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This study investigates the structure of the African Edgtiet focusing on in-
stability processes on a seasonal and sub-seasonal sithlthewgoal of identify-
ing features that could provide increased predictabilftptantic tropical cyclo-
genesis. The Modern-Era Retrospective analysis for Relsesard Applications
(MERRA) is used as the main investigating tool. MERRA is canegl with other
reanalyses data sets from major operational centers arinenworld and found
to describe very effectively the circulation over the A&icMonsoon region. In
particular, a comparison with precipitation data sets frim@ Global Precipita-
tion Climatology Project (GPCP) shows that MERRA produteshiest seasonal
precipitation over that region.

The verification of the generalized Kuo barotropic instiépitondition com-
puted from seasonal means is found to have the interestopepy of defining
well the location where observed tropical storms are detkecthis property does
not appear to be an artifact of MERRA and is present also irother adopted
reanalyses data sets. Therefore, the fact that the areag wieemean flow is
unstable seems to provide a more favorable environmentdwewntensification,
could be another factor to include, in addition to sea serfamperature, vertical
shear, precipitation, role of Saharan air, and others, gnarme scale forcings
affecting development and tropical cyclone frequency.

In addition, two prominent modes of variability are foundsbd on a spectral
analysis that uses the Hilbert Huang transform: a 2.5-6 dagienwhich corre-
sponds well to the African Easterly Waves, and also a 6-9 dagemvhich seems

to be associated with a tropical-extratropical interactio



1. Introduction

This article investigates some large-scale propertiehefatmospheric circula-
tion over western Africa and the northern tropical Atlangicross seasonal and
subseasonal time-scales, and particularly possibldogkttips between instabil-
ity of the atmospheric flow, computed on a seasonal time sédtican Easterly
Wave (AEW) activity and spatial distribution of tropicalmgsis points. The prob-
lem of tropical cyclogenesis can be studied from a varietgpgroaches, ranging
from properties of the AEJ affecting wave developmentjmsic properties of the
waves, mechanisms affecting the intensification of wavesatual occurrence of
tropical cyclogenesis. It is widely accepted that sea sertamperatures (SSTs)
and vertical shear are primary factors (e.g., Shapiro anidéderg 1998) con-
trolling the genesis and development of tropical cycloff&€3s). In this article one
additional factor, connecting the horizontal shear of tleamseasonal wind with
regions of tropical cyclogenesis, is illustrated. Emp@fi©rthogonal Functions
(EOFs) and a spectral analysis based on the Hilbert Huangftnan (Huang et
al. 1998; 1999) are used to separate purely tropical fregjasrirom modes that
may represent some evidence of a tropical-extratropi¢ataaction.

The research presented makes use of a synergistic appro@atvimg spectral
analysis, analysis of variance, composite analysis, asi@liity analysis. The
article is a follow up of a previous study (Wu et al. 2009b, dafter WAQ09)
on the AEJ structure and on the mechanisms contributingtm@intenance. In

WAOQ9 the current understanding of the AEJ structure wasudised, as perceived



through state-of-the-art operational analyses, and afsstperiments aiming at
understanding the forcing contributing to the AEJ struetand position. The
results confirm in part previous findings by Thorncroft ancdburn (1999),
which emphasized the importance of low-level heating inaing the AEJ, and

by Cook (1999), which focused on the prominent role of soilstwe gradients.
However, WA09 added new information by showing that it is soil moisture

alone that controls the AEJ position and structure, buterathcombination of
forcings, among them soil moisture, vegetation properaesl orography, which
appear to act together.

