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Abstract

The origins of the pr®ebby (2006) mesoscaleonvective system (MCS) and African
easterly wave (AEW) and their precursarsre tracedack tothe southwest Arabian Peninsula
Asir Mountains (AS), and Ethiopian Highlands (EH) in the vicinity of the I'B@4ising satellite
imagery,GFSanalysis datand ARW model.The sources of the convective cloud clusters and
vorticity perturbations were attributed to the cyclonic convergence of northeasterly Shamal wind
and the Somali jet, especially when the Mediterranean High shifted toward east and the Indian
Ocean high strengthened and its associated Somali jet penetrated farther to théheorth.
cyclonic vorticity perturbations were strengthened by the vorticity stretching associated with
convective cloud clusters in the genesis regiosouthwest Arabian Pemsula. A conceptual
model was proposed to explain the genesis of convective cloud clusters and cyclonic vorticity

perturbations preceding the ppebby (2006) AEWMCS system.



1. Introduction

It is well documented that most tropical cyclones (TCs) inrtfan development region
(MDR, including tropical North Atlantic and Caribbean Sea, primarily bet@éémand 20°N) of
Atlantic hurricanes formed from African Easterly Waves (AEWS) (e.g., Carlson 1969; Frank
1970; Goldenberg and Shapiro 1996). Some ofAlBe/s which did not spawn hurricanes in
MDR continued to propagate westward across the Atlantic and then spawned hurricanes in
eastern Pacific on the lee of Central American Mountains (e.g., Bister and Emanuel 1997; Farfan
and Zehnder 1997). AEMviduced topical cyclones account for about 60% of the Atlantic basin
tropical storms andonmajor hurricanes, but about 85% of the major hurricanes (categories 3, 4
and 5) (Landsea 1993)ote that the major hurricanes account for just over 20% of the tropical
storms and hurricanes that strikee United States but cause more than 80% of the damage
(Pielke and Landsea 1998Thus, understanding the origins and formation mechanisms of the
AEWs is essential in improving the forecast of Atlantic hurricanes.

Basedon the definition in the Glossary of Meteorology (Glickman 2000), an easterly wave is
a migratory wavelike disturbance of the tropical easterlies. It is a wave within the broad easterly
current and moves from east to west, generally more slowly thanuthentin which it is
embedded. Thus, African easterly waves may be defined as easterly waves observed over North
Africa. In addition, observational analyses indicated that AEWs possess the following basic
characteristics (e.g., Chen 2006): (1) propagasioeeds of 7 9 ms?, (2) wavelengths of ~2000
T 4000 km, (3) propagating along the rainy zone and to the south of the African easterly jet
(AEJ) around 1N (AEWs) or along the Saharan thermal low neathNeQAEW,) (e.g., Reed et
al. 1977; Burpee 1974;H@n 2006), and (4) the maximum intensity of AEWSs is near the 700 hPa

level. Note that it was also proposed that the vorticity centers of ABNd AEW propagate



together as part of a single AEW (see e.g. Carlson 1969, Burpee 1974, Reed et al. 1977,
Pythapoulis and Thorncroft 1995%imilar to the préAlberto (2000) AEW (Lin et al., 2005), the
pre-Debby (2006) AEW propagated along’lliCand thus can be identified as a AEW Several
mechanisms have been proposed in the past to explain the formation cf(8&8\Chen 2006

for a brief review) Firstly, the Charneystern (1962) barotropibaroclinic instability was
proposed by Burpee (1972), which is more applicable for AEW.g., Rennick 1976; Mass
1979; Kwon 1989; Thorncroft and Hoskins 1994a, b). Seconlkiéy pbaroclinic instability was
proposed by Chang (1993) and Thorncroft (1995), which seems to be more applicable for
AEW,s. This mechanism may include the-catled AEJ instability (e.g., Simmons 1977;
Thorncroft and Hoskins 1994a, b; Grist et al. 208#)ce the AEJ is supported by the
baroclinicity associated with the Sahara desert. Thirdly, the convective heating associated with
the intertropical convective zone (ITCZ) has also been proposed to explain the formation of
AEWs (e.g., Hsieh and Cook 2003)07; Thorncroft et al. 2008). Latent heating may also act
together with barotropic/baroclinic instability. Fourthly, the orographic forcing has also been
proposed as a formation mechanism of AEWar{son 1969Mozer and Zehnder 1996; Hill and

Lin 2003; Lin et al. 2005; Berry and Thorncroft 2005). In addition, AEWs can also be
strengthened by cyclonic vorticity (mesoscale convective vortiddé€Vs) produced by MCSs.

These existing mechanisms may help us identify the potential origins of the AEW. Hpweve
searching for the origins of AEWSs, such as thepebby AEW, will add new understanding or
mechanisms to the list. For example, in searching for the origin €&lpegto (2000) AEW and
MCS, it was found that orographic forcing associated with EH neayesas a formation

mechanism of AEW.



Although a number of previous studies indicated that AEW could not be detected in Eastern
Africa (e.g. Burpee 1972Hill and Lin (2003) and Lin et al. (2005) have traced theAdterto
(2000) MCS system and ifwecursor to the EH and proposed that the ABVS system was
initiated by the EHAnalysis of Meteosat satellite imagery indicated about 68% of the eastern
Atlantic tropical cyclones originated from the EH region during the period of-2000Q (Lin et
al. 2005). On the other hand, Berry and Thorncroft (2005) proposed that th&llpgo AEW
was initiated by convection over the Darfur Mountains. Note that the MCS is not necessarily
associated with AEW during their early formation stage in eastern Africa.

