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ABSTRACT: The North African climate is analysed for August during a 32-year period using the European Centre for
Medium Range Weather Forecast (ECMWF) global data set to investigate the intensity variability at 600 mb of the subtropical
highs, Africa easterly jet (AEJ) with two embedded local wind maxima, and African easterly waves over North Africa and the
Arabian Peninsula. The variability of these synoptic weather systems is higher in East Africa. The most noticeable variability of
intensity occurred with easterly waves. Maintenance of easterly waves from the Arabian Peninsula into East Africa is dependent
on strong zonal gradients from the AEJ through shear vorticity. These zonal gradients were induced by the strengthening of
the subtropical highs and the presence of a westerly jet in Central Africa and south of the Arabian Peninsula. During positive
ENSO periods, these systems are generally weaker while in negative periods are stronger. The focus of this research is to
investigate the role of the Arabian High and eastern local wind maximum (LWMg) on complementing the Saharan High and
western local wind maximum (LWMyy). It is found that an intense local wind maximum in East Africa helps maintain the
easterly waves and their westward propagation from the Arabian Peninsula.
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1. Introduction

Over North Africa and Arabian Peninsula, there exist sev-
eral synoptic systems that influence weather patterns in late
summer significantly, such as Saharan and Arabian Highs,
the African easterly jet (AEJ) with two embedded local
wind maximums (LWMs), and easterly waves over Ara-
bia, African easterly waves (AEWSs) in mid-troposphere,
such as 600 mb. In particular, during the month of August,
North Africa has been observed to be very active with east-
erly waves along with an unstable mid-tropospheric jet. In
addition, North Africa experiences its most active month
for precipitation in August.

Spinks et al. (2014) investigated the AEJ and local
wind maxima in the west (LWMy) and east (LWMg)
Africa, respectively, to the Saharan and Arabian Highs.
In their study, an analysis of the European Centre for
Medium-Range Weather Forecasts Intermediate Reanal-
ysis (ERA-Interim or ERA-I) at 0.75 for the month
of August over 32 years (1979-2010) was carried out
to compare the differences of the AEJ’s maintenance
and formation associated with LWMy, and LWMg.
LWMs are embedded zonal wind maxima within the
AEJ in West Africa around (17°N, 15°W) and East
Africa around (15°N, 35°E) at 600 mb. The LWMy, is a
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permanent feature that lasts year around, but the LWM, is
a semi-permanent feature that is present when the Arabian
high is intense, which is mainly during May, August, and
October. The monthly mean for the LWMy, and LWMg
is 13.41 and 9.8 ms~! with a variance of 0.9 and 1.9,
respectively. It was found from the thermal wind rela-
tionship, the presence of the Saharan and Arabian Highs
will increase easterly flow to the south of the anticyclonic
centres because of the increased meridional geopotential
gradient. This geopotential gradient along with the domi-
nant influence from baroclinicity helps give the AEJ two
distinct zonal maxima in East and West North Africa. The
geostrophic wind maximum explains the locations of the
LWMg and LWMy,.

In this research, we plan to extend the study of Spinks
et al. (2014) to investigate the yearly variability of AEJ,
LWMs, easterly waves, and AEWs and their intensities
over North Africa and the Arabian Peninsula during the
same period of 1979-2010 for the month of August. The
sensitivities of these features to El Nifio Southern Oscilla-
tion (ENSO) will also be studied. Points of interest include
displacements of the LWMs and anticyclonic systems,
structure of the AEJ, and easterly wave intensities.

2. Background

The subtropical high-pressure systems over North Africa
and the Red Sea have been investigated in previous studies
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to show their relationship with the AEJ. Chen (2005)
described the formation and maintenance of the Saha-
ran High through divergent fields of velocity potential.
It was shown that the divergent centre was formed from
east—west differential heating by thermal low heating (hot)
and downward (cold) branch of the Indian Monsoon. Sim-
ilar procedure was performed by Spinks et al. (2014) for
the Arabian High. With the usage of a higher spatial res-
olution data set, two divergent centres were found respec-
tively for the Saharan and Arabian Highs. In particular, the
divergent centre over Arabia was more intense due to the
higher temperatures and colder sinking air from the upper
troposphere.

It is well known that the AEJ is formed through baro-
clinicity (Cook, 1999; Thorncroft and Blackburn, 1999;
Comforth et al., 2009; Wu et al., 2009), but the existence
of the LWMs within the AEJ are from the meridionally
induced pressure gradient from the anticyclonic centres
of the Saharan High and Arabian High. The Arabian
High serves as a maintenance mechanism for the LWMg,
which, in turn, aids easterly waves propagating from a
genesis area located between 45°E and 55°E along the
southern coast of the Arabian Peninsula into East Africa
(Lin et al., 2013). Lin et al. also proposed that this genesis
area of vorticity is induced by the convergence of cyclonic
vorticity produced by northerly winds and southerly
winds from the Highs over Arabian Peninsula and
Indian Ocean.

The ENSO (Bjerknes, 1969; Philander, 1990) index will
also be used in this research. In order to further understand
the variability of the AEJ to African climate, it is neces-
sary to investigate how ENSO affects climate changes in
Africa. Hulme (2001) noted that ENSO is a possible key
driver on potential African climate variability. Kruger and
Shongwe (2004) examined whether ENSO had any effects
on the inclination in temperature, in particular for the late
austral summer period. They concluded that increases in
late summer temperatures are not forced by the occurrence
of ENSO and non-ENSO events (Collins, 2011). Semazzi
and Indeje (1999) demonstrated how ENSO affects the
rainfall variability in East Africa, in which they con-
cluded that ENSO plays a significant role in determining
the monthly seasonal rainfall patterns in the East African
region. Collins (2011) investigated the temperature vari-
ability over Africa with comparisons to the ENSO index
and concluded that in June, July, and August one can
observe warming throughout the whole continent. Chen
(2005) suggested the North African climate systems may
well be established through the effects of ENSO on the
Asian monsoon’s east—west circulation and in turn on the
Saharan High.

The rest of this article is organized as follows. In
Section 2, we will describe the data to be used for
this study. Based on the analyses of the data, the vari-
ability of subtropical highs, LWMs, and easterly waves
will be analysed and discussed in Section 3. In Section
4, we will make an ENSO composite analysis to help
understand the AEJ variability. Conclusions can be found
in Section 5.
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3. The Data

In this study, we will use the ECMWF-interim (ERA-I)
reanalysis data with a spatial resolution of 0.75° x 0.75°
on a global grid for August between 1979 and 2010 (Dee
etal., 2011). It was demonstrated in Spinks et al. (2014)
that the LWMs were reproduced in other data sets such
as ECMWF 40-year reanalysis (ERA-40) at 2.5° (Uppala
et al., 2005), the National Centre of Environmental Pre-
diction (NCEP) reanalysis at 2.5° (Kalnay et al., 1996),
and the Climate Forecasting System Reanalysis version 1
(CFSR) at 0.3° (Saha et al., 2006). Over the years, cli-
matological analyses of the AEJ were carried out using
global model data with relatively low spatial resolutions.
The NCEP, ERA-40, and ERA-I have been used the most
to study the synoptic weather over North Africa. For con-
sistency, the ERA-I will be used to further investigate the
dynamics. With this data set, the variability and structure
of the Saharan and Arabian Highs, LWMs, and vorticity
fields can be analysed with climatological means.

The Multivariate ENSO Index (MEI) (Wolter, 1987,
Wolter and Timlin, 1993, 1998, 2011) will be used to
extract values and make composites of the synoptic sit-
uations over Africa for ENSO and non-ENSO seasons.
Unlike other ENSO indices that use only SST, the MEI,
as proposed by the National Oceanic and Atmospheric
Administration (NOAA) Earth System Research Labora-
tory (ESRL), uses six major observed variables over the
tropical Pacific. These six variables are: sea-level pres-
sure (P), zonal (U) and meridional (V) components of the
surface wind, sea-surface temperature (S), surface air tem-
perature (A), and total cloudiness fraction of the sky (C).
In addition, the MEI uses bimonthly values, so the indices
for July— August and August—September were averaged to
obtain the ENSO index for August.

4. Variability of subtropical highs, LWMs, and
easterly waves

At mid-troposphere, such as 600 mb, the Saharan and
Arabian Highs and their associated circulations can be
shown by streamfunction (y) (Figure 1(a)). To the south
of the highs, there exists an AEJ axis with two embed-
ded LWMs in East and West Africa, respectively, which
can be illustrated by the zonal wind field (Figure 1(b)). As
the easterly waves propagate along the southern flank of
the AEJ axis, the relative vorticity ({) field is used to
show the intensity of easterly waves over North Africa
(Figure 1(c)). As the streamfunction and zonal wind fields
are used to identify the maxima for the Saharan and Ara-
bian Highs and LWMs, the mean, variance, and displace-
ment for these maxima can be seen in Tables 1 and 2. To
obtain the averages for the subtropical highs and LWMs,
a regional domain in West and East Africa was set up to
calculate maximum values.

The Saharan High has a mean streamfunction value of
9.1 m?s~! with a variance of 1.9 for the month of August
(Table 1 and Figure 1(d)). Most of the streamfunction vari-
ance occurs just north of the subtropical highs and over the
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Figure 1. Averaged 32-year (1979-2010), 600 mb fields for August: (a) streamfunction (x10° m? s~!) shaded with contours every 1x 10°m? s~!
starting at 0 and wind vectors, (b) zonal wind (ms~") shaded with contours every 3 ms~! and stippling representing positive zonal winds, (c) relative
vorticity (x107 s~!) shaded and wind vectors, (d) streamfunction variance, (e) zonal wind variance, and (f) relative vorticity variance.

Table 1. August 1979-2010 average and variance of maximum
streamfunction values associated with the Saharan and Arabian
High in East and West Africa.

Saharan high  Arabian high

Streamfunction average (m”s~!) 9.1 0.7
Streamfunction variance 1.9 2.2
Longitudinal average 47°W 38.1°E
Longitudinal variance 8.8 4.2
Latitudinal average 28.4°N 21.9°N
Latitudinal variance 2.8 4.4

Mediterranean Sea that is associated with a mid-level sub-
tropical jet stream. In the lower latitudes, the highest vari-
ance can be seen around the edges of the subtropical highs
across North Africa and the Arabian Peninsula. On aver-
age, the Saharan High is located at (28.4°N, 4.7°W). The
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Table 2. August 32-year (1979-2010) average and variance of
maximum zonal winds associated with the LWMy, and LWMg.

LMWy, LMW,

Zonal average (ms™!) —13.5 -99
Zonal variance 0.9 1.9

Longitudinal average 123W 35.7E
Longitudinal variance 23.8 9.4
Latitudinal average 162N 13.8N
Latitudinal variance 1.3 0.8

longitudinal and latitudinal variances are 8.8° and 2.8°,
respectively. The LWMy, which is located to the south of
the Saharan High, has a zonal wind speed maximum of
—13.5ms™! with a variance of 0.9. The highest variabil-
ity of the AEJ exists over central North Africa, which is
located around (10°N, 15°E) (Table 2 and Figure 1(e)).

Int. J. Climatol. (2014)
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On average, the LWMy, maximum is located at (16.2°N,
12.3°W). The longitudinal variance of the LWM, is rather
large because of displacement being between 20°W and
0°. Those anomalous years when the LWMy, is around
0° include 1986, 2000, 2002, and 2003. Exclusion of
those years, the longitudinal variance of the LWMy, would
decrease to 4.9°. The latitude of the LWMy, can reach as
high as 18°N and as low as 13.5°N during August.

The Arabian High has a mean streamfunction value
of 0.7m?s~! with a variance of 2.2 (Figure 1(d)) and
averaged location at (21.9°N, 38.1°E). The longitudinal
and latitudinal variances are 4.2° and 4.4°, respectively.
The LWMp, which is to the south of the Arabian High, has
a mean of —9.9ms~! and a variance of 1.9 (Table 2 and
Figure 1(e)). Compared to the LWMy,, the LWMg does
not vary as much in the longitudinal (35.7°E, 9.4°) and
latitudinal (13.8°N, 0.8°) directions. The Arabian High and
LWMg, are much smaller in size and weaker in intensity.
The Arabian High and LWMg, are semi-permanent features
in which Spinks ef al. (2014) investigated the evolution
of these systems for the entire year of 2006. Unlike the
Saharan High and LWMy,, the Arabian High and LWMg
are formed in March and are matured by May. From June
to late July, the systems weaken substantially while the
Saharan High dominates most of North Africa, especially
in West Africa. In August, the Arabian High and LWMg
can be seen in a developing or mature stage where the
LWM is intense in East Africa.

The significance of the existence of LWMg would aid
the propagation and maintenance of easterly waves com-
ing from the Arabian Peninsula into East Africa. Lin
etal. (2013) explored the genesis of the pre-tropical
Storm Debby AEW over the Arabian Peninsula. This
wave is propagated along the easterly wind at 600 mb and
was enhanced by orographic forcing associated with the
Ethiopian Highlands and the LWMj. Figure 1(c) depicts
the relative vorticity field over Africa and the Arabian
Peninsula. This relative vorticity region is an indicator of
vorticity perturbation propagation paths south of the AEJ
along the easterly wind flow. The most intense region of
vorticity can be seen over central Africa between 0°E and
10°E. The vorticity field remains intense in East Africa and
decreases slightly in the Arabian Peninsula. There exists a
vorticity maximum at 10°N between 40°E and 50°E, which
is a significant feature for genesis of vorticity perturba-
tions that could lead to wave initiation once is advected into
East Africa and enhanced by the Ethiopian Highlands and
Darfur Mountains (Lin et al., 2013). Other features from
the vorticity field include the trough located between the
Saharan and Arabian Highs and vorticity field on the east
quadrant of the Arabian High. Analysing the variance in
Figure 1(f) depicts the greatest variance of easterly wave
intensities are at 5°W and 10°E to 35°E.

In order to understand how the AEJ makes contribution
to the AEW, the mean relative vorticity field is decomposed
into two components, namely the shear vorticity and cur-
vature vorticity, which correspond to the first and second
term of { =—0dV/dn + VIR, respectively. The shear vortic-
ity (—aV/on > 0) is the rate of change of wind speed normal
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to the direction of flow. In this instance, vorticity is primar-
ily associated with the strength and gradient of the AEJ
(Figure 2(a)). The curvature vorticity (V/R, > 0) is the turn-
ing of the wind along a streamline (Figure 2(b)). This will
express the AEW or easterly wave strength more prop-
erly instead of using the mean relative vorticity field. In
Figure 2, the 32-year mean for shear and curvature vor-
ticity is plotted for the month of August. Across North
Africa between 10°N and 15°N, the shear vorticity is
dominative and is caused by the strength of the AEJ’s
gradient. The shear vorticity extends from West Africa
to the south of the Arabian Peninsula where it weakens
along with the AEJ. Shear vorticity maximums can be
seen at (12°N, 15°W), (10°N, 5°E), (12°N, 35°E), and
(12°N, 45°E) across North Africa. The curvature vortic-
ity is calculated by retaining the positive vorticity only,
which gives a good signal to where the AEW troughs
are located. In particular, curvature vorticity maxima are
located at (10°—15°N, 30°-15°W), (8°-13°N, 0°-20°E),
and (10°=15°N, 30°-40°E) across North Africa. The
strongest indication of curvature vorticity is located on
the lee of the Ethiopian Highlands. This would be due to
the orographic effects from the Ethiopian Highlands pro-
ducing vorticity perturbations during the diurnal cycles.
The curvature vorticity maximum over the Ethiopian High-
lands weakens over Sudan, but the shear vorticity maxi-
mum remains strong. The maintenance of shear vorticity
comes from the presence of the LWMg where the zonal
wind gradient is strong along the AEJ in East Africa, par-
ticularly over Sudan. Once on the lee side of the Dar-
fur Mountains at 20°E, the curvature vorticity maximum
increases again and weakens at 0°. The curvature vortic-
ity maximum increases in West Africa starting at 5°W
and extends into the Atlantic Ocean. The shear and curva-
ture vorticity both strengthens to the south of the Arabian
Peninsula. This can be explained by the cyclonic conver-
gence located (15°-20°N, 50°—~60°E) from the easterlies
of the Arabian High over the Arabian Peninsula and the
westerlies from the Indian Ocean High (Lin et al., 2013).
This region is also the location of the Intertropical Conver-
gence Zone (ITCZ).

The Saharan High, Arabian High, meridional geopoten-
tial, and temperature gradients play the biggest role in the
intensity of the AEJ and its associated LWMs. The rela-
tive influences of dynamical processes on the intensities
of the LWMs can be shown by analysing their correla-
tions. Figure 3 shows the LWMy; zonal intensities versus
the meridional geopotential gradient (Figure 3(a)), merid-
ional temperature gradient (Figure 3(b)), and streamfunc-
tion (Figure 3(c)) between 1979 and 2010 for the month of
August. The correlations between these variables are rela-
tively high, which is to be expected because each variable
contributes to the intensity of the LWMy, and overall AEJ.
The streamfunction of Saharan High shows a correlation
with the LWMyy, of r=0.59, the meridional geopotential
gradient with r = 0.80, and the meridional temperature gra-
dient with r =0.69. As the LWMyy is mainly geostrophic,
it is not surprising that the meridional geopotential gradi-
ent shows the highest correlation. The baroclinicity that
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Figure 2. Averaged 32-year (1979-2010), 600 mb fields for August of (a) shear vorticity (x107 s~!) and (b) curvature vorticity (x107 s~!). The
shaded contours are every 0.2 (x107> s~!) starting at 0.

plays the major role to the formation of the AEJ has a high
correlation with AEJ intensity as well, but is not the major
contributor to the intensity of the LWMy,. The baroclin-
icity explains the formation, while the maximum geopo-
tential gradient that is located to the south of the Saharan
high centre explains the increased easterly wind flow that
results in the LWMyy, (Spinks et al., 2014). There are also
noticeable years, where the LWMy is very strong (LWMy,
anomaly >1.0), such as 1984, 1994, 1998, 2000, 2007, and
20009.

The correlations for the LWMg are much higher than
the LWMy, (Figure (4)). The streamfunction shows a cor-
relations of r=0.80, the meridional geopotential gradi-
ent with r=0.95, and the meridional temperature gradi-
ent with »=0.77. Similar to the LWMy,, the meridional
geopotential gradient has the highest correlation to the
LWM, intensity, while the baroclinicity contributes to
intensity; it mainly explains more of the formation of the
AEIJ. Noticeable years where the LWM intensity is very
strong (LWMg > 1.0) include 1995, 1996, 1998, 1999,
2000, 2001, and 2010. Prior to 1995, the LWM, is either

© 2014 Royal Meteorological Society

neutral in intensity or very weak. Explanation of this could
be due to ENSO. The Arabian High has its strongest year
during this study in 1995 with a positive anomaly of 2.8,
which is positively correlated with the LWMg intensity.
The two years that stand out most for the AEJ’s vary-
ing intensity are the strong ENSO year in 1997 and the
non-ENSO year of 1998 for August.