In this work, further research on the AEJ is presented, withcas on mecha-
nisms contributing to possible intensification of Africaadterly Waves (AEWS)
and to the spatial confinement of the TC genesis locationtgoirhe problem of
TC formation is very broad and can be split into at least twdgpaAEW pro-
duction and AEW development into TCs. The problem of the ftron of AEW
is complex, especially if studied on the wave scale and tigatsng the internal
structure of the waves (e.g., Kiladis et al. 2006; Hall e28l06). In particular, as
an alternate and complementary view to the barotropic-diiawio instability of the
jet, waves can be studied from the point of view of interniglgering mechanisms
(even without the contribution of the AEJ) by investigatthg role of heating pro-
files (e.g., Thorncroft et al. 2008), of convection, and oftiity structure on a
subsynoptic scale. However, wave triggers and AEJ praggedan work syner-
gistically: Leroux and Hall (2009) show how convectiveliggered waves are

influenced by intraseasonal variability of the AEJ.



The problem of the development of AEWSs into tropical cyclemethe sub-
sequent logical step, and involves a variety of aspectsriikpeg on the scales of
investigation. Sea surface temperature (SSTs) and vestiesr have been long
considered as fundamental large-scale characteristitteecnvironment that in-
fluence tropical cyclone frequency. However, even havingpothetical ‘perfect’
knowledge of these quantities, seasonal prediction ofdaedgyclones would be
limited. The importance of individual wave structures ifluencing tropical cy-
clogenesis (e.g., Hopsch et al. 2010) is also recognizedasrocial aspect.

In this article, rather than focusing on the internal stiwetof individual waves
and wave evolution, some additional large-scale propedi¢he flow across dif-
ferent time-scales and the effects of planetary-scalaerfgscare investigated. As
will be shown, the results do not contradict previous wslablished findings on
large-scale mechanisms relevant for cyclogenesis, boératdd a new piece of
information that may have implications on seasonal andeagmnal prediction
capabilities.

The idea that some increase in tropical cyclone predictiolh@ a subsea-
sonal scale could derive from an improved understandindnefpropagation of
the equatorial circulation known as Madden-Julian Osdiifa(MJO; Madden
and Julian 1971, 1972) over the Pacific and Indian Oceanddasintensely in-
vestigated (e.g., Leroy and Wheeler 2008). Given its pawarfpact on a variety
of atmospheric events across weather and climate scatesAsnani 2005), this
is not surprising. The MJO can be conceived as an east-waphpating distur-

bance characterized by active and inactive phases withneedaand decreased



convective activity respectively. Even if this article dagot discuss the MJO di-
rectly, several of the results obtained by MJO-relatedaeseare fully relevant
to the problems addressed in this work, particularly to tieseasonal variability
issue, and therefore need to be mentioned.

In particular, the mechanisms through which the MJO is belieto affect
tropical cyclogenesis are not completely clear. For examlglaloney and Har-
mann (2000b) found the MJO to cause changes in low-leveiciyrand verti-
cal shear over the eastern Pacific; however, Camargo et @9fzanalyzed the
modulation of TC genesis caused by MJO and detected the madhanisms
to be changes in low-level absolute vorticity and mid-leethtive humidity, but
only marginal contributions from vertical shear. Conneet between the MJO
and tropical cyclone processes have been observed andsskstior the east-
ern north Pacific (Maloney and Hartmann, 2000a), northenifiegMaloney and
Hartmann 2001), the Australian region (e.g., Hall et al. DQ@he southern In-
dian Ocean (e.g., Bessafi and Wheeler 2006), and the solRhetiic (Chand and
Walsh 2010).

Fewer studies however, have focused on the impact of the MJ@&tlantic
tropical cyclogenesis appeared during the 25 years simodisicovery of the MJO,
probably because the MJO signal appears to be weaker ovektiduatic than
over the Pacific or Indian Oceans (Shapiro and Goldenberg)1@8iring the last
years, however, some studies of the MJO's role in modulali@gctivity in the
Atlantic have been published. Among the first of these, Meyoand Hartmann

(2000b) suggest a modulation of hurricane activity in théf @lMexico by the



MJO. Aiyyer and Molinari (2008) show an impact on tropicakcygenesis in
the Caribbean, Barrett and Leslie (2009) demonstrate eblatween TC activity
in the northern Atlantic and MJO, and the more recent work bytzbach (2010)
discusses the relationship between Atlantic TC activity ®IidO phases, the latter
defined according to the definition of Wheeler and Hendon4200

One of the most important concepts (particularly for thisdgts purpose),
coming out of several of these recent studies suggest thatldition to the MJO
signal being weaker over the Atlantic, the propagation affiects of the MJO
over the African Monsoon and the Main Development Region BMBfter Gold-
enberg and Shapiro 1996) seem to be strongly modified by teegih and sign
of ENSO: in particular, Klotzbach (2010) argues that the ENssgnal needs to
be removed in order to correctly ascertain subseasonalhiéity in the Atlantic.
Kossin et al. (2010) do not limit their analysis to the MJO{ Biscuss the im-
pact on tropical cyclone tracks caused by ENSO, the Atlavecidional Mode
(AMM), the North Atlantic Oscillation (NAO), and the MJO, hytilizing a clus-
tering technique previously applied to other basins. Th@vides a separation
of four clusters of tracks, separated zonally and meridignd@he E-W separa-
tion corresponds to Gulf of Mexico versus Cape Verde systehereas the N-S
clustering separates ‘purer’ tropical systems from systémat display a higher
degree of baroclinicity. The main impact of the MJO is foundtbe Gulf of
Mexico systems.

The MJO is not discussed in this study; however, Klotzba¢®®10) argu-

ment on the need of removing the ENSO signal to better uraleitistubseasonal



mechanisms is taken, and the effects of ENSO are removedchgifay only on
ENSO neutral years.

A crucial tool for this work is the new Modern-Era Retrospeetanalysis
for Research and Applications (MERRA, Bosilovich et al. @0Bosilovich et al.
2008) produced by the NASA Global Modeling and Assimilatiifice (GMAO).
The MERRA reanalysis is used in this study to investigateABd, and is com-
pared with reanalyses from other centers. Section 2 dessMERRA, the other
data sets used for comparison, and the filtering methodoBggtion 3 describes
the climatology of the zonal wind and its gradients, as welb&precipitation.
Section 4 describes some results of a spectral analysis.spéetral technique
adopted here (Huang et al. 1998; Huang et al. 1999), to beidedan the follow-
ing section, has some advantages over conventional mebsadsise it does not
require assumptions on any periodicity. The results suggeas the commonly-
used time window o2 — 10 days can be divided into two sub-windows, confirm-
ing and revisiting previous findings by Diedhiou et al. (1p88d Diedhiou et al.
(1999) but adding the new result that one of the two sub-wirgdappears purely
tropical while the other provides some evidence of a trdpgsératropical inter-
action. Section 4 also provides an analysis of variance ofeskey fields that
have been filtered in two time-windows, and discusses thdéicatpns of these
results. Section 5 presents a dynamically-based disqussid interpretation of

the findings, and states the conclusions.



2. Data and methodology

The MERRA data set was produced by the GMAO with a focus onawvipg the
historical analyses of the hydrological cycle on a broadjeaof weather and cli-
mate time scales. As such, it serves to place the NASA Earfe@Ing System
(EOS) suite of satellite observations in a climate cont&tte data assimilation
and forecasting system used to produce the MERRA data is G @8&cumented
extensively in Rienecker et al. (2008). In addition to theRFA data this study
uses: a) the ERA-40 reanalysis (Uppala et al. 2005) prodbgaetie ECMWF
for the period September 1957 to August 2002; b) the NCEP aeat of En-
ergy (NCEP-DOE) Reanalysis 2 (NCEP-R2, Kistler et al. 20Qanamitsu et
al. 2002) which cover about thirty years; and c) the JapaBBsgar Reanalyses
(JRA-25, Onogi et al., 2007). In this work however, only thealcommon to
all the reanalyses (1980-2001) are used. All means, untésswaise stated, are
computed for the 1980-2001 period.

It is important to note that the reanalyses differ in resolutthe NCEP DOE
data are at the lowest resolution: a triangular truncattameavenumber 62 and 28
vertical levels (T62L28, corresponding to approximatedp &m or2.5° horizon-
tal resolution at the Equator), the JRA-25 data are at T106hich corresponds
to approximately 190km or about5°, the ERA-40 data are at T159L60 (horizon-
tal resolution of about 125 km or aboutl?), and finally the MERRA products
are at the highest resolution, @6° x 0.67° and 72 vertical levels.

In addition to the reanalyses, the global monthly mergedipitation analy-



ses (1979-present) at5° resolution from the Global Precipitation Climatology
Project (GPCP, Adler et al. 2003) version 2.1 are used.

In this work, some filtering is performed on the data: in padar, a sym-
metric, 4-pole, low-pass, tangent Butterworth filter déssal in Oppenheim and
Schafer (1975), is applied to isolate temporal scales frast@6 days and from
6 to 9 days. The particular choice of the time window, as wdldhown later,
is guided by the result of a Hilbert spectral analysis, feilog previous work by
Huang et al. (1998), Huang et al. (1999), Wu et al. (1999),rguand Shen
(2005); and Wu et al. (2009a). The Hilbert-Huang transfomadpces a joint
distribution of time-frequency-energy called the Hilb&gectrum. The method-
ology, as discussed extensively in Huang et al. (1998, 199%daptive, pro-
duces physically meaningful instantaneous frequenciémaddifferentials of the
phase function, and is particularly suitable to analyzeeprtes of nonstationary
and nonlinear processes, since it does not require any assumabout oscilla-
tory processes or particular wave functions. This is an irgy difference with
respect to other techniques adopted to infer periodic ptigseof atmospheric

motions.

3. Mean Climatology

In Fig 1, the zonal wind climatology for July, August, and &apber (JAS) based
on MERRA, is compared with that based on ERA-40, NCEP-R2, HlRW-25.
The well-known structure of the AEJ and of the regional dation can be dis-

tinguished in the four sets of reanalyses: in particulat anj@ximum greater than
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aboutll ms~!is located at 600hPa at approximatébf N over western Africa.
As noted previously in WAQ9, the structure of the analyzedAlidfers slightly
on the eastern side, with NCEP-R2 extending it more to thewedls respect to
the others, and JRA-25 having the lower speeds over easfeanafand overall
representing the weakest AEJ. The eastward extension &Edeand its weak-
ness particularly over data-sparse areas, such as thepkthibighlands, may be
relevant to the development of AEWs in model forecasts (Ageanareda et al.
2010). Among various minor discrepancies in the represiemtaf the AEJ, it is
noted that the ERA-40 and the NCEP-R2 products depict twiandtsmaxima in
the AEJ (unlike MERRA which display one stronger elongateakimum), and
the AEJ representation in MERRA and the ERA-40 extends nuotfeet west than
in the other two data sets. As pointed out in WAQ9, it cannadigeied, in the ab-
sence of a denser observational network (e.g., Parker 208B), which of these
representations of the AEJ is more realistic. The need oftiadd! observations
to further improve the representation of the AEJ, espacdallits eastern side, has
been stressed by many authors (e.g., Agusti-Panaredaetidl).

However, the different representations of velocity gratbein the different
data sets is of greater interest than the simple assessinérg AEJ extension.
To this purpose, the zonal wind structure with respect tottbazontal shear
produced by the zonal componefpt) of the wind is also shown in Fig. 1. In
particular, the two quantitiesd%“, which is the relative vorticity associated with
meridional variations in(u), and K (y) = #.[f(y) — 5] where f is the local

Jy

Coriolis parameter, are superimposéd(y) = 0 represents the generalized Kuo



(1949) necessary condition for barotropic instability txor in response to the
zonal component of the flow(y) = 0 on the cyclonic side of a flow indicates
locations where barotropic instability is possible. If fiev is easterly, the con-
dition favorable for barotropic instability in the nortimehemisphere corresponds
to a latitudey,, where K(y..) = 0 andK(y) > 0 fory < y.. andK(y) < 0
for y > y... In this work, we consider the range of values betwedn—!! and
10~"'m~1s~1 to be sufficiently close to zero. S&| < 10~!''m~'s~! delineate
in this article the areas where the mean zonal componenedidtv is unstable.
Finally, in the left panels in Fig. 1 the areas where the edxtiinduced by the
zonal flow is cyclonic are shaded in white. The oceanic foachf this region,
constrained by the double condition &f being sufficiently small and the vor-
ticity being positive, is also the area where most of therstgenesis points are
observed, as will be shown later.

It is very significant that in all the reanalyses (less evijeim NCEP-R2) an
area of negativél values is present at aboLi’ Vv, 20° —30°W, which is the east-
ern edge of the MDR. In other words, the importance of thisifigdrises from
the fact that in general one would regard the instabilityhef AEJ at any given
time as an extremely complex issue, arising out of an inatedus combination
of both barotropic and baroclinic instability, as shown bsiéh and Cook (2008)
and previously discussed by Thorncroft and Hoskins (192984b). The quan-
tities involved in Fig. 1, such as horizontal sh%rand K(y), they also reflect
the presence of baroclinic instability (e.d<,(y) < 0) and surface temperature

gradients, but they are computed aga@e-mearfor the season. In addition, many
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environmental factors such as sea surface temperatundgalvshear, moisture
and precipitation on various scales, contributions frorheBan Air, and cold air
intrusions from the Mediterranean across the Sahara camhdbit or enhance the
development of AEWSs into cyclones. Yet, the fact that soingths simple as the
barotropic instability of themeanflow, without considering any other property,
appears to broadly coincide with the area where statisfiealarge amount of
storms occur (being the Eastern border of the MDR), is ingyurt The possible
underlying reason is that where the AEJ is seasonally mos&abte, there could
be a higher probability that waves become more intense, laegktin turn have
a higher chance of producing tropical cyclogenesis. Agaithout denying the
importance of the many other factors that can affect trdpgalogenesis, it is
possible that the mean instability of the flow offers an ddddl constraint. If
true, this would offer some potential for seasonal predititg, in that the mean
flow is likely more predictable on a seasonal time-scale) tteahigher frequency
fluctuations.

As previously discussed, Fig. 1 shows some differencesdsriweanalyses,
such as that the analyzed AEJ and its gradients are stranyfRRA than in the
NCEP-R2 and JRA-25. On the other hand, the gradients anddmaal structure
of the K(y) function at 600 hPa appear quite comparable in ERAnd MERRA.
which indicate that the AEJ is more unstable in these dattkah in NCEP-R2
or JRA-25. It is also worth noting that the JRA-25 provides tbss unstable
representation of the AEJ particularly on its eastern sidileese discrepancies

could be partly caused by resolution, but also by differessirailation systems.
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As seen Fig. 1, the stronger values of meridional shear ofdim@l wind are
concentrated in a strip to the south of the AEJ, receivingrdautions from both
easterly wind increasing with latitude, and westerly mamsd flow to the south,
and at lower elevations, decreasing with latitude. To ertlarify this aspect, the
vertical structure of the wind and gradients is illustratedrigs. 2 and 3, where
the corresponding meridional cross-sections of zonal wit@d,) and meridional
shear are plotted. Figure 2 emphasizes those heights atnui¢st that are more
barotropically unstable at a longitude 0f. All four data sets agree that the
strongest cyclonic shear induced by the AEJ is centered @aita@00 hPa and
slightly south of about5°N, with the MERRA data displaying a more confined
maximum. However, the cross-sections emphasize a diffstepe of the maxi-
mum shear values, that is even more evident infttig) plots. It is only MERRA
and ERA-40 that display a clear ‘column’ of negatikevalues stretching from
900 to 500 hpa at abow’ — 15°N.

Figure 3 shows the same meridional vertical cross-sectianlangitude of
20°W, which intersects the region of interest completely over tltean. The
AEJ core is slightly to the north of5°N in all reanalyses. Moreover, all cross-
sections confirm the fundamental features of the AEJ ana@snding circulation
consisting of: a low-level westerly flow confined below 80@rdhd affecting the
latitude band between the Equator &, a low-level easterly flow (Harmattan)
confined betweenr(° and 30°N, and an upper-level easterly flow (TEJ) at lati-
tudes south ol 0°N, with the MERRA data providing the stronger values. As
seen in Fig 2, ERA-40 and MERRA consistently depict the ayiclally sheared

12



(southern) flank of the AEJ as barotropically unstable, wilues of K(y) de-
creasing with increasing latitude, and with a near-zero) Kigrtical column even
more vertically extended than &t, ranging from 900 hPa to almost 400 hPa.
The implication is that the formation of a vertically alighdarotropically unsta-
ble column seems to become even more likely as one moves &ondc()°) to-
wards the ocear2(°W). This is interesting because some developing waves tend
to show vertically aligned structures at these levels whehaser land, before
transitioning from land to ocean, and even more so aftesstti@m since surface
baroclinicity weakens over the ocean. The idea that wavew gut of a com-
bination of baroclinic and barotropic instabilities ovant, but that barotropic
growth prevails over the ocean, is supported by severalestyé.g., Arnault and
Roux 2009). Without denying that development occurs witmynather con-
tributing mechanisms, the fact that the mean seasonal flspladis some vertical
alignment, which increases by moving from land to ocean,ld/guggest that a
connection may exist between some instability properti¢seoseasonal flow and
the individual systems. In other words, we are noting thaamgroperties of the
flow seem to agree with requirements of individual systeimss reinforcing the
notion that a more unstable mean flow, more vertically alijieconnected with
the probability that individual systems may find a more faabe environment for
development. At this time, this is a hypothesis to be furtested, but the prelim-
inary evidence suggests that is plausible, and its imptinatare important.

It can be argued that the mean JAS climatological conditr@psoduce in

diluted form features that are observed often on weathex Soales and instanta-
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neous fields. As will be shown later, by comparing the locaiovhere observed
tropical cyclogenesis verifies, it seems that those are@semhemeanflow sat-
isfies the condition for barotropic instability on a seaddimae-scale are also the
areas where actual storms cluster. At this time a connedi@mot be strictly
demonstrated, but it is worth noting that Hopsch et al. (2@l1€b note a tendency
of genesis points to cluster towards the coastal area, anbud¢ the clustering
of coastal developments to increased vorticity induceddnyfall over the Guinea
highlands.

Figure 4 shows the precipitation climatology, togetherhwtihe departures
from the GPCP data sets. As is to be expected with the largmrtainties typical
of precipitation fields, the differences between reanayse large, with ERA-40
and NCEP-R2 having a wet bias on the southern side of the IMERRA hav-
ing a dry bias on the northern side of the ITCZ and to the east,JR®A-25 having
a wet bias over the Sahel and a dry bias over the Guinea cadstnis of absolute
differences, it should be noted that the MERRA data set hmgverall smallest
departure from GPCP: less thamm d~! over most areas, and a mean departure
of only 0.04 mm d~" againstl.48,0.74 and1.0 mm d~! for ERA-40, NCEP-R2,
and JRA-25, respectively. However, MERRA has the largegthigis over the
east, which may indicate, according to Thorncroft et al. 080 a lower num-
ber of AEWSs being triggered. In the same figure, the variarfideeinterannual
precipitation departures from the JAS GPCP mean is compotedll the four
reanalyses sets throughout the 1980-2001 period. It isiitapbto note that the

variance of the difference with GPCP is the smallest for MBRR.92, against
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the largest being 4.9 for ERA-40). The variance, togetheh worrelation (not
shown), is an indicator suggesting that interannual vérials represented well

in the MERRA data set.

4. Spectral analysisand analysis of variance

As stated previously, to avoid contamination by the ENSOaligwhich needs
to be removed (e.g., Klotzbach 2010) to properly understiwedmechanisms
involved, an EOF analysis is performed across the ENSO aleysