
Vol.:(0123456789)1 3

Meteorology and Atmospheric Physics (2022) 134:70 
https://doi.org/10.1007/s00703-022-00911-8

ORIGINAL PAPER

Tropical cyclones in the northern Mozambique Channel: composite 
intra‑seasonal forcing and 2019 event

Mark R. Jury1,2   · Corene J. Matyas3

Received: 19 August 2020 / Accepted: 20 June 2022 / Published online: 12 July 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2022

Abstract
Tropical cyclone (TC) activity in the northern Mozambique Channel (nMC) during the satellite era is studied, culminating 
with the anomalous 2019 season. We identify 21 westward-moving TCs since 1979 and analyze regional to local condi-
tions as they move over the nMC. As easterly flow is needed to steer these TC into the channel and over land, we look for 
scenarios under which this flow is established along with thermodynamic conditions necessary to support TCs. At seasonal 
scales there is a dichotomy between westward steering flow and reduced thermodynamic energy during Pacific La Niña 
and cool-phase Indian Ocean Dipole (–IOD). Equatorial convective systems (Madden Julian Oscillation, MJO) entering the 
west Indian Ocean can trigger TC formation and subtropical ridging, more effectively at the end of austral summer. Condi-
tions in early 2019 favoured westward flow over Madagascar. The onset of warm phase + IOD was evident in the Walker 
circulation and downwelling ocean Rossby wave that warmed SST to 31 °C north of Madagascar. High-amplitude MJO 
triggered the genesis of TCs Idai (March) and Kenneth (April) and both TCs transited the Mozambique Channel causing 
unprecedented floods. TC Kenneth intensified rapidly, and satellite rainfall and upper level ozone indicated the presence of 
a southern spiral cloud band that shielded the TC from the sub-tropical jet over Madagascar. Numerical model forecasts of 
track and intensity are evaluated.

1  Introduction

Islands and coasts around the Mozambique Channel are 
vulnerable to tropical cyclone (TC) impacts. Environmental 
conditions in this region are favourable to TC development 
in austral summer (~ 9/yr) from December to April (Wang 
et al. 1998; Emanuel and Nolan 2004; Mavume et al. 2009; 
Leroux et al. 2018). Most TCs of the southwest Indian Ocean 
recurve poleward in the longitudes 45–60°E (Mudenda and 
Mumba 2004; Reason 2007; Jury 2013). Although a sig-
nificant threat to maritime activities (Jury et al. 1993; Jury 
et al. 1998; Chang Seng and Jury 2010a,b) only 5% of TCs 

forming northeast of Madagascar make landfall further west 
in Mozambique (Vitart et al. 2003; Reason and Kiebel 2004; 
Malherbe et al. 2012). Yet TC Kenneth did so in 2019 and 
motivates our work to discover how westward steering flow 
develops in the region.

At the inter-annual timescale, the leading coupled cli-
mate mode of the tropical Indian Ocean is the east–west 
dipole (Saji et al. 1999; Webster et al. 1999; Xie et al. 2001; 
Yeshanew and Jury 2007; Luo et al. 2010; Izumo et al. 
2010). The Indian Ocean Dipole (IOD) reflects a zonal see-
saw of the tropical thermocline coupled with regional winds 
(Jury and Huang 2004; Cretat et al. 2018; Jury 2018a). 
Unlike the slower equatorial Pacific, IOD amplitude is 
greatest south of the equator in Oct–Jan season (Schott et al. 
2009). As the thermocline deepens near Madagascar, sea 
temperatures increase > 1 °C and TCs are 2–3 times more 
frequent (Chikoore et al. 2015; Burns et al. 2016). The IOD 
links with Pacific El Niño Southern Oscillation (ENSO) 
to alter steering flow in the Mozambique Channel, induc-
ing one-quarter of TCs to move westward during La Niña 
and negative IOD phase (Matyas 2015). For example, the 
2000 TC season saw several westward tracks (Dyson and 
van Heerden 2001) associated with a deep sub-tropical ridge 

Responsible Editor: Clemens Simmer.

