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ABSTRACT

The coast of southeastern Africa is the only part of the continent to experience landfalling tropical cyclones (TCs), the most destructive and hazardous of weather
systems. It is also a region which frequently experiences long-lasting marine heat waves (MHWSs). Three coastal regions in southeastern Africa with high biodiversity
and relatively large populations dependent on local coral reefs and artisanal fishing are analysed in terms of the characteristics of TCs and MHWs. Significantly
increasing trends in MHW duration and frequency, TC heat potential and coral bleaching events are found during austral summer in all three coastal areas, with
northeastern Madagascar experiencing the highest rate. The co-occurrence of TCs and MHWs in each region is also considered using a parameter-space plot of MHW
intensity versus TC wind speed. A high percentage of pre-existing MHWs help strengthen TCs as they pass over the MHW region but an even higher percentage of the
TCs tend to weaken or end MHWs after they both co-occur. Of the three coastal zones considered, northeastern Madagascar is more prone to landfalling severe
cyclones and long-lasting MHWs. It is suggested that as the TC approaches the MHW region, the rapid increase in surface wind friction velocity, intense heat loss to
the atmosphere and entrainment cooling are all important processes that determine the rate at which the MHW weakens towards its demise. TC-MHWSs co-occurring
together may be considered a compound extreme event. The magnitude of their impacts on the southeast African coast in recent decades highlights the need for

increased monitoring and improved real-time forecasting of these devastating coastal hazards.

1. Introduction

Coastal zones have long been important to human settlements
because of their diverse food sources (fish, shellfish, seaweeds etc), their
moderation of regional climates with associated agricultural and
ecosystem benefits, the possibility of ship-borne trade and communi-
cation with other parts of the world, and for military/political strategic
reasons. As a result, many of the most important cities in the world are
either on the coast or within practical access to it via navigable rivers.
Coastal zones also contribute to the ocean-derived or blue economy of
countries through tourism, recreational activities and, in some cases,
offshore mining, oil and gas extraction. In eastern Africa, the blue
economy is becoming increasingly important with Obura et al. (2017)
estimating that the ocean assets of the Western Indian Ocean are valued
as much as US$333.8 billion (annual output US$ 20.8 billion). In
Madagascar, the World Bank (World Bank, 2020) estimated in 2018 that
artisanal fisheries contributed about 7% of the gross domestic product
(GDP) and directly supported the livelihoods of 1.5 million people while
for Mozambique, the fisheries sector account for 4% of the GDP, sup-
porting 5 million people.

While coastal climates are typically more moderate than inland, they

can be more prone to the impacts of extreme weather events originating
over the open oceans. Landfalling tropical cyclones are the most obvious
example, but cut-off lows, mesoscale convective systems and atmo-
spheric rivers have all been known to cause coastal flooding on occasion
in many parts of the global coast including Africa (e.g., Singleton and
Reason, 2006; Gimeno et al., 2016; Blamey et al., 2018; Morake et al.,
2021). As they approach the coast, the strong winds of such storms pose
significant hazards for shipping as well as often cause devastation of
coastal infrastructure, coastline features, and ecosystems through storm
surges.

Although Africa is the second largest continent by land area, the
length of its coastline (~30,500 km) is less than the much smaller
continents of Europe and Australia since it has few large bays, inlets,
gulfs and coastal islands. Its coastline varies from virtually uninhabited
(e.g., Namibia, Mauritania) to hosting some of the largest cities in the
world (e.g., Lagos, Cairo); over 60 million people live within 100 km
from the South West Indian Ocean (SWIO) coast. Here focus is placed on
the southeastern African coast (i.e. Mozambique Channel region) which
includes Madagascar (the world’s fourth largest island by land area),
Mozambique (African country with the longest coastline) and small is-
land developing states such as Comoros. The Mozambique Channel itself
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is of great interest oceanographically (Mawren et al., 2022) - it is
dominated by mesoscale southward propagating eddies (Backeberg and
Reason, 2010; Ridderinkhof et al., 2013; Halo et al., 2014) which help
promote biological productivity (Mikaelyan et al., 2020), contribute to
the intensification/weakening of tropical cyclones (Mawren and Reason,
2017; 2020), modulate marine heat wave intensity (Mawren et al.,
2022), and for being one of the three sources of the Agulhas Current, the
largest western boundary current in the world (Lutjeharms, 2006). This
region is chosen for study because it is the only part of the African coast
to experience tropical cyclones, and is often impacted by marine heat
waves, two prominent examples of coastal hazards.

The vulnerability of communities living in this coastal zone exposed
to hazards like landfalling tropical cyclones is increasing due to large
population growth rates, relatively weak and undeveloped economies,
and the impacts of global warming (World Bank, 2017). However, due to
recent offshore oil and gas discoveries in the Mozambique Channel, the
region may assume increasing economic importance within Africa. A
significant challenge will be to exploit these resources to the benefit of
the local populations without significantly damaging the high biodi-
versity and tourism potential there. Currently, Mozambique and
Madagascar are some of the world’s poorest countries as well as the most
vulnerable and least prepared for climate change (WFP, 2021). For
example, in 2019, Mozambique was rated as the fifth most affected
country world-wide by the impacts of extreme weather events (Eckstein
et al., 2021).

The broader SWIO region, and particularly the Mozambique Channel
(Fig. 1a), supports pristine ecosystems, high biological diversity, high
endemism, and endangered species as well as being home to the second
most biodiverse area for coral species in the Indo-Pacific (Obura, 2012;
Pereira et al., 2014). By disrupting the locations and health of available
fish stocks which so many people in these countries depend on, intense
and long-lasting marine heat waves in this region can have very signif-
icant socio-economic impacts. Mawren et al. (2022) showed that the
frequency and intensity of marine heat waves in the coastal region off
southwestern Madagascar have significantly increased during
1982-2019. More frequent and intense marine heat waves pose severe
threats to the ongoing viability of coral reefs and associated organisms
(Hughes et al., 2003; Sheppard, 2003; Graham et al., 2006; Wilson et al.,
2006), causing significant risks to the many coastal communities in the
region dependent on these ecosystems. While no studies to date have
estimated the socio-economic impacts of marine heat waves in the SWIO
region, elsewhere in the world they have led to economic losses of many
millions of dollars (Mills et al., 2013; Cavole et al., 2016) due to sub-
stantial shifts in the distributions of important stocks (e.g. Walker et al.,
2020) or mass mortality events. Particularly important coastal SWIO
ecosystems are mangrove forests, sea grasses and coral reefs. The former
help mitigate against the impacts of tropical storms by reducing coastal
erosion associated with heavy winds and direct exposure to storm waves
as well as providing valuable ecosystem services for the wellbeing of
coastal communities. However, intense tropical cyclones can also reduce
viable mangrove extent after landfall (Paling et al., 2008) as well as
damage coral reefs. Coral reefs in this region are often prone to signif-
icant damage from marine heat waves as well as from warming during
anomalous seasons (such as the 1997/98 El Nino) or from climate
change (Obura et al., 2012).