5. ENSO composite and analysis of subtropical
highs, LWMs, and easterly waves

5.1. MEI index

As the variance has been established in the previous
section, it is important to look into when the subtropi-
cal highs, LWMs, and easterly wave intensities are weak
or strong. In other words, we are particularly interested
in the effects of ENSO on the intensities of these synop-
tic systems. This can be accomplished by using the MEI
(Figure 5). ENSO (non-ENSO) years are generally rep-
resented by the MEI index when it is greater (less) than

Int. J. Climatol. (2014)
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Figure 3. The 600 mb zonal wind maximum intensity (shaded) correlations to (a) meridional geopotential gradient, (b) meridional temperature
gradient, and (c) streamfunction (Saharan High) intensity in West Africa for August during 1979-2010.
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gradient, and (c) streamfunction intensity in East Africa for August during 1979-2010.
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Figure 5. Multivariate ENSO Index for August during 1979-2010.

0.5 (—0.5). Notable ENSO years (MEI> 1) for August
are 1982, 1986, 1987, 1993, and 1997, while notable
non-ENSO years (MEI < —1) occurred in 1988 and 2010.
Based on the 32 years of observed data from the MEI, the
ENSO phase is generally positive for August.

5.2.  ENSO composites
5.2.1.

Figure 6 illustrates the ENSO variability of the Saharan
and Arabian High using streamfunction. Results from this
composite analysis reveal that these respected anticyclonic
systems strengthen during Non-ENSO phases and weaken
during positive ENSO phases. The Saharan High becomes
broader during Non-ENSO phases while increasing in
its intensity and circulation. The most noticeable change
between phases comes from the Arabian High, which has
a higher variance than the Saharan High at 2.2. The dis-
placement of the anticyclonic systems is slightly higher
in latitudes during non-ENSO phases, but not significant
in change. The strengthening of the Arabian High means
there is an increase in pressure, which will directly influ-
ence of the increase of intensity of the LWMg. It is impor-
tant to understand that the baroclinicity will also contribute
to the intensity increase of the LWMg, but the increase
of pressure from the Arabian High will also increase the
maximum geopotential gradient located to the south of the
Arabian High. This in turn, will cause the LWMg, to have
stronger easterly geostrophic winds causing a maximum
that is near real zonal wind speeds (Spinks et al., 2014).
Figure 7 shows the difference of streamfunction between

Subtropical highs composites

© 2014 Royal Meteorological Society

ENSO and non-ENSO (MEI >0 to MEI < —0.5) phases.
The most noticeable increase of intensity occurs to the
south of subtropical high-pressure systems. South of the
high systems is where the AEJ and LWMs are located.
The positive values from the difference plot, which is
between 5°N and 20°N across North Africa is representa-
tive of the streamfunction gradient. West Africa shows the
biggest difference in intensity from the streamfunction dif-
ference versus East Africa. To the north of the subtropical
highs, which is the Mediterranean jet, there is a decrease
in streamfunction between ENSO and non-ENSO phases.
In this instance, it appears that there is an inverted change
of streamfunction intensity north of the subtropical highs
versus south of the subtropical highs.

5.2.2. AEJ and LWMs composites

Figure 8 shows the ENSO composite of the AEJ. Simi-
lar to the highs, the AEJ’s intensity increases (decreases)
during negative (positive) ENSO years. The zonal wind
speeds of the LWMyy, does not change much in intensity
between ENSO years, but the LWMg’s higher zonal vari-
ance shows an increase from 8 to 10ms~! during extreme
ENSO to non-ENSO years, respectively. The AEJ struc-
ture also changes between ENSO years. During extreme
ENSO years, the AEJ is weaker than average (Figure 1(b))
and broader in latitude. The zonal wind contours show
a weaker gradient between 10°N and 15°N. The LWM
is present and weak compared to the averaged intensity.
During extreme non-ENSO years, the intensity of both
LWMs increases, as well as the overall intensity of the
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Figure 6. Composites of streamfunction at 600 mb using the MEI for ENSO: (a) MEI> 0 (all positive years), (b) MEI> 0.5 (ENSO years), (c)
MEI < 0 (all negative years), and (d) MEI < —0.5 (non-ENSO years).

AE]J. The gradient of the zonal winds are strong between
10°N and 15°N, mainly due to the presence of the westerly
jet into the mid-levels located at (5°—10°N, 10°-20°E).
The LWMy, expands in size, but there is no significant
change in intensity.

