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°|GE, Univ. Grenoble Alpes, Grenoble, France

Abstract

This study presents a multi-scale analysis of areme rain event that occurred in Burkina Faso

on I September 2009 with an absolute record of 263 minfall observed at Ouagadougou. This
high-impact weather system results from the contioinaof several favourable ingredients at
different scales. The sea surface temperature ahopatterns in July-August 2009 of both the
Atlantic cold tongue, the Tropical Atlantic Dipoknd the Mediterranean Sea are favourable
factors for the northward penetration of the WeltcAn Monsoon. The intense convective activity
of the last 10-day period in August is associat@tl tihe crossing of a convectively-coupled Kelvin

Wave increasing the African easterly wave (AEWy#gtand of an Equatorial Rossby wave.

At the synoptic scale this event corresponds toptssage of a train of 3 AEWSs with increasing
magnitude. Behind the' AEW troughaxis an intense and deep southerly monsoon burst ajesel
It contributes to the amplification of thé&”2AEW and its breaking associated with the formatibn
an intense meso-vortex on the southern flank ofAfinean Easterly Jet. Compared to the fast
moving squall-line, the dominant type of precipitgt weather system over the Sahel, the

Ouagadougou precipitating system appears to be #&tmrtex propagating slowly, allowing

*Correspondence to: J-P. Lafore CNRM Météo-France, 42 Av. G. Coriolis 31057 Toulouse Cedex 7 France. E-mail:
jean-philippe.lafore@meteo.fr

#Present address: Centre ESCER - Université du Québec, Montréal, Canada
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rainfall accumulation, without wind gusts or contree cold pools observed at the surface. The
main precipitation area is located about 2° longiéudownshear (westward due to the African

easterly jet) of the centre of this strong mesdesor

Keywords: High-impact weather system, West Afrisfiican Easterly Waves, Convection
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1. Introduction

The African continent is repeatedly affected byhhignpact weather (HIW) with devastating
consequences for local communities. Life and pitypkrsses, damage to infrastructure (roads,
bridges and buildings) and resources (energy, watpply and health sector) have been reported
over the years because of HIW. In the 1970s and<d 98ars severe droughts prevailed over the
Sahel (Nicholson, 2001) causing famine and conalidereconomic losses (Benson and Clay,
1998). Within the current period of partial rainfedcovery (Lebel and Ali, 2009; Panthetial.
2014), West African countries have been struck he past decade by several floods of
unprecedented magnitude (Descreixal. 2012; Nkaet al. 2015). It is the severe 2007 flood in
sub-Saharan countries that brought HIW flood evémthe attention of the world (Levinson and
Lawrimore 2008). According to the gauge-only gridderecipitation dataset (PREC/L) of the
Climate Prediction Center, a part of the Nationate@nhic and Atmospheric Administration
(NOAA), the 2012 rainfall season was the wettestesil952 (Thiaw 2013). The torrential rains and
associated persistent flooding hit the western [Sadrelest in areas that included western Mali, the
southern half of Senegal, and the Guineas. Mane events were reported. For instance the
station of Dakar registered a record-breaking pittion of 152 mm on 26 August (Diongue-
Niang et al. 2017). Also in 2012, the Middle Niger River exhéda the highest flood level ever

registered from the beginning of its monitorindgl®29 (Sighomnou et al. 2013).

A key question is to understand what determinesptieglictability of these events, for which
both individual cases and statistical studies aedad. In the framework of THORPEXTHe
Observing Research and Predictability Experimeéh, THORPEX-Africa regional committee has
selected a few cases related to flooding eventstudy their predictability. To achieve this task,

three steps have been defined: i) description andeptual model of case studies, ii) verificatién o

1 www.wmo.int/thorpex
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forecasts and the assessment of model abilityedigirsuch events, iii) modelling studies to furthe
analyse the predictability of such events. Thisgpaims at tackling the first item for the caselgtu
selected for the West African sub-region. It istpzfra wet spell in the Sahel with an extreme
rainfall event that occurred in Ouagadougou (Buakifaso) on L September 2009, with 263 mm
recorded in ten hours. This led to 150 000 peopladdisplaced (of 1.5 million inhabitants), 9

deaths, extensive loss of property and damagedroad

Several observational and numerical studies hawn hgerformed to document and better
understand rainfall events in West Africa. Theylaased on case studies from field campaigns such
as COPT81 (Chonget al. 1987; Roux 1988; Redelsperger and Lafore 1988), EMABahel
(Redelspergeet al. 2002; Diongueet al. 2002), or more recently the AMMA SOP2006. Case
studies such as presented in Baghal.(2010), Chong (2010) Schwendike and Jones (20it6h B
et al. (2012), Beucheet al. (2013) focused more patrticularly on the interatdibetween mesoscale
systems and synoptic disturbances such as AfrieateBy Waves (AEWS) which are key synoptic
weather systems affecting West Africa during thensomn (Fink and Reiner 2003). These studies
mainly addressed fast-moving squall lines thattheedominant type of rain event over the semi-
arid Sahel region (Mathoet al. 2002). They contribute up to 80 % of the annuglaal rainfall
over the Sahel (Le Barbét al. 2002; D’Amato and Lebel 1998). They often genelatense
precipitation and strong wind bursts associatedh witense cold pools fed by rain evaporation.
Nevertheless due to their fast propagation, thegepesof a squall-line over a given location is shor
typically from about 1/2h to 2h for the convectamed stratiform parts, respectively (see the recent
mesoscale convective systems (MCS) statistics Biest Africa of Lafore eal. 2017, Fig. 3.16).
This short duration may explain why the observeduawlated rainfall rarely exceeds the
precipitable water (PW) ahead of the squall-lingigally 50-65 mm over the Sahel during the

monsoon season, Poan et al. 2013). For instancamadlenum accumulated precipitation recorded
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% 76 were 47 and 37 mm for the passage of a squalldimeng COPT81 and Hapex-Sahel field
g 77 experiments, respectively (Chalehal. 1988; Redelspergat al. 2002), whereas the PW ahead of
? 78 the squall-line was about 55 mm for both casesBaséet al. (2002) found a mean accumulated
§0 79 rainfall per MCS of ~15 mm at Niamey. To reach dydaccumulated rainfall above PW, the system
11

1o 80 must be very efficient in concentrating water vaptar a long duration at a given location due
14 81 either to a slow propagation, a forcing mechanismhe topography or the large-scale dynamics.
16 82 As observed extreme rainfall events reach valuewel00 mm per day at a given location
19 83 (Panthouet al. 2012), it raises the following questions: Are higysical processes involved in

21 84 Sahelian extreme rain events different from thesomolved in squall-lines? What are their

23 g5 temporal and spatial scales?

29 g6 There is, however, a lack of studies of such HI\i events to help answer these questions.
32 87 Among the few related studies, Paeth et al. (2@&thormed an analysis of the 2007 flood caused
34 88 by a sequence of strong rain events in August apdeghber. They first assessed the structure and
89 intensity of the flood and of associated rain eva@quences from various observational data sets.
39 90 Estimated return times from tfAeopical Rainfall Measuring Missiorange between 1 and 50 years
41 91 for daily precipitation, but have a high spatiatéregeneity and a maximum over the Upper Volta
44 92 Basin. Burkina Faso appears as a hot spot for fimoducing rain events from August to

46 93 September.

52 94 Another question is: what are the contextual eldmehthe climate conditions in which HIW
54 95 rain events may occur? To help answer this quegsfibcholson (2009) proposed a conceptual
57 96 framework for studying rainfall variability over \WeAfrica resulting from two distinct modes:

59 97 latitudinal displacementsf the tropical rain belt and changes inifttensity From this arise four
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patterns of rainfall anomalies: "non-dipole" yeatsen anomalies are of the same sign over most of
West Africa due to a change in rain belt intensifiereas anomalies are of opposite sign in the
Sahel and the Guinea Coast during "dipole" yeass tdulatitudinal displacements (see Fig. 1 of
Nicholson 2009). In this framework, 2007 is a “wein-dipole” year (Paeth et al. 2011), whereas
2009, 2012 and 2013 are “wet dipole” years (seeéeSihClimate in corresponding years; Thiaw

2013).