 *	 Mark R. Jury 
	 mark.jury@upr.edu

1	 Geography Department, University of Zululand, 
KwaDlangezwa 3886, South Africa

2	 Physics Department, University of Puerto Rico, 
Mayaguez 00681, USA

3	 Geography Department, University of Florida, Gainesville, 
FL 32611, USA

http://orcid.org/0000-0002-6871-403X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00703-022-00911-8&domain=pdf


	 M. R. Jury, C. J. Matyas 

1 3

70  Page 2 of 14

and Pacific La Niña (Vitart et al. 2003; Mavume et al. 2009; 
Malherbe et al. 2013; Fitchett and Grab 2014). In contrast, 
Pacific El Niño induces westerly shear and fewer TCs with 
poleward tracks (Vermeulen 1995; Jury et al. 1998; Ho et al. 
2006; Chang-Seng and Jury 2010a; Matyas and Silva 2011). 
Our research considers how IOD phase affects TC movement 
across the northern Mozambique Channel.

At the intra-seasonal timescale the Madden–Julian Oscil-
lation (MJO; Madden and Julian 1994) can alter TCs around 
the Mascarene Islands (Bessafi and Wheeler 2006); more 
so when the inter-tropical trough shifts toward the equator. 
Ho et al. (2006) found that convective circulations accom-
panying MJO entering the Indian Ocean (phase 2–3) trigger 
TCs near Madagascar, while MJO approaching the Maritime 
Continent (phase 4) induce westward steering flow (Kiladis 
et al. 2014). Although one-third of MJO do not reach suf-
ficient amplitude to affect West Indian Ocean climate, most 
MJO interact with IOD and Pacific El Niño (Cretat et al. 
2018). We follow up, to learn how MJO alter tropical cyclo-
genesis and steering flow.

Anticipating a season of above normal TCs with west-
ward tracks toward northern Mozambique would help iden-
tify coastal zones that should make pre-storm preparations. 
Although coupled models can predict IOD phase and its 
convection, the steering flow is more difficult (McIntosh 
and Hendon 2018; Lin 2019). Thus, an observational study 
of conditions surrounding westward-moving TCs in the 
northern Mozambique Channel (nMC) is warranted. As 
the majority of TCs entering the nMC recurve, we consider 
model forecasts for westward tracks such as TC Kenneth.

The 2019 season was characterized by frequent cyclogen-
esis over the West Indian Ocean (10–20°S, 40–60°E) and 
three TCs making landfall over Mozambique. The World 
Health Organization (WMO 2019) estimated that floods 
displaced 420,000 + people contributing to ~ 1000 deaths. 
Reliefweb (2019) reports that in the Comoros islands, TC 
Kenneth displaced 19,000 + people. These impacts motivate 
our research and extend earlier studies on active TC sea-
sons (Poolman and Terblanche 1984; Malherbe et al. 2011; 
Chikoore et al. 2015).

The aim of this paper was to analyze the characteristics of 
TCs in the nMC from December to April, extending work of 
Matyas (2015) that examined TCs further south. We study 
the conditions associated with TCs moving westward over 
the nMC during the past 40 years. After inter-annual and 
intra-seasonal variations are explored, a case study is pre-
sented and short-range forecasts of structure, track and inten-
sity are qualitatively analyzed. Scientific questions include 
the following: (i) what seasonal and intra-seasonal features 
induce westward TCs in the nMC? (ii) Are the features glob-
ally or locally forced and (iii) what made the 2019 TC season 
so anomalous?

2 � Data and methods

TC tracks and intensity are drawn from the National Ocean 
and Atmospheric Administration (NOAA CSC) Coastwatch 
IBTrACS database in the satellite era 1979–2019 with a 
focus on westward moving cases in Dec–Apr covering the 
area: 7–17°S, 40–50°E, hereafter denoted as the ‘nMC’. We 
use a two-step screening to isolate TCs in this area as fol-
lows: (i) TC tracks longer than 500 km heading 210–300° 
and (ii) TCs with highest (ranked) wind speed and rainfall. 
The two-step screening yielded 21 cases over 40 years. Cat-
tiaux et al. (2020) describe a more complex scheme to track 
TCs in ERA5 reanalysis over the 5 month season (their 
Figs. 7,10).