AEWs often have MCSs embedded within thesmile traveling westward (e.g., Payne and
McGarry 1977; Laing and Fritsch 1993; Fink and Reiner 2003). These MCSs help modulate
rainfall over the African continent on a daily basis (e.g., Carlson 1969) and &k AEWSs
detectable from the satellite imagery. Based on the analysis of satellite imagery and ECMWF
reanalysis data, Mekonnen et al. (2006) found that the Darfur Mountains are particularly
important for providing convective precursors that propagatewaedtand trigger AEWs
downstream. On the other hand, as mentioned above, Lin et al. (2005) found that the diurnally
induced MCS over the EH was able to combine with the AEW, which was produced nearby, to
form the preAlberto AEW-MCS system. In West Africsome MCSs, such as squall lines and
cloud clusters, are fodnto be modulated by AEWs (Laing et 2008).

In this study, we make distinction between the pebby MCS/cloud clusters and AEW, and
examine closely the evolution of the gdebby (2006) ARV and MCSs in EH, Darfur
Mountains (DF), Asir Mountains (AS), and southern Arabian Peninsula to gain more
understanding of the origins of the pr€ AEWSs. We also investigate the sources of both the

convective cloud clusters and vorticity perturbationsfama they were strengthened.



The paper is organized as follows. Section 2 discusses the origin and propagation of the pre
Debby (2006) MCS/cloud clusters, based on the satellite ima@agtion 3 applies the
Advanced Research Weather (ARW) model to stigate the origins and propagation of the pre
Debby MCS and AEW. Origins of both the convective cloud clasted vorticity perturbations
prior to the preDebby MCS and AEW, respectively, will also be discussed in Section 3.
Concluding remarks can beuiod in Sectiord. Lastly, the description of the ARW model and

the numerical experiments designed for this studgiaenin the Appendix.

2. Origin of the Pre-Debby (2006) MCS/cloud clusters and AEW

The Meteosat 8 infrared (IR) images with 6h intelva used to trace the pbebby (2006)
MCS or cloud clusters (AMMA 2006).he preDebby MCS can be traced back to 1800 UTC 16
August (8/16/18Z) 2006 approximately located aiE2A2N) on the lee side of the southwest
Darfur Mountains near southeast Ci{ddnoteda s  iin Big. 1b) from its tropical storm stage

over the eastern North Atlantic Ocean at 8/22/18Z (Fig. 1d).

2.1 Merging of cloud clusters into the Pieebby MCS before 1800 UTC August 16

Before 8/16/18Z, the prBebby MCS can be further traced back to EH and AS as a series of
cloud clusters (A4A3, B, C, D and E in Figs. 1&b). For convenience, the general geography of
Africa and Arabian Peninsula is provided in Fig. Zauring the perid 8/8/06Z to 8/10/00Znot
shown), a series of cloud clusters developed at4(BR, 1015°N) over the EH and AS (see
Table 1 foracronymsand Fig. 2 for geography). Thesenvectivecloud clusters(CCCs)went
through growing, splitting, advection, weakergy, and merging processes, then propagated
westward across the North African continent at later times. During these processes, not every
individual CCCsurvivedand propagated at the same speetbther series o€CCsdeveloped

on 1011 August over southvge Arabian Peninsula, AS, and EH at{8%E, 1615°N). In fact,
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threeCCCsover this area at 8/11/00Z can be identifi@d-A3 in Fig. 19. In the next 24h, the
cloud clusteiAl over EH grew stronger, while the other two cloud clust&sand A3over Red

Sea and AS dissipated. ClowdusterAl over EHthen split into two cloud clustef8 and C)
around 8/1/18Z Cloud cluster Bstarted to propagate away from the EH, went through growing
and splitting processes while it propagated further downstream@tioe preDebby MCS.

Cloud clusterC (Fig. 1a)at 8/12/00Z over the Red Sea dissipated in the next 12h as it went
through the nocturnal cycle of the orographic convectioer ®&H and Red Sea. At 8/12/18Z,
cloud clustelC redeveloped over EH and AS moainis. The convective clouds contained in this
cloud cluster merged into a single, small, but much stronger cloud cluster around 8/13/06Z.
Similar splitting and weakening processes repeated during the period 8/13/06Z to 8/14/00Z
(Figs. 1a and 1b). The medyeloud clustelC (Fig. 1b)propagated tahe northwestof EH by
8/14/00Z, mainly being advected by the northeasterly mean Wideveloped further in the next
6h, but then broke up into several cloud clusters and covered a larger area by 8/15/0@¥atNote
diurnal convection is also frequently observed over the highlands of centtalestern Africa,
such as Air in West Niger, and Jos Plateau in North Nigeria, which tends to enhance the
convective cloud clusters.

At 8/16/00Z,the cloud cluste€ (Fig. 1b) over the DF at 8/15/12Z split into cloud clustBrs
and E Cloud cluster Ddissipated during the perio816/00Z to 8/16/12Z thus became less
identifiable, whilecloud cluster Eisappeared at 8/16/122\ote that a cloud cluster appeared
near (23°N, 20°E) might develop further and migrated northward and merged with cloud cluster
D. However, cloud clustdd (Fig. 1 appeagedto go through the nocturnal convection over the
DF. It grew stronger in the afternoon around 1400 local time (8/16/18Z0amase clearly

identified near (28, 10N) and afterwards. Due to its MCS characteristics, i.e.complex of



thunderstorms that bame organized on a scale larger than the individual thunderstorms and

persists for several hours (Houze 1993), aadredas a precursor of Tropical Storm Debby

(2006),thismor&ce oher ent c¢cl oud <cl uster f opreidebbyMECHt er 8/
Based on the satellite imagery, the claudrging and splitting processes were quite common

for propagating cloudlusters. The clougplitting process may be explained by the new cloud

clusters developed at the gust fronts of the evaporativéng generatedutward propagating

density currents (e.g., Lin 2007). The léftestward) propagating density current, thios left

CCC, propagated westward fast@ith the addition of the easterly basic winkh addition, the

generation of new convective cells west of agxisting cloud cluster was favored by strong and

dry easterly winds in the AEJ at ~ 6300 hPa.