While the Madagascan coast has long been impacted by landfalling
tropical cyclones, in the last two decades Mozambique has suffered very
heavy loss of life and severe damage from several landfalling intense
cyclones such as Eline in 2000 (Reason and Keibel, 2004), Japhet in
2003 (Mavume et al., 2009), Favio in 2007 (Klinman and Reason, 2008),
Idai and Kenneth in 2019 (Mawren et al., 2020). Intense rainfall,
extreme winds, highly energetic waves, and storm surges are the tropical
cyclone hazards impacting this coast leading to deaths and destruction.
For example, during the 2018-2019 season when Idai and Kenneth
occurred, the impacts included over 1380 deaths and about 2.3 billion
USD worth of infrastructural damage.
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Fig. 1. (a) Mean tropical cyclone heat potential (TCHP, kJ cm™2 computed

from GLORYS12V1 product from 1993 to 2019) averaged during tropical
cyclone season (November—April) highlighting 3 coastal areas of interest:
Comoros islands, North East (NE) Madagascar and South Central Mozambique.
Black contours show TCHP values of 40 kijcm ™2 and above. Blue colorbar over
land represents the percentage contribution of annual rainfall from tropical
cyclones (including tropical storms) between November through to April
computed from daily CHIRPS data over the period 1981-2019. Green shading
along coastal areas represents the distribution of warm water coral reefs
(UNEP-WCMC et al., 2018). Coral bleaching hotspot values (represented by
orange triangles) were extracted at 3 virtual stations (Inhambane (36.0°E,
23°S), Comoros (43.8°E, 11.9°S) and NE Madagascar (49.90°E, 15.3°S); NOAA
Coral Reef Watch, 2018). Marine heatwave metrics are analysed near virtual
stations within 2°x2° boxes (Comoros (10.25-12.25°S; 43.0-45.0°E), NE
Madagascar  (13.25-15.25°S; 50.0-52°E) and southern Mozambique
(22.25-24.25°S; 36.0-38.0°E)). Large circles include all tropical storms and
cyclones that cross within a 500 km radius from the centre of the boxes. (b) All
tropical cyclones (maximum sustained winds exceeding 90 knots) that made
landfall during austral summer (November-April) in the Southwest Indian
Ocean between 1982 and 2019. Blue dots are where tropical cyclones of
Category 3-5 are formed respectively. (c) Time series (monthly count from
November to April; for e.g., Year, 2018 starts in November 2018 and ends in
April 2019) of tropical cyclones of Category 3-5 (Intense to very Intense cy-
clones) in SWIO i.e. east of 90°E. The dashed black lines represent the linear
trend. (Trend is statistically significant, p < 0.05). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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With climate model projections indicating an increase in the fre-
quency and intensity of severe tropical cyclones, and increasing ocean
temperatures in the near future (INGC, 2009; Arndt et al., 2010; IPCC
et al., 2013; 2021) and hence MHWs (Hobday et al., 2016; Oliver et al.,
2017, 2018, 2019), coastal communities in Mozambique, Madagascar
and neighbouring islands need to adapt to reduce the severe impacts of
these extreme events on their livelihood (Hahn et al., 2009; Osbahr
et al., 2010; Artur and Hilhorst, 2012).

For coastal hazard management and mitigation, important questions
arise about the co-occurrence of MWHs with TCs leading to compound
extreme events in a particular coastal location and whether they may
influence the characteristics or lifespan of each other. For example, since
tropical cyclogenesis needs SST >26 °C (Pielke, 2013) and storms can
intensify as temperatures warm further, a pre-existing marine heat wave
may make conditions more favourable for these systems. On the other
hand, a tropical cyclone tracking over a MHW region may extract heat
from the ocean surface and may in turn terminate the marine heat wave
(Rathore et al., 2022).

Thus, the objectives here are to examine the characteristics of trop-
ical cyclones and marine heat waves impacting the coast of southeastern
Africa and how they may interact with each other. To do so, focus is
placed on three coastal regions in southeastern Africa, namely, south-
central Mozambique, northeastern Madagascar, and the Comoros
islands, all characterized by coral reefs and high biodiversity and
particularly sensitive to tropical cyclone (TC) and marine heat wave
(MHW) hazards (Fig. 1a).

2. Data and methods

The three coastal regions focussed on in this study are centred near
South-central Mozambique/Inhambane (23°S, 36.0°E), Comoros
(11.9°S, 43.8°E) and northeastern Madagascar (15.3°S; 49.9°E) and at
these coordinates, virtual stations are defined (Fig. 1a) to assess coral
bleaching hotspots.

NOAA defines a coral bleaching hotspot when the SST in a particular
area exceeds the maximum monthly mean SST by at least 1 °C. Regions
with hotspot values of 1 °C or more imply that corals there are experi-
encing heat stress leading to bleaching. In this study, the NOAA Coral
Reef Watch (CRW) version 3.1 (NOAA Coral Reef Watch, 2018) opera-
tional global satellite coral bleaching heat stress monitoring product at
5-km resolution produced daily in near real-time is used for the period
1986-2020.

Daily optimally interpolated sea surface temperature (OI SST) V2
high resolution (1/4°) gridded data (Banzon et al., 2016) were used to
detect MHW occurrences. A MHW is defined as a discrete, prolonged,
anomalously warm water event with clear start and end date, with a
duration of at least five consecutive days for which the temperature is
above the seasonally varying 90th percentile (the threshold) for that
time of the year (Hobday et al., 2016). Two successive events with a
break of 2 days or less between them were considered a single contin-
uous event. Given that a warm event has to last at least 5 days to be
classified as a MHW and that the upper ocean temperature responds to
surface heat flux changes on time scales of hours to a day or so, this 2 day
break is appropriate. The seasonally varying mean and the 90th
percentile threshold were calculated for each day of the year using daily
SST data for a climatological period of 1983-2012 (the same period as
Hobday et al., 2016; Oliver et al., 2021) and within an 11-day window
centred on the day, which were then smoothed using a 31-day moving
window. The 11-day sample window size was chosen since the minimum
duration of a MHW is 5 days and to ensure sample sizes were sufficient
for the estimation of means and percentiles. Furthermore, by using
seasonally varying thresholds, rather than a fixed mean annual
threshold, this methodology allows for detection of MHWs at any time of
the year.

The following MHW metrics are determined for January 1, 1982 to
December 31, 2020: duration (the time between the start and end dates),
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mean intensity (the average temperature anomaly over the duration of
the event), frequency (number of events in a year or a season) and cu-
mulative intensity (the integrated SST anomaly over the duration of the
event). These metrics (Hobday et al., 2018) are available as software
modules in MATLAB (https://github.com/ZijieZhaoMMHW/m_ mh
w1.0). The m_mhw toolbox is designed 1) to determine spatial MHWs
according to the definition provided in Hobday et al. (2016) and marine
cold spells (MCSs) introduced in Schlegel et al. (2017); 2) to visualize
MHW/MCS event in a particular location during a period; 3) to explore
the mean states and trends of MHW metrics, such as what have done in
Oliver et al. (2018). MHWSs metrics are analysed for the austral summer,
i.e. tropical cyclone season from November through to April in 2°x2°
boxes near North-East of Madagascar (13.25-15.25°S; 50-52°E),
Comoros (10.25-12.25°S; 43-45°E) and south-central Mozambique
(22.25-24.25°S; 36-38°E). MHW intensities are characterized as mod-
erate (1-2x, Category I), strong (2-3x, Category II), severe (3-4x,
Category III) and extreme (>4x, Category IV), where ‘x’ refers to the
multiple of the temperature difference between the climatological mean
and the climatological 90th percentile at a given location (Hobday et al.,
2018).