The above framework proposes some large-scalergatawouring wet or dry years for the
WAM, but we do not know if the probability of oceence of HIW rain events is stronger during
wet yearsthan in dry yearsAlso, these HIWs are not excluded from a dry y&ar far there is no

clear understanding of the atmospheric conditieaslihg to a HIW rain event.

At the regional scale, Crétat al. (2015) analysed the relationship between AEW aaitly d
rainfall over West Africa and concluded that 3-5+@d&=Ws establish the most favourable synoptic
conditions for the development of intense rainfalents. This is consistent with previous work
showing that the AEW activity is enhanced duringt wears (Grist 2002; Grisét al. 2002;
Nicholson 2009; Paetét al. 2011). Ventrice and Thorncroft (2013) showed that AEW activity
increases at the leading edge and during the ctimeBc active phase of strong Convective
Coupled Kelvin Waves (CCKWSs). Ventria al. (2011) also suggested that the Madden-Jullian
oscillation (MJO) directly influences AEW activitipuring MJO phases 8, 1, and 2, diagnosed by
the Wheeler and Hendon (2004) Realtime MJO Muliatar(RMM) index, the AEJ increases and
convection is enhanced over tropical Africa, wherd&W activity is locally enhanced during
phases 1-3. According to these studies, equateaaes (CCKW and MJO at least) can modulate

the environment on which AEWs develag, the magnitude of the AEJ, the vertical wind shtee,



Page 7 of 51 Quarterly Journal of the Royal Meteorological Society

©CoO~NOUTA,WNPE

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

low-level convergence and vorticity patterns. Sitlte AEWSs are the leading driver of the most
intense storms, a connection is possible betweeategal waves and HIW. The present paper

actually shows that this link exists which operteriesting forecasting perspectives (See section 4).

If a better understanding of extreme rainfall egdsta crucial issue in better forecasting them,
another issue is the trend in their occurrenceiteasity in the context of ongoing global warming
(Westraet al. 2014. At a regional scale, in the Sahel, Pantebal. (2014) found that the partial
recovery of rainfall is more likely due to the iease in the number of intense events (increase of
33% between 2001-2010 and 1970-1990), than theaserin the total number of events (3% of
increase in the same periods). Taylor et al. (2@1s9 found that the frequency of extreme Sahelian

storms tripled since 1982 in satellite observations

The main goal of this first paper is to presentdtinscale analysis of the extreme rain event of
Ouagadougou that occurred chSeptember 2009, with a focus on regional and symepales and
to identify key factors for this type of event. $huase has been used in the recently published West
African Forecaster's Handbook (Parker and Diop-K&t47) to illustrate AEW breaking events
(Cornforthet al. 2017) as seen by forecasters. In a companion pegevill analyse the physical
mechanisms involved in the small-scale developroéatmoist vortex associated with this extreme
rain event, owing to the computation of budgetfiedit, moisture and vorticity from a convection-

permitting simulation.

After a description in section 2 of the datasetedus this study, section 3 describes the
characteristics of this extreme event and the lacgde context it is embedded in. Section 4 focuses

on wave activity, more specifically on AEWs andtbe impact of equatorial waves on this event.
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The convective organization is analysed in sechioBection 6 summarizes the main findings and
proposes a list of factors favouring the occurreosfciis type of event associated with the breaking

of an AEW.

2. Dataand analysis methods

a. Observations

In the frame work of THORPEX-Africa, daily rain-ggei data of a network of 579 stations have
been kindly provided by National Weather Servicesiost West African countries impacted by this
wet spell. This rain-gauge network data covers -@&p period centred on®1September 2009 to
document this period of intense precipitation (selesection 3.a) in which the Ouagadougou event

is embedded.

This dataset is very valuable for the present sty for further ones to assess the numerical
weather prediction (NWP) system's skill to forecaisth extreme events. In addition, thepical
Rainfall Measuring Mission (TRMM-3B42) rainfall @states (Huffmanet al, 2007) have been
used. To complement this, the Global Satellite Mgpof Precipitation (GSMaP) v5 satellite
estimate of 0.1° x 0.1° gridded 1h accumulated ipiation (Ushioet al., 2009) is used to track

MCSs.

The convective activity and its spatial structuaednbeen analysed by computing Baarized
Corrected Temperature (PCT) parameter (Mohr andefid996) fromsnapshots provided by
AMSR-E (Advanced Microwave Scanning Radiometer HiEE®bserving System), SSMI (Special
Sensor Microwave Imager) and TMI (Special Sensacrdvave Imager) microwave radiometers.

PCT also allows the identification of convectivedastratiform regions. Daily-averaged outgoing
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longwave radiation (OLRpata provided by the NOAA polar-orbiting satellitdisebmann and

Smith 1996) was used as a proxy for convectiveviayti

To assesthe oceanic state in 2009, sea surface temper@&E) anomalies during July-August
2009 have been computed from the Reynolds climgyolover the 33-year period (1982-2014)
(Reynoldset al. 2002). The soundings of Abidjan [5.18°N,4°W]fpemed twice a day have been

used to assess the presence of equatorial waves.

b. Reanalysis

The present study is partly based on the lastgfimt) European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis ([2teal, 2011, ERA-I hereafter). ol improve the
analysis in a region of sparse observations suchAfdasa, we assimilated remote-sensing
microwave data from AMSU-B, by using the method eleped by Karbowet al. (2010a) as in
Beucheret al. (2013). We performed a 4D-Var assimilation witle tilobal ARPEGE operational
model of Météo-France (Courtiet al.,1994). The 4D-Var assimilation experiment was qrenied
over a ~1 month-period (13 August to 10 SeptembBee}, four times per day, with the April 2010
version (T798 truncation and a stretched horizogtial allowing a ~15 km resolution over Africa).
Thanks to its finer horizontal resolution and AM$8Hata, we used the ARPEGE reanalysis in this
paper for a more accurate analysis of the syngu#de in section 4 (see Karbed al. 2010Db,

Beucheret al. 2011 for a comparison between ERAI and ARPEGE)didition to ERA-I.

c. Analysis methods

As done for instance byakayabu (1994pr Wheeler and Kiladis (1999), a zonal space-time
spectral analysis is performéal detect and analyse equatorial waves concomitdhtthe present

extreme precipitation event. Following Roundy amdngk (2002) and Schreek al. (2012), the

9
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spectral analysis is made for each latitude betv@®88 and 30°N and filtered in the wavenumber —
frequency domain without imposing equatorial symmned the data. Table 1 summarizes the
characteristics of the filters used to extract the Madden-Julian oscillation (MJO), Kelvin (K),
Equatorial Rossby (ER), and westward Mixed RosskwB/ (MRG) waves. We added the
Tropical-Depression-type (TD-type) disturbancest tharrespond to AEWs over Africa. The
filtering is applied to either the 200-hPa velocpgtential seasonal anomalies, OLR seasonal
anomalies or the mass-weighted 950-600 hPa laysaged meridional wind (hereafter meridional
mass transport) depending on the wave-type (TabldHe equivalent depths used for the wave
filtering are 8-90 m for ER, Kelvin and MRG (Wheeénd Kiladis, 1999) and no equivalent depth

is imposed for the MJO and TD-AEW.

We developed an AEW tracking based on the baratréipw (mass weighted mean wind
between 950-600 hPa) as a two-step procedurdhgifie¢tection of the maximum relative vorticity
provides a "first guess" for the tracked patteiip,a finer spatial localisation by searching foet
minimum wind speed corresponding to the centrénefltarotropic flow. This method is applied at
an hourly frequency to ARPEGE re-analysis and samhs, at 15 km horizontal resolution (See

Section 5).