2.2 BEvolution of the PreDebby MCS after 1800 UTC Augudb

The preDebbyMCS grew stronger from 8/16/18Z to around 8/17/06Z (Figs. 1b and 1c), went
through splitting process in the next 12h or so, and then continued to grow after 8/17/18Z until
encountered th&uinea (Futa Jallon) Highlands (GH) around 8/19/{Rigs. 1c and 1d)Note

that the propagating AEW and ME3CCsmay be weakened or split by orographic blocking,
but in the meantime theynay be strengthened or weakened by the diurnal heating or cooling
over the mountains. This may help explain the discontinuity of th®ebby MCS(e.g., Lin et

al. 2005) The relative strength of these forcing depends on several factors, which may be
represented by the orographic Froude numbkéNIlf, whereU is the man wind speedN the
buoyancy frequency artdthe mountain height) and the thermal Froude numbgid, whered

is the heating or cooling heiglfgee Lin 2007, p.195This deserves a separate study.



The propagation of prBebby MCS D from 8/16/18Z to te Atlantic Ocean was smooth
except when it approached GH. During its passage over GH, it appéet convection
developed quicker on the lee and southern sides of the mountains during the period 8/20/00Z to
8/20/06Z. Before the splitting process occurreder GH on 8/20/06Z, the pieebby MCS
showed a binary structure with different evolution of its northern and southern paits.
8/20/06Z, the préebbyMCS D split into cloud cluster® andE. The downstream clouduster
E continued to propagate westwawhile the upstream clowduster Dregrouped and developed
into a stronger MCS (Fig. 1d). This MCS then triggered the Tropical Storm Debby over the
ocean after 8/21/00Z. This splitting process over the GH is clearly depicted in the Hovmoller
diagram ofthe brightness temperatuaiealyzed from the GRISATFig. 3. ThepreDebbyMCS
D propagated at a speafdproximately 7.4 m®f speed during the period 8/16/18Z to 8/21/18Z,
near thdower end of climatological mean speed ofi ® ms! (Reed et al. 1977) but comparable

to that of preAlberto (2000) MCS (Lin et al. 2005).

2.3 Upstream Environments of the Rieebby Cloud Clusters and AEW

Due to the lack of observational data over eastern Africa, the upstream environments for the pre
Debby cloud clusters and AEW are examined by using the GFS analysis data. Using the cloud
water content datahree to four convective cloud clustersexisted along the belt of-B5°N,

which are associated with the ITGEig. 5), prior to the preDebby MCS can be traced back to
EH-AS region and Arabian Peninsula (Fig. 4). In Fig. 4, it can be seen that there were
convective clouds over Arabian Sea, but not much convective cloud activities shown over the
southern coast of Arabian Peninsula. This seemsistemt with the cubff of cloud water

contents east of EHAS regionin the Hovmoller diagram (Fig. 12a



The preDebby MCS/cloud cluster can be approximately traced back to abtitja&t over
AS and the eastern edge of Eby the Hovmoller diagram of theARW simulated5-15°N
averaged cloud water conteffiisg. 6). Note thatthe preDebby MCSanalyzedoy the GFS (Fig.
4) andsimulated by ARW (Fig.6) moved faster than that analyzed in the satellite imagery and
GRISAT data (Figs. 1 and 3Based on the GRISAT data (Fig. 3), GFS data (Higrdl ARW
simulation (Fig.6), andNOAA Climate Prediction Center (CPC) Famine Early Warning System
(FEWS) net rainfall estimaté~ig. 5), it appears thahe cloud clusters prior to the pebby
MCS weke originated over EFAS region and downstream (west) of it. In order to trace the
origins of the preDebby (2006) MCS/cloud clusters, as well as the@bby AEW, we will
perform regional modeling simulations using ARWhe model description and expesdntal

design can be found in tlappendix.

3. Origins of Pre-Debby MCS and AEW and their Precursors
a. Origins of preDebby MCS and its precursors

A comparison betwee@RISAT data and ARW resultd=igs. 3 and 6) reveals that the
observed population of MCSs is more complex than the simulated one. However, the quasi
continuousnature of convective activities of the cloud clusters prior to théptgby MCS can
also be seen in the Hovmoller diagrantlod OLR field (Fig. 6). Note that th®RW simulated
preDebby MCSs, as well as the gpebby AEW, forms earlier and propagates much faster than
the observed one due to a more continuous OLR envelope. The diurnal convection over EH and
DF can be seen clegrlin this Hovmoller diagram. The advection, splitting, and merging
processes among the convective cloud clusters mentioned above can be seen clearly from the

figure. The OLR field simulated by the CNTL case is also consistent with the cloud water
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mixing raio field, which is equivalent to the OLR field, as shown in Fig. 11a (to be discussed
later). The local OLR minima, as denoted by the concentrated red and blue areas in the
horizontal belt centered on M0 (Fig. 7), are used as a proxy of MCS or cloudstéus which
compare reasonably well with the locations of the-[pebby CCCs andMCS (Fig. 1). In
general, the ARW model is able to capture major features of thegirey MCS/cloud clusters

and AEW from observationg.he cloud clusters over northern ERed Sea, and AS (EAS

region) (Fig. 1a) are captured by the modd/afl/06Z(upper right panel of Fig).