The International Best Track Archive for Climate Stewardship
(IBTrACS) data set (Knapp et al., 2010, 2018) (1982-2020) is used to
examine tropical cyclone (TC) numbers, intensity, and tracks occurring
in the SWIO. These data include the position of the TC centre, landfalling
TCs, and 10 min average maximum sustained wind speed every 3 h. The
classification of tropical cyclone intensity is defined according to its
wind speed and varies depending on the regional ocean basins. In this
study, a tropical storm is defined as a system with maximum sustained
winds of 63 kts, tropical cyclone of category 1-2 is estimated to have
maximum sustained winds of 64-89 kts, Category 3-4 tropical cyclone
(Intense tropical cyclone) has maximum sustained winds of 90-115 kts
and Category 5 tropical cyclone (Very Intense tropical cyclone) is the
highest category on the SWIO tropical cyclone scale with winds
exceeding 115 kts.

In previous studies, the 95th percentile of all the samples of 24-hr
changes in maximum sustained wind speed (AVa4 = V. o4p — Vop) for
TCs in an ocean basin was often used as the threshold to define rapid
intensification (RI; Kaplan and DeMaria, 2003). In this study, the 95th
percentile of all AVy4 samples of TCs during 1982-2020 in all three
coastal areas is 30 knots, where values exceeding 30 knots within 24 h
are defined as RI events.

The accumulated rainfall contributed by tropical cyclones was
calculated from daily Climate Hazards Group InfraRed Precipitation
with Station Data (CHIRPS) which is available over land only from 1981
to near present at a resolution of 0.05° (Funk et al., 2014). The total TC
rainfall is defined using the 500 km radius threshold as per many other
studies (Larson et al., 2005; Jiang et al., 2011; Matyas, 2013, 2014) to
ensure that the TC eyewall, inner and outer rainbands are included. The
daily position (longitude and latitude) of the cyclone is extracted from
IBTrACS and daily rainfall is sourced from CHIRPS. The daily precipi-
tation within a 500 km area around the center of the cyclone is estimated
and summed for all the cyclones crossing the SWIO during TC season
(November through to April) 1981-2019.

In this study, the co-occurrence of TCs and MHWs is defined as the
number of instances (in days) that a cyclone passes within 500 km of a
region (large circles in Fig. 1a) currently experiencing a MHW. This
methodology is illustrated in supplementary Figure Ala-c, indicating all
TCs (including storms) within 500 km from each study box (tracks in
blue), regardless of whether they encounter a MHW. To obtain the days
where both extreme events co-occur, supplementary Figure Al d-f
illustrate daily MHW intensity averaged in each 2°x2° box (in grey) over
the period 1982-2020 overlaid with co-occurring TCs or days that a
cyclone is within the MHW region (in blue dots).

Surface wind stress 7 is computed from zonal and meridional winds
at 10 m above sea level from ERA5 reanalysis data, at a horizontal
resolution of 80 km (https://cds.climate.copernicus.eu/cdsapp#!/datas
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et/reanalysis-era5-single-levels?tab=overview) to obtain the friction

velocity (u~ = \/%, where p is the density of seawater; Niiler, 1977;
Foltz et al., 2010). To compute the total air-sea heat flux, hourly surface
sensible heat flux, surface latent heat flux, and surface radiation
component (short and long-wave radiation) data were extracted from
ERAS5 and averaged over the North-East Madagascar, Comoros, and
South-central Mozambique 2°x2° grid boxes defined above (https://cds.
climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?
tab=form).

Daily subsurface temperature data were extracted from the GLOR-
YS12V1 product for the region between January 1993-December 2019
to compute the TCHP, an important parameter for TC intensification
(Lin et al., 2013; Sadhuram et al., 2010; Shay et al., 2000). The GLOR-
YS12V1 product is a CMES global ocean eddy-resolving (1/12 deg
horizontal resolution and 50 vertical levels) reanalysis (https://doi.org/
10.48670/moi-00021). TCHP is defined as the heat content relative to
26 °C isotherm and is computed as follows:

TCHP=pC, Y | ATAZ

where p is density of the sea water, C, is the specific heat capacity at
constant pressure, AT is the temperature difference between sea tem-
perature across each level and 26 °C, and AZ is the thickness of each
layer between the sea surface and depth of the 26° isotherm. TCHP has
previously been shown to be important for TC generation and intensi-
fication (Shay et al., 2000; Wada and Usui, 2007).

Another ocean parameter that can favour TC intensification is barrier
layer thickness (BLT) since it reduces the storm-induced cooling feed-
back with the upper ocean (Wang et al., 2011; Balaguru et al., 2012).
BLT is defined as the difference between isothermal layer and mixed
layer and intensification can occur if the BLT is at least 10 m in
magnitude (Balaguru et al., 2012).

An estimate of the mixed layer depth was made using a threshold
criterion of 0.2 °C from the temperature closest to the surface (de Boyer
Montégut et al., 2004).

The upper ocean cooling is primarily controlled by the entrainment of
cold water from the thermocline into the mixed layer through vertical
mixing. The entrainment velocity, W, is calculated as follows:

oh oh oh
wW,= — — Vo= - 1
. at+uh0x+vhay+wh m
Entrainmentheatflux = pC, W, AT (3]

Where u_p, v_j denote the horizontal components of velocity at the base
of the mixed layer, w_j, is the vertical velocity at the base of the mixed
layer and AT is the difference between the average mixed layer tem-
perature and the temperature at the base of the mixed layer. pC, are the
mean density and specific capacity of sea water respectively. Due to the
unavailability of vertical velocity data (term 4 in equation (1)), the
entrainment velocity is only estimate from the first three terms on the
RHS of equation (1).

The significance of the linear trends was evaluated using a two-tailed
Student’s t-test at 95% throughout the manuscript.

3. Results
3.1. Tropical cyclone-rainfall contribution and ocean influences

In addition to showing the southeastern African coastal area and the
three virtual stations studied in relation to the coral reefs, Fig. 1a in-
dicates the climatological TCHP from November through to April in the
neighbouring ocean as well as the percentage of rainfall over land that
results from tropical cyclones on average. The entire region experiences
average SST of at least 26 °C during the November—April season
(Mawren et al., 2022) and TCHP values exceed 50-60 kJem ™2 in the
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northern Mozambique Channel. These oceanic conditions are conducive
for TC genesis and intensification, provided that atmospheric conditions
are also favourable.

