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ABSTRACT

Recent work using observational data from the International Satellite Cloud Climatology Project (ISCCP)

and reanalysis products suggests that African easterly waves (AEWs) form in association with a ‘‘transition’’

process from smaller and scattered convection into larger and organized mesoscale convective activity.

However, the transition process is unclear and how mesoscale convection initiates AEWs is not well un-

derstood. Analysis based on 25 years of ISCCP and reanalysis datasets show that increasing intradiurnal

activity, atmospheric instability, and specific humidity precede the development of well-organized convection

over the Ethiopian highlands. Atmospheric instability favors a high frequency of scattered, isolated con-

vection to the east of the Ethiopian highlands, first, followed by a continuing and large increase in instability

and increasing humidity, which supports well-organized larger-scale convection. The timing of the changes of

thermodynamic variables shows that the dominant transition process is scattered, with weakly organized

convection transitioning into the well-organized mesoscale convection, and this initiates the AEWs. Slightly

before the mesoscale convection peaks over the Ethiopian highlands, low-level moist westerlies, low- to

midlevel wind shear, and positive relative vorticity increase over the region. Evidence shows that the large-

scale and local environment enables the scattered and less well-organized convection to merge and form

larger and well-organized convection. The dynamic processes suggest that the dominant pathway for AEW

initiation is scattered convection transitioning to large and well-organized convection over the Ethiopian

highlands and this initiates AEWs westward of the Ethiopian highlands.

1. Introduction

The shorter time scale (,10 day) summer rainfall

variability over North Africa is mainly associated with

mesoscale convective systems (MCSs; e.g., Hodges and

Thorncroft 1997; Mathon and Lauren 2001) and African

easterly waves (AEWs; e.g., Reed et al. 1977; Diedhiou

et al. 1999). AEWs are also associated with tropical cy-

clogenesis over the Atlantic (e.g., Avila and Pasch 1992;

Russell et al. 2017).

The AEWs are important weather systems whose

initiation, variability, and effect on convection, remains

an active area of research. The study ofAEWs has a long

history, going back to the 1950s (e.g., Riehl 1954), 1960s

(e.g., Simpson et al. 1968), and 1970s (e.g., Frank 1970;

Burpee 1972; Reed et al. 1977). Several theories have

been suggested to describe AEW initiation. Burpee

(1972) and subsequent studies viewedAEW initiation as

related to the presence of an unstable midtropospheric

easterly jet in tropical North Africa (e.g., Reed et al.

1977; Albignat and Reed 1980; Norquist et al. 1977;

Thorncroft and Hoskins 1994). In contrast, recent

studies have argued that the midlevel jet is only mar-

ginally unstable (e.g., Hall et al. 2006; Thorncroft et al.

2008), so its presence is not a necessary condition for

AEW initiation (e.g., Hsieh and Cook 2005, 2007). Some

studies have suggested that AEWs are initiated in as-

sociation with preexisting convection over East Africa

(Fig. 1; e.g., Carlson 1969; Berry and Thorncroft 2005;

Lin et al. 2005;Mekonnen et al. 2006; Kiladis et al. 2006).

Thorncroft et al. (2008) prescribed a diabatic forcing
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at a location just to the west of the Darfur Mountains

(Fig. 1) in an idealized numerical model and demon-

strated the emergence of wave disturbances as a result of

this convective outburst. However, the process by which

the mesoscale convection initiates AEWs is less clear.

Diaz and Aiyyer (2013) argued that new AEWs are

initiated by energy dispersion from upstream wave

packets. Drawing an analogy with downstream devel-

opment of midlatitude baroclinic eddies, they showed

that development of new AEWs is consistent with the

direction of ageostrophic geopotential fluxes. They

noted that, earlier in their life cycle, AEWs grow via

geopotential flux convergence, but further growth oc-

curs through barotropic and baroclinic energy conver-

sions. This, however, does not answer the question as to

how the waves are initiated when energy dispersion is

nonexistent. This implies that the origin and initiation

mechanisms of AEWs are not well understood.

Several studies investigated the case of an AEW that

was associated with Hurricane Alberto in the summer of

2000. Berry and Thorncroft (2005) suggested that the

pre-Alberto AEW formed to the west of the Darfur

Mountains (Fig. 1) in association with large-scale con-

vection over the region on 30 July. Lin et al. (2005)

suggested that the same AEW formed in association

with topographically generated mesoscale convective

activity near the Ethiopian highlands on 28 July.

Ventrice and Thorncroft (2013) suggested that the wave

formed in association with deep convection triggered

by a convectively coupled Kelvin wave on 29–30 July. In

contrast, Diaz and Aiyyer (2013) suggested that this

AEW was formed as a result of energy dispersion from

an old AEW near Ethiopian highlands on 26 July.

Overall, different areas of initiation and dissimilar

mechanisms were suggested for pre-Alberto AEW.

Using Weather State (WS) data from the Interna-

tional Satellite Cloud Climatology Project (ISCCP) and

reanalysis products, Mekonnen and Rossow (2011,

hereafter MR11) suggested that stronger latent heating

and negative radiative cooling over eastern Africa are

associated with larger and better organized convective

clouds than weaker and scattered convective clouds.

They suggested that less organized convective clouds

[referred to as weather state type 3 (WS3) described in

section 2a] that originate over the Arabian Sea/northern

Indian Ocean region produce a chain of events that lead

to better organized mesoscale scale convective systems

[referred to as weather state 1 type (WS1) described in

section 2a], just to the west of the Ethiopian highlands. It

appears that the scattered and less-organized convective

systems interact with the Ethiopian highlands and then

‘‘transition’’ to MCS-type cloud regimes and, almost at

the same time, easterly wave perturbations emerge west

of the highlands. MR11 speculated that the transition

from less organized to well-organized convective type

facilitates the main AEW initiation pathway, summa-

rized as WS3 / WS1 / AEW: in this case the en-

hanced heating by WS1 serves as the diabatic heating

studied by Thorncroft et al. (2008). There is also a po-

tential for an alternate pathway:WS3/AEW/WS1.

That is, wave disturbances may evolve from a WS3 type

of convective activity and then, the AEWs create a fa-

vorable environment for WS1 development. MR11 did

not investigate this pathway.We investigate theWS3/
AEW/WS1 pathway and its association with a low- to

midlevel shear environment.

Westerlies in the lower troposphere and easterlies in

the mid- and upper troposphere dominate the July–

August–September (JAS) flow pattern over East Africa,

suggesting a role of vertical zonal wind shear. Obser-

vational and numerical model studies suggest that ver-

tical wind shear enhances deep convective organization

(e.g., Laing et al. 2008; Moncrieff 1981; Grabowski and

Moncrieff 2004; Anber et al. 2014). The high terrain in

East Africa is a source of elevated heating, which tends

to increase vertical shear and horizontal vorticity (e.g.,

Grabowski and Moncrieff 2004). Therefore, WS3 ac-

tivity might increase in association with increased ver-

tical wind shear and vorticity development and these

may initiate wave perturbations first. Then, wave de-

velopment and further clustering of WS3 aided by ele-

vated heating might result in the growth of larger and

well-organized convection, WS1. This study investigates

the two different pathways using 25 years of data.

FIG. 1. Central and East Africa (elevation$ 1000m are shaded).

Boxes R1 (108–158N, 258–358E), R2 (108–158N, 358–408E; Ethiopian
highlands), and R3 (108–158N, 408–508E) denote the study

areas where transition in weather states appear to occur (MR11;

see text for details). The major highlands in the region are the

Darfur Mountains (denoted by D; just northwest of R1), the

Ethiopian highlands (R2), and the Yemen highlands (denoted by

Y; north of R3).
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Recently Janiga and Thorncroft (2016) presented a

comprehensive analysis of AEW phases and different

properties of convection using reanalysis and precipi-

tation from the Tropical Rainfall Measuring Mission.

However, they did not investigate the interaction be-

tween different types of deep moist convection and

AEWs.

The diurnal cycle of deep convection and its interac-

tion withAEWs over tropical Africa was investigated by

Laing et al. (2008). They performed their analysis using

cold-cloud brightness temperature TB and used 233K

as a threshold for precipitation, assuming that cloud

TB , 233K is more likely to be precipitating. Several

others (e.g., Duvel 1989) have also used such TB

thresholds to analyze deep convection over Africa.

However, the nature of different types of deep convec-

tion cannot be understood usingTB as it is not capable of

distinguishing different types of deep convection.

Moreover, TB mixes different weather states (MR11).

The easternmost domain used by Laing et al. (2008) is

408E and convective processes farther east were not

explored. The deep convective propagation from the

Yemen highlands and adjoining Arabian Sea has an

important impact on the summer moist convection and

rainfall over the Ethiopian highlands (Fig. 1; Segele and

Lamb 2005; Viste and Sorteberg 2013). We expand the

work by Laing et al. (2008) by applying the ISCCP WS

data and expanding the domain to include the region

east of the Ethiopian highlands to understand the role of

diurnal variations in the initiation of AEWs.

Understanding the transition process requires de-

tailed study of the atmospheric states over East Africa.

The large-scale mechanisms that determine AEW ini-

tiation over East Africa, including the vertical wind

shear (e.g., Laing et al. 2008, 2011), require investiga-

tion. Additionally, East Africa is characterized by

complicated topography (Fig. 1), which may have an

important role in wave disturbances and convection.

East African mountains exhibit a significant diurnal

variability, explaining an important portion (;30%) of the

total convective variance during JAS (e.g., Mekonnen

et al. 2006; Yang and Slingo 2001). The role of the diurnal

cycle onWS transition was not explored in the past studies

cited here.

Past work suggested that MCSs are generated in as-

sociation with topography (e.g., Laing and Fritsch 1993),

while another study suggested that MCSs and squall

lines over West Africa are strongly impacted by AEWs

(e.g., Fink and Reiner 2003). However, the role of large-

scale deep convection on AEWs is still not well un-

derstood. A suite of multiple satellite and reanalysis

datasets will be used to investigate the association be-

tween different types of deep convection and AEWs

including the role of large-scale dynamics. Results from

this study are summarized based on three regions in East

Africa identified in Fig. 1 as R1 (108–158N, 258–358E),
R2 (108–158N, 358–408E), and R3 (108–158N, 408–508E).
R1 is located in central and eastern Sudan and is the

region where WS1 is shown to peak in MR11. Also,

a significant 3–4-day periodic oscillation in TB was

shown in this region previously (e.g., Mekonnen and

Thorncroft 2016; Mekonnen et al. 2006). R2 denotes the

Ethiopian highlands. R3 represents the region east of

Ethiopian mountains including the southern Red Sea

and parts of Yemen where the WS3 anomaly is shown

to peak (MR11; cf. Fig. 3 below).

2. Data and analysis methods

a. Data sources

1) ISCCP WEATHER STATE (WS) AND INFRARED

WS (IR-WS) DATASETS

ISCCP provides a number of different satellite-based

cloud products. The 3-hourly, global gridded (2.58
equivalent equal area) product reports cloud, atmo-

sphere, and surface properties, including a joint histo-

gram describing the distribution of cloud-top pressure

(CTP) and optical thickness t in each grid cell (Rossow

and Schiffer 1991). The D-version of this product

(ISCCP D1; Rossow and Schiffer 1999) is available for

the period July 1983–December 2009. Pattern analyses

of these histograms (Jakob and Tselioudis 2003; Rossow

et al. 2005) identified six different characteristic WSs in

the tropics (158S–158N), three of which represent con-

vectively active situations and three of which represent

inactive (suppressed) situations. Subsequent studies

used an extended tropics (358S–358N) version that

includes two more suppressed WSs to examine the re-

lationship of AEW initiation and deep convection (e.g.,

MR11). An extended tropics dataset together with

southern (658–358S) and northern (358–658N) mid-

latitude sets were used to study cloud effects on the ra-

diation budget (Oreopoulos and Rossow 2011). Past

studies show a switching behavior between different

types of convective WSs (Jakob and Tselioudis 2003;

Jakob et al. 2005; Tromeur and Rossow 2010, MR11).

The precipitation rate associated with different types of

WSs is also different (Lee et al. 2013; Rossow et al.

2013). Tselioudis et al. (2013) found a characteristic as-

sociation between cloud vertical structure and large-

scale vertical motions with each WS.

Figure 2 shows the joint CTP–t histograms that define

the extended tropical WS. The fractional areal coverage

of each mesoscale domain by each pair of CTP–t values
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is indicated by the colors. The thicker (t . 23) and

higher-topped (CTP , 440 hPa) clouds are associated

with deep convection, and the moderately thick and

higher-topped clouds are related to mesoscale anvil

clouds. Higher-topped but optically thin clouds on the

top-left side of the histograms denote cirrus clouds. The

relative frequencies of occurrence (RFO) for each WS

over the 358S–358N domain are shown at the top-right

corner of each plot (averaged over the whole data re-

cord). Although less frequent (RFO 5 5.9%) in the

tropics, WS1 has the largest area covered by deep con-

vective clouds (as indicated by the color scale) and is

identified as mesoscale cloud systems (MCS). WS2

(RFO 5 9%) has fewer deep convective clouds and

more anvil clouds but these two WS generally occur

together (cf. Jakob and Tselioudis 2003; Rossow et al.

2005; Tromeur and Rossow 2010), indicating that they

are different parts of cloud systems that are larger in size

than the 2.58 domain. WS3 (RFO 5 17.4%) contains a

smaller fraction of deep convective clouds mixed with

cirrus and other lower-level clouds, but they are still

associated with significant precipitation compared to the

suppressed WS and are identified as smaller-scale ordi-

nary cumulonimbus. Thin cirrus and scattered cumulus

dominate WS4 (RFO 5 9.6%) and shallow boundary

layer clouds dominateWS5–WS8, indicating convectively

suppressed conditions.

This study focuses on the diurnal variations of

convection, using another WS dataset, the infrared WS

(IR-WS), based solely on infrared (IR) measurements.

TheWS described above are defined only in the daytime

when t retrievals are available. The ISCCPD1 data also

provide CTP histograms for each grid cell at all times

of day, where the retrievals use only infrared informa-

tion and assume all clouds are blackbodies. By com-

positing these CTP histograms for each daytime WS

defined by CTP–t, Tan et al. (2013) produced IR-WS

(a.k.a. cloud regimes). They found three distinct con-

vectively active and four convectively suppressed states.

Their convectively active states (called CD, CC, and IM)

FIG. 2. Mean CTP–t patterns of eight weather states (WSs) from 3-hourly ISCCPD1 data (colors in legend indicate fractional coverage

of the 2.58 map grid cell). The histogram is the 1983–2004 average for latitudes 358S–358N. The WS, numbered 1–8, describe from (top)

most convectively active to (middle),(bottom) least convectively active states. TheWS relative frequencies of occurrence (RFO; in%) are

shown on the top-right corner of each plot (see text for details; from MR11).
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FIG. 3. The geographic distribution of IR-WS averaged for July–September 1983–2009.

Percentages are with respect to the total frequency of all cloud occurrences. The first three

panels present different types of convectively active regimes, while the bottom panel presents

suppressed regimes (see text for details).
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correspond to the three daytime WS (WS1, WS2, and

WS3), described above, and exhibit similar RFO values.

Tan et al.’s classification also includes thin cirrus (IC),

equivalent to WS4, and three low-level cloud types

indicating suppressed conditions (they have fewer sup-

pressed cases because IR retrievals for low-level clouds

cannot discriminate different optical thicknesses very

well). Therefore, the IR-WS states areWSs extended for

nighttime. For consistency, we use the following termi-

nology: IR-WS1 5 CD, IR-WS2 5 CC, IR-WS3 5 IM,

IR-WS4 5 IC, and suppressed convective regimes,

IR-WS SP5 (SP5 1 SP6 1 SP7 1 SP8). The IR-WS

dataset is available at 2.58, 3-hourly from 1983 to 2009

for the extended tropics (358S–358N).

Figure 3 shows the JAS geographic distribution of the

IR-WS. The higher frequencies of the convectively

active cloud systems (IR-WS1, -2, and -3) coincide with

seasonal location of the deep convective zone. Higher

frequencies of the suppressed cloud systems are con-

centrated outside of the deep convective zone. IR-WS1

and IR-WS2 are much less frequent than IR-WS3, but

most of the rainfall is associated with them (cf. Lee et al.

2013; Rossow et al. 2013). The peak IR-WS3 frequency

is located just to the east of the peak IR-WS1 and

IR-WS2 in East Africa in agreement with Semunegus

et al. (2017, see their Fig. 1). We will show below that

this is the key aspect of ‘‘transitioning’’ between differ-

ent types of deep convection that have been given little

attention in the past.

There is a close association between WS1 and WS2

(or IR-WS1 and IR-WS2), where the former is the core

and the latter is the mesoscale anvils of large mesoscale

systems. Thus, we apply the combined occurrences,

IR-WS1 1 2, to match the rainfall datasets below.

2) TRMM TMPA 3B42, VERSION 6, DATASET

The Tropical Rainfall Measuring Mission (TRMM)

Multisatellite Precipitation Analysis (TMPA) is a prod-

uct of various satellite observations and precipitation

gauge measurements over land. It is available at 0.258
covering 508S–508N, and at 3-hourly time intervals. We

use the period 1998–2008. Our study includes IR-WS

matched rainfall analysis. Since IR-WS and TMPA are

at different horizontal grid resolutions, we regrid TMPA

into 2.58 3 2.58 (Rossow et al. 2013). More details about

TMPA can be found in Kummerow et al. (2000) and

Huffman et al. (2007) and others.

Here, IR-WSmatched rainfall is prepared to examine

the contribution of different IR-WSs to the JAS rainfall.

For each grid point and each time step only one type of

IR-WS is present. That means if one of the IR-WS is

present (identified by a number .0), the rest are absent

(assigned 0) unless that particular grid point and time

step is characterized by a missing data or clear-sky

condition. Assignment of IR-WS for each grid point

and each time is unique and there is no double counting

or duplication. Therefore, for each grid point and each

of the 3-hourly time steps, if a particular IR-WS is

present, we assume that the corresponding rainfall is due

to that particular IR-WS. Since the assignments are

unique, the contribution of other weather states to the

rainfall is zero. If the TMPA rainfall is missing, then the

corresponding IR-WSmatched rainfall is also neglected.

Rossow et al. (2013) describe further details of com-

posite techniques using occurrences in WS.

Rossow et al. (2013) matched different WSs in the

global tropics to the total observed TMPA data and

discussed the relative contribution of each WS to the

observed rainfall. They showed that most of the tropical

precipitation is explained by WS1 and WS2. Similarly,

Jakob and Schumacher (2008) showed that the largest

contribution to the rainfall over the tropical western

Pacific region comes from WS1-type convection.

Figure 4 presents the geographic distribution of JAS

(1998–2008) TMPA rainfall that is matched by

IR-WS1 1 2, IR-WS3, and IR-WS SP. Most of the

season’s rainfall is associated with IR-WS1 1 2, consis-

tent with the findings in Rossow et al. (2013). The

IR-WS3 matched TMPA rainfall also contributes to the

seasonal total, although by a small amount. Peak rainfall

pockets are observed in the vicinity of eastern and

western highlands. Rainfall associated with the sup-

pressed cloud regimes (IR-WS SP) is small (third panel).

IR-WS1 1 2 and IR-WS3 matched rainfall together

explain the seasonal mean rainfall of the region. As in

Fig. 3, the IR-WS3 matched rainfall peak over East

Africa is slightly to the east of the IR-WS11 2 matched

rainfall.

