi-
cal Dipole (SASD) are known to directly or indirectly
impact TC activity in various ocean basins (Camargo and
Sobel 2005; Saha and Wasimi 2013; Rodrigues et al. 2015).
These three teleconnections in particular are relevant to the
SWIO basin. ENSO is one of the most important coupled
ocean—atmosphere teleconnections affecting interannual
climate variability, while the IOD plays an important role
in the interannual climate variability in the Indian Ocean
(Saji et al. 1999). The SASD has an important role over
the South Indian Ocean in strengthening the South Indian
Ocean High Pressure system (also known as the Mascerene
high) during its positive phase (Morioka et al. 2012). This
strengthening of the Mascerene high may possibly inhibit
TC formation due to suppression of convection which is
intrinsic to cyclogenesis. Since teleconnections exhibit
only quasi-periodic behavior at best, the resulting ensem-
ble of three such indices is likely somewhat chaotic over
time. This alone will cause TC statistics to be sensitive to
the starting date and length of the averaging period (Hen-
derson-Sellers et al. 1998; Mavume et al. 2009; Schreck
et al. 2014). Figure 12 exhibits this complexity of year
to year variations. 2005/2006 had the lowest number of
observed TCs while the 2002/2003 season showed the
highest. The anomalous low number of TCs in 2005/2006
were an all negative ENSO, IOD and SASD phase while

the 2002/2003 period had a positive ENSO and IOD but
neutral SASD. CEU shows a large anomaly for 2005/2006
but in reverse in comparison to observation. Another CEU
anomaly is in the 2007/2008 season which is marked by
a positive IOD and SASD phase coupled with a negative
ENSO mode. It is interesting to note that the high (low)
CEU anomaly was simultaneous with negative (positive)
IOD and SASD phase. However it is beyond the scope of
this study to investigate what brings about these anomalous
trends with regards to the SST indices.

ERAINT and CEU show an average of 6.6 and 8.1 TCs
per year which is close the observed mean of 7 TCs per
year. ERAINT captured the interannual variablity of the
JTWC data with a spearman correlation of p=0.64 and p
value of 0.03. The corresponding numbers for CEU were
p = —0.50 and p=0.11. This poor CEU correlation may
be due to the 11-year record which is insufficient to evalu-
ate the interannual variability. Twenty years is the mini-
mum recommended by the World Meteorological Organi-
zation. However, Ensemble simulations could improve
these results. Using phase synchronization (defined in
Sect. 2.3.2), ERAINT showed better agreement (n="73%)
in comparison to CEU (n=64%) with regards to the TC
anomaly patterns in the observation (Fig. 12).

4 Conclusions

This study investigated the skill of a GCM with grid
stretching (CEU) in simulating the characteristics of Tropi-
cal Cyclones (TCs) over the SWIO (South West Indian
Ocean). The simulation was conducted over a period of

Fig. 12 Interannual variabil-
ity of TC occurrence over the
South West Indian Ocean for
study period 1999-2010
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11-years (1999-2010) for the SWIO TC Season (Novem-
ber—April). The model simulation was compared to JTWC
observations and ERA-Interim (ERAINT) reanalysis data
in order to evaluate the skill of the model in simulating the
temporal and spatial variation of the regional climate over
the SWIO. An objective TC tracking algorithm was used in
order to detect and track TCs.

e In general, CEU shows good agreement with observa-
tions and ERAINT in simulating overall climatic fea-
tures over the SWIO for the study period. However,
compared to ERAINT, CEU simulation of the vorticity
and rainfall has a notable discrepancy over the Mozam-
bique Channel where CEU simulation of the vorticity
and rainfall differ notably due to strong cyclonic fea-
tures present in the CEU simulation over the region.

e The model and reanalysis reproduce well the spatial
distribution of TC tracks over the SWIO but the model
overestimate the number of TCs over the MC. CEU
overestimates TC genesis over the MC. However they
both CEU and ERAINT showed skill in simulating the
spatial distribution of genesis locations.

e ERAINT and CEU adequately reproduce the essential
dynamical structure of an observed TC, which consists
of a warm core and well-defined eye surrounded by
cyclonic winds that decay with increasing distance from
the centre. A comparable storm was simulated by CEU
with more detail in some aspects (particular in the rain
bands) but was less deep in comparison to ERAINT.

e The ACE index for CEU is nearly twice that of ERAINT
but still only about 50% of the JTWC data. Both
ERAINT and CEU failed to capture the lowest MSLP
of ~900 hPa in the observations. However CEU is closer
to simulating theses extreme values when compared to
ERAINT (930 vs. 960 hPa).

e Both CEU and ERAINT reproduce well the monthly
variation of TCs although TCs were overestimated for
CEU during the peak months (i.e. January and Febru-
ary) in comparison to the observation. This is due to the
strong vorticity bias over the MC which is favourable to
tropical cyclogenesis. The model performed poorly in
simulating the interannual variability of SWIO TCs.

The results of this study show that CEU has promise
for seasonal forecasting over the SWIO. However, further
development is planned to improve the performance of
the model over the SWIO. The first improvement would
be updating the CEU physics package from CAM3 to the
newer CAMS.2, which offers improvements on the physics
parameterizations. These improvements on parameteriza-
tion schemes would hopefully improve the CEU simula-
tion over the MC. Moreover, future studies are planned on
studying the impacts of various parameterization schemes
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on TCs over the SWIO, since moist processes have been
shown to play an important role in strengthening TCs. In
addition, to address uncertainty in observation of TC track-
ing, future study would use more than one observation
datasets in evaluating the model results.

Potential work following from this study should also
consider performing ensemble runs in order to provide a
more robust climatological analysis of the SWIO, which
may improve the TC simulation statistics over the basin.
Another possible study could also look at the comparison
of uniform grid vs. stretched-grid on TC characteristics.
In this study, TCs were simulated using a static stretch
grid but the next planned study will look at dynamic grid
stretching, which allows for dynamic tracking of features of
interest (e.g. storms) whilst increasing resolution locally.
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