During this season, North-East and South-West Madagascar receive
the highest percentage of summer rainfall associated from TCs (between
40 and 50%) due to a higher density of TCs of Category 3-5 crossing the
southeastern Mozambique Channel and Madagascar, contributing to a
lot of rainfall there (Fig. 1b). Mozambique however receives lesser
rainfall due to fewer landfalling storms than NE Madagascar (Table 1).
North coastal Mozambique receives up to 30% of its rain from TCs
whereas in the south-central Mozambican coastal zone of interest here,
the contribution is 10-20%. Nevertheless, in some summers individual
TCs have made much larger contributions to rainfall causing loss of life
and damage. For instance, in the past two decades, three intense cy-
clones, TC Eline in 2000, TC Japhet in 2003 and TC Idai in 2019, tracked
westward through Mozambique and eastern Zimbabwe, contributing to
10% of summer rainfall and severe flooding inland (Mukwenha et al.,
2021). Comoros islands have also been impacted by two of the most
intense TCs ever recorded in the Mozambique Channel in recent years
(Hellen in 2014 and Kenneth in 2019, Mawren et al., 2020).

Fig. 1b shows the tracks of intense TCs (categories 3-5) that have
made landfall in the region between 1982 and 2020, including their
genesis locations (blue circles). It is important to note that this is only a
fraction of the total number of TCs that have affected and contributed to
rainfall in the coastal zones (South-Central Mozambique, Comoros and
North-East Madagascar in Fig. 1a). From Fig. 1b, it is apparent that
Madagascar (North-East Madagascar in particular) more frequently ex-
periences landfalling severe cyclones than does South-Central
Mozambique and Comoros. In terms of total tropical storms making
landfall, northeastern Madagascar is also more impacted (Table 1), with
twice (four times) as many as South Mozambique (Comoros). However,
for TCs passing within 500 km of the virtual station, Table 1 shows that
northeastern Madagascar experiences about twice the number than do
the other two stations.

Table 1

TCHP trends (1993-2019), MHW metrics (Frequency, Intensity, Duration and
Cumulative Intensity) trends (1982-2019) computed annually (in bold) and
during austral summer (November through to April) in study box: NE
Madagascar, Comoros, and South-central Mozambique. Number of tropical
storms (including tropical cyclones) between 1982 and 2019 that crossed within
500 km from each study regions: NE Madagascar, Comoros, and South-central
Mozambique.

NE Comoros  South-central
Madagascar Mozambique

MHW intensity trend (°C. -0.027 -0.036 + 0.012
decade™) +0.055 -0.013 +0.049

MHW frequency trend (events. + 1.47 +1.16 +1.29
decade™) +0.45 +0.32 +0.65

MHW duration trend (days. + 2.76 + 1.50 + 0.042
decade™) +2.82 +1.05 +1.04

MHW cumulative intensity + 2.94 +1.32 + 0.06
trend (°Cdays.decade™?) +3.42 +1.07 +1.44

TCHP trend (kJcm 2per +8.61 +7.52 +3.28
decade)

Number of TCs (including TS) 122 55 68
within 500 km of region

Number of Cat 1 - 2 cyclones 22 11 13
within 500 km of region

Number of Cat 3 - 4 cyclones 26 8 10
within 500 km of region

Number of Cat 5 cyclones 8 4 2
within 500 km of region

Number of Landfalling TS 43 12 20
(including TCs)

Number of landfalling TCs

(Cat 1-2) 11 3 2

(Cat 3-4) 11 3 6

(Cat 5) 3 0 1
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3.2. Tendencies and variability during austral summer period 1982-2020, an increasing trend of 0.21 ITCs per decade (statis-
tically significant at 95%) is observed in the region, along with an

For the region west of 90°E, Fig. 1c indicates that whereas more increasing trend of severe TC days over the broader SWIO region (Malan
severe TCs (categories 3-5) have occurred since 1999 than during et al., 2013). In addition, this broader ocean area is warming faster than

1982-1998, some individual months (March 1994, December 2013, and many other areas in the global ocean (IPCC et al., 2021) leading to
March 2019) have recorded up to 3 intense SWIO TCs. Over the whole increasing tendency in TCHP. For the three coastal zones studied here,
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Table 1 shows that each has a significantly increasing TCHP trend with
about twice as fast in the northern Mozambique Channel region
(Comoros; 7.5 kJem %) and NE Madagascar (8.6 kJ cm2) than off the SE
coast of Mozambique. These results imply that if the subsurface ocean
temperature continue to rise, TCs tracking over these three zones are
more likely to intensify there, assuming that the atmospheric environ-
ment remains favourable.

As ocean temperature increases in the SWIO region, prolonged and
intermittent MHWSs are more likely to occur (Mawren et al., 2021) and
can be a threat to local ecosystems and economies. Fig. 2 shows statis-
tically significant trends in MHW metrics at the three coastal boxes
computed annually and during austral summer. The latter is of crucial
importance for countries bordering the Mozambique Channel due to
frequent and intense tropical cyclones and associated coastal impacts.
The actual increases per decade and the interannual variability of each
of MHW metric (duration, frequency, intensity and cumulative in-
tensity) are given in Table 1 and Fig. 2 respectively. NE Madagascar
shows the most prominent trend in MHW frequency, duration and cu-
mulative intensity annually compared to the other study areas (Table 1,
Fig. 2a,c,d). The increasing trend in the occurrence of MHWs NE of
Madagascar is about 1.47 MHW events per decade (p < 0.05; Table 1 in
bold), which is in agreement with the western Indian Ocean region
(Saranya et al., 2022). However, the intensity of MHWs exhibit a
decreasing trend NE Madagascar (annually, Fig. 2b) and in the northern
Mozambique Channel, near Comoros (annually and during summer,
Fig. 2f), despite TCHP increase (Table 1). According to a recent study by
Gao et al. (2022), as MHWSs become more frequent and prolonged, the
extended MHW days may decrease the averaged intensity of tempera-
ture anomalies for MHWS, resulting in a negative trend in MHW in-
tensity. Southeastern Mozambique on the other hand shows a positive
increase in MHW intensity (both annually and during austral summer,
Fig. 2j) and displays the highest MHW frequency trend (0.65 MHWs per
decade; p < 0.05, Fig. 2i) during summer compared to the other study
areas. Cumulative intensity during austral summer is increasing at a
faster rate in northeastern Madagascar (3.4°Cdays per decade; p < 0.05)
than Comoros (1.1°Cdays per decade; p < 0.05) and southeastern
Mozambique (1.4°Cdays per decade; p < 0.05). With most coastal zones
experiencing significant increases in MHW trends during summer, warm
water coral reefs (green shading in Fig. 1a) are becoming more under
threat as they are largely dependent on the physical changes occurring at
and near the surface of the ocean.