In Figure 9, the difference of the AEJ intensity can be
seen between extreme ENSO and non-ENSO years. The
LWMy, is located at (16.2°N, 12.3°W) on average for
the month of August between 1979 and 2010. From the
analysis of the difference plot, there is not a huge increase
in intensity for the LWMy, but there is noticeable increase
to the northern and southern flanks of the AEJ in West

w (108 m?
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Africa. Most of the increase of intensity between extreme
ENSO and non-ENSO years will occur in East Africa
and into the Arabian Peninsula. The LWMg is located at
(13.8°N, 35.7°E) on average. The LWM, is clearly located
in an area of high-intensity change, which is consistent
with the high variance that occurs in East Africa. The
extended AEJ that stretches into the Arabian Peninsula has
a noticeable increase in intensity during extreme ENSO
and non-ENSO year. What is most interesting about the
difference analysis is the area located at (15°N, 55°E). This
is the same location that Lin ez al. (2013) investigated to
be a genesis region for easterly waves because of cyclonic

10°E

10°W 0

EQ T
30°W  20°W

20°E

30°E  40°E  50°E 60°E 70°E  80°E

3 25 -2 -15 -1 05 0 -05 1 15 2 25 3

Figure 7. The 600 mb streamfunction (x10° m? s~!) difference of extreme ENSO years (MEI > 0.5) and non-ENSO years (MEI < —0.5).
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MEI < 0 (all negative years), and (d) MEI < —0.5 (non-ENSO years). The stippling represents positive zonal winds.

convergence of the Arabian High and Indian Ocean High.
Overall, the increase of easterly zonal wind intensity at
600 mb between 15°N and 20°N from extreme ENSO to
non-ENSO years occurs over most of North Africa and
southern Arabian Peninsula. The positive values located
over the Mediterranean Sea and northern most part of the
Arabian Peninsula is associated with the westerlies from
the Mediterranean Jet.

5.2.3.  Shear and curvature vorticity composites

The AEJ’s 3ms~! zonal wind contour does not extend into
the southern Arabian Peninsula during extreme ENSO sea-
sons (Figure 8(b)), but does during extreme non-ENSO
seasons (Figure 8(d)). The significance of the zonal wind
increase over southern Arabia during extreme non-ENSO
season means a strong positive zonal gradient (du/dy > 0)
will increase vorticity intensity (= 0v/ox — du/dy). As
mention earlier, the mean relative vorticity was decom-
posed into shear vorticity (—dV/on > 0) and curvature vor-
ticity (V/R,> 0) to isolate the effects from the AEJ zonal
gradient and the AEWs, respectively.

The shear vorticity composite for ENSO years is illus-
trated in Figure 10. The shear vorticity field between 8°N
and 15°N shows significance in intensity variability during
extreme ENSO and non-ENSO years across West Africa,
East Africa, and the Arabian Peninsula. It is notewor-
thy that the intensity of the shear vorticity field does not
indicate an increase of the number of easterly waves, but
explains the effect on vorticity intensity from the AEJ’s
zonal gradient. This composite analysis illustrates that
shear vorticity intensity increase (decrease) during nega-
tive (positive) ENSO years. During extreme ENSO years,

© 2014 Royal Meteorological Society

the shear vorticity field shows a decrease in intensity from
the average (Figure 1(c)). The shear vorticity field over
the Arabian Peninsula shows the most decrease in inten-
sity compared to the average. Strong zonal winds of the
AEJ, such as the 3ms~! contour, are not present over
southern Arabia. Thus, shear vorticity intensity is inhib-
ited slightly. The shear vorticity field in East Africa also
shows a decrease in intensity, especially to the south of the
region where the LWM, is located.

In Figure 11, the extreme ENSO and non-ENSO differ-
ence plot illustrates clearly where the increased intensity of
shear vorticity. Between 10°N to 16°N and 20°W to 40°E
across North African is where the increased shear vortic-
ity intensity occurs during extreme non-ENSO years. In
particular, there are two distinct locations where there are
shear vorticity maximums. One is located in West Africa
centred at (15°N, 15°W) and the other is in East Africa
centred at (12°N, 30°E). These maximums are located in
the vicinity of the LWMy, and the LWMg, which consis-
tent with the shear vorticity increase (decrease) in intensity
being associated with the increase (decrease) of the LWMs
and overall AEJ intensity. There is another shear vorticity
maximum located to the south of the Arabian Peninsula.
This increased maximum is due to the increased easterly
flow of the AEJ.

Vorticity that resulted from horizontal variations in the
direction of the wind is called curvature vorticity. For
positive curvature vorticity, the wind must be curving
counterclockwise, or towards the left facing downward.
The curvature vorticity composite in Figure 12 illustrates
the easterly wave or AEW intensities across North Africa
and the Arabian Peninsula. Unlike the shear vorticity, the
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Figure 9. The 600 mb zonal wind (ms~") difference of extreme ENSO years (MEI > 0.5) and non-ENSO years (MEI < —0.5).

intensity of the curvature vorticity is weaker. Consistently
between all ENSO seasons, there are four distinct areas
across North Africa along the preferred region of AEW
propagation where positive curvature vorticity is present.
These areas are located at (10°—15°N, 30°—15°W),
(8°-13°N, 0°-20°E), (10°-15°N, 30°-40°E) and
(10°N, 45°E). Of these four areas, the curvature vor-
ticity located over the Ethiopian Highlands in East Africa
is the strongest. The curvature vorticity strength can be
explained by vortex stretching and the conservation of
Quasi-Geopotential Potential Vorticity (QGPV) over the
high terrain in East Africa. When vorticity perturbations
propagate over the Ethiopian Highlands, the atmospheric

40°N

column is compressed and then stretched in which relative
vorticity must change in order to conserve QGPV (Holton,
2004). This is most noticeable on the lee of the Ethiopian
Highlands at (12°N, 38°E). During extreme ENSO years,
the curvature vorticity is weaker than average across North
Africa between 10°N and 15°N (Figure 12(b)).