In situ data are scarce in the nMC, so we rely on remote 
sensing inputs from the National Aeronautics and Space 
Administration (NASA) and the coupled global data assimi-
lation system to describe the structure and evolution of TCs. 
The data (listed in Table 1) include the following: satel-
lite SST, net outgoing longwave radiation (OLR), vegeta-
tion fraction, soil moisture, near-surface sea temperature, 
currents, waves, winds, vertical motion, air temperature, 
humidity, rainfall, and upper level ozone. Reanalysis fields 
derive from the Climate Forecast System v2 (CFS2; Saha 
et  al. 2010), the European Community Reanalysis v5 
(ERA5; Hersbach et al. 2020), the Famine Early Warning 
System land data assimilation system (FLDAS; McNally 
et al. 2017), the Global Ocean Data Assimilation System 
(GODAS; Behringer 2007), the Hybrid Coordinate Ocean 
Model (HYCOM3; Hurlburt et al. 2009), the NASA Mod-
ern-era Reanalysis for Research Applications (MERRA2; 
Rienecker et al. 2011; Molod et al. 2015), the Simple Ocean 
Data Assimilation (SODA3; Carton et al. 2018) and the 
National Centers for Environmental Prediction (NCEP2; 
Kanamitsu et al. 2002). Where products overlap, the higher 
resolution is used to better represent the TC–environment 
interactions (Cattiaux et al. 2020).

Reanalysis with a fine resolution ≤ 0.25° such as hourly 
CFS2 and ERA5 have sufficient detail for extraction of the 
following TC indices within the nMC area: (i) maximum 
wind speed, (ii) maximum rainfall and (iii) minimum central 
pressure. Reanalysis having a coarse resolution ≥ 0.5° is used 
for regional thermodynamic and kinematic fields and ocean 
conditions. Moving from 1979 to 2019 seasonal statistics to 
the Kenneth case study, NDBC buoy measurements at 8°S, 
55°E (McPhaden et al. 2009) are obtained in the Jan–Apr 
2019 period. Wind gust measurements from Mayotte airport 
(FMCZ) 12.8°S, 45.2°E are compared with reanalysis data 
during TC passage. TC track and intensity forecasts for Ken-
neth are drawn from Navy COAMPS-TC (Doyle et al. 2014) 
for multiple models including COTC and HWRF and com-
pared with satellite rainfall from cMorph and GPM products 



Tropical cyclones in the northern Mozambique Channel: composite intra‑seasonal forcing and…

1 3

Page 3 of 14  70

(Joyce et al. 2004; Huffman et al. 2007; Hou et al. 2014). 
Ocean swell characteristics are analyzed from the Wave 
Analysis Model (WAM3; Tolman et al. 2002). Most of these 
data are delivered through websites listed in the acknowl-
edgements. Our work compares with Mawren et al. (2020) 
and offers further insights on local – regional interactions.

Temporal indices are formulated for inter-annual sta-
tistical analysis 1979–2019 using Pacific ENSO Nino3.4 
SST, southern oscillation index (SOI) and IOD represented 
by sub-surface sea temperatures (as derived in Appendix 
Fig. 9a). We employ standard indices for the MJO analysis 
1979–2019 which use daily satellite net OLR values for a 
15° × 15° area over the equator centered on 20°E (Africa) 
and 70°E (Indian O.), filtered to retain 36–48 day periods (as 
in Kiladis et al. 2014). Inter-annual lag correlations are com-
puted + /–6 months with respect to Dec–Apr nMC 500 hPa 
U wind; these have 40 degrees of freedom (1/yr) and require 
r2 > 0.10 or r >|.31| to achieve 95% confidence. Intra-sea-
sonal lag correlations are computed + /–24 days in seasonal 
bins for Africa with respect to Indian MJO OLR; these daily 
MJO-filtered time series have > 100 degrees of freedom and 
require r2 > 0.05 or r >|.22| to achieve 95% confidence. For 
analysis of composite anomalies 1979–2019, seasonal and 
daily data are ranked to extract cases based on the following 
three criteria: (i) Dec-Apr westward steering flow, (ii) deep 
convection in the nMC and (iii) westward TC events.

Outcomes evolve from long to short time-scales and 
regional to local space-scales: (i) Dec–Apr seasonal climate 

1979–2019 covering the period with most frequent TCs, (ii) 
seasonal correlations with global indices, (iii) daily com-
posite anomalies of 21 west-moving TCs, (iv) MJO influ-
ence (cf. Kiladis et al. 2014) based on equatorial OLR indi-
ces over Africa (20°E) and the Indian Ocean (70°E) with 
36–48 day periods, (v) anomalous nature of Jan–Apr 2019 
season, (vi) hourly analysis of Kenneth passing the Comoros 
and (vii) forecasts of TC Kenneth 23–25 Apr 2019. We focus 
on air-sea interactions before / during TC passage in the 
nMC; impacts after landfall in Mozambique are further stud-
ied in Mawren et al. (2020).