3. Main characteristics of the extreme event and lar ge-scale context

a. Precipitation

The case study occurred during a wet spell thacedtl the whole Sahel during the 20-day
period from 21 August to 18 September 2009, marked with heavy precipitatiawlileg to floods

in many Sahelian countries (notably in Niger, Sahelauritania, Gambia — see State of Climate

10
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in 2009, by Arndt et al., 2010). The event thatuoed in Burkina Faso on Septembél; taused
by a slow-moving MCS (see section 5), has beemimib&t extreme ever observed over the Western
Sahel. Between 0400-1600 UTC 263 mm were recordeduagadougou, the capital city. The

accumulated hourly rainfall peak (97 mm) occurretiveen 0700-0800 UTC. The 30 rain records

collected over Burkina Faso on 31 August afidSEptemberFig. 1a) provide an idea of the size,
intensity and trajectory of this extreme event. paéern of the corresponding accumulated rain as
estimated by TRMM (red isolines) is in agreementthwrain gauge records, although
underestimated (by a factor 2 for the maximum) phbiy partly due to the difference in scale. The
Ouagadougou extreme event affected an area of dBxt100 km with accumulated rain above
75 mm (50 mm for TRMM). For the 15 stations at stafice less than 1° from Ouagadougou, the
mean accumulated rainfall was 94 mm (117 mm for7tls¢ations at a distance less than 0.5°) and
the second highest record reached 213 mm at B@ubikm south of Ouagadougou). TRMM
estimates reached a maximum of 110 mm close to &ioagou. TRMM suggests that this event
also generated important precipitation (above 75)mdoring the previous night over eastern
Burkina, but the density of the rain gauge netwads too sparse to confirm this findirFigure 1b
shows observed extrema of daily precipitation aldest Africa during the 20-day period froms21
August to 1@ September, with the indication of values above &f®f/day (red points) and their
date of occurrence. The Ouagadougou case is th@utdobserved maximum (263 mm with a
return period estimated at 10 000 yrs by Karan#ifi9) of the 22 recorded strong events. Here, we
consider that en event is strong when the dailgipitation reaches more than 100 mirge. when

it produces much more precipitation than the amaofintater vapour stored in the column (RW
~65 mm, Poaet al. 2013, Laforeet al. 2017). This is likely a large number as Pantabal. (2012)
estimate that the return time for a 100 mm dailgcppitation is 15 and 20 years at Ouagadougou
and Niamey, respectively. Those strong events 0920e clustered over specific regions (Senegal,

South of Mauritania in particular) and periods esponding to the passage of AEWs as shown later

11
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in section 4a. The TRMM accumulated rain over #isday period Fig. 1c) agrees well with rain-
gauge observationFig. 1d) at this scale. It is to be noticed thafioas with intense daily events
(Fig. 1b) correspond to regions of maximum accunedlatin over the 20-day period, suggesting a
major contribution of intense events to the seds@mafall (which is consistent with Panthet al.
2012).Fig. 1e shows the TRMM accumulated rainfall atrtiensoon seasonal scale (July-August-
September, JAS hereafter) aFig. 1f its anomaly relative to the 1998-2012 TRMimatology.
Clearly 2009 appears as a wet dipole year oveSd#iel (up to ~+300 mm). At the seasonal scale
the rainfall anomalies are located over SenegalitSof Mauritania, Mali and Niger, where intense
events (above 100 mm/day) occurred during the @@@®-day period of August and September

(Fig. 1d), suggesting a significant contributionrense events to the seasonal rainfall anomaly.

b. SST pattern

At very large-scale, 2009 was characterized bytrdesition between a waning Pacific La Nifia
and the establishment of a strong El Nifio evenhfdune 2009 to April 2010 (Arnét al, 2010).
In 2009, the Atlantic Ocean was warmer in the remmhhemisphere due to the warm phase of the
Atlantic Multi-decadal Oscillation (AMO, Enfield anMestas-Nunez 1999) which has resulted in

greater Atlantic hurricane activity since 1995.

Figure 2 displays SST anomalies surrounding AffaraJuly-August 2009. A dipole is present
in the North Atlantic with warm anomalies (2°C)tive north-western Atlantic and anomalies colder
than -2°C eastward. The cold anomalies in the peagtern Atlantic are the signature of a negative
North Atlantic Oscillation (NAO) index for the Julugust period. In the tropical Atlantic, a
positive Atlantic dipole (Lamb 1978, Parket al., 1988; Servain, 1991) is present with a cold
anomaly (down to -1°C) along the equator, whiclo alffects the Atlantic cold tongue in the eastern
equatorial basin. Based on the climatological iedidefined by Caniaugt al. (2011), the cold

tongue was colder and more extended in July-Aug@@€© than the climatology (not shown).

12
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Combined with the AMO warm phase, a colder Atlartadd tongue and a resulting positive
Tropical Atlantic SST dipole are favourable coratig for the northward penetration of the WAM
into the West African continent. The warm anomalythe Mediterranean SeFig. 2) can also be

considered as a favourable factor (Rowell, 2009rife et al. 2007).

The warm SST anomaly in the Indian OceFig. 2) started at the same time as the Pacific El
Nifio in 2009, instead of one year later as moremonity found €.g, in 1998, 1987 and 1983;
Arndt et al. 2011). A statistical relationship has been foundlihg a warm anomaly in the Indian
Ocean to dry conditions over the Sahel in the de@stades (Gianniret al. 2003; Bader and Latif
2003), such that the warm anomaly over the Indiaead should not have favoured moister
conditions over the Sahel in 2009. Recent studidgcate, however, that this link might not be
straightforward for the last decade with the regargsing of the NAO and ENSO (Jady al. 2007,

Rodriguez-Fonsecat al. 2011).

To summarize, the SST anomaly patterns in July-&u@009 of the Atlantic cold tongue, the
Tropical Atlantic Dipole and the Mediterranean %ea favourable factors for the WAM northward
penetration. They are consistent with the clasgifim of 2009 as a “Dipole wet year” (Nicholson
2009). However, the impacts of El Nifio, Indian Qteearming and negative NAO on the WAM

deserve more analysis.

c. Multi-scale nature of the event

Figure 3a analyses the seasonal evolution of tHdNIRnean rainfall in 2009 in the 1° square
around Ouagadougou [12 — 13°N; 2 — 1°W] (red squaiFig. 1). The passage of the extreme

Ouagadougou event is clearly seen at the dailybamdscales (up to 72 mm/day). This extrem rain
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event significantly contributes to the positive arady of accumulated rain observed in 2009 at
Ouagadougou. Another active period is observed fias June to early July. When compared to
the TRMM (1998-2012) climatology, 2009 rainfalvigaker in June and July, which corresponds to
a late onset, but the deficit is made up and rededuring the very active period of August-
September. The wavelet analysFig. 3b) reveals that 4 bands are active at syn@pts5 days),
short (10-15 days), medium (20-30 days) and lon@-8@ days) intraseasonal scales. The
Ouagadougou extreme event thus occurs at a time alheéhese scales of variability are strong
(this is also true of the active period of late ehaarly July). It suggests that this extreme event

corresponds to the superposition of favourable itimmd at different temporal scales.

4. Propagating modes of variability and wave activity

a. AEWs

Figure 4 provides a synoptic view of the Ougadouguent over a 3-day period at two key

levels to identify AEWSs: at low levels (925 hPayht) and at the AEJ level (700 hPa, left). At 700

hPa the AEJ is well defined in the 10 — 20°N baritth & maximum intensity above 20 th¢Fig.

4a, b, c). Its oscillations correspond to a trdiB AEWS, and increase during this 3-day period. On
30" August, the first AEW of this series is well forcheith its trough T1 located over Burkina Faso
(red line inFig. 4a). A fast-moving squall-line propagates @ahe& T1 in the AEJ core (pink
shading). The trough T1 propagates westward anthesathe coast two days later. An important
feature at 700 hPa is the development of a straugherly flow behind T1 coming from the
southern hemisphere. The signature at low levedsassterly flow west of T1 and an intense south-

westerly monsoon flow east of TFig. 4d, e, f). The combination of these strongiseties behind
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T1 at low levels and at the AEJ level is a deeptsaly burst maximum on 31August. This is
associated with the development of a deep andgtidge R1 (dotted red line Fig. 4) behind T1.
Quite unusually, this southerly burst is so strémag it brings dry air from the southern hemisphere

and generates a dry anomaly (dark shadirFig. 4d, e, f) in the R1 region.