During extreme non-ENSO years, the curvature vorticity
over North Africa increases. Over the southern edge of the
Arabian Peninsula which is along the ITCZ, the curvature
vorticity is stronger (weaker) during ENSO (non-ENSO)
years, but the shear vorticity weaker (stronger) during
ENSO (non-ENSO) years. The variation of intensity
of curvature vorticity is noticeable between ENSO and
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and (d) MEI < —0.5 (non-ENSO years).
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Figure 11. The 600 mb shear vorticity (x107 s~!) difference of extreme ENSO years (MEI > 0.5) and non-ENSO years (MEI < —0.5).

non-ENSO years and simultaneously increases and
decreases in intensity with the anticyclones and AEJ.
In Figure 13, the curvature vorticity difference plot
has the highest variation of intensities (i.e. weak to
strong) between extreme ENSO and non-ENSO at (10°N,
5W-10°E) and (10°N, 15°-40°E). The variation is
opposite over the southern Arabian Peninsula with the
curvature vorticity weaker between ENSO and non-ENSO
years. The highest variability of curvature vorticity occurs
in East Africa and the Arabian Peninsula. Similar to the
low variability of the Saharan High and LWMy, the
curvature vorticity maximum in West Africa does not
show much variability of intensity.

[MEI > 0] 600 mb curvature vorticity (x10° s™)

e I N

5.3. East—west vertical circulation cell

So far in this research, it has been established that dur-
ing extreme ENSO (non-ENSO) years the subtropical
highs, AEJ with associated LWMs, and vorticity fields
decrease (increase) in strength respectively. The shear vor-
ticity field decrease (increase) is due to weaker (stronger)
zonal gradient of the AEJ. The intensity of the LWM
decrease (increase) with the weakening (strengthening) of
the subtropical highs induced meridional geopotential gra-
dient. The temperature is accounted for its relation to AEJ
intensity, but structure and existence of the LWMs are
due to the meridional geopotential gradient as the AEJ is
mainly geostrophic. The meridional temperature gradient,
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Figure 12. Composites of curvature vorticity (x10~> s~!) at 600 mb using the MEI for ENSO: (a) MEI > 0 (all positive years), (b) MEI > 0.5 (ENSO
years), (c) MEI < 0 (all negative years), and (d) MEI < —0.5 (non-ENSO years).
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Figure 13. 600 mb curvature vorticity (x1073 s71) difference of extreme ENSO years (MEI > 0.5) and non-ENSO years (MEI < —0.5).

i.e. the baroclinicity, serves as the AEJ formation mecha-
nism (Thorncroft and Blackburn, 1999; Wu et al., 2009).
Chen (2005) found that the LWMy, decreases (increases)
with the Saharan High, while Spinks et al. (2014) found
that the LWMg decreases (increases) with the Arabian
High. The next question is what causes the decrease and
increase in the strength of the subtropical anticyclonic
systems?

As mentioned in Section 1, Spinks ef al. (2014) found
that the Saharan and Arabian Highs are both maintained
mainly by the east—west differential heating. Divergent

centres over North Africa and the Arabian Peninsula are
produced by the thermal heating which creates a low near
surface and forces the air to rise and converge with the
sinking cooler air from the upper atmosphere. Figure 14
illustrates the east—west circulation and vertical motion
field over North Africa and the Arabian Peninsula along
a vertical cross-section of 20°N. The latitude 20°N was
chosen because the strongest vertical upward motions in
the layer between 925 and 825 mb, based on figure 1 of
Spinks ez al. (2014). The strongest vertical motions are
located over the mountain ranges across North Africa
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Figure 14. Averaged vertical cross section at 20°N of zonal wind and —w (X103 Pas™!) for August during 32-year (1979-2010) period.
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and the Saharan and Arabian thermal lows. The diver-
gence is seen in the mid-levels, such as in the layer of
700-500 mb. This was also illustrated from the velocity
potential field at 600 mb in Chen (2005) and Spinks et al.
(2014) which depicted the divergent centres associated
with the strong convergence of the upward and downward
motions. Between 60°E and 70°E, there exists a vertical
circulation cell. The formation of this cell is attributed to
the low-level westerlies associated with the Indian Ocean
subtropical high, the intense upward motion associated
with the Asian monsoon low, the upper-level tropical east-
erly jet, and the sinking cooler air from the northerlies over
North Africa. The tropical easterly jet is in accelerating
phase east of about 75°E where an upward branch of the
east—west Walker cell is located and in decelerating phase
west of it (Chen, 1982; Sathiyamoorthy et al., 2006). This
cell formation can be clearly illustrated from figure 1 of
Spinks et al. (2014). Our question is: Does the presence of
this cell and its associated east—west circulation patterns