3) INFRARED COLD CLOUD BRIGHTNESS

TEMPERATURE (TB)

The IR-WS data are presented in discrete formats

and a direct application of filtering techniques to sepa-

rate convective variability in various ranges will not

be suitable. Instead, we use TB to study the role of

diurnal cycle on AEW initiation. The TB is compiled

based on ISCCP B3 products in 10–12-mm infrared

windows (Hodges et al. 2000), which originally has a

spatial sampling of 25–30 km. The TB is obtained

from the Cloud Archive User Service project of the

European Union via the U.K. Centre for Environmen-

tal Data analysis (http://data.ceda.ac.uk/badc/claus/data/

channel_2/lo_res/). The TB is available at 0.58 global

horizontal grid, at 3-h intervals, and for the period 1984–

2008. More details of TB data can be found in Hodges

et al. (2000).
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4) ERA-I DATA

Atmospheric variables such as wind, equivalent po-

tential temperature uE, relative vorticity, and specific

humidity are obtained or computed from ECMWF in-

terim reanalysis (ERA-I) products. Observational data

over East and central Africa is sparse. In addition, it is

known that the model physics underlying the reanalysis

lacks a representation of MCS (e.g., Tompkins et al.

2005) and hence, anomalies of variables such as vertical

velocity should be interpreted with caution. Despite

sparse data and the inadequacy of representing meso-

scale convection, past work (e.g., Tompkins et al. 2005)

suggests that the reanalysis products still offer a good

estimation of synoptic-scale environments. We use

ERA-I at 1.58 global horizontal grid, 6-h intervals, and

for the period 1984–2008. The ERA-I products are

available at 37 pressure levels and for various grid in-

tervals starting from 1979 to the present. More details of

ERA-I can be found in Simmons et al. (2007) and Dee

et al. (2011). ERA-I is obtained from the ECMWF

(http://www.ecmwf.int/).

b. Analysis methods

Lanczos filtering (Duchon 1979) is used to separate

different ranges of variability. The role of diurnal vari-

ance is studied using high-pass filtering with a 1.125-day

cutoff on 3-h TB data. Synoptic-scale variability is

FIG. 4. IR-WSmatched TRMM rainfall for JAS 1998–2008: (top) matched with IR-WS11 2,

(middle) matched with IR-WS3, and (bottom) matched with IR-SP (suppressed regimes).
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examined using bandpass filtering in the 2–10-day in-

terval. To sharpen the response of the filter, 30-day data

points are used before and after the time series to be

filtered. Composite analyses are performed using a lin-

ear regression method as in Wheeler et al. (2000).

Regression composites are prepared for total fields

(e.g., wind, IR-WS, and vorticity) correlated and

regressed against the filtered time series at a chosen base

point and results are presented in the form of anoma-

lies scaled by one standard deviation of the base point

time series. Details on the method of regression com-

positing can be found in past papers (e.g., Kiladis et al.

2006; Wheeler et al. 2000).

As described in section 2a(3), the IR-WSs are pre-

sented in discrete formats. Therefore, for regression

composites, we converted the discrete numbers into

frequency of percent during a day. If a particular IR-WS

is present at a given time and space, its assigned value is

12.5% (51/8 3 100), while all other IR-WS types are

assigned 0%.

3. The climatology of diurnal cycle and low-level
wind shear over East Africa

AEW initiation over East Africa is related to orga-

nized mesoscale convection. Major mechanisms and

circulation features that impact deep convection over

East Africa include moist low-level westerlies and

southerlies originating from the southern Atlantic and

southern Indian Oceans and mid- and upper-

tropospheric easterlies. The monsoon trough, where

low-level northerlies and southerlies converge, is lo-

cated north of the study area near 208N, while the deep

convective zone is situated south of the monsoon trough

(e.g., Mekonnen and Thorncroft 2016, see their Fig. 2;

Nicholson 2018).

Most of the convective activity over the region

exhibits intradiurnal (#1 day) variance (e.g., Mekonnen

et al. 2006; Yang and Slingo 2001). Deep convective

development and growth is influenced by several

factors. Past studies have shown that the diurnal cy-

cle and vertical wind shear significantly influences

convective development. To provide context, we

briefly discuss the climatology of the diurnal cycle

and the 600–850-hPa (low level) wind shear over the

study area.

a. The diurnal cycle

The climatology of the diurnal cycle is illustrated us-

ing three different types of deep convection (IR-WS1,

IR-WS2, and IR-WS3) and TMPA rainfall. The diurnal

cycle of convection is represented using high-pass-

filtered TB at 1.125 day and the intradiurnal variance

(a.k.a. the intradiurnal activity) is computed based on

this filtered data (Yang and Slingo 2001). Figure 5

presents the mean diurnal cycle of IR-WS1, IR-WS2,

IR-WS3, the intradiurnal variance, and rainfall over

three regions R1, R2, and R3 (Fig. 1) in local standard

time (LST). The original 0.258 3 0.258 TMPA rainfall is

regridded to 18 3 18 grid total areal rainfall for this figure
(Rossow et al. 2013).

FIG. 5. The mean diurnal evolution of different convective cloud

regimes (IR-WS 1–3), total rainfall, and intradiurnal variance

anomalies (1DHPVAR; K2) during JAS over R1, R2, and R3. The

vertical axis on the left shows the percentage frequency of the total

cloudiness. The vertical axis on the right shows rainfall and intra-

diurnal variance anomalies standardized with their respective

standard deviations. The rainfall totals are based on 18 3 18 hori-
zontal grid. The abscissa is in local standard time (UTC 1 3 h).

Mean daily rainfall andmean diurnal variances are subtracted from

each to form anomalies. Daily rainfall averages are indicated for

each region.
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1) DIURNAL VARIANCE IN R3

IR-WS1-type clouds are infrequent (,5% of total

cloudiness) over this region (cf. Fig. 3; Semunegus et al.

2017). Evolution of IR-WS1 shows a slight increase later

in the afternoon. IR-WS2 increases between 1500 LST

and late night, peaking 3 h after IR-WS1. IR-WS3 ap-

pears to increase starting at midday and peaks late in the

night. The intradiurnal activity (denoted by 1DHPVAR;

Fig. 5) peaks between local noon and 1800 LST, but

sharply declines after 1800 LST. The intradiurnal ac-

tivity peaks ahead of the convective clouds (IR-WSs).

Region R3 is a low-rainfall zone (mean 5 0.7mmh21)

and is located on the eastern side of the Ethiopian

mountains (cf. Fig. 4). Even though small, the positive

anomaly of rainfall increases between 1500 and 1800 LST

and decreases after that.

2) DIURNAL VARIANCE IN R2

IR-WS1 clouds are at a minimum until 1500 LST, but

increase sharply between 1500 and 2100 LST (;25% of

total cloudiness at peak time). IR-WS2 appears to follow

the IR-WS1 and peaks 3 h after the IR-WS1. IR-WS3

increases between 0900 and 1500 LST, but sharply

decreases after that. IR-WS3 fluctuates opposite to

IR-WS1. A sharp decrease of IR-WS3 in the afternoon

may be explained by the process of merging of scattered

convective clouds to form larger and well-organized

clouds during the course of the day. Deep large-scale

convection peaks in the afternoon in response to the

daytime heating (cf. Parker et al. 2005). The intradiurnal

variance peaks between 1200 and 2100 LST. Maximum

intradiurnal activity precedes maximum IR-WS1,

suggesting a role of intradiurnal variance in increasing

deep and larger-scale convection. Generally, the intra-

diurnal variance fluctuates in phase with IR-WS1 and

IR-WS2. Also, the rainfall increases in phase with

IR-WS1 and peaks during the maximum IR-WS1 and

IR-WS2 period.