b. Origins of the preDebby AEW and its precursors

The pre-Debby (2006)AEW and its precursor can be tracky localizedcyclonic relative
vorticity maximumusing ARWsimulatedrelative vorticity fields (Figs. 6 and ®jack to 38E,
approximately over the EHwvhich are collocated with the observed and ARWhulated pre
Debby MCS or cloud clusters (Figs. 1, 3, a&®). The simulated AEW oworticity
perturbatios of the CNTL caseKig. 9 is also consistent with the GFS analysis d&ig. 10,
which appear to be frombout 38E over the western EH a@/12/06Z more firmly and to
southern Arabian Peninsula aroundE&ss firmly. In orderd make sure about tharigin of the
preDebby AEW, a Hovmoller diagram of the relative vorticity averaged ovet0l and 700
500mb from GFS analysis data for the period of 8/2/00Z to 8/16/@&ZplottedFig. 110. The
approximate track of the local ptige vorticity maximum can be traced back to southern
Arabian Peninsula and Arabian Sea (*E)8 Note that the Hovmoller diagramof cloud water
mixing ratio from satellite imagery (Fig. 3), GFS data (Figand 11 and CNTL case (Fig&

T 8) also shw that the preDebby (2006) convective cloud clusters were originated from

southern Arabian Peninsula neafB3
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In order to explore this, we performectase (Case EAST), similar to case CNTL but with
the domain shifted eastward frofitd 10CE (Fig. 2) and the integration time from 8/1/00Z to
8/16/00Z. Based on case EAST, the Hovmoller diag@®LR (Fig. 123 corresponds roughly
to the cloud water mixing ratio plot of Figla which indicate that there-Debby convective
cloud clusters wasriginated around & (Figs. 10 and 11a)yhile the Hovmoller diagram of
the cyclonic (positive) vorticity perturbation or thgrecursor of thepreDebby AEW was
originatedslightly to the east around %P (Fig. 12 at approximately 8/10/182Note that
relative vorticity at 4€E is close to 0, which is attributetie obstruction of the Ethiopian
Highlands, as revealed in one of our sensitivity experiments (not shown). In addition, the strong
relative vorticity at 7600°E is due to the storngrossingindian subcontinent (Figs. 1131).
Although their origins are slightly different, basically they were formed around the same region,
i.e. the Sarawat Mountains isouthwest Arabian Peninsula, as can be seen from the BIgR (

13) and relative vorticityKig. 14) at 8/10/18Z.

Based orARW simulated OLR fieldof case EASTwe are abl¢o trace theore-DebbyMCS
or convective cloud cluster backttwe souttwestArabian Peninsula near 4B around 8/10/18Z
Note that the ARW simulated pEebby convective cloud clustersformed earlier and
propagatd faster than the observeroud clusters For example, the p#ieebby MCSwas
located at (28, 10N) at 8/16/18Z, whichvas locatedatthe same location but@nd8/15/00Z.
Beforethen there were no noticealdggnatures o€CCs(not showi). In fact, thisCCC was part
of the ITCZ which normally exists in August along the southern Arabian Peninsula (Fig. 5).
This cloud cluster was moving downstream with the northeasterly wikdHt6-40°E) at later
time around8/11/18Z. At this time, the ptBebby cloud clustewas strengthened by the

orographically induced diurnal convective cloud cluster ovey \Ehich kept moving westward

12



until around 8/16/18Z when it can be clearly identified asOmbby (2006) MCSconsisent

with that of case CNTLHKig. 6) and GFS analysis data (not shown). Thus, the convective cloud
clusters preceding the piebby MCS were originated from the southwest Arabian Peninsula
near ITCZ around 8/10/18ZFigure 14shows the evolution of ARW metisimulatedrelative
vorticity field with time for case EAST.The cyclonic vorticity perturbation preceding the-pre
Debby AEW canalsobe traced back to the same location and time, i.e. southwestern Arabian

Peninsula near the ITCZ around 8/10/18Z.

c. Saurces of cyclonic vorticity and convective cloud clusters preceding theDmaeby AEW

MCS system
The lowlevel wind fieldsat 700mb(Fig. 13 and at 900mbHig. 14 suggesthat the convective
cloud clusters and the cyclonic vorticity perturbasiowere produced by the cyclonic
convergence of the northeasterly wind burst toward the southwestern Arabian Peninsula and the
Somali jet, as part of the southwesterly monsoon current associated with the Indian Ocean High,
right before 8/10/18Z. Note that@ahSomali jet is stronger in the lower layer such as 900mb,
while the northeasterly wind burist stronger athe 700 mb than at 900 midhe northeasterly
wind appears to be related to the outbreakwwhmemShamab A Shamalis a northwesterlpr
northety wind blowing overlraq, Iran, and Saudi Arabia toward Arabian Seshich is
associated with a low over Iran and a high over eastern Mediterranean (e.g., Rao et al. 2003).
The strengthening of the Iranian low and the Mediterranean high, and the souvdbhgast
extension of the pressure ridge from the high tend to generate the outbreak of summer Shamal.

Occasionally, Shamal blows southwestward and intersith the southwesterly Somali jet to

13



produce a positive vorticityz(> 0). The production of cyclonigorticity can be explained by the

approximate vorticity equation for synoptiargescale)flow,

E:% UE-VE-WEB- (Z+f)%§+w§- (1)
(% S U 0\ Mz = C Hy *

The above equation indicates that the local rate of change of relative vortigityt(>0)

may increase mainly through the vorticity advection and/or the convergence of the convergence

term of the vorticity equation-((z + f)(pu/px +pv/py) ). The tilting term normally plays a

minor role in synoptic scale floge.g., Holton 2004).In the currensituation, the generation of

local cyclonic (positive) vorticity is mainlygue tothe positive vorticity convergencélhe
vorticity advection plays a less significant role since no major positive vorticity exists upstream
of this area. The convergence@helps strengthen the convection associated with ITCZ, which,
in turn, increases the relative vorticity through vorticity stretching since the second term on the

right side of (1) can be written s + f )w. The cyclonic convergence zonesituated along the

coast of Arabian Sea in the vicinity of the IT@#Ad coincided approximately with the general
location of ITCZ in August (Fig. 5).