© 2014 Royal Meteorological Society

affect the intensity of the Saharan and Arabian Highs as
both systems rely on the east—west differential heating?
It is noticeable from Figure 1(d)—(f) and Tables 1 and 2
that the highest variability of intensity from the subtrop-
ical highs, AEJ, and relative vorticity occurs in Ethiopia
and South Sudan in East Africa and South Chad and
Cameroon in Central Africa. West Africa does not expe-
rience the same variation of intensity. This is due to strong
influence by thermal heating in West Africa. The varia-
tion of intensity over East Africa and the Arabian Penin-
sula can be explained by the presence and proximity of
the east—west vertical circulation cell between 60°E and
70°E (Figure 15). Analysing the positive ENSO years,
the east—west circulation cell is no longer present. This
is due to the reduced zonal wind speeds from the tropi-
cal easterly jet in the upper atmosphere and the low-level
westerlies associated with the high over the Indian Ocean.
The divergence field associated with the convergence of
vertical motions in the mid-atmosphere does not change

Int. J. Climatol. (2014)
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much. Between 25°E and 30°E, the drier air is produced by
the downward motion through adiabatic warming, which
acts as a wall between the Saharan and Arabian High.
During negative ENSO years, the east—west circulation
cell is present. In contrast to the positive ENSO years dur-
ing which the tropical easterly jet and low-level westerlies
are weaker, the non-ENSO years induces stronger jets
which will enhance the zonal components of the east—west
circulation. The presence of this cell indicates that the
divergence field is strong, which contributes to the inten-
sity of the subtropical high-pressure systems, especially
the Arabian High. With the enhancement of the Saharan
and Arabian Highs, the pressure gradient increases the
intensity of the LWMy, and LWMG, respectively. The ver-
tical motion over West and East Africa and Arabian Penin-
sula increases slightly, which is due to the enhancement
of the thermal low heating during negative ENSO years.

6. Conclusions

At 600mb during August (1979-2010), there exist the
Saharan and Arabian Highs, AEJ with two embedded
local wind maxima in West and East Africa, and easterly
waves over Arabia and Africa easterly waves (AEWs)
over Africa. The variability of these synoptic systems
is examined. The highest variability occurs over Cen-
tral Africa, Eastern Africa, and the Arabian Peninsula.
For all synoptic systems present, positive (negative)
ENSO years will decrease (increase) intensity. For West
Africa, the Saharan High’s intensity will either increase
of decrease the intensity of the LWMy;,. For East Africa,
the Arabian High’s intensity either increases or decreases
the intensity of LWMg. The LWMg helps maintain the
propagation of easterly waves, especially during extreme
non-ENSO years where the westerly jet reaches into the
mid-troposphere and enhances the AEJ zonal gradient. For
the AEJ, the zonal gradient is weaker during ENSO years
compared to that during non-ENSO years. The increased
zonal gradient that increases shear vorticity is important
for the variation of easterly wave intensity across North
Africa and the Arabian Peninsula. When a strong zonal
gradient is present over the Arabian Peninsula, it can
help maintain easterly wave propagation. The curvature
vorticity, which is weaker than the shear vorticity, has the
highest variation in intensity between ENSO seasons at
(10°N, 5°E—10°W) and (10°N, 15°—40°E) across North
Africa. The variation is opposite over the southern Arabian
Peninsula with the curvature vorticity weaker between
ENSO and non-ENSO years. The curvature vorticity in
West Africa has minimum change from extreme ENSO to
non-ENSO years.

The higher variance in East Africa and the Arabian
Peninsula is explained by the east—west vertical circula-
tion cell located between 60°E and 70°E. The presence
of this east—west circulation cell provides an indicator to
the weakening (strengthening) of the Arabian High during
positive (negative) ENSO years. During ENSO years,
the east—west circulation cell was not present. During

© 2014 Royal Meteorological Society

non-ENSO years, the east—west circulation was present.
The weak variability of the Saharan High and LWMyy is
due to its proximity from the east—west circulation cell.
The Saharan and LWMy;, are permanent features through-
out the year and shifts in latitude during season changes.
For August in particular, the Saharan and LWMy, will
remain prominent features unless there is an anomalous
shift to the east in longitude (around 0°) as observed in
2000, although intensity remained high for the synoptic
systems.

East and West Africa’s weather patterns are significantly
different from each other. The common similarities are
the correlations of intensity changes in synoptic systems
with ENSO. The systems in East (West) Africa are smaller
(larger) and weaker (stronger), but East Africa has a higher
variability of intensity. Most importantly, this research
connects the weather patterns in East and West Africa to
each other, which is noteworthy for future studies of North
African climate.
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