A second wave develops behind this first AEW (Titl &1). Its trough T2 appears just west of
Lake Chad on 3DAugust Fig. 4a), on the south-western flank of a widesgpneat anomaly (light-
gray shading irFig. 4d). One day lateFig. 4b, e) T2 appears as a small-scale cyclonatileition
both at 700 and 925 hPa, such that we have an abmaostropic vortex structure which reaches its
maximum on I SeptemberFig. 4c, f). On this date, this vortex located oMgmey has wrapped
the wet anomaly which almost splits it into two tgafgrey area in Fig. 4f). A key feature of this
event is that contrary to the usual schematic AW (Cornforthet al. 2017 — see their Fig. 2.10)
the wet anomaly is ahead (west) of the trough TiRiwithe northerly flow, instead of being located
behind the trough in the monsoon flow. The effacthiat the vortex is moistened by the northerly
flow. The extreme rain event (coloured shadingFig. 4c, f) occurred over the Ouagadougou

region, 2° west of the vortex within the wet anyna

To complete Figure 5 shows a longitude-time diagram zoomed detw40°W and 40°E from
20" August to 16 September for (a) the relative vorticity at 70Gahdéhd (b) the anomaly of PW.
Fields are averaged in the Sahelian band [10 — 18t passage of the train of 3 AEWSs is clearly
identified in the vorticity field Fig. 5a). The first trough T1 corresponds to the smell arrival
(Fig. 5b) and is followed by the strong ridge R1ti@mlonic vorticity) along the Greenwich
meridian.The second trough T2 is even stronger. A day later on 31 August, T2 accelerates and
reaches Ouagadougou ofi September. A third trough T3 intensifies ofi eptember near the
Greenwich meridian and coincides with the maximurthe wet spell (PW > 60 mm iFig. 5b). It
is also the most intense trough within the wavantiaterms of vorticity signature. This sequence

of three successive waves of increasing intenstyconsistent with the AEW amplification
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mechanism due to their upstream group velocity Caad Aiyyer 2013). T3 later reaches the
Atlantic Ocean and gives rise to Hurricane Fred 78nSeptember at 1800 UTC reaching its
maximum intensity (958 hPa, 53 m)s2 days later (see NHC repdrtThe trajectory of Fred
follows the maximum of PW anomalies and vorticissaciated with the trough T3 (doted line T3
in Fig. 5). The cyclonic vorticity intensification isa general preceded by a reinforcement of the
AEJ (Fig. 5a), which is ensistent with Leroux et al. (2009), suggesting that an intense AEJ is
necessary for intense AEWSs to develop. It is to be noticed that the vorticity maximumtire eastern
Sahel occurring on 26-2August corresponds to an AEJ reaching 17.5, msich stronger than its

climatological value from the ERA-I reanalysis ($not shown).

To track the deep southerly burst notecFig. 4, we computed the meridional mass transport
Figure 5c). It provides a clear signature of wefjamized AEWSs, with the trough located between
the deep northerly wind and the southerly deep wmmsflow (to the west and the east,

respectively).

b. Equatorial wave activity

Anomalies of velocity potential at 200 hPa ¥R Fig. 6a) and of OLRFig. 6b) from 1 August
to 10" September 2009 emphasize favourable large-scalditmms for convection prevailing over
West Africa, in agreement wiiFig. 3a. The analysis of the contributions of equiat waves (MJO,
Kelvin and Rossby) to the anomalies of MRand of OLR (isolines overlaid iFig. 6) provides
additional information. The different signaturedasbed using either the VBor OLR show that
the waves are identified slightly differently degergy on their life cycle and on the degree of
coupling between convection and the dynamics. Hewghe two panelsFig. 6a and b) show

consistent propagation of the envelop of equataraales.

2 http://lwww.nhc.noaa.gov/data/tcr/AL072009_Fred.pdf
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During the first 10 days of August, a large diverge anomaly is centred over eastern Pacific
and America, possibly favoured by the intensifyiffy Nifio, whereas a weakly eastward-
propagating suppressed convection phase (convergermnaly) is located over the Indian Ocean.
The favourable phase for convection mainly propegjastward as a convectively-coupled Kelvin
wave (K1), detected both in Vlgand OLR anomaly fields. K1 reaches Africa betw&@hand 20
August and is associated with intense convectiwaigc An MJO signal is also detected over
Africa in the middle of August. An equatorial Rogslave (ER) coming from the Indian Ocean
reaches East Africa and then crosses Africa duhadast 10 days of August. Meanwhile K1 travels
from Maritime continent, to the Atlantic Ocean, wha second Kelvin wave (K2) is generated. The
Ouagadougou extreme precipitation event (blacklesjccoincides with the crossing of the
equatorial Rossby wave ER and the Kelvin wave Kger@ll, the MJO signal, which continues
eastward over the Maritime Continent, remains wdakng the period (after RMM index, not
shown). The similar patterns of the waves (Kelund &R) detected from the OLR and velocity
potential anomaliesFigs. 6b and 6a) shows that the detection o¥ectively-coupled waves is

consistent.

In the present case the AEW wave train correspoodbe passage of the wet spell, and its
amplification appears to start after the crossihghe Kelvin wave K2 and the Rossby wave ER
(Fig. 6,Fig. 5c). The following sub-section 4.c analydes influence of equatorial waves on this

extreme event.

c. Connection between equatorial waves and AEWs

Figure 7 shows maps of meridional mass transpbéd{ag) along with the contribution of ER,
MRG and AEW waves to this field (isolines) duringet3-day period from 30August to f

September. The evolution of the meridional massspart shows the propagation of strong
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northerlies — between R1 and T2 — from 10°E ofi 80gust to the longitude of Ouagadougou on
1% September, on which the Ouagadougou convectivéeraysievelops, bordered by strong
southerlies to the west and weaker southerlieedaeaist. As mentioned Fig. 4, the propagation
of this dipole of northerly and southerly winds owke Sahel is key to the event and is largely
explained by the propagation of an AEW treFig.7a, b, c). The AEWs even explain a large part o
the signal very far into the southern hemisphemyrdto 10°S, consistently with Kiladist al.
(2006,e.g, their Fig. 3). The ER wave which develops furtttethe east at 15°EFig. 7d, e, f) also
contributes to the southerly anomaly, but doesseetn to reinforce the AEW at the longitude of the
event. This will be further discussed wFig. 8. The MRG wave contributes to the southsrlie
between T1 and R1 on 30 and 31 AugFig. 7g, h). It is in phase with the AEW during$e two
days and thus reinforces the AEW. The maximum dmution of the MRG wave is in the 5-10°N
band Fig. 7g, h, i), which suggests a possible trapginthe meteorological equator near 7°N (Gill
1980). Although of weaker magnitude than the AEN¢ ER and the MRG waves seem to play a
role in building the anomalous southerlies andheaties, with the MRG and AEW in phase at the

longitude of the event, and a possible role of Efher to the east.

The quantitative contribution of each wave to teeelopment of the anomalous southerlies and
northerlies is further analysed wiFig. 8, which shows zonal profiles of the meridibmass
transport and contributions averaged over the SN1ignd. These allow for a clearer view of the

different scales involved in the event.

The ER wave (blue curve iFig. 8) has a zonal wavelength of about 60° andgayates
westward at ~4 m’s Its positive phase impacts Eastern Africa duthmglast 10 days of August (in
agreement witlFig. 6). It drives a mean southerly flow, up to in§*, that may largely contribute
to the formation of the wide and long wet spell otlex Eastern Sahel. For instance, ofi Rdgust

(Fig. 8a) the ER contributes more than the AEW (gm@eve) to southerlies east of 20°E.
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The MRG wave (red curve iFig. 8) has a zonal wavelength of about 40° angayates
westward at ~6.4 mis Although the MRG wave magnitude is weak (~1*)nas compared with
AEWs (~4 mg3), its role in the occurrence of the extreme evehtOuagadougou cannot be
neglected. Indeed the two waves (AEW and MRG) pyapag at different speeds become in-phase

on 30" August (Fig. 8d), which probably helped the intéoation of the ridge R1.

The above wave decompositicFig. 7 and 8) omits zonal wavelengths shorter @00 km, so
it cannot explain the whole structure of the présestreme event. For instance ori"28igust AEW
and ER (green and blue curvesFig. 8b) explain only one half of the intense seuthburst (black
curve) occurring around 20°E at a scale less t@anlilis suggested that small-scale processes such
as convection may explain this structure associwaiiitl the genesis of the vortex T1 (Hail al.
2006, see section 5). It is also to be noticedtti@arrival of Kelvin wave K2 over the Sahel canno
be seen on the meridional component but it is stesi with the westerly anomaly found ahead of

the trough T2Fig. 4b).