3 � Results

3.1 � Seasonality

In the period 1979–2019, 57 TCs passed through our study 
area. Although storm motion spans a range of directions due 
to weak steering flow (Matyas 2015), half moves towards 
210–300° with an average translation speed of 4.1 m/s.

The marine climatology of the nMC TC season (De–Apr) 
is illustrated in Fig. 1a–d. This region is located between 
equatorial northerly monsoon and subtropical trade wind 
climates (Fig. 1a). Easterlies prevail east of Madagascar, but 
in the Mozambique Channel the airflow is meridional and 
converging into the inter-tropical trough. The mountains that 
span Madagascar deflect the summer trade winds causing 

Table 1   Datasets used in the analysis

Dataset Acronym Parameters Resolution

Climate Forecast System v2 reanalysis CFS2 Wind gust, maximum rainfall, minimum central pres-
sure

0.25° hourly

CPC Morphed satellite precipitation cMorph Estimated rainfall 0.25° 3-hourly
European Community Reanalysis v5 ERA5 Winds, rainfall, sea level pressure 0.25° hourly
FEWS land data assimilation system FLDAS Reanalysis soil moisture 0.1° daily
Global Ocean Data Assimilation System GODAS Reanalysis sea temperature, currents, vertical motion, 

sea level
0.5° pentad

Global Precipitation Measurement (satellite + gauge) GPM Estimated rainfall 0.1° 3-hourly
Hybrid Coordinate Ocean Model HYCOM3 Ocean reanalysis near-surface currents, sea tempera-

ture
0.1° daily

Mayotte airport observations FMCZ Wind gusts at 12.8°S, 45.2°E, 7 m Station hourly
Modern-era Reanalysis for Research Applications v2 MERRA2 Specific humidity, winds, upper level ozone 0.5° 6-hourly
National Aeronautics & Space Admin. satellite 

products
NASA Net outgoing longwave radiation (OLR), SST, vegeta-

tion fraction
0.1°– 0.5° daily

National Centers for Environmental Prediction v2 
reanalysis

NCEP2 Vertical section of atmospheric circulation 1.8°daily

National Data Buoy Center NDBC Buoy observations from the Rama site at 8°S, 55°E Station hourly
National Oceanic & Atmospheric Admin. Coastwatch NOAA Reanalysis of TC tracks and intensity 0.1° 3-hourly
Simple Ocean Data Assimilation v3 SODA3 Reanalysis wind stress, currents 0.5° monthly
US Navy TC analysis tool COAMPS-TC Track/intensity forecasts (multi-model) 0.1° 3-hourly
Wave Analysis Model v3 reanalysis WAM3 Ocean significant wave height, direction, period 0.5° 3-hourly
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standing wind rotors and a leeward trough (Barimalala et al. 
2018). The mean circulation analyzed in N–S height section 
(Fig. 1b) shows low-level convergence and uplift in the inter-
tropical trough and an upper-level westerly jet in the sub-
tropics. The mean summer circulation reflects an absence 
of easterly flow in the 800–600 layer hPa over the nMC, 
consistent with earlier studies (Moore 2013).

The regional oceanography is dominated by the South 
Equatorial Current which passes the northern tip of Mada-
gascar and (Fig. 1c) then diverges along the east African 
coast, shedding eddies toward Mozambique (Jury 2018b). 
Winds and currents are weak in the nMC so heat accu-
mulates there despite export and evaporation (Fig. 1d). 

Anticyclonic wind stress curl northwest of Madagascar pro-
motes downwelling and SST > 30 °C in a NW axis through 
the Comoros (Malan et al. 2013).

The circulation needed to steer TCs westward through 
the nMC often relates to Pacific La Niña according to Vitart 
et al. (2003). Examining 500 hPa zonal winds, a significant 
easterly trend is evident (Fig. 2a) interspersed with 2–6 year 
oscillations. Lead/lag correlations show significant associ-
ations with global and regional indices at 2–3 month lag 
(Fig. 2a,b), being negative for SOI and positive for Niño3.4 
and IOD. The correlations infer that Pacific cool phase (La 
Niña) and cool-west phase Indian dipole associate with west-
ward steering flow (-U). Although mostly in-phase, Pacific 
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Fig. 1   Dec–Apr climatology of: a SODA3 marine wind stress and 
topography (shaded), A = standing wind rotor. b North–south height 
section along 45°E of NCEP2 meridional circulation (vectors) and 
zonal wind (shaded); circle highlights absence of westward flow; 

topographic profile given. Dec-Apr climatology of: c SODA3 near-
surface ocean currents and FLDAS soil moisture (> 70% shaded), d 
NASA SST and nMC target (box)
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and Indian Ocean Rossby wave oscillations can decouple 
(Lin 2009).