3) DIURNAL VARIANCE IN R1

IR-WS1 increases between 1500 and 2100 LST.

IR-WS2 increases from midday to late night, follow-

ing IR-WS1. IR-WS3 increases before noon but sharply

falls after that. Maximum intradiurnal activity occurs at

1500 LST, about 3 h before maximum IR-WS1. Rainfall

increases in the afternoon and peaks around 1800 LST,

gradually decreasing after that and becoming closer to

zero around midday. Both IR-WS1 and rainfall peak

between 1800 and 2100 LST. It is seen that the rainfall

fluctuates in phase with IR-WS1.

The above observations are consistent with past work

that show increased deep moist convection occurring

later in the day and into the evening hours (e.g., Parker

et al. 2005). However, discriminating between the dif-

ferent types of convection shows that the increase in

deep convection appears as a transition of IR-WS3

earlier in the day to IR-WS1 and IR-WS2 later in the

day and that this transition is associated with a signifi-

cant increase in rainfall. Peak intradiurnal variance

precedes well-organized convection, suggesting an im-

portant influence on development of the deep convec-

tion. The different diurnal phases seen abovemay be the

key to understanding the role of different types of deep

convection.

b. The 600–850-hPa (low level) vertical wind shear

The African easterly jet (AEJ) is a major feature of

the North African summer monsoon. AEJ owes its ex-

istence to the lower-level north–south meridional tem-

perature gradient between cooler equatorial Atlantic in

the south and the hot Sahara in the north, which is

proportional to the vertical easterly wind shear. Past

work (e.g., Laing et al. 2008) suggested that organized

convection over the tropical North Africa is associated

with the AEJ environment and with the wind shear

between 600 and 925 hPa. East Africa is mainly domi-

nated by high terrain more than 1000m (Fig. 1) and the

925-hPa level is at or below the ground. We use the

850-hPa level instead (Fig. 6). The 600-hPa mean zonal

wind axis (i.e., AEJ) is also superimposed for compari-

son. The shear structure follows theAEJ, while the wind

shear axis lies slightly to the north of the AEJ axis. The

moderately strong wind shear values (10–14m s21) are

located in East and West Africa, while relatively low

shear (,10m s21) occurs in central Africa between 158
and 208E. The strongest shear magnitudes (.20ms21)

are located east of the Ethiopian highlands, over the

southern Red Sea, and western Indian Ocean. The shear

vector direction is generally northeasterly over East

Africa and easterly over West Africa, similar to the re-

sults in Laing et al. (2008). Themoderate magnitude and

general direction of wind shear in West and East Africa

suggests the presence of a favorable environment for

mesoscale convection (cf. Laing et al. 2008). In contrast,

the strong and north-northeasterly wind shear east of

the Ethiopian highlands can initially favor isolated and

less well-organized convection (scattered thunderstorm)

development, but may not support a sustained growth of

well-organized mesoscale convection as the region is on

the leeward side of the low-level flow (Mekonnen and

Thorncroft 2016). Alsomoderate shear and the presence

of large convective available potential energy (CAPE)

is a favorable environment for intense convection (e.g.,

Mohr and Thorncroft 2006). The climatology of CAPE

(not shown) indicates that large CAPE is confined

JUNE 2018 MEKONNEN AND ROS SOW 1953

Unauthenticated | Downloaded 03/15/22 11:33 AM UTC



around the Ethiopian mountains, while the region to the

east is characterized by low CAPE, suggesting that the

region east of the Ethiopian highlands is not favorable

for MCS activity.

4. Results and discussion

Next, we investigate AEW initiation pathways and

weather state transitions. Of particular interest are the

followingmechanisms: the dynamic and thermodynamic

processes including the diurnal cycle that potentially

determine the transition. The results are presented on

6-h time steps, when reanalysis is involved and on 3-h

intervals when using results other than reanalysis. Un-

less indicated otherwise, our analysis is based on com-

posites using 2–10-day-filtered 700-hPa meridional wind

time series at base point 12.58N, 32.58E in East Africa.

The reason for choosing this location is because the WS

transitions discussed above occur in the region. The

bandpass-filtered 700-hPa meridional wind is used as a

key indicator of AEWs (e.g., Albignat and Reed 1980;

Thorncroft and Hodges 2001). Regression composite

anomalies in this section are departures with reference

to the long-termmean. Results summarized in Figs. 7–10

(see below) present weather state transitions, diurnal

cycle activity, and thermodynamic and dynamic pro-

cesses that may explain the WS transitions. Results are

presented based on the three regions in East Africa in-

dicated in Fig. 1.

a. The role of diurnal cycle

The role of diurnal cycle is examined by projecting the

intradiurnal variance onto the 2–10-day-filtered 700-hPa

meridional wind time series. Figure 7 presents the re-

gression composite anomalies of IR-WSs and intra-

diurnal activity for the three East African regions, every

6 h, from day 24 to day 14.

1) REGION R3

The IR-WS1 types are infrequent and the anoma-

lies are nearly zero, consistent with earlier findings

(Figs. 3, 5). Intradiurnal activity peaks between day21

and day 20.5. IR-WS2 and IR-WS3 peak at day 20.5,

shortly after the peak diurnal activity. The intradiurnal

activity fluctuates in phase with IR-WS3. The peak

intradiurnal activity preceding IR-WS3 suggests that

the diurnal cycle influences IR-WS3 more than IR-WS1

in this region. As shown in Fig. 4, IR-WS3-related rainfall

peaks in R3, but is smaller over R2.

2) REGION R2

Intradiurnal activity peaks around day20.75. IR-WS1

peaks at day 0. IR-WS2 peaks around day 11.5, fol-

lowing IR-WS1. IR-WS3 peaks at day21.5, but sharply

falls to a minimum at day10.5. IR-WS3 peaking before

IR-WS1 and weakening during the increasing period of

IR-WS1 suggests merging and organization of smaller-

scale convection into larger-scale deep convection. The

peak intradiurnal activity leading IR-WS1 suggests an

important influence of diurnal activity in enhancing

large-scale convection.

3) REGION R1

The amplitudes of variables in this region are larger than

those in R2. Intradiurnal activity over R1 peaks around

day20.5. IR-WS1 peaks at day 0 and IR-WS2 peaks later

following IR-WS1. IR-WS3 peaks at day 22.25 and

falls to a minimum at day20.25, almost out of phase with

the fluctuation of IR-WS1. Maximum intradiurnal activity

before maximum IR-WS1 indicates that the intradiurnal

activity influences deep convection. The intradiurnal ac-

tivity over R1 peaks before the maximum intradiurnal

activity over R2, suggesting that the activity starts over

the Ethiopian highlands and propagates westward.