The time evolution from s1August to 16 September of the vertical profile of meridionahdi
provided by the Abidjan soundings is shownFig. 9a. It corresponds to the location where the
strong southerly burst reaches its maximum dhA@yust. At low levels up to 850 hPa the flow is
always northward corresponding to the monsoon tndneridional component reaches 6-7'ms
Above, in the 850-500 hPa layer, a large oscillatfwith fluctuations between -6 and 10 s
occurs with a maximum amplitude near 700 hPa. €qumently, the southerly burst is mainly due to
the deepening of the monsoon layer up to 500 hRgafticular to the contribution of the 600-750
hPa layer) Figure 9b provides a similar time-height seriesE&®A-I meridional wind averaged in
the [0 — 10°N] band. It shows that the reanalyajstares a similar signal over a larger band, which
lends confidence to the previous wave-analysislieesDther short-period wave trains are detected

above 500 hPa iFig. 9. Further studies will be needed to explaent and their role. A first wave
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train in the 500-300 hPa layer may contribute ® ititensification and deepening of the monsoon
flow. The second one at upper levels may be coedetct the modulation of the TEJ through the

convective activity of the ITCZ (Nicholsaat al.2007).

5. From synoptic to convective scales

a. The breaking signature of the AEW

The longitude-time diagram of the TRMM rainfall atite ARPEGE 700-hPa meridional wind
(Fig. 10a) illustrates the passage at Ouagadougthedfoughs T1 (30August, 00 UTC) and T2
(1** September, 18 UTC). Between T1 and T2, the ridfjesRassociated with a strong southerly
flow whose strength is maximum on"38ugust between 12 and 00 UTC as already notFig. 4.
Confirming Fig. 4, the latitude-time diagramFig. 10b) shows that the extreme event of
Ouagadougou (MCS1) occurred about 12 h before dissgme of T2, in the northerly flo\Fig.
10a), and to the south of the intense AEJ cFig. 10b). The AEW breaking — defined by Cornforth
et al. (2017) as a very steep north-south oriented curgabf the wave streamlineFig. 4c¢) —
reaches Ouagadougou on*#ugust, 12 UTC Fig. 10b). The breaking is so strong that a north-
westerly flow at 700 hPa (i.e. overturning) is aled during more than one day south of
Ouagadougou (from 31August 12 UTC to ? September at 00 UTC). After the passage of T2,
convection is suppressed during two days beforeptssage of another MCS (labelled MCS2 in
Fig. 10b) of weaker intensity at the Ouagadougoudia and linked to AEW3 with an AEJ core
located more to the north (16 — 20°N). This lastugth T3 of the AEW train will be the strongest

and will be responsible of the genesis of the bare FredFig. 5).
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Vertical cross-sections of the relative vorticitgldl (not shown) and the barotropic structure of
the winds Fig. 4 and 9) indicate that the Ouagadougou extreweat corresponds to a deep vortex
(AEW2 through T2), which is almost vertically orted between the surface and 300 hPa, and
maximum in the 600-500 hPa layer. To better trdk vortex we use the barotropic component of
the low-level circulation, being the flow averagedthe 950-600 hPa layer, and analyse the
corresponding streamlines, vorticity and wind isign (Fig. 11). This "barotropic" diagnostic
allows an easier detection of strong AEWs. Ofi &agust , in the lee of AEW1, the initiation of
AEW?2 over Lake Chad occurs simultaneously withabmbination of the AEJ core and the strong
southerly flow Fig. 11a). During 24 hours, AEW2 stays at the skoation (2° NW of Lake Chad)

and intensifies. It further evolves into a stroihgsed circulation isolated from AEWFig. 11b and
c), and propagates westwards (8.2 H) sntil it reaches the Atlantic on?3September, 12 UTC

(Fig. 119. The vortex size is small, and its intensity abrenthan 20x18 s? (red colour inFig.

11), is maximum during the Ouagadougou eviFig. 11c). When reaching Fouta Djalon (10°W,
10°N, Fig. 11d), the meso-vortex becomes weaker (~10slf) but wider.
It is to be noticed that this scenario is reproduime AEW3 (not shown), which is initiated and

intensified in the lee of AEW2 on™3September at 00 UTC (see red circleFig. 11d for its

location), but at a more northern latitude (16°RE)L During 36 hours it intensifies while slowly
moving westwards (4.2 ri#§ with the help of a strong ridge as for the presidAEW2 scenario.

Then it follows a south-westward trajectory andedexates (13 ni¥) until it reaches the coast on

6" Sept at 12 UTC and where it initiates hurricanedF

b. Coupling between the vortex and the convection
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To analyse the link between the organized convectmd the vortex signature of the
Ougadougou evenFigures 12a to d show the PCT parameter for a tsaheof four of the 18
AMSRE, SSMI and TRMM satellite imagery snapshotgua@d in the vicinity of the vortex. It
corresponds to the sampling of the extreme ever®uwdgadougou MCS1 tracked between' 31
August at 1733 UTC and*1September at 1328 UTC. The location of the “bamtr vortex”
AEW?2 as detected iFig. 11 is indicated by the black circle. Wher#as IR Meteosat Images
show a large almost circular cloud shield cappif@g34 (not shown), the PCT parameter allows the
identification of narrower convective elements (bdaick shading) surrounded by widespread
stratiform elements (green shading). The secondofcFig. 12 (e to h) provides the corresponding

mean wind vector in the 950-600 hPa layer and aatated rain over 1 hr.

On 31" August, the snapshot at 1733 UTFig. 12a) reveals the structure of a squall-ling) (S
located ahead of the vortex centre of Figure 12e indicates that at 18 UTC this SL is al#su
west of the vortex, on the southern flank of thelJAlare (solid contour). Six hours later, the narrow
arc-shaped band of the SL convective element (bledlshading itFig. 12b) is still identified, but
now embedded in a widespread area of moderate-&-vpeecipitation (yellow to green) as
depicted by the snapshot at 0103 UTC. At that tidwgagadougou (white dot Fig. 12b) is at the
western edge of the approaching westward-movingr&lthe main precipitation area in the south-
west sector of the vortex still at a distance ofFig. 12f). At 06 UTC the system appears as a large
(4° diameter) "comma" structureFig. 12c, g) with the heaviest convective rainst jabove
Ouagadougo, in the south-west sector of the vaatex 2° radial distance. To the north the SL is
still active ahead the AEJ core reaching its maxmiuotensity Fig. 12c). At 12 UTC the convective
vortex is slowly decreasing. The snapshot at 13BC (Fig. 12d) exhibits a large area of moderate
precipitation around Ouagadougou, whereas the abineepart is over northern Ghana about 3°
south of the vortex centre (Fig. 12h), consisteith Whe southward track of the MCS1 at the end of

its life cycle. This scenario is consistent witle tibserved rain record described in section 3arand
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Fig. 1a. The Ouagadougou rainfall peak between JF& (97 mm) corresponds to the slow

passage of the intense convective elements seFig. 12¢ (red spots).

An analysis of available SYNOP observations at @Qdaggou (not shown, Chapelon personal
communication) showed that the convective systenSM@as not associated with surface gusts,

nor with convective cold pools contrary to the tgliSahelian SLs. Indeed the mid-levels were
very humid (wet potential temperatuge, = 23°C) as compared with surface temperature 26°C,

which prevents strong rain evaporation and coldl poonation as the main driver of the MCS
organisation. In contrast with the SL type, ther@xte rainfall is associated with a strong meso-
vortex, about 2° downshear of its centre, in aae@f strong northerly wind. Due to the AEJ, the
shear is westward. Such an organisation of cormecésembles the conceptual model proposed by
Raymond and Jiang (1990) where the diabatic effgfctisoist convection in a sheared environment
can contribute to force vertical motion. A key farcin obtaining this organisation is the pre-
existence of a moist anomaly over the northern IS@heés ensures that northerly wind ahead of the
vortex (or of the AEW trough) brings moister air vl the ageostrophic forced circulation induces
ascent, which supports convection. On the confiara Sahelian SL, as northerlies bring drier air,
convection is maintained by the cold pool propagatienerated by rain evaporation in the dry air.
The companion paper will further study the inteatt between the mesoscale vortex and the

convection using convection-permitting simulations.