The cyclonic (positive) vorticity perturbations, as shown in the rswtith Hovmoller
diagram averaged over H0’E and 700mib00mb Fig. 159, were associated withthe
northeasterly wind burst and Somali jet as can be seen in thesooitth Hovmoller diagram of
the U wind Fig. 153 and the eastvest Hovmoller diagram of the V componesitthe wind
(Fig. 15#. Figures ba and ®f also indicate that in this area the generation of cyclonic vorticity
is dominated by the U component of the wir@u( ¥ (Fig. 159 than the V component of the
wi n & XJ(Fy. 15). An interesting and imptant feature of the U component of the wind in

this region (466(°E) is the southward advection of the cyclonic (positive) vorticity perturbations

14



in three time periods started around August 3, 7, and 11 (gs.15b, and 1%c Apparently,
these cycloit vorticity perturbations were generated by the interaction between the northeasterly
wind bursts and the Somali jet (Figs®b, 15e, and 15kf

The cyclonic vorticity was generated approximately every 4 days, whight dictatethe
time intervalbetwe& AEWs downstrean{to the west)over central and western North Africa
(Fig. 6. The third cyclonic vorticity perturbation started around 8/11/06Z near southwest
Arabian Peninsula eventually evolved into the-pebby AEW downstream of northern EH
(~384C°E) as denoted by the long arrow in F8.Unlike the preDebby MCS which can only
be identified clearly from satellite imagery starting at 8/16/1i82&, preDebby AEW can be
traced by cyclonic vorticityperturbationalmost continuously back to 8/11/06&igs. 6, 9, 10,
and 14.

The formation of convective cloud clusters in southern Arabian Penidstileg this period
(Aug. 2 7 16) (Fig. 15d occurred around the same times as those of the cyclonic vorticity
perturbations (Figl5c), i.e. August 3, 7,ra 11.This implies that the formation of convective
cloud clusters is related to that ofaonic vorticity perturbations which werdriven by the
interaction between the northeasterly wind burst and Somali jet, as shown in thesaattth
Hovmoller diagams of the 4B0°E averaged U and V wind components (Fiisa and 15h
The convective cloud clusters were developed first witiedTCZ and then followed by the
development of MCSAs noted earlier, the convective cloud clusters were generated by the
convective heatingssociated with ITCZwhile the cyclonic vorticity wagenerated by the
cyclonic convergence as shown in the U component of the horizontal wind%8&)ig.

In order to explore the synoptic scale environment conducive to the formétiom @yclonic

vorticity perturbations and convective cloud clusters preceding thégqsby AEWMCS
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system, weplottedevent and nom®vent compositéields for cyclonic vorticity perturbationsand
convective cloud clusters in the vicinity of the southwistbian PeninsulaHig. 16. Based on

the OLR, positive relative vorticity, and 700 mb vector wind fields of case EAST, similar to the
plots of Figs.13 and 14 the folloving event dates argelected 8/2/18Z, 8/5/18Z, 8/7/18Z, and
8/11/18Z, while the on-event dateselectedare: 8/4/06Z, 8/8/06Z, 8/9/06Z, and 8/10/06Z.
During the event, the Indian Ocean high was strong and its associated Somali jet penetrated
farther to the north along the coast of Arabian sea, and interacted with the northeasi®idy Sh

to produce strong convergence and cyclonic vorticity there.

4. Concluding Remarks

Based on thanalysis of thevieteosat8 infrared imagery and GRISAdata, the pr®ebby
(2006) MCSwas clearly traced back #@®/16/18Z near (2, 10N), which wasformed by a
series of successive, more or less organized cloud clusters during the peri®@Dz8/tdl/
8/16/18Z. These cloud clusters develope@r the area of soutlest Arabian PeninsulaAsir
Mountains, and Ethiopian HighlandBuring this period, the convectiveloud clusters went
through growing,splitting, advection, weakening, and merging processéisen propagated
westward across the North African continent at later tirbesing these prcesses, not every
individual cloud cluster survived. In fact, some of them propagated faster than the average speed
and dissipated while a new MCS or cloud cluster fornsene of thepropagating MC&loud
clustersand AEW/vorticity perturbationsvere weakened or split by orographic blocking, but
werestrengthened or weakened by the diurnal heating or cooling over the mountains. This may
help explain the discontinuity of the pBebby MCS/convective cloud clusterd/hen thepre

Debby MCSpassedver GH,the convection developed quicker on the lee and southern sides of
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the mountains during the period 8/20/00Z to 8/20/06Z. At 8/20/06Z, th®gltby MCS split

into two cloud clustetsas revealed by the GRISAT datdhe downstream cloud cluster
continued tgropagate westward, while the upstream cloud cluster regrouped and developed into
a stronger MCS which then triggered the Tropical Storm Debby (2006) over the ocean after
8/21/00Z The propagation speed of the {rebby MCS during the period 8/16/18Z t@8/18Z

was slightly faster than tHewer end of thelimatological mean speed.

Using the GFS data, the piebby cloud clusters was traced back to abofE 48ver EH
AS region and Arabian Peninsula. Three to four convective cloud clusterssted éong the
belt of 515°N, which were associated with the ITChe ARW simulation (case CNTL) was
able to capture the pieebby MCS/cloud clusters as observed in the satellite imagery and GFS
analysis data for the period 8/11/00Z to 8/16/18Z exdesmrepancies existed in their intensity,
timing of occurrence and dissipation, and faster propagation speed. The simulabazbipye
cloud clusters went through growth, splitting, weakening, and merging processksvere
tracedto the area surroundingHeAS region.The simulated diurnal convection over EH and DF
can be seen clearly from this Hovmoller diagrarfihe ARW:simulated relative vorticity fields
indicated that there-Debby AEW orcyclonic vorticity perturbation was originated aroundg0
arourd 8/10/18Z in southwest Arabian Peninsula in the vicinity of the ITCZ theaSarawat
Mountains slightly to the east of the origin of the gidebby cloud clusters, at 8/10/18Z.

It was found that the convective cloud clusters and the cyclonic vorteeityrpations were
produced by the cyclonic convergence of the northeasterly wind burst toward the southwestern
Arabian Peninsula and the Somali jet right before 8/10/I18&. northeasterly wind migtie
rel ated t o tShamabwindtwhichewak assodiatediwith the strengthening of the

Iranian low and the southeastward extension of the pressure ridge from the Mediterranean high.
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The northeasterly Shamal appeared to interact with the southwesterly Somali jet to produce a
cyclonic vaticity (z> 0), which in turn increased the rate of change of relative vorticity through
the convergence term of the vorticity equatidhe cyclonic convergence zone is situated along
the coast of Arabian Sea in the vicinity of the ITCZ. The argument supported by the
analyses of eastest Hovmoller diagrams dfl andV components of the wind, and relative
vorticity and cloud water mixing ratio, and nogbuth Hovmoller diagrams of) and V
components of the windn addition, it was found that the cyciic vorticity was generated
approximately every 4 days, which might dictate the time interval between AEWs downstream
(to the west) over central and western North Afrithe cyclonic vorticity perturbation started
around 8/11/06Z near southwest ArabiamiAsula eventually evolved into the fdebby AEW
downstream of northern EH (~38’E). Unlike the preDebby MCS which can only be
identified clearly from satellite imagery starting at 8/16/18Z, theDmkby AEW can be traced
almost continuously back ®/11/06Z.

In summary, the pr®ebby (2006) MCS can be clearly traced back to 8/16/18Z while the
convective cloud clusters preceding the MCS can be traced to southwest Arabian Peninsula. The
AEW!/vorticity perturbations can be traced more continuously e southwest Arabian
Peninsula. Thus, we may conclude that the[pebby (2006) MCSAEW system was originated
from the southwest Arabian Peninsirahe vicinity of the ITCZ. The sources of the convective
cloud clusters and vorticity perturbations werdrilaited to the cyclonic convergence of
northeasterly Shamal wind and the Somali jet, especially when the Mediterranean High shifted
toward east with high pressure ridge extended farther to the southeast and the Indian Ocean high
strengthened and its asgded Somali jet penetrated farther to the north. The cyclonic vorticity

perturbations were strengthened by the vorticity stretching associated with convective cloud
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clusters and the convective cloud clusters are strengthened by the diurnal convectitwe over
Sarawat Mountains, Asir Mountains, Ethiopian Highlands, and Darfur Mountains downstream of
the genesis regioin southwest Arabian Peninsula. The situation may be summarized in the
conceptual model shown kig. 17.

In general, the ARW simulatqate-Debby AEW/vorticity perturbations and MCS/convective
cloud clusters were in good agreement with satellite imagery and global (GFS) model results.
However, some discrepancies still existed in their intensity, timing of occurrence and dissipation,
and popagation speed. This might be contributed by several factors, such as the relatively
coarse resolution of the model, initialization from the global analysis data (GFS), and sensitivity
to parameterization schemeasacluding microphysics, planetary bowrg layer, and cumulus
parameterizations Thus, more sensitivity tests are needed to make an optimal combination of
parameterizations.

In this study, we have focused on tracing the origins of th®phkby MCS/convective cloud
clusters and pr®ebby AEWNVorticity perturbations without paying enough attention to the
formation of generation mechanisms of these systems. A further study is required to understand
exact mechanisms. Such a study might involve a more thorough analysis of global data, and
perfom a systematic sensitivity tests on isolating forcing mechanisms, such as deactivate
sensible and/or latent heating, and removing mountains. In order to generalize the finding of the
origins and the formation mechanism(s) of a-p& MCS/cloud clusters anhAEW/vorticity
perturbations, we have to investigate more cases by performing climatological studies and
synoptic in the vicinity of their genesis regiom addition, there are several important problems
that remain to be resolved, such as the influeridbe diurnal cycle and orographic forcing on

MCSs and AEWSs, the maintenance and evolution of theDpldby MCS and AEWas they
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propagateacross the African continent, and why the previous and next MCSs and AEWs did not
evolve into tropical storms, andakes those considered here specishe MCSs and AEWs
which did not evolve intdropical cyclones must have been influenced by other necessary factors
for TC genesis, such as low SST, strong vertical wind shear, lack of-lggpétrough, thick
Saharan ia layer, etc. (e.g., see Gray 1998 or Lin 2007 for a brief review). However, the
formation of TC, though important, is not the focus of this study. This problem deserves a

separate study.

Appendix: The Numerical Model and Experiment Design
The modelused for this study is thARW model version 3.1 (Skamarock et al. 2008RW
modelis a fully compressible, thre#imensional, nonhydrostatic model using terfaitowing
vertical coordinates. The governing equations for ARW are written irféltm with conserved
mass and dry entropy. In this study, the RuKgéa third-order time scheme is employed, and
the fifth- and thirdorder advection schemes are used for the horizontal and vertical directions,
respectively.