FIG. 6. The mean wind shear between 600 and 850 hPa (magnitude shaded every 2m s21

starting from 8m s21) for JAS 1984–2008. The 600-hPamean zonal wind axis (U600MAX; AEJ)

is also shown for reference (denoted by west–east heavy solid line). The 600–850-hPa shear

magnitude is calculated as jVj5 [(U600 2U850)
2 1 (V600 2V850)

2]1/2, without dividing the re-

sult by depth between the two levels. Boxes in East Africa denote regions (from left to right)

R1, R2, and R3 as in Fig. 1.

1954 MONTHLY WEATHER REV IEW VOLUME 146

Unauthenticated | Downloaded 03/15/22 11:33 AM UTC



Comparison of the evolution and timing of the peak

frequency of IR-WS1 over R1 and R2 shows that well-

organized convection starts over the Ethiopian high-

lands where intradiurnal activity appears to play an

important role and increases westward and maximizes

over R1. This is consistent with observations of past

work that attribute AEW initiation to large-scale deep

convection over the region between the Darfur Moun-

tains and the Ethiopian highlands (e.g., MR11; Kiladis

et al. 2006; Lin et al. 2005).

b. Thermodynamic processes: Atmospheric
instability and moisture

We use the 850-hPa equivalent potential temperature

uE to describe atmospheric instability. We also use the

850-hPa specific humidity q to evaluate the potential

for deep convection in association with increasing at-

mospheric instability. Composite anomalies are formed

by projecting the 6-hourly uE and q onto the basepoint

time series described above. Figure 8 shows the evolu-

tion of uE and q at 850 hPa for lag days24 to14 for the

three regions in East Africa. IR-WS1, IR-WS2, and

IR-WS3 composite anomalies are also reproduced for

comparison.

1) REGION R3

The uE anomaly increases (implying a more unstable

atmosphere) between day22.5 and day21 and its peak

amplitude precedes the peak IR-WS3. The amplitude of

the q anomaly is small, fluctuating around zero. Al-

though uE indicates a relatively unstable atmosphere,

lack of moisture appears to limit deep convective

development over R3 and may explain the infrequent

development of the IR-WS1 type of deep convection

(cf. Fig. 3).

2) REGION R2

The uE anomaly increases starting at day 22.5 and

peaks at day20.75. Peak positive uE precedes maximum

IR-WS1 by about 18 h and maximum IR-WS2 by about

2 days. However, maximum uE lags IR-WS3 by about

half day. Similarly, q anomalies increase between

day22 and20.75, preceding the maximum IR-WS1 but

following the increase of IR-WS3. Increasing convective

instability (positive uE) and humidity in the lower level

of the troposphere ahead of large MCS convection are

consistent with earlier observations for West Africa

(e.g., Kiladis et al. 2006). The sequence of events over

R2 indicates IR-WS3 / uE, q / IR-WS1 / IR-WS2.

3) REGION R1

The fluctuation of uE over R1 is opposite to that over

R2. It decreases between day 22 and day 20.5, while

IR-WS1 increases and peaks at day 0. The term uE in-

creases again after maximum IR-WS1 and peaks at

day 11.5. The fluctuations of IR-WS1 and uE are out of

phase over this region. The amplitude of IR-WS1 over

R1 is greater than over R2. A Hovmöller analysis (not
shown) of IR-WS1 suggests that the large-scale con-

vection that starts over the Ethiopian mountains moves

westward toward R1 and grows deeper and covers a

larger area. Although decreasing uE over R1 before

maximum IR-WS1 implies a decreasing instability

situation in the lower troposphere, the frequency of

IR-WS1 increases. Decreasing uE before day 0 in this

region may be offset by increased elevated heating by

IR-WS1 over the Ethiopian mountains so that the at-

mosphere remains unstable.On the other hand, the figure

FIG. 7. The regression composite anomalies of intradiurnal var-

iance (1DHP-Var; shaded bar graphs; K2), IR-WS1 (solid black

lines), IR-WS2 (dashed black lines), and IR-WS3 (blue lines) for

the three regions, R3, R2, and R1 in East Africa. IR-WSs (left y

axis) are expressed in percent. Anomalies of intradiurnal activity

are indicated on the right y axis. Lags are every 0.25 days (6 hourly).

Regressions are based on 2–10-day 700-hPa meridional wind at

12.58N, 32.58E.
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shows uE peaking over R1 at day 11.5 following maxi-

mum IR-WS1. This might suggest that the role of strong

environmental heating through deep convection tends to

perturb the atmosphere downstream of the highlands,

which may lead to AEW initiation. IR-WS3 drops to a

minimum around day 0 and peaks at day 11.5. This im-

plies the organization of IR-WS3 into IR-WS1 at or be-

fore day 0 and, when well-organized convection starts

weakening, the frequency of isolated less well-organized

convection increases again.

As shown in Fig. 8, increasing uE precedes the in-

creasing frequency in IR-WS1 (MCS activity) over the

Ethiopian highlands (R2), suggesting an important role

of increasing atmospheric instability in the lower

troposphere, an important condition for convective

development and growth. Additionally, increasing q

anomaly indicates the increasing low-level moisture

availability. IR-WS3 peaks before maximum IR-WS1

over R2. Increasing IR-WS3 before IR-WS1 might

contribute, in part, to the moistening of the middle at-

mosphere (IR-WS3 is a combination of midlevel and

vertically growing deep clouds including scattered cu-

mulonimbus; Fig. 2; e.g., Tromeur and Rossow 2010).

However, the details of the moistening process are

beyond the scope this study. Increasingly unstable at-

mosphere together with increasing moisture in the

midlevels of the troposphere are favorable conditions for

deep convection growth. IR-WS1 decreases after day 0

over R2, and atmospheric instability decreases (decreas-

ing uE). The decrease in uE after peak convection is, per-

haps, due to convective downdrafts, that tend to stabilize

the local atmosphere. IR-WS3 increases between lag

day22.5 and lag day21.5, but sharply decreases after that

over the highlands. The evolution of uE and IR-WS3 ap-

pears to be similar until day21.5 but switches out of phase

after day21.5. This suggests that the increasing instability

environment continues to favor larger-scale and well-

organized convection as opposed to scattered and small-

scale convection over the Ethiopian highlands. IR-WS3

clouds peak some 2.5 days before maximum IR-WS1 and

the transition from IR-WS3 to IR-WS1 appears to start

about 30h before the maximum large-scale convection.