6. Summary and conclusion

This first paper presents a multi-scale analysisamfextreme rain event that occurred over

Burkina Faso on*®1September 2009, with a record for the Western ISath263 mm observed at

23



©CoO~NOUTA,WNPE

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

Quarterly Journal of the Royal Meteorological Society Page 24 of 51

Ouagadougou. Through THORPEX-Africa, daily rain-gawdata from a network of 579 stations
over West Africa were collected over a 20-day pkentred on*1September. This dataset is very
valuable for the present study and for further pimeparticular to assess the skills of NWP systems

to forecast such HIW events.

This case study occurred during a wet spell pHaetectossed the whole Sahel in the last 10 days
of August and the first 10 days of September, nthtike heavy precipitation leading to floods in
many Sahelian countries (e.g., Niger, Senegal, Maua, Gambia). Rain gauge data confirm the
intense rainfall activity over West Africa durinigis period - also associated with the occurrence of
a large number of strong events (22) with dailyorded precipitation above 100 mm - producing
much more precipitation than the available watgroua typically stored in the atmospheric column
(PWmax ~65 mm). Although, the Ouagadougou precipitatiecord is the most extreme, it is not
isolated. When compared with rain gauge data, TRMBtimates capture quite well the
Ouagadougou extreme event and its trajectory owekiBa Faso. Observed local maxima are,
however, underestimated by a factor of two, pogsthle to the lower resolution of the TRMM

estimate.

The 2009 wet season appears as a wet dipole yeartioe Sahel as defined by Nicholson
(2009). Rainfall is weaker in June and July coroesiing to a late onset, but the deficit is made up
during the very active period of August-Septemliiers to be noticed that the footprint of the
Ouagadougou extreme event is detected at the sdasmale, as well as for intense events over

Senegal, South Mauritania and Niger.

The SST anomaly patterns in July-August 2009 ofAttentic cold tongue, the Tropical Atlantic
Dipole and the Mediterranean Sea are favourablerfadéor the WAM northward penetration, and
consistent with the classification of 2009 as adlepwet year. On the contrary, the impact of El
Nifio, Indian Ocean warming and negative NAO onW#eéM are unclear at this point. Nevertheless

the Atlantic warm anomaly in the northern hemisphdue to the warm phase of the Atlantic Multi-

24



Page 25 of 51 Quarterly Journal of the Royal Meteorological Society

1

é 526 decadal Oscillation appears to favour Sahel pretipn during El Nifio as suggested by
g 527 Rodriguez-Fonseca et al. (2011).

6

7

8

9

ig 528 At synoptic scales the Ouagadougou extreme evest agaociated with a well pronounced
12

13 529 “breaking” AEW, whose six favourable factors haveeb identified by forecasters in several case
15 530 studies and proposed in the synoptic chapter 2hef“iWest African Forecaster's Handbook”

1g 231 (Cornforthet al.2017). The present study confirms four of them:

20 537 (1) A pre-existing significant monsoon flow penetratmrer the eastern Saheksulting in a
53 533 large-scale wet spell (positive anomaly of PW, Fig. 5b) over the Eastern Sahel, that

25 534 propagates westward.

28 535 (2) A train of AEWqseeFig. 4 and 5a). The trough of the second AEW agptabe reinforced
30 536 by the first one. A strong ridge develops betwdemnt, with dryer conditions, which slows
32 537 down the propagation of the second trough and allbsvintensification. This is consistent

35 538 with the upstream propagation of AEW energy disedss Diaz and Aiyyer (2013).
539 (3) An intense AEJ corgseeFig. 4 and 5a),associated with the growing second trough.

40 540 (4) Interaction with a deep and intense monsoon flamfthe equatorial bandlhis monsoon

43 541 burst can be detected by the southwesterly winddet the surface and 600 hPa, reaching

45 542 more than 7.5 m$(seeFig. 7).

48 543 The last two factors identified by Cornforth al. (2017) (.e. (5) Coupling with midlatitudeand
51 544 (6) Intense convective activity to the south of the )ABded further analysis to assess their

53 545 respective roles for this extreme event.

5g 546 The present study further suggests additional 8pdeatures that may have played a crucial

60 547 role in favouring the occurrence of this extremergvAt a regional scale the passage of a Kelvin
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wave Fig. 6) over Africa before the event may have gateel favourable conditions for convection
(large-scale divergence at 200 hiFig. 6a), southerly bursiFig. 5¢) and AEW activity. It is
supported by Ventrice et al. (2011) who showed Ma30 phase 3 is favourable to AEW activity
over West Africa and can help in initiating conveetsystems. The composite study of Ventrice and
Thorncroft (2013) concluded that AEW activity inases during and after the passage of the
convectively active phase of strong convectivelygied Kelvin waves. This mechanism seems to
be at work for the Ouagadougou extreme evFig. 6). It is also to be noticed that in both $tsd

with a similar Kelvin wave scenario, a hurricansuléed (Alberto 2000 and Fred 2009).

In the present study, equatorial Rossby waves a@sean important supplementary ingredient
whose envelop corresponds to the strong conveatitigity that crossed Africa westwards during
the last 10 days of August. The equatorial Rosshyenpassage is associated with a deepening and
enhancement of the southerly component of the ntonfiow mainly over the central and eastern
Sahel Fig. 7d ,e , f), which may contribute to generdue karge-scale wet spell (factor (1) above).
At a finer scale, trapped westward-propagating MR&ves have been detected in the 5 — 10°N
band allowing a modulation of the mean meridionaldain the surface to 600 hPa layer (factor (4)
above). Combined with AEW1, MRG waves helped tafeece the monsoon burst and the
associated ridge behind the AEW1 trough ofi 80gust resulting in the amplification of the AEW2

(factor (2) above).

The precipitating system itself does not resembesamoving squall-line which is the dominant
type of MCS observed over the Sahel. It correspaods moist, slowly-propagating vortex which
allows the accumulation of substantial rainfall,ilmo surface gust winds nor convective cold
pools were observed at the surface. The main ptatigm area is located about 2° downshear
(westward due to the AEJ) of the centre of thisrgjrmesovortex, in a region of strong northerly

wind. In a companion paper we will analyse thegatgl mechanisms involved in the development
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of the moist vortex associated with this extreme ravent at a small-scale, by using the

computation of budgets of heat, moisture and vidyticom a convection-permitting simulation.

This study suggests that this extreme rainfall evesults from the combination of several
favourable ingredients arising at different scaash as SST patterns, equatorial waves including
MJO, Kelvin, ER, MRG and an AEW train, as well apra-existing large-scale wet spell. Further
studies are necessary to confirm the relative itapce of these ingredients and of their
combination based on other case studies of extexaets and on statistical studies. If confirmed,
these results may increase our skills in antiagathem, especially if the NWP and climate models

are able to represent and forecast those favouiradpledients.
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Table
Zonal wave | Zonal wavelength Variables
Wave type | Propagation Period T
number k range from ERA-I
MJO Eastward | 30-96 days 15 8000 —40000km | VP20 OLR, VM
Kelvin Eastward | 25-30 days 1-14 2800 - 40000 km | VPao OLR, Vm
ER Westward | 9.7-48 days 1-10 4000-40000 km | VPzo OLR,Vm
MRG Westward 3-96 days 1-10 4 000 — 40 000 km Vi
TD-type
Westward 2-5 days 6-20 2 000 — 6 600 km Vi
(AEW)

Table 1. Characteristics of the filters in the space-timecsfal domain used to extract main types
of Equatorial waves. These filters are similarhtose of Roundy and Frank (2004) (see their Fig. 4
for illustration). Depending on the wave type, fiftering is applied to different ERA-I variables:
Velocity potential at 200 hPa (\2Bv), OLR and the meridional mass transport (Vm) defias the

mass-weighted 950-600 hPa layer-averaged meridvainal.