For the experiments, we utilize a doublested, tweway interaction domain as illustrated in
Fig. 2. For the outer domain, 24 Krorizontalresolution with 384 x 174 horizontal grid intervals
is used. In the vertical direction, the grids are stretched from the surface to the model top (20 km)
with a total of 28 levels. A-&m deep sponge layer was added to the upper part of the physical
doman. A nudgingrelaxation lateral boundary condition is applied at the boundaries of the outer
domain. The boundary values are specified by the National Centers for Environmental Prediction
(NCEP) GFS reanalysis data, while the relaxation zone includeisl $ants inward from the

lateral boundary. For the inner (nested) domaihpizontalgrid resolution of 8 km is used,
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which includes 679 x 283 grid intervals. The vertical grids are stretched as that in the outer
domain. The outer (24 km grid spacingpmain is integrated from 8/10/00Z to 8/24/00Z 2006
and initialized by the NCEP GFS reanalysis data, while the inner domain is integrated from
8/11/12Z to 8/18/00Z for the control case (CNTILhese two nested domains are designed to
capture the entirefécycle over Africa for the larger domain and to focus on the development of
the preDebby MCS/cloud clusters and AEW and their merging for the inner domain.

The following model physics parameterization or representation schemes are chosen for the
presensimulations:

1 Kain-Fritsch cumulus parameterization scheme

1 Thompson microphysics parameterization scheme

1 YSU PBL parameterization scheme

1 Monin-Obukov surface layer scheme

1 Unified NOAH landsurface processes scheme

1 Secondorder diffusion term on coordinaseirfaces for turbulence and mixing processes

1 Horizontal Smagorinsky firsbrder closure for eddy coefficient option.

1 RRTM longwave radiation parameterization scheme

1 Dudhia shortwave radiation parameterization scheme

Details of the above schemes and thelievant references can be found in the ARW user manual
(Skamarock et al. 2008)

In making the ARW simulations, we found that the numerically simulated results are
sensitive to the microphysics parameterization schemes. In order to choose a bettervgeheme,
performed three testing cases with the Thompson, Piuidyeand WSM6 microphysics

parameterization schemes (MPSs) which produce slightly different reswitssiown. In
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general, the simulated OLR, relative vorticity and flow fields compared redgonabl with
corresponding observed fields except the propagation speeds of the simulated MCCs and MCSs.
The Thompson MPS simulates a propagation speed 76wh&h compares more favorably

with the observed propagation speed of 7.4 than the 6.4 m&simulated by théPurdueLin

and WSM6 MPSs Thus, we choose the case with Thompson MPS as the control case (Case
CNTL) and the Thompson MPS will be used for the numerical experiments in the rest of the

paper.
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Figure Captions

Fig. 1 Meteosat8 infrared (IR) clouds and wind vectors for every 6h starting from 8/11/00Z to
8/22/18Z 2006 (AMMA 2006). The center latitude is M. Track of the approximate
locations of the mDebby (2006) MCS or convective cloud clusters are highlighted by
dotted yellow and white circles. The dotted white circles denote the cloud clusters which
were not related to the pi2ebby MCS identified at 8/16/18Z. The right (left) yellow line
denoteghe diurnal convection mode (diurnal cycle) of orographic cloud clusters over the
Ethiopian Highlands (Darfur Mountains). The wind vectors were analyzed by Meg&osat
and are denoted as: blue #00-599 mb, ydbw for 600799 mb, and green for 850
mb).

Fig. 2: Geography for Africa (north of 28) and southern Arabia Peninsula. Labels indicate
major geographic featureAS 1 Asir Mountaings BM i Bongo Massif, CMi Cameron
Highlands; DF1 Darfur Mountains; EAI Eastern Arc Mountains; EH Ethiopian
Highlands; GHi Guinea (Futa Jallon) Highlands; GAGulf of Aden; GGi Gulf of
Guinea; HGI Hoggar Mountains; JP Jos Plateau; RZ Ruwenzori Mountains; TB

Tibesti Mountains. The outer domain of the CNTL simulation iSA0L(’S) to (60E,
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40°N), while the inner domain of the CNTL case-KB resolution) is enclosed by the
brown lines.Thedomain of EAST simulation is from {01(®°S) to (100E, 40ON).

Fig. 3: Hovmoller diagrams of-55°N averagedorightness temperature as observed from grid
satellite(GRISAT) data. The black straight line denotes the approximate track of the pre
Debby MCS/convective cloud clusters.

Fig. 4: Atmospheric colummrloud water mixing ratigkg kg?t) from GFS analysislataevery 24h
for the periods oB/1006Z to 8/13/06Z and3/13A8Z to 8/16/18Z 2006 The arrows
denote approximately the pEebby (2006) MCS or convective cloud clusters.

Fig. 5: The NOAA Climate Prediction Center (CPC) Famine Early Warning System (FEWS) net
rainfall estimate (mm) for the Northern Africa raatif climatology for the month of
August 2006 (NOAA 2006).

Fig. 6 (Case CNTL)Hovmoller diagrams for the averaged N OLR (contour)and averaged
7000500 mb and B1°N relative vorticity (&) (shaded)simulated by the 24&m
resolution ARW model for case CNTL.

Fig. 7 (Case CNTL): TheOutgoing longwave radiation (OLR, coloontoured), 700mb
horizontal wind vector, an800-700mb averaged relative vorticity (graiaded in s?)
fields simulated by the AR model with 24km resolution for Case CNTL. Contours for
OLR are: red for 220K, blue for 130K, and purple for 95K. The MXESV system is
denoted by the red arrolme.

Fig. 8 (Case CNTL): The outgoing longwave radiation (OLR) fields for evdiy starihg from
8/1106Z to 8/1606Z 2006 simulated by the 2&m resolution (outer domain) ARW
model. The approximate positions of convective cloud clusters preceding iDelgg

MCS is denoted by long arrew
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Fig. 9 (Case CNTL): The averaged 5@00mb cyclonic relative vorticity (shaded; in”§ and
vector wind fields based on the-Rh resolution (outer domain) ARW simulated results
for every24h starting from 8/106Z to 8/1606Z. The relative vorticity aredsigher than
2.0x10° st are shaded. Thalackarrowsdenote the propagation of the fidbebby AEW
and its precursor (cyclonic vorticity perturbation).