Since summer months in almost all years show higher cumulative
intensity than annually (Fig. 2d, h, 1), coral reefs may be more vulner-
able during this season. Fig. 3 plots Coral bleaching hotspot data during
the summer to determine whether coral reefs in the three coastal zones
are exceeding the bleaching threshold more often in the more recent
years of the record. A statistically significant increasing trend in coral
bleaching cases is observed in each region. Again, the trend is faster in
the northeastern Madagascar box than for southeastern Mozambique
and the Comoros. The warming rate indicated by coral bleaching hot-
spot for northeastern Madagascar is not only two times as fast
(0.11°Cdecade™) than the other two regions, Comoros (0.06
°Cdecade™) and southeastern Mozambique (0.05°Cdecade’1), but it
also shows a series of frequent and intense of coral bleaching events (red
filled circles in Fig. 3) after the first global bleaching event in 1998.
Other prominent bleaching years for the western Indian Ocean were
2016 and late summer 2010, with widespread coral bleaching and
mortality in the northern Mozambique Channel (Eriksson et al., 2012;
Obura et al., 2018). Although some of the main bleaching events coin-
cide with strong El Nino events (1998, 2010, 2016 summers) not all (e.g.
2021) do. This nonlinear relationship may result because the
Mozambique Channel region does not show a consistent SST signal
during ENSO events (Reason et al., 2000; Mawren et al., 2021).

Strong MHWs in coral regions are likely to result in bleaching there.
For instance, the region south-central of Mozambique (Fig. 3a) experi-
enced coral bleaching during austral summers 2010-2011, 2015-2016
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and 2019-2020 due to large increases in MHW occurrences and long-
lasting MHWs (Fig. 2i,k). The string of coral bleaching events NE of
Madagascar (Fig. 3b) in the recent decade, appear to be linked with
either frequent and intense MHWs or long-lasting MHWs. Following the
recent extreme thermal stress in the Mozambique Channel in Januar-
y-February 2021 (a maximum of 10-15 Degree-Heating-Weeks (DHW)
in Inhambane), further south along the Agulhas current, extreme tem-
peratures in February-March 2021 caused widespread bleaching,
resulting in significant fish mortality (Department of Forestry, 2021).
The impacts of MHWSs on other marine ecosystems such as seagrasses
and mangroves in SWIO region remain under-reported. According to
George (2019), seagrasses in the SWIO are at risk as they are currently
living in an environment where ambient water temperatures frequently
reach or exceed their threshold levels during summer. Amone-Mabuto
et al. (2017), showed that over a 21-year period (1993-2013) the most
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occurrences of MHWs (Fig. 2). In addition, the strong winds and heavy
rains associated with TC Eline played a role.

3.3. TC MHW co-occurrences

Exposure to extreme events in coastal zones is a major concern as it is
often exacerbated by climate change, population growth and the like-
lihood of compound events coinciding. Comparatively to a severe
drought in a particular region might occur at the same time as a
devastating bush fire there, leading to a compound extreme event with
severe impacts, marine ecosystems might experience a compound event
which includes a TC tracking through a location that is already in a
MHW situation. In this section, the co-occurrence of MHWs and tropical
cyclones are analysed over the period 1982-2020 in all three coastal

zones, NE Madagascar, Comoros, and south-central Mozambique.
A visual representation of TC-MHW co-occurrences in Figs. 4-6 il-
lustrates the onset (black dot) and cessation (yellow dot) months of

extensive decline in seagrasses in Inhambane bay, Mozambique
occurred during 1998-2001 which is when there were frequent
TC-MHW co-occurrences NE Madagascar
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Fig. 4. Onset (Black dots) and Cessation month
(yellow dots) of monthly MHW events observed dur-
ing summer 1982-2020 (Y-axis only shows half of the
year, i.e., January to April 1982, followed by
November to December 1982) northeast of
Madagascar in box (13.25-15.25°S; 50-52°E) with
tropical cyclones (including tropical storms) (red and
magenta dots) that crossed within 500 km from the
centre of the MHW box. 1 TC and 2 TC are the
number of cyclones (including tropical storms)
observed within 500 km from MHW box during each
month. The duration of the MHW event (text in black)
coinciding with the date of a passing cyclone (text in
red) is also noted. (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 5. Onset (Black dots) and Cessation month
(yellow dots) of monthly MHW events observed dur-
ing summer 1982-2020 (Y-axis only shows half of the
year, i.e., January to April 1982, followed by
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MHWs in each coastal zone along with the number of TCs (and their
categories) encountering the MHW region during each summer month
(red and pink dots are months that experience 1 or more cyclone
respectively). Labelled dates in black highlight the actual MHW dates
and those in red are the days when both MHWSs and TCs co-occur. Using
the dates in red only (TC-MHW co-occurrences), Fig. 7 shows tropical
cyclone winds (x-axis) relative to MHW intensity (y-axis) during TC-
MHW co-occurrence in the regions northeast of Madagascar, Comoros,
and south-central Mozambique.

Note that there are several MHW events without a TC since the
former only requires anomalously warm SST whereas, in addition to SST
>26 °C, TCs also need favourable atmospheric conditions to be main-
tained (such as weak vertical wind shear, pre-existing sufficiently moist
and unstable air mass) for a pre-existing easterly disturbance to
strengthen to and beyond Tropical Storm status. There are also a few
cases when TCs occur but no MHW since SST only needs to reach 26 °C
for cyclogenesis to be possible whereas it needs to be considerably

warmer (exceeding the 90th percentile threshold in time and space) for a
MHW event to occur. Note that climatological SST is at least 26 °C in the
three regions throughout October-April (Mawren et al., 2022). The
number of TC-MHW co-occurrences are greater in northeast of
Madagascar than the other two regions due to the larger portion of TCs
impacting Madagascar (Table 2) although when expressed as a per-
centage both northeast Madagascar and south Mozambique show
around 13% of MHWs co-occurring with a TC.

3.3.1. MHW as a pre-conditioning factor for TC intensification

To consider the effect of MHW on TCs, Fig. 7 shows how the
magnitude of TC winds changes when encountering a MHW. Before
encountering the MHW region, TCs have significantly lower TC wind
speed (mostly of Tropical Storm intensity, not shown), but as TCs
encounter the MHW area, they gain energy from the warmer ocean
along their trajectory paths and intensify further.

Out of the 426 days that TCs spent within 500 km of the NE
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TC-MHW co-occurrences S Mozambique

2002 - 2021

Estuarine, Coastal and Shelf Science 277 (2022) 108056

Fig. 6. Onset (Black dots) and Cessation month
(yellow dots) of monthly MHW events observed dur-
ing summer 1982-2020 (Y-axis only shows half of the
year, i.e., January to April 1982, followed by
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Madagascan region over the period 1982-2020, 59 days show co-
occurrence with a MHW there (Table 2, Figs. 4 and 7 a, A.1), roughly
13% of the time. NE Madagascar also indicates that about 72% of TCs
that co-occur with a MHW (~48% of TC-MHW days), undergo further
intensification (Table 2). Fig. 7a indicates a large increase in TC wind
intensity as these storms pass over the MHW with about 8 instances
reaching TC status (4 instances of intense and very intense TCs),
including one case of rapid intensification, VITC Bansi (Table 2).
Although several TCs do not show TC intensification as they pass over
the MHW (open circles in Fig. 7), some of them in fact then intensify 1-2
days later and even undergo rapid intensification such as ITC Bejisa in
2013, VITC Fantala in 2016, ITC Alcide in 2018, VITC Kenneth and TC
Belna in 2019, all within 500 km radius NE of Madagascar.

For the other two regions, the number of TC-MHW days are much
less (Tables 1 and 2) than NE Madagascar, but the percentage of
intensification is about the same (~45%, Table 2, Fig. 7c) for south-
central Mozambique and slightly lower for Comoros (~37%, Table 2,

<O

Fig. 7b). The latter region however shows 2 cases of rapid intensification
after encountering a MHW, namely VITC Kenneth and TC Belna in 2019
(Fig. 7b). Although south-central Mozambique does not show any cases
of rapid intensification during TC-MHW co-occurrences (Fig. 7c), TC
Josie in 1997 and ITC Fanele in 2009 did rapidly intensify 1-2 days later
after they passed over the MHW and while they were still within the 500
km box.

In south-central Mozambique, ITC Eline in February 2000 led to
massive loss of life and devastation and intensified to Category-4 in-
tensity just before it made landfall (Reason and Keibel, 2004). In this
case, there was a pre-existing MHW, but it had ended a few days before
landfall (although SSTs were still well above average). Further analysis
showed that heat gain from the atmosphere (Fig. 8f) and a pre-existing
barrier layer thickness (Fig. A3f) prior to the arrival of TC Eline
pre-conditioned the surface and subsurface ocean (warmer subsurface
ocean temperature, Fig. A2f) for TC intensification. As TC Eline tracked
over this area, increased stratification, and stability within the water
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strengthen (change in daily winds >0 knot), and blue dots are those that un-
dergo rapid intensification (change in daily winds>30 knots). Schematic dia-
gram illustrates compounding processes. Distribution of all tropical cyclones
(including tropical storms) and their associated daily wind speed (ms™*; x axis)
within 500 km from the centre of box (a) NE Madagascar (13.25-15.25°S;
50-52°E), (b) Comoros, (c) south-central Mozambique as a function of daily
MHW intensity (°C; y axis) averaged in each coastal region from January
1982-December 2020. Wind speed with maximum sustained winds of 63 kts
represent storms, and cyclones of Category 1-2 (maximum sustained winds of
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of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Statistics during TC-MHW co-occurrence: Percentage of TC days that co-occur
with MHWs and percentage of TC-MHW cases that undergo TC Intensification

in each coastal region,
Mozambique.

NE Madagascar,

Comoros,

and south-central

NE
Madagascar

Comoros

S Mozambique

% of TC days that
encountered a MHW
within 500 km from MHW
region

% TC-MHW co-occurrence
(days) that showed
intensification (change in
daily winds >0)

% of TCs that strengthened

13.8% (59 out
of 426)

47.5% (29 out
of 59 days)

72.0% (18 out

11.3% (19 out
of 168)

36.8% (7 out
of 19 days)

55.5% (5 out

13.3% (33 out
of 248)

45.4% (15 out
of 33 days)

57.7% (8 out of

when they pass over of 25 TCs) of 9 TCs) 14 TCs)
MHWs
Number of TCs that rapidly 1 2 0
intensified (change in VITC Bansi VITC Kenneth
daily winds, RI>30 knots) ~ (January (April 2019)
during TC-MHW 2015) TC Belna
(December
2019)

column acted as a barrier to entrainment cooling (weak/zero entrain-
ment; Fig. A4f) and vertical mixing, which led to its intensification.
Thus, the pre-existing strong MHW (Fig. 8f) induced by increased solar
radiation (Fig. 8f), relaxation of winds (Fig. 8f) and reduced evaporative
cooling (Fig. A4f), facilitated favourable subsurface conditions prior to
TC Eline for its intensification.

There were substantially more MHW-TC co-occurrences during
2002-2021 than for the first two decades in the NE Madagascar and
south-central Mozambique regions whereas for Comoros the numbers do
not show any increasing tendency in the recent years (Figs. 4-6, A.1d-f).
These results suggest that the warming climate in recent decades may be
making TC-MHW co-occurrence more likely in at least some areas of the
SWIO. Such warming then increases the upper ocean heat content and
TCHP in the coastal zones considered thereby implying that when these
TCs encounter a MHW event, they are more likely to intensify prior to
landfall. In many cases, MHWs can be a preconditioning factor for TC
intensification but for a TC to strengthen, both large-scale atmospheric
conditions as well as the deeper ocean state also need to be favourable.
Thus, the existence of a MHW cannot be taken on its own to imply that
an approaching storm will intensify. Nevertheless, the fact that this has
happened in many cases (Fig. 7, Table 2) highlights the need for
increased understanding and real-time prediction of these potentially
compounding events.

3.3.2. Role of TCs in weakening MHWs and associated coral reef thermal
stress

While the previous section showed how a pre-existing MHW can
often strengthen a TC passing over it, this section considers the impact of
the TC on the MHW and associated coral reef thermal stress. Although
the very strong winds, high sea state and turbulent upper ocean asso-
ciated with TC passage can cause substantial mechanical damage to
marine ecosystems, and particularly coral reefs, a potential benefit is
that the TC may cool off pre-existing MHW in the upper ocean to cooler
temperatures. Strong latent heat loss from the surface as well as vigorous
mixing in the upper ocean together with entrainment of cooler sub-
surface waters into the mixed layer can all act to substantially reduce
mixed layer temperatures, and thus weaken, or potentially end a pre-
existing MHW once a TC has tracked past it. Out of the 25 TCs that
co-occurred with MHWSs NE of Madagascar, 80 (56) % of TCs weaken
(end) the MHW following passage of the storm, while for Comoros the
corresponding numbers are 100 (78) % of 9 TCs, and for south-central
Mozambique, they are 72 (57) % of 14 TCs (Table 3).

Fig. 8 gives specific examples for each coastal zone of how the TC
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Table 3

Statistics during TC-MHW co-occurrence: Percentage of TCs that contributed to
the weakening and termination of MHW s in each coastal region, NE Madagascar,
Comoros, and south-central Mozambique.

NE Madagascar Comoros S Mozambique

% of TCs that 80.0% (20 out of 100.0% (9 out 71.7% (10 out of

weaken a MHW 25 TCs) of 9 TCs) 14 TCs)
% of TCsthatenda  56.0% (14 out of 77.8% (7 out of 57.1% (8 out of 14
MHW 25 TCs) 9 TCs) TCs)

impacts on a pre-existing MHW and coral bleaching event. Strong winds
associated with TCs typically cool the upper ocean via increased evap-
oration, vertical mixing and pumping up of the thermocline driven by
the cyclonic wind stress curl. The surface wind friction velocity provides
a convenient metric to represent the TC impact on the upper ocean, as it
is proportional to the amount of energy transferred from the atmosphere
to the surface/subsurface ocean layer. In each case, it is clear that before
the TC approached the coastal box, there was a net heat gain in the
region, winds and hence the friction velocity were relatively weak,
causing MHW and coral thermal stress conditions to persist. However,
once the TC was sufficiently close as indicated by the vertical light blue
shading (less than 500 km radial distance from the box), the associated
wind friction velocity in the coastal box noticeably increased, causing a
significant heat loss from the ocean to the atmosphere (Fig. 8) which led
to a sharp drop off in coral thermal stress and weakening/termination of
the MHW at each location. In most cases, the friction velocity associated
with the cyclone exceeded 0.015 ms™!. The energy uptake from the
upper ocean by the TC cooled the temperature below the MHW criterion,
halting the temperature trajectory towards coral bleaching.