Thus, the thermodynamic processes over R1 and R2

indicate a transition of IR-WS3 to IR-WS1 that occurs

primarily over the Ethiopian highlands.

c. Dynamical mechanisms

1) THE ROLE OF LOW- TO MIDTROPOSHERIC WIND

FLOW AND RELATIVE VORTICITY

The JAS circulation over tropical North Africa

features westerlies and southwesterlies in the lower

troposphere, and easterlies and northeasterlies in the

mid- and upper troposphere. A brief analysis (not

shown) reveals that the 850-hPa westerlies range be-

tween 3 and 5ms21 over the region west of 408E, and
exceed 15ms21 off the coast of Somalia. The 700-hPa

mean northerlies range between 1 and 6ms21 over the

region north of about 108N. The 700-hPa positive rela-

tive vorticity z is dominant in the deep convective zone

within 7.58–12.58N, including the southern Red Sea and

western Arabian Sea, with average magnitudes ranging

up to 33 1025 s21. In the composite analysis below, low-

to midtropospheric winds and z anomalies are to be

interpreted in comparison with these average values.

Figure 9 displays regression composite anomalies of

zonal (U850) and meridional winds (V700) and 700-hPa

relative vorticity z0. The evolution of the three different

FIG. 8. The regression composite anomalies of equivalent po-

tential temperature (uE; K; red line), specific humidity (q; g kg21;

red dashed line), and IR-WSs (%) over East African regions. The

ordinate on the right is for IR-WS and the one on the left is for uE
and q. Regression composites are as in Fig. 7.
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types of deep convection, IR-WS1, IR-WS2, and IR-WS3,

is also presented.

(i) Region R3

The U850 anomalies are negative between day 22

and day 10.5, indicating weaker-than-average west-

erlies. As shown in Fig. 8, the region is characterized by

low specific humidity, implying limited moisture avail-

ability in the lower levels of the troposphere. The z0,
IR-WS2, and IR-WS3 anomalies peak at or around the

same time near day 20.5 but these are weak. Northerly

anomalies precede deep convection.

(ii) Region R2

Positive z0 peak at about the same time as maximum

IR-WS1. Positive U850 anomalies (stronger than average)

precede maximum IR-WS1. Maximum northerly anom-

alies precede maximum IR-WS1 by about 12–18h.

IR-WS3 anomalies peak at about day 21.5, preceding

both maximum z0 and maximum northerly anomalies,

and weaken after that. The sequence over R2 suggests

IR-WS3 / V700 / z0, IR-WS1.

(iii) Region R1

The sequence of events observed over R2 appears to

be different compared with that over R1. The z0 is neg-
ative between day 22 and day 21; it then drops to a

minimum at day20.5 and peaks at day11.5. Maximum

IR-WS1 precedes maximum northerly anomalies by

about 6 h, the wind perturbations lagging well-organized

large-scale convection. This suggests that large-scale

and well-organized deep convection influences wave

disturbances. As described earlier, IR-WS1 is more fre-

quent over R1 compared with R2. The sequence over R1

indicates IR-WS3 / IR-WS1 / V700 (AEW).

In summary, IR-WS3 anomalies increase over R3,

while they weaken just to the west of the region. IR-WS1

anomalies increase over the Ethiopian highlands (R2)

and eastern and central Sudan (R1). This suggests

smaller-scale deep convection transitioning into well-

organized convection, first, over the Ethiopian high-

lands, then deepening further over the lowlands of

eastern and central Sudan. Although weak, northerly

meridional wind anomalies peak before deep convec-

tion over R3 andR2. In contrast, peak IR-WS1 precedes

maximum northerlies over R1. This suggests that ini-

tially weak wind perturbations may have facilitated the

transition of isolated deep convection over the region

east of the Ethiopian highlands, but after the switching,

convection grows deeper downstream and the enhanced

convection coincides with maximum northerly anoma-

lies.We expect thatmaximumupward ascent to coincide

withmaximum IR-WS1 development in associationwith

peak northerlies or around the wave trough region,

consistent with suggestions in Janiga and Thorncroft

(2016). Also, over R1, deep convective clouds prop-

agate westward slightly faster than the wave trough

(as demonstrated by meridional winds; e.g., MR11).

This suggests that the dominant sequence of events is

IR-WS3 / IR-WS1 / AEW.

A Hovmöller analysis (not shown) of mean meridional

winds and IR-WSs suggests that IR-WS3 transitions to

IR-WS1 over the Ethiopian highlands and almost at

the same time peak meridional winds appear, consistent

with earlier findings that AEW perturbations are forced in

association with well-organized and large-scale convection.

Peakpositive relative vorticity anomaly is observedover the

Ethiopian highlands, but is much weaker to the west of the

Ethiopian highlands. A maximum vorticity anomaly could

FIG. 9. The regression composite anomalies of IR-WS1, IR-WS2,

IR-WS3, zonal (U850) and meridional (V700) winds (m s21), and

relative vorticity (z0; s21; scaled by 1026) at 700 hPa. The ordinate

on the right is for IR-WS and U850 and the one on the left is for

meridional wind and z0. Regression composites are as in Fig. 7.
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be viewed as a signature of wave initiation. In contrast, in-

creasing vorticity could also be associated with the IR-WS1

type of convection initiated over themountains, rather than

an indication of wave vorticity. The results here indicate the

latter because it appears toweaken downstream.Generally,

increased vorticity over the mountains appears to favor the

convection switching described above.

The transition from IR-WS3 to IR-WS1 is also fa-

vored by increasedmoist low-level westerlies (cf. Fig. 8).

The environment for further convective development

was favorable as suggested by an increase in uE and the

positive specific humidity anomaly preceding maximum

IR-WS1 over theEthiopian highlands. This suggests that

smaller and scattered cloud regimes cannot ‘‘keep up’’

with the increasing instability and moistening, and grow

into IR-WS1. Therefore, both the thermodynamic and

dynamic environments favor the sequence IR-WS3 /
IR-WS1 / AEW in East Africa.

2) THE IMPACT OF 600–850-HPA VERTICAL WIND

SHEAR

As reviewed in sections 1 and 3, one of the important

mechanisms for convective organization is moderate

vertical wind shear. As shown in Fig. 6, the 600–850-hPa

shear direction is dominantly northeasterly and easterly

over tropical North Africa, a favorable environment for

deep convection (e.g., Laing et al. 2008). Here, we ex-

amine the role of low- to midlevel shear magnitude on

WS transitions. We construct a 2–10-day-filtered 600–

850-hPa wind shear time series at base point 12.58N,

32.58E. Figure 10 shows composites of IR-WS1,

IR-WS2, and IR-WS3 anomalies and 600–850-hPa

wind shear; all projected onto to the shear time series.

(i) Region R3

The weather state and vertical shear anomaly ampli-

tudes in this region are small, not significantly different

from the climatology; but the absolute shear magnitudes

over R3 are large (Fig. 6). Although small, the shear

anomaly precedes positive IR-WS3 by about a day and

the IR-WS3 anomaly is slightly higher than its mean

frequency near day 20.5. In particular, IR-WS1’s fluc-

tuation is nearly zero, implying no significant influence

of the low- tomidlevel shear on IR-WS1.Results suggest

that the low- to midlevel shear favors scattered and less

well-organized clouds in the region.

(ii) Region R2

The IR-WS1 peaks at day 0, about half a day after a

positivemaximum shear amplitude, indicating a positive

correlation between the occurrence of moderate shear

andwell-organized deep convection.Maximum IR-WS2

occurs at day10.5, following IR-WS1. It is seen that the

IR-WS3 amplitudes are small in this region with a

minimum at day 20.5 and slightly positive at day 11.

The shear fluctuation is out of phase with IR-WS3. The

shear fluctuations over R2 are larger than over R3. The

evidence suggests that a moderate increase in shear over

R2 is in phase with increasing IR-WS1.

(iii) Region R1

The weather state amplitudes are almost twice as large

in this region compared with R2. Maximum IR-WS1

occurs slightly earlier, at day 20.25, than the maximum

shear anomaly. The fact thatmaximum IR-WS1 occurs at

essentially the same time over R1 and R2 indicates that

well-organized convection occupies a large area between

FIG. 10. The regression anomalies of IR-WS and 600–850-hPa

vertical wind shear (SHR) based on 2–10-day filtered 600–850-hPa

wind shear at 12.58N, 32.58E. The ordinate on the left shows the

IR-WS anomalies. The ordinate on the right show shear anomalies.

Lag times are every 0.25 day (6 h).
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the Ethiopian mountains and eastern Sudan. The IR-WS2

peaks about half a day after IR-WS1 maximum. Shear

anomalies and IR-WS3 anomalies are again out of

phase.

Investigation of the interaction between low- to mid-

level shear and different IR-WSs suggests that IR-WS1

forms in the increasing shear over R2, while shear in-

teraction with IR-WS3 does not appear to be significant.

The contrasting view that vertical wind shear can be a

consequence of increasing deep convection is not evi-

dent in these results. The IR-WS1 and shear anomalies

show switching from negative minimum to positive

maximum in about a 2–3-day time scale, typical of

synoptic-scale convection. Similar time-scale variability

in organized convection (IR-WS1) is also consistent with

the findings in Mekonnen and Thorncroft (2016). Re-

sults show that the vertical shear anomaly amplitudes

are between 21.5 and 1.5m s21, indicating a moderate

increase or decrease compared with climatological

values. Past work (e.g., Mohr and Thorncroft 2006;

Laing et al. 2011, and references therein) suggest that

moderate low-level shear, in tandem with large CAPE,

is conducive for development and growth of deep con-

vection. In summary, a slightly above-average (moder-

ate) low-level shear magnitude is in phase with

enhanced large-scale deep convection (i.e., IR-WS1) but

out of phase with scattered and less well-organized

convection (i.e., IR-WS3) over the Ethiopian high-

lands and the region to the west. The strong mean shear

over the region to the east of the Ethiopian highlands

favors the formation of IR-WS3 but not IR-WS1.

Therefore, comparison of Fig. 10 with Figs. 8 and 9

suggests that a low- to midlevel shear contributes to the

IR-WS3 / IR-WS1 sequence of events.

While a large-scale wind pattern of low-level conver-

gence and high-level divergence may encourage more

vigorous deep convection, the organization of the deep

convection with an associated mesoscale circulation can

alter this pattern. We briefly examined the relation-

ship of the upper-level (200 hPa) wind convergence–

divergence with the occurrence of IR-WS1 and IR-WS3.

We found that the upper-level divergence strengthened

just prior to the peak occurrence of IR-WS1, consistent

with the large-scale winds being conducive to the for-

mation of the mesoscale convective system. This also

supports the IR-WS3 / IR-WS1 / AEW sequence

of events.

5. Summary

The objective of this research was to investigate the

process of weather state transitions and the associated

major dynamic and thermodynamic mechanisms that

determine the African easterly wave (AEW) initia-

tion pathways; namely, IR-WS3/ IR-WS1/AEWor

IR-WS3 / AEW / IR-WS1.

Results based on 25 years of satellite and reanalysis

datasets show that increasing intradiurnal activity, in-

creasing atmospheric instability (as determined by in-

creasing positive uE), and specific humidity precedes the

development of well-organized and large-scale convec-

tion over the Ethiopian highlands. Atmospheric in-

stability favors the higher frequency of a scattered,

isolated-type convection (i.e., IR-WS3) to the east of the

Ethiopian highlands. But this type of convection cannot

‘‘keep up’’ with the growing instability, so IR-WS3 is

followed by a large increase in instability and increasing

humidity over the Ethiopian highlands, which results in

the formation of well-organized and larger-scale con-

vection (i.e., IR-WS1). Thermodynamic processes sug-

gest that the dominant process is IR-WS3/ IR-WS1/
AEW. Evidence show that high terrain associated with

strong latent heating has an impact in transitioning of

IR-WS3 to IR-WS1.

The uE and 700-hPa northerly wind anomalies peak at

about the same time over the Ethiopian highlands

(Figs. 8 and 9), indicating that increased instability fa-

vors the development of well-organized, larger-scale

convection. Maximum relative vorticity (z0) slightly

precedes maximum convection over the Ethiopian

highlands. Slightly before the IR-WS1 peaks over the

mountains and to the west of the Ethiopian highlands,

low-level moist westerlies, low- to midlevel increasing

wind shear, and positive z0 increase between central

Sudan and Ethiopia. The AEW signatures over East

Africa are weak during the time of convective tran-

sitioning. Results show that the large-scale and local

environment including moderate increase in shear en-

ables the IR-WS3 to merge and form larger and orga-

nized convective systems, IR-WS1, as they propagate

westward and the IR-WS1 further develops over the

region to the west of the Ethiopian highlands. Also, in-

creased vorticity in association with increased moderate

wind shear creates an environment favorable for the

development of deep and well-organized convection.

This leads us to conclude that the dominant pathway is

IR-WS3 / IR-WS1 / AEW.

As discussed inMekonnen and Rossow (2011), upper-

tropospheric mean flow including upper-tropospheric

wave disturbances enhance the IR-WS3 types over the

Arabian Sea and southern Arabia and steers these

clouds westward. As they move westward and interact

with the mountains, they encounter additional lifting by

the high terrain that aids the development of more vig-

orous and well-organized larger-scale clouds. The low-

level vertical wind shear maximizes over the high
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terrain, which enhances the further growth of MCS type

activity. To summarize, dynamic and thermodynamic

factors favor the development of IR-WS1 clouds and,

as a response to the much stronger heating by the large-

scale deep convection, easterly wave perturbations are

forced over East Africa, then, AEW perturbations in-

crease in strength westward in association with the AEJ

environment over central and West Africa.
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