Fig. 10 The 700500mb averaged relative vorticity and 700mb wind vectors from GFS analysis
dataevery24hfor the periods 08/1006Z to 8/13/06Z andbf 8/13/18Z t08/16/18Z The
red solid (dashed) line denotes the approximate (possible) track eDepiwy
AEW!/vorticity perturbation.

Fig. 11(GFS):Hovmoller diagrams for: (ajloud water mixing ratio (kg k¥ averaged over-5
15°N and (b)relative vortcity (s!) averaged over :20°N and 7068500 mb from the GFS
data.

Fig. 12(Case EAST): Hovmoller diagrams for: (a) OLR and (b) relative vorticity éseraged
over700-500mb,5-15°N to the west of 4% and 2630°N to the east of A&, and over a
1 band along a line from (48, 10N) to (7CE, 25N) (approximately along the
southern Arabian Peninsula), as simulated by thkn24esolution ARW model for case
EAST.

Fig. 13(Case EAST): The OLR (outgoing longwave radiation) and 70@eator wind fields of
Case EAST based on the-Reh resolution ARW simulated results fevery 24h from
8/8/18Z to 8/13/18Z The location of the precursor of pfpebby MCS is denoted by a
dashed circle at 8/10/18Z and by a long arlioe afterwards

Fig. 14 (Case EAST): The cyclonic relative vorticity averaged overB00 mb and the 900 mb

vector wind fields of Case EAST based on thekBdresolution ARW simulated results
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for every24h from 8/8/18Z to 8/13/18Z The location of the precursor of pbebby
AEW is denoted by a dashed circle at 8/10/18Z and by a long an@afterwards.

Fig. 15 (EAST): NorthSouth Hovmoller diagrams based on ARW simulated EAST case for
8/2/00Z to 8/16/00Z: (a) U wind (¥ (b) V wind (msh), (c) cyclonic (positive) relate
vorticity (s1), and (d) cloud water mixing ratio (kg/kg) averaged oveB@E and 700
500mb. Panels (c) and (d) are the same as (a) and (b), but fewegsisHovmoller
diagrams of 20°N and 706500mb averaged U and V, respectively.

Fig. 16 Compaite 700 mb vector wind, 700500 mb average cyclonic (positive) vorticity, and
OLR fields for preDebby (2006) AEW event (a) and nerent (b), and for pr®ebby
(2006) convective cloud clusters event (c) and-eeent (d). Event is defined as the
occurence of AEW or convective cloud clusters over southwest Arabian Peninsula.

Fig. 17 A conceptual model of the generation of cyclonic vorticity perturbations and convective
cloud clusters preceding the gdebby (2006) AEWMCS system.The sources of the
convective cloud clusters and vorticity perturbations were attributed to the cyclonic
convergence of northeasterly Shamal wind and the Somali jet, especially when the
Mediterranean High shifted toward east with high pressure ridge extended farther to the
sautheast and the Indian Ocean high strengthened and its associated Somali jet penetrated
farther to the north. The cyclonic vorticity perturbations were strengthened by the
vorticity stretching associated with convective cloud clusters and the convectwt cl
clusters are strengthened by the diurnal convection over the Sarawat Mountains, Asir
Mountains, Ethiopian Highlands, and Darfur Mountains downstream of the genesis

regioni southwest Arabian Peninsula.
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Table 1: List of acronyms

Acronym Meaning

AEW African easterly waves

AP Arabian Peninsula

ARW Advance Research WRF model

AEW-MCS Coupled AEW and MCS system

AS Asir Mountains

AS-EH Asir Mountains and Ethiopian Highlands region
CCC Convective cloud cluster

DF Darfur Mountains

EH Ethiopian Highlands

GFS Global Forecast System

GH Guinea (Futa Jallon) Highlands

GRISAT Grid satellite data

ITCZ Inter-Tropical Convergence Zone

JP Jos Plateau

MCS Mesoscale Convective System

MDR main development region (in Atlantic Ocean)
OLR outgoing longwave radiation

TC tropical cyclone

SM Sarawat Mountains (in southwest Arabian Peninsulz
WRF Weather Research Forecast model
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Table 2: List of ARW Numerical Experiments

Cases Features

CNTL Control Experiment:

Outer domain: (4, 10°S)i (60°E, 4CN);
Dx = 24 km; 8/10/004 8/24/00Z

Inner domain: (10V, 0°) i (5C°E, 20N);
Dx =8 km; 8/11/124 8/18/00Z

(see Fig. 2 for domain coverage.)

EAST Domain: (0, 1°S)1 (10C°E, 40N);
Dx = 24 km; 8/1/004 8/16/00Z
(Similar to CNTL; see Fig. 2 for domain coverage
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Fig. I Meteosat3 infrared (IR) clouds and wind vectors for every 6h starting from 8/11/00Z to
8/22/18Z 2006 (AMMA 2006).The center latitude is 28. Track of the approximate locations

of the preDebby (2006) MCS or convective cloud clusters are highlightedikted yellow and
white circles. The dotted white circles denote the cloud clusters wfeoh not related to the
pre-Debby MCS identified at8/16/18Z. The right (left) yellow line denotes the diurnal
convection mode (diurnal cycle) of orographic cloud clusters over the Ethiopian Highlands
(Darfur Mountains). The wind vectors were analyzed by Mete®said are denoted as: blue for
400599 mb, ellow for 600799 mb, and green for 8850 mb).
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Fig. 1b
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