To investigate the physical mechanism of the interaction between
TCs and MHW, changes in the net surface heat flux (red dotted lines in
Fig. 8) prior to, during and after TC-MHW co-occurrences were analysed
in each coastal box. Besides the surface layers, the subsurface ocean also
plays an important role in sustaining the MHW (through advection or
entrainment) and tropical cyclone intensity. As such, the entrainment
heat flux (Fig. A4), temperature response before and after the passage of
the cyclone (Fig. A2), as well as barrier layer thickness (which provides
stability of the water column; Fig. A3) were all analysed to better un-
derstand the role of stratification in the interaction between MHW and
TCs.

Fig. 8a shows the case of Very Intense TC Kenneth approaching the
Comoros in April 2019, which had previously been experiencing a
prolonged period of above-average temperatures and thence a MHW
that began over a month before Kenneth arrived. Increased net surface
heat flux over the Comoros region before the passage of the cyclone,
contributed to this strong and long-lasting MHW. As Kenneth tracked
across the MHW region, it strengthened from tropical cyclone to intense
tropical cyclone status with a large increase in wind friction velocity so
that its energy uptake from the anomalously warm MHW in the upper
ocean then quickly cooled the temperature below the coral bleaching
threshold as well as ended the MHW. During the passage of Kenneth,
intense mixing due to strong TC winds and reduced solar insolation
(increased cloud cover and heat loss from ocean to atmosphere) resulted
in a strong entrainment cooling (~—50 Wm'?; Fig. A4a), a well-mixed
and cooler water column (Fig. A2a), that led to the demise of the
MHW. A few days after the passage of TC Kenneth, re-heating of the
ocean surface (Fig. 8a) due to increased solar radiation and positive
entrainment (detrainment; Fig. A4a) associated with a thin barrier layer
led to stability of the water column (fresher water; Fig. A3a) which are
favourable conditions for a re-emergence of the MHW.

In the second Comoros example (Fig. 8b), TC Elita was only a
category-1 TC and did not intensify further due to the presence of cooler
subsurface temperature anomalies prior to its passage (25-75 m deep,
Fig. A2b). During TC-MHW co-occurrence, the strong stratification was
disrupted (Fig. A2b), leading to a weak but positive entrainment
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(Fig. A4b) which made the cooling off less rapid, so after TC passage, the
MHW ended more slowly than for Kenneth.

For NE Madagascar, Very Intense TC Bansi (Fig. 8c) occurred in
January 2015, after an area of unusually warm ocean water developed
earlier in the summer leading to a pre-existing MHW that lasted 4
months. The rate at which Bansi’s friction velocities changed were less
dramatic than for Kenneth and thus the reduction in the coral hotspot
temperature below the bleaching threshold and the rate of MHW
termination were much slower. The reduced surface and subsurface
cooling (Fig. A2c) are due to a smaller heat loss to the atmosphere that
often happens, presence of thin barrier layer (Fig. A3c) and no
entrainment (Fig. A4c). In the case of Fantala in 2016 (Fig. 8d), the
strongest TC ever recorded in the SWIO, the MHW and coral threshold
had already started weakening before the TC arrived due to negative
heat flux (Fig. 8d), but then dropped off further as the storm approached
the NE Madagascar region as the friction velocities exceed 0.015 ms L.
While Fantala itself may not have been the only contributor, hard coral
in the region declined significantly from pre-bleaching levels of 28.5% in
2015 to 14.7% in 2017 (Gadoutsis et al., 2019).

For south-central Mozambique, Fig. 8e shows two examples for
January-February 2021 when a pre-existing MHW was impacted by
tropical cyclones, namely, TC Eloise and TC Guambe. The pre-existing
MHW had started before Eloise arrived with SST well above the
typical summer maximum, indicating strong to severe thermal stress on
corals. As FEloise approached the MHW region, friction velocities
increased rapidly leading to the termination of the MHW and decrease
below the coral bleaching threshold. Fig. A4e shows strong entrainment
cooling after Eloise reached its peak intensity on 24th January, but with
the presence of a barrier layer prior to the passage of TC Eloise
(Fig. A3e), a reduced subsurface cooling induced by the cyclone is
observed (Figs. A2e, A3e). Following Eloise, the friction velocities
quickly decreased enabling a stronger MHW to develop before TC
Guambe occurred. Unlike TC Eloise which formed east of Madagascar
before tracking into the Mozambique Channel, TC Guambe formed in
the south-central channel itself close to the coastal zone considered here.
This re-intensification of MHW in this region after the passage of TC
Eloise could be attributed to a redistribution of upper ocean warming
(Dzwonkowski et al., 2020) after the initial mixing by TC Eloise and the
presence of the barrier layer on the 2nd February which transferred heat
down to deeper portions (Figs. A2e, A3e). These processes allowed a
re-warming of the water column, or a pre-conditioning to the formation
of TC Guambe. As Guambe started to form, the increase in friction ve-
locities was slower than for Eloise. With the presence of a thick barrier
layer that contributed to the stability of the water column, the drop off in
temperature was much slower and thus the MHW was able to persist
longer than was the case after Eloise tracked over the previous MHW.
Following the passage of TC Guambe, intense friction velocities in the
region led to a drop of about —1.5 °C throughout the well-mixed water
column due to strong heat loss (Fig. 8e) and entrainment cooling
(Fig. A4e), ending the MHW there.

The other south-central Mozambique example (ITC Eline Fig. 8f)
shows that the pre-existing MHW ended just before Eline arrived. Eline
was a very large storm and the strong winds on its leading edge led to
intense friction velocities, latent heat loss and upper ocean cooling. With
the presence of a thick barrier layer after the passage of the cyclone
(Fig. A3f), no entrainment cooling was observed (Fig. A4f), hence the
existence of warmer subsurface layer (25-50 m deep) after passage of
the storm (Fig. A2f).