Captions

Figure 1: (a) 2-day accumulated precipitation (mm) over BuakiFaso from 31August at 06 UTC

to 2 September at 06 UTC as observed (coloured poams) as estimated by TRMM (red
isolines). (b) Observed extrema of daily precipiatover West Africa during the 20-day period
from 21 August to 10 September. Values above 100 mm/day (red poinesjraticated with the

date of occurrence, for instance 120/9 means 120 abserved on "9 September. (c) and (d)
Accumulated precipitation (mm) over the same 20-¢@yiod as estimated by TRMM and
observed, respectively. (e) Accumulated TRMM prigatpn (mm) in JAS 2009 and (f) its anomaly

(mm) from the 1998-2014 TRMM climatology. The 1Uusge around Ouagadougou is outlined in
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red in all panels, and the Burkina Faso zoom okpéa) is superposed on all other panels in black

or white.

Figure 2: SST anomalies (°K) during July-August 2009 frore fReynolds climatology over the

32-years period (1982-2014).

Figure 3: (a) TRMM precipitation evolution for the year 20(08m/day), averaged over a 1° square
around Ouagadougou [12 — 13°N; 1 — 2°W] (red squaFag. 1). Raw daily data are indicated with
white bars. The orange shaded area corresponds tolitnatological (1998-2013) annual cycle.
The 2009 annual cycle is indicated with the dadbledk curve and obtained with a 90-day low-
pass spectral filter applied on raw precipitatibhe intraseasonal scale is emphasized with a solid
black curve and obtained with a 10-day low-passtsgkfilter. Red curves in Fig. 2a correspond to
the accumulated rain (mm) sincg January for the climatology (solid red line) ahe tyear 2009
(dashed red line). (b) Wavelet analysis of TRMMagpéation averaged over the 1° square around

Ouagadougou and 90-day high-pass filtered.

Figure 4. Maps of the horizontal wind vector at 700 hParsgey than 5 ms(left column), and at
925 hPa stronger than 2.5 fsight column). At 700 hPa light pink shading feind speed above
12 ms' (left column) outlines the AEJ cores, whereas2& BPa anomalies of precipitable water
PW are superposed to highlight moister patches (»3ight gray shading) and dryer paches (<5
mm dark gray one). For all panels, precipitatice @m/hr) are marked with colour shading. Data
from ERA-I are shown at 06 UTC on "88ugust (a,d), 31 August (b, ) and*1September (c, f).
The location of troughs T1, T2 and T3 (red soliee8) and ridge R1 (red dashed line) are marked in

all panels.
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Figure 5: Longitude-time diagrams between 40°W and 40°E f@&df August to 16 September
2009 for: (a) vorticity (16s%) at 700 hPa, (b) precipitable water anomaly PW Ynamd (c)
meridional mass transport (Msdefined as the mass-weighted 950-600 hPa layeaged
meridional wind. Fields are extracted from the ERAanalysis and averaged in the 10 — 18°N
band. Zonal wind averaged over the 700-600 hPa lay®iperimposed on panel (a) only for strong
easterlies to highlight the AEJ intensity (isolirextween -15 and -20 msvith a 2.5 m3 interval).
Also the trough of each AEW (labelled from T1 to)T&rresponding to the line of maximum
vorticity is superposed on all panels (dotted blackyellow lines). The passage of the wet spell
corresponding to a band of positive PW anomalyighdutlined by the blue lines on all panels. The
white dot indicates the location of OuagadougounevEhe black and blue heavy dashed arrows
superposed on panel (c) correspond to the tracth@fKelvin [K2] and Rossby [ER] waves,

respectively detected ion Fig. 6.

Figure 6: Longitude-time diagrams froms'JAugust to 180 September of daily anomalies of (a)
velocity potential (10m?s?) at 200 hPa and (b) OLR (W% Anomalies are averaged in the 5°N —
15°N band and are relative to the ERA-I and OLRnalologies over the 1979-2014 period.
Favourable phases for convection are superimposedidO (blackdash—dot isolines), Kelvin
(black dashes) and Equatorial Rossby waves (blskeed. Isolines are plotted at -1.5, -3 and 6 10
m?s* for (a), and at -5, -10 and -15 W?rfor (b). The 3 black circles mark the the locatafrthe
trough T2 on 30, 31 August and % September. Africa is delimited by verticddshed lines

(between 15°W and 45°E).

Figure 7: Daily mean maps of the meridional mass transport (colour, in m s™) defined as the mass-
weighted 950-600 hPa layer-averaged meridional wivich the contributions (isolines, 0.5 m s™

interval, northerlies dashed) of the AEW, ER and MRG waves (left, middle and right columns,
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respectively) on 30" 31 August and % Septembetupper, middle and bottom rows, respectively).
The black triangle and cross correspond to the Abidjan and Ouagadougou locations, respectively.
The location of troughs T1 and T2 (red solid lines) and ridge R1 (red dashed line) have been

superposed on all panels.

Figure 8: Zonal distribution of the meridional mass transgarts') defined as the mass-weighted
950-600 hPa layer-averaged meridional wind, at @ laveraged in the 5 — 15°N band (black
curve) and the corresponding contributions of the(Blue), MRG (red) and AEW (green) waves.
Black arrows represent the propagation of the AEMIghs T and T, whereas blue and red dashed
arrows track the maximum of southerly wind assedatith ER and MRG waves, respectively.
The black dashed line represents the total conitobwf ER, MRG and AEW waves. The panel

series show the evolution from"2&ugust to I September 2009 at a daily frequency.

Figure 9: Evolution between the 1% August and the 10" September of the vertical profile of
meridional wind (m s™) (a) observed twice a day at Abidjan [5.18°N, 4°W], and (b) averaged in the

[0° — 10°N] band at the same longitude (4°W) from ERA-I reanalysis.

Figure 10: (a) Longitude-time and (b) latitude-time diagrams of 3-hour accumulated TRMM
rainfall (colour in mm h™) from 30" August to 4™ September. The meridional wind at 700 hPa
(isoline in ms™) of the ARPEGE reanalysis is superposed in panel (a), with northerlies dashed.
Horizontal wind vector at 700 hPa is added to panel (b) with isolines of intensity at 15 and 20 ms™
to outline the AEJ core. Fields are averaged in the [10 — 14°N] latitude-band for (a) and in the
[2.5°W — 0.5°W] longitude-band for (b) surrounding Ouagadougou. The longitude and latitude of
Ouagadougou are indicated by vertical and horizontal dashed lines on panels (a) and (b),

respectively. Troughs T1 and T2, and ridge R2 are indicated and labelled in red on both figures.
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Figure 11: Tracking of the vortex associated with AEW2 for the ARPEGE reanalysis as visualized
by the streamlines (blue) for the mean flow mass-weightedveraged in the 950-600 hPa layer, with
mean horizontal wind speed (back isolines above 7.5 ms™) and relative vorticity (colour, 10° s™).
The analysis is performed at a 36 hour interval between the 29" August at 06 UTC and 3"
September at 00 UTC. Crosses indicate the location of the vortex centre every 3 hours, whereas the
red arrows show the progression of the AEW1 and AEW2 troughs. The red circle on panel (d)

corresponds to the first detection of T3.

Figure 12: Upper row (a to d): satellite snapshots of theaRpéd Corrected Temperature (PCT in
°K) in the vortex vicinity indicated by the blackrde (times are UTC). Light precipitation (1-3
mm/h) is delimited by PCT > 255 K (green shading)jle convective precipitation (10-12 mm/h)
correspond to PCT < 225 K (warm shading). The whid¢ corresponds to the Ouagadougou
location. The black circle indicates the locatiohtlee mean vortex centre as detected by the
ARPEGE reanalysis.