Table 2 lists the seasonal climate conditions ranked by 
westward steering flow. There appears to be little coher-
ence in values. Increased convection (-OLR) and easterly 
flow does not guarantee frequent westward moving TC in 
the nMC. Reasons for this dichotomy emerge in Fig. 2c, 
d. Under cool/west dipole conditions (–IOD) the Dec–Apr 
steering flow tends to be westward (scatterplot r = 0.60). 
Yet TC energy sources are limited by oceanic upwelling 
during –IOD, which is phase-locked to early summer 
(Appendix Fig. 9a). Seasonal correlations with nMC TCs 
are weak. Although TC density east of Madagascar associ-
ates with IOD and ENSO (Ash and Matyas 2012), Dec–Apr 

convection (-OLR) in the nMC correlates insignificantly 
with global indices: r =  – 0.22 IOD, 0.16 SOI,  – 0.12 
Niño3.4. This finding is consistent with Ho et al. (2006), 
that ENSO affects TC genesis around 70°E but not further 
west (eg. nMC). Given the weak interannual relationships 
between TC activity and environmental conditions, the intra-
seasonal time scale demands attention.

3.2 � Daily composites and MJO influence

The tracks and intensity of westward moving TCs transiting 
the nMC area 1979–2019 are illustrated in Fig. 2e. There 
are 21 TCs in the period (cf. Table 3) after screening out 
weak recurving cases. Daily environmental conditions 

Fig. 2   a Filtered nMC 500 hPa 
zonal (U) wind anomalies and 
trend. b Lag correlation of Dec–
Apr seasonal nMC U500 values 
with global ENSO and regional 
indices (N = 40). c Regression 
of seasonal IOD values onto 
ERA5 Dec–Apr U500 field 
and d scatterplot of Dec-Apr 
seasonal nMC U500 vs IOD 
with 2019 labeled. e Tracks 
and intensity of TC in the north 
Mozambique Channel (nMC) 
since 1979, shown within the 
period –1 to + 1 days from date 
in Table 3. The study region is 
denoted by the black box
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underpinning these events are composited in Fig. 3a–c. An 
anomalous 500 hPa subtropical ridge 35°S, 50°E contributes 
to westward motion and inhibits southward recurvature. Nor-
mally, the Mascarene high is located east near 30°S, 75°E 
(Bessafi and Wheeler 2006). The average latitude (longi-
tude) of formation for the 21 TCs is 11°S (65°E); the com-
posite storm passes north of Madagascar in the sequence 
from –2 to + 2 days (Fig. 3a). Fifteen of the TCs make land-
fall over the east coast of Madagascar. Nine make landfall 
over Mozambique, with four others passing within 50 km of 
its coast. Composite low level winds (Fig. 3b) reflect a 5 m/s 
surge of the NW monsoon in the nMC, while composite 
upper winds (Fig. 3c) illustrate anticyclonic ridging of the 
subtropical jet and 7 m/s anomalous SE flow near Mauritius 
(25°S, 60°E) that steers TCs toward the nMC.

The MJO influence on nMC TC formation is studied 
using methodology from Ho et al. (2006) to reveal cyclogen-
esis in austral summer under phase-2 (eg. convection moving 
from Africa to the Indian Ocean). The 21-event composite 
MJO-filtered OLR anomaly (Fig. 4a) shows negative and 
then positive excursions that grow in intensity from 20°E to 
70°E. Amongst the 21 events, six TCs occurred with strong 
MJO convective signal at 70°E (eg. OLRa < -2 W/m2) and 
another four TCs followed strong MJO convection at 20°E. 
We infer that MJO have a role in the development of nMC 

Table 2   Ranks for Dec–Apr seasons with mid-level easterly flow 
(− U) and associated variables: 500 hPa omega (− w), Precipitable 
water, SST, convection index (OLR) within the nMC study area. 
Dates according to January, number preceding years are # TC pass-
ing through the nMC. TC are absent in many years, regardless of sea-
sonal conditions

Ranked 500 U Prec.wt 500 -w SST OLR

1999  – 3.5 47.6  – 0.025 29.0 240.8
2–2000  – 2.7 45.2  – 0.012 28.7 248.1
2001  – 2.6 48.2  – 0.030 28.9 241.8
2006  – 2.1 49.6  – 0.028 29.0 239.5
1981  – 1.6 47.0  – 0.022 28.8 248.5
2009  – 1.5 49.0  – 0.022 29.3 236.0
2011  – 1.4 49.5  – 0.026 29.1 236.0
2017  – 1.4 50.3  – 0.034 29.2 235.1
1–1996  – 1.2 48.9  – 0.037 29.0 235.2
2–1984  – 1.2 49.2  – 0.051 28.5 230.2
3–1988  – 1.0 48.7  – 0.022 29.4 241.5
2010  – 1.0 51.0  – 0.024 29.6 238.9
1986  – 0.9 48.1  – 0.033 28.7 236.3
1998  – 0.8 53.0  – 0.033 29.6 234.3
2–2019  – 0.8 51.7  – 0.036 29.5 231.9

Table 3   West-moving TC in the 
nMC: name, central date (yyyy 
mm dd), marine wind speed 
squared, maximum rain (mm), 
central pressure, 500 hPa zonal 
wind, and track heading within 
the nMC area

These cases form the composite in Fig. 3. Values listed are from the TC database and (*) refers to EC5 rea-
nalysis peak value over sea

TC nMC date spd2W* Rain* Press* U 500 Track°

Benedicte 1981 12 21 323 193 1004.4 1.0 240
Justine 1982 03 21 211 138 1003.6  – 2.1 252
Elinah 1983 01 11 177 109 1009.6  – 4.3 225
Andry 1983 12 11 106 203 1007.4  – 4.7 205
Kamisy 1984 04 10 468 296 994.5 1.1 280
Doaza 1988 01 26 245 427 998.7 1.6 250
Filao 1988 02 26 263 187 1005.1  – 1.7 235
Hely 1988 03 28 105 123 1005.9 0.3 260
Nadia 1994 03 24 484 192 1002.7  – 4.4 262
Bonita 1996 01 11 168 172 1003.1 5.9 270
Josie 1997 02 10 289 199 1004.9 1.9 242
Astride 2000 01 02 134 131 1008.1  – 3.9 268
Hudah 2000 04 04 315 161 1006.3  – 4.6 260
Cela 2003 12 10 106 120 1009.5  – 2.5 245
Gafilo 2004 03 07 392 235 992.9 4.5 250
Ernest 2005 01 20 242 108 1006.8  – 2.5 232
Jaya 2007 04 05 202 148 1009.1  – 3.8 265
Jokwe 2008 03 07 375 202 1003.6  – 2.7 248
Irina 2012 02 27 266 197 999.4 4.0 253
Idai 2019 03 11 272 111 1003.6  – 1.0 205
Kenneth 2019 04 24 391 192 1003.9  – 3.6 259



Tropical cyclones in the northern Mozambique Channel: composite intra‑seasonal forcing and…

1 3

Page 7 of 14  70

TC which depends on how they intensify and interact with 
the monsoon and IOD.

The filtered OLR lag-correlation function (Fig. 4b) grows 
in amplitude from October to March, as MJO intensify 
across the Indian Ocean, thus having more influence near 
the end of the TC season. Correlating the austral summer 
African MJO with the sea level air pressure field (Fig. 4c,d) 
a signal emerges over the Indian Ocean at day–12 (high) and 
day + 12 (low), consistent with ~ 5.3 m/s average propaga-
tion of MJO from 20°E to 70°E. This work is relevant to 
early 2019 (cf. Appendix Fig. 9b) wherein the RMM ampli-
tude–phase diagram shows high amplitude MJO entering the 
West Indian Ocean coinciding with nMC TC occurrence.

3.3 � Anomalous nature of Jan–Apr 2019

We consider west–east sections of tropical air–sea anom-
alies in Jan–Apr 2019 in Fig. 5a,b. The Walker Cell and 
downwelling ocean Rossby wave heralded the onset of warm 
phase + IOD. Sinking (70°E) / rising (45°E) airflow was con-
nected by deep easterlies over subsurface temperature anom-
alies > 2 °C. The NDBC buoy northeast of Madagascar (8°S, 
5°5E) recorded SST rising from 28 °C to 31 °C in Jan–Apr 

2019. Westward steering flow across a dry (70°E) —moist 
(45°E) dipole promoted TCs in the nMC. Hovmoller analy-
sis of sea surface height (SSH) along 10°S (Fig. 5c) indicates 
that an ocean Rossby wave propagated westward at ~ 0.2 m/s 
from Sumatra (Jun 2018) to Madagascar (Feb 2019). The 
anomalous high SSH brought warmer SST and atmospheric 
convection to the west Indian Ocean, followed by a second 
wave in late 2019, fully establishing + IOD conditions.

Marine conditions 10–20 Apr 2019 (Fig.  6a) 
reveal > 31 °C sea temperatures northwest of Madagascar 
where prior wet spells resulted in salinity < 34.5 ppt. West-
ward ocean currents along 10°S generated anticyclonic shear 
and downwelling in the nMC area. SST > 31 °C in the west 
Indian Ocean are rare, given heat export by the South Equa-
torial Current and cooling by monsoon winds (Schott et al. 
2009). Hovmoller plots averaged 7–17°S of rainfall and mid-
level humidity (Fig. 6b,c) reveal 4.4 m/s westward move-
ment of moist convection from 70°E to 40°E over the period 
17–27 Apr 2019. This feature is structurally consistent with 
the moist envelope of a slow easterly wave (Burpee 1972) 
which surrounds TCs and enables cloud heating.
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3.4 � TC event conditions

The local TC warning center (Meteo-France Reunion) 
noticed a disturbance had formed on 21 Apr 2019 and began 
issuing warnings on Kenneth by 23 Apr. It intensified rapidly 
prior to landfall near Pemba, Mozambique at 1315 UTC on 
25 Apr, maintaining a westward trajectory across the nMC.

The atmospheric circulation during intensification of TC 
Kenneth included low-level westerlies north of the vortex, 
trade winds to south and a retro-grading subtropical high 
pressure cell (Fig. 7a). Upper easterlies strengthened north 
of Madagascar, and sub-tropical westerlies altered from 

trough on 21 Apr to ridge on 24 Apr; a feature of MJO influ-
ence (Ho et al. 2006) which diverted the sub-tropical jet. 
The 150-hPa ozone map at 12 UTC 24 Apr 2019 (Fig. 7b) 
indicates two spiral bands (O3 < 50 ppb) and divergent 
upper outflow west of the system. Such low ozone values 
reflect deep upward motions associated with TC passage 
(Zou and Wu 2005; Jenkins et al. 2015, Minschwaner et al. 
2015). Ocean swells reached 7 m as TC Kenneth passed the 
Comoros at 12.4°S, 43.4°E with wave direction from 60 to 
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80° and period of 10 s (Fig. 7c,d). A pressure minimum of 
957 hPa contributed to 3 + m storm surge, damaging east-
facing coasts. An analysis of the air–sea interactions under-
pinning TC Kenneth is given in Mawren et al. (2020)

Reanalysis maximum winds reached 22 m/s consistent 
with FMCZ-observed gusts (Fig. 8a, MeteoFrance Reunion 
2019). ERA5 exhibited a single peak of wind 12–20 UTC 
24 Apr while CFS2 showed 3–4 oscillations from 16 UTC 
24th to 08 UTC 25th. Rain rates peaked at 30 mm/hr at 49°E 
on 23 Apr and again at 43°E on 24 Apr during transit of the 
nMC. After landfall the TC remnants caused heavy rains on 
40°E from 27 to 30 Apr 2019. The weather station at Pemba 
in Cabo Delgado recorded 424 mm (WMO 2019). Reanaly-
sis rain of 6–8 mm/hr (Fig. 8b) compared favourably with 
GPM peaks of 8–10 mm/hr a few hours earlier.

Numerical models predicted TC Kenneth formation, 
westward track and intensification (Fig. 8c,d). One model 
recurved to Madagascar, but eight models forecast Mozam-
bique landfall within 100 km of 12°S at 2-day lead. Five 
models correctly forecast the storm to linger over the coastal 
plains causing floods. Two models under-forecast maximum 
winds while three models correctly predicted ~ 60 m/s at 0 
UTC 25 Apr 2019. Ensemble forecasts from HWRF over 
the period 21–27 Apr (Fig. 8d lower) revealed 3 members 
southward, 6 northward and 11 becalmed near Pemba. The 
range of HWRF forecasts for landfall was + /–6 h and for 
Pmin was + /–10 hPa. Good model performance may be 
attributed to the shielding effect by the southern spiral band 
from the sub-tropical jet (cf. Fig. 7b). Vertical sections of 
COTC model 6-h forecasts (Fig. 8e,f) indicate that Kenneth 
had stronger winds and higher humidity on its left (pole-
ward) flank. Anomalous heating > 5 °C was predicted in the 
550–250 hPa layer during intensification on 12 UTC 24 Apr 
2019. Although advance warnings were issued, many peo-
ple in the Comoros and northern Mozambique suffered TC 
impacts, as noted in Mawren et al. (2020).