In summary, this and the preceding sub-section (in particular Ta-
bles 2 and 3) have shown that a high percentage of pre-existing MHWSs
help strengthen TCs as they pass over the MHW region but that an even
higher percentage of the TCs then weaken the MHW after passage of
these storms.
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4. Discussion

In recent years, countries bordering the Mozambique Channel have
been severely impacted by a series of intense and devastating TCs,
leading to flooding, wind damage and storm surges. This region is
unique in Africa as being the only coastal zone on the continent expe-
riencing tropical cyclone landfalls (note that TCs near West Africa, or
hurricanes as they are known in the North Atlantic, track away from the
continent towards the Caribbean). Strong cyclones can cause significant
damage to coral reefs, particularly in cases where the reefs have previ-
ously been bleached by long periods of warming associated with MHWs.
The three specific coastal zones focused on here (south-central
Mozambique, northeastern Madagascar, and the Comoros islands) are
highly prone to both TCs and MHWs and are also characterized by high
biodiversity, including coral reefs and fisheries vital for the local econ-
omy both as a source of food and for supporting tourism. While TCs and
MHWs have always been a characteristic of the climate of the coast in
this part of Africa, there is evidence of recent increases in the frequency
and intensity of severe tropical cyclones and long-lasting MHWs as the
ocean warms with climate model projections indicating conditions are
likely to worsen further in the near future (IPCC et al., 2013; 2021).
Thus, coastal communities in Mozambique, Madagascar and neigh-
bouring islands need to adapt further to reduce the severe impacts of
these coastal hazards on their livelihoods (Hahn et al., 2009; Osbahr
et al., 2010; Artur and Hilhorst, 2012).

Of the three coastal zones studied here, northeastern Madagascar is
more frequently impacted by landfalling cyclones with a greater per-
centage of its annual rainfall coming from these systems than is south-
central Mozambique and Comoros. Although there is a significantly
increasing trend in tropical cyclone heat potential (TCHP) in all three
coastal areas, a faster rate is observed northeast of Madagascar, sug-
gesting that tropical cyclones are more likely to intensify further here as
they approach this coast. More generally, a significantly increasing
tendency in the number of severe TCs has been observed west of 90°E in
the SWIO (Malan et al., 2013). Although TCs are less common in
south-central Mozambique than Madagascar, this coast has been
severely affected by nearby landfalling severe cyclones during excep-
tional summer seasons such as Idai in March 2019 or Eline in February
2000 with associated very large loss of life and damage. The likelihood
of an actual landfall in Comoros is necessarily less as these islands are
very small in area but cyclones can track very close such as Very Intense
TC Kenneth in April 2019.

MHW frequency and duration are also significantly increasing in all
three coastal boxes but with a faster rate in northeastern Madagascar
and south-central Mozambique than Comoros, both annually and for the
summer. Since prolonged MHW events lead to coral bleaching and
devastate local fish stocks, the increasing trend has serious implications
for coastal communities here. For coral bleaching, the results also
showed a statistically increasing trend in each coastal region, again
faster northeast of Madagascar with several particularly strong cases in
1998, 2010, 2016 and 2021, some of which coincide with El Nino years.
Therefore, the ability to forecast MHWs in coastal areas can reduce coral
recovery times by extending the time available to implement ways to
mitigate local scale stress from human-related activities at severely
impacted sites, such as restrictions of fishing or tourism activities.

Co-occurring MHW and TC events lead to damage on coastal eco-
systems being compounded compared to cases when these events occur
separately. For instance, severe cyclones Ockhi in 2017 and Fani in 2019
in the North Indian Ocean, underwent sudden and rapid intensification
after encountering warm ocean anomalies (Singh et al., 2020, 2021),
which in turn led to a considerable socio-economic impact in India due
to the country’s densely populated coastal areas. Although these studies
do not identify the warm ocean anomalies as MHWs, the online marine
heatwave tracker tool (Schlegel, 2020) detected the presence of MHWSs
along the paths of severe cyclones Ockhi and Fani suggesting that some
of the results reported here for the SWIO may also have relevance for the
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coast of India. In the SWIO region, TC-MHW co-occurrences have
happened more often in the recent decade than in the 1982-2001
period. Parameter-space plots show that for each coastal region,
pre-existing MHWs may provide a pre-conditioning effect for TCs
approaching the coast. 72% of co-occurring TCs and MHWs northeast of
Madagascar undergo intensification, with slightly lower percentages in
the other two regions. On the other hand, an even higher percentage of
TCs tend to weaken or even terminate MHW events along their paths.
The parameter-space plot may then be a useful way in which to cate-
gorize and monitor the co-occurrence of these coastal high impact
events not just in southeastern Africa but potentially other parts of the
world prone to TCs impacting the coastal zone.

Case studies of intense TCs in each coastal region show that before
the arrival of a TC, winds and friction velocity were relatively weak,
intense heat gain prevailed over the region, sustaining MHWs and
thermal stresses above the coral bleaching threshold. However, once the
TC leads to sufficient increases in wind friction velocity, a sharp
decrease in coral thermal stress and weakening/termination of the MHW
occurs. Intense mixing due to strong TC winds and reduced solar inso-
lation (increased cloud cover and heat loss from ocean to atmosphere)
resulted in a strong entrainment cooling, a well-mixed and cooler water
column, that led to weakening and sometimes the demise of the MHW.
In a few cases, the presence of a thick barrier layer prior to TC-MHW co-
occurrence may provide stability within the water column and act as a
barrier to entrainment cooling which may lead to a re-emergence of the
MHW. Recent studies (Rathore et al., 2022; Chatterjee et al., 2022) in
the Bay of Bengal and Arabian Sea have also shown that extreme events
in the ocean and atmosphere can interact with each other (whereby the
MHW intensifies the tropical cyclone, and the tropical cyclone dissipates
the MHW) and can both generate a compound extreme event, causing
severe socio-economic consequences. Such co-occurrences are likely to
be important in other TC prone coastal areas like the Caribbean,
southeastern coast of the US, tropical Australia, and south and east Asia.

Many seasons will experience damaging MHWs without a co-
occurring TC. It is therefore important to note that less stormy sum-
mers are not necessarily more favourable for reduced thermal stresses on
coral and other marine ecosystems than those which experience more
strong cyclones. On the other hand, given that SST is generally always
above 26 °C in summer in this region, TCs can often impact the coastal
zone without a MHW event already occurring.

5. Conclusion

This study examined the characteristics of two severe types of coastal
hazards, tropical cyclones and marine heat waves, impacting the coast of
southeastern Africa as well as the ways in which they may interact with
each other. Northeastern Madagascar appears to be the more prone to
these highly damaging adverse events than does south-central
Mozambique or the Comoros Islands. However, the long-term warm-
ing of the SWIO and increase in severe tropical cyclone days together
with climate model projections suggests that most parts of southeastern
Africa are likely to face increasing hazardous impacts in the future.
While there were noticeable improvements in warning systems in
Mozambique following the landfall of intense Tropical Cyclone Eline in
2000 and its associated heavy loss of life, coastal communities here and
elsewhere in the region remain very vulnerable to high impact weather
events. Future work should therefore focus on improving the fore-
casting, warning and mitigation of these coastal hazards as well as
exploring in more detail the processes by which they may interact with
each other and compound their impacts. Since temperature extremes on
the continental shelf can extend far deeper than the mixed layer, more
research on the vertical structure of MHWs is needed particularly in
these coastal areas where the marine ecosystem is already under threat.
A significant challenge to such work remains the relative lack of suffi-
ciently high quality observations in southeastern Africa compared to
other tropical cyclone regions in the world. However, our study has
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highlighted the complex relationships between these devastating coastal
hazards in southeastern Africa with the view to raising awareness for the
need for improved real time observing systems to support this highly
vulnerable region in both forecasting and mitigating climate change
impacts.
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