Lower row (e to h): one-day evolution at a 6 hour frequency from 31°* September at 18 UTC of
the GSMAP accumulated rain over 1 hr (colour in mm) and of the mean wind vector field over the
950-600 hPa layer as analysed by ARPEGE. Maps are drawn relative to the mean vortex centre in a

10° square domain. Heavy black contours outline wind speed higher than 12.5 ms™.
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gg Figure 1:(a) 2-day accumulated precipitation (mm) over Burkiaad-from 33 August at 06 UTC to® September at 06 UTC as observed (coloured points) and as
0 estimated by TRMM (red isolines). (b) Observed ex@arhdaily precipitation over West Africa during the 88y period from 2% August to 18' September. Values
a above 100 mm/day (red points) are indicated with the dabccurrence, for instance 120/9 means 120 mm ebd@n 9 September. (c) and (d) Accumulated
42 precipitation (mm) over the same 20-day period as estidnlby TRMM and observed, respectively. (e) AccumulatB#MM precipitation (mm) in JAS 2009 and (f) its
43 anomaly (mm) from the 1998-2014 TRMM climatology. The gtiare around Ouagadougou is outlined in red in all paaels$ the Burkina Faso zoom of panel (a) is
a4 superposed on all other panels in black or white.
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37 Figure 3:(a) TRMM precipitation evolution for the year 2009 (nttay), averaged over a 1° square around Ouagadougoul[32N: 1 — 2°W]
38 (red square in Fig. 1). Raw daily data are indicateith wihite bars. The orange shaded area corresponds ¢tirtieological (1998-2013)
annual cycle. The 2009 annual cycle is indicated withdé&xghed black curve and obtained with a 90-day lovs-ppsctral filter applied on raw
41 precipitation. The intraseasonal scale is emphasiztbda solid black curve and obtained with a 10-day-foags spectral filter. Red curves in
42 Fig. 2a correspond to the accumulated rain (mm) sifickatuary for the climatology (solid red line) and then2@09 (dashed red line). (b)
43 Wavelet analysis of TRMM precipitation averaged awer 1° square around Ouagadougou and 90-day high-pesedil
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Figure 4: Maps of the horizontal wind vector at 700 hPa strongan th ms' (left column), and at 925 hPa stronger than 2.5 fright column).
At 700 hPa light pink shading for wind speed above 12 fsft column) outlines the AEJ cores, whereas at 925 m@analies of precipitable
water PW are superposed to highlight moister patchasigrtight gray shading) and dryer paches (<5 mm dark grey. For all panels,
precipitation rate (mm/hr) are marked with colourdihg. Data from ERA-I are shown at 06 UTC ori"3ugust (a,d), 3% August (b, ) andst
September (c, f). The location of troughs T1, T2 and E8 golid lines) and ridge R1 (red dashed line) are sthik all panels.
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34 Figure5: Longitude-time diagrams between 40°W and 40°E frorffi 2Qgust to 18 September 2009 for: (a) vorticity (#&1) at 700 hPa,

35 (b) precipitable water anomaly PW (mm) and (c) meridionass transport (m$ defined as the mass-weighted 950-600 hPa layer-averaged
36 meridional wind. Fields are extracted from the ERA&dmalysis and averaged in the 10 — 18°N band. Zonal awedaged over the 700-600

37 hPa layer is superimposed on panel (a) only for strostpdées to highlight the AEJ intensity (isolines betwe#&5 and -20 m$with a 2.5

39 ms? interval). Also the trough of each AEW (labelled from il T3) corresponding to the line of maximum vorticisysuperposed on all

40 panels (dotted black or yellow lines). The passagefibt spell corresponding to a band of positive PW aigifb), is outlined by the blue
41 lines on all panels. The white dot indicates the locatibOuagadougou event. The black and blue heavy dasheds superposed on panel
42 (c) correspond to the track of the Kelvin [K2] and RosHBR] waves, respectively detected ion Fig. 6.
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Figure 6: Longitude-time diagrams fronfAugust to 18 September of daily anomalies of (a) velocity potentléf (n?s?) at 200 hPa and (b)
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the trough T2 on 3@ 315 August and ¥ September. Africa is delimited by vertiahished lines (between 15°W and 45°E).
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37 Figure 7: Daily mean maps of the meridional mass transport (colour, in m s) defined as the mass-weighted 950-600 hPa layer-averaged
38 meridional wind,with the contributions (isolines, 0.5 m s interval, northerlies dashed) of the AEW, ER and MRG waves (left, middle and

39 right columns, respectively) on 30" 315 August and ¥ Septembe¢upper, middle and bottom rows, respectively). The black triangle and

40 cross correspond to the Abidjan and Ouagadougou locations, respectively. The location of troughs T1 and T2 (red solid lines) and ridge R1

(red dashed line) have been superposed on all panels.
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Figure 8: Zonal distribution of the meridional mass transportg?)
defined as the mass-weighted 950-600 hPa layer-averagediomal
wind, at 00 UTC averaged in the 5 — 15°N band (black curvd)the
corresponding contributions of the ER (blue), MRG Jraxd AEW
(green) waves. Black arrows represent the propagafitre AEW
troughs T and T,, whereas blue and red dashed arrows track the
maximum of southerly wind associated with ER and MRG egv
respectively. The black dashed line represents thedotdtibution of
ER, MRG and AEW waves. The panel series show the evoldition
27" August to ' September 2009 at a daily frequency.
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Figure 9: Evolution between the 15

August and the 10™ September of the

vertical profile of meridional wind (m

s1) (a) observed twice a day at Abidjan
[5.18°N, 4°W], and (b) averaged in the
[0° — 10°N] band at the same longitude

(4°W) from ERA-I reanalysis.
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Figure 10: (a) Longitude-time and (b) latitude-time

diagrams of 3-hour accumulated TRMM rainfall
(colour in mm ht) from 30™ August to 4™ September.
The meridional wind at 700 hPa (isoline in ms') of
the ARPEGE reanalysis is superposed in panel (a),
with northerlies dashed. Horizontal wind vector at 700
hPa is added to panel (b) with isolines of intensity at
15 and 20 ms™ to outline the AEJ core. Fields are
averaged in the [10 — 14°N] latitude-band for (a) and
in the [2.5°W — 0.5°W] longitude-band for (b)
surrounding Ouagadougou. The longitude and latitude
of Ouagadougou are indicated by vertical and
horizontal dashed lines on panels (a) and (b),
respectively. Troughs T1 and T2, and ridge R2 are
indicated and labelled in red on both figures.
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Figure 11: Tracking of the vortex associated with AEW?2 for the
ARPEGE reanalysis as visualized by the streamlines (blue) for the
mean flow mass-weightedveraged in the 950-600 hPa layer, with
mean horizontal wind speed (back isolines above 7.5 ms™) and
relative vorticity (colour, 10 s'). The analysis is performed at a 36
hour interval between the 29" August at 06 UTC and 3" September
at 00 UTC. Crosses indicate the location of the vortex centre every 3
hours, whereas the red arrows show the progression of the AEW1 and
AEW?2 troughs. The red circle on panel (d) corresponds to the first
detection of T3.
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Figure 12: Upper row (a to d): satellite snapshots of the PoéatiCorrected Temperature (PCT in °K) in the vortexwg indicated by the
black circle (times are UTC). Light precipitation (1-3nh) is delimited by PCT > 255 K (green shading), wkib@vective precipitation

(10-12 mm/h) correspond to PCT < 225 K (warm shadihige white dot corresponds to the Ouagadougou latafioe black circle
indicates the location of the mean vortex centre asotied by the ARPEGE reanalysis.
Lower row (e to h): one-day evolution at a 6 hour frequency from 315 September at 18 UTC of the GSMAP accumulated rain over 1 hr

(colour in mm) and of the mean wind vector field over the 950-600 hPa layer as analysed by ARPEGE. Maps are drawn relative to the mean

vortex centre in a 10° square domain. Heavy black contours outline wind speed higher than 12.5 ms™.
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A multi-scale analysis of the extreme rain event of Ouagadougou in 2009
by
J-P. Laforé, F. Beucher, P. Peyrillé, A. Diongue-Niang, N. g&kn, D. Bouniol, G. Caniaux, F.
Favot, F. Ferry, F. Guichard, E. Poan, R. Roehaigd T. Vischel
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11 This Ouagadougou extreme event (263 mm) corresponds to the passage of an African easterly
12 wave train combined with a strong and large wet anomaly initiated over Eastern-Africa, resulting in
13 its breaking and the formation of a moist vortex forcing intense precipitations. Contrary to squall
14 lines, this system is not associated with density currents and propagates slowly allowing strong
15 precipitation accumulation. At larger scales interactions between several equatorial waves (Kelvin
and Rossby) contributed to the occurrence of this event.