4 � Summarizing discussion

The tropical cyclone season of Dec 2018 to Apr 2019 in the 
southwest Indian Ocean was the costliest ($2.3B), deadliest 
(1382) and most active season in the historical era, with 
9 TC exceeding category 2 and 6 TC tracking westward 
over 1000 km (Masters 2019). This prompted a study of 
westward-moving TC in the northern Mozambique Chan-
nel. We examined conditions from longer to shorter time 
scales, ultimately focusing on TC Kenneth in April 2019. 
Analysis at longer time scale determined that Pacific La 
Niña and –IOD promote westward steering flow but tend 
to limit thermodynamic energy and convection. However, 
MJO entering the west Indian Ocean trigger TC formation 

Fig. 6   10–20 April 2019 averaged maps of: a HYCOM SST and 
surface currents. Hovmoller plots 10 Apr – 5 May 2019, averaged 
over 7–17°S of: b cMorph maximum 3-hourly rainfall; MERRA2 
6-hourly: c 500 hPa specific humidity. Arrow in b) points to 24 Apr 
2019, time goes up, topographic profile illustrated in c lower; dashed 
line highlights 4.4 m/s propagation of the moist envelope consistent 
with an ‘easterly wave’
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and subtropical ridging that promotes movement toward the 
nMC, particularly at the end of austral summer.

Conditions in early 2019 favoured westward steering 
flow over Madagascar. The onset of + IOD was evident in 
the Walker circulation, downwelling ocean Rossby wave 
and SST > 31 °C northwest of Madagascar. Two strong MJO 
entered the west Indian Ocean triggering the formation of 
TC Idai (March) and Kenneth (April) which transited the 
Mozambique Channel causing unprecedented floods.

The case study of TC Kenneth in the Comoros Islands 
used reanalysis products to document waves of 7 m con-
tributing to storm surge > 3 m. Reanalysis winds of 22 m/s 
were about half the maximum estimated by vortex-scale 

models and the local TC warning center. Satellite rainfall 
and upper level ozone revealed a southern spiral cloud band 
(cf. Fig. 7d) shielding the TC from subsidence and anti-
cyclonic vorticity of the sub-tropical jet over Madagascar. 
Numerical models predicted the westward track and intensi-
fication of TC Kenneth 23–25 Apr 2019; less than one-third 
of forecast tracks recurved away from landfall at 12°S, 40°E. 
Further work will consider whether the anomalous weather 
of 2019 may be harbinger of future climate in the Southwest 
Indian Ocean.
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Fig. 8    Hourly time series at Comoros virtual station (12.4°S, 43.4°E) 
comparing ERA5 and CFS2 wind speed and rainfall (right), with 
FMCZ-observed gusts and GPM satellite. Tropical cyclone Kenneth 
multi-model forecasts: c wind intensity and d tracks (HWRF ensem-

ble green, lower) compared with observed ‘best’ (black w/dots). 
COTC vortex-scale 6  h forecast valid 12 UTC 24 Apr 2019 of e) 
north–south height section of wind (m/s) and f) east–west height sec-
tion of wind, humidity (%) and heating (°C)

Appendix

See below Fig. 9. 
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a Representing the IOD with 1-100 m sub-surface sea temperatures south of the equator: i) Em-
pirical orthogonal function mode-1 loading pattern and ii) filtered time score, iii) mean annual 
cycle segregated into warm and cool phase, and iv) IOD vs Nino3.4 scatterplot and regression. 
Red circle indicates 2019 IOD was decoupled from the Pacific. 

b Global MJO RMM diagram Apr-Jun 2019 (Wheeler and Hendon 2004); black dot (below 
left) denotes the genesis of TC Kenneth in the nMC. 
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Fig. 9   a Representing the IOD with 1–100  m sub-surface sea tem-
peratures south of the equator: (i) Empirical orthogonal function 
mode-1 loading pattern and (ii) filtered time score, (iii) mean annual 
cycle segregated into warm and cool phase, and (iv) IOD vs Nino3.4 

scatterplot and regression. Red circle indicates 2019 IOD was decou-
pled from the Pacific. b Global MJO RMM diagram Apr–Jun 2019 
(Wheeler and Hendon 2004); black dot (below left) denotes the gen-
esis of TC Kenneth in the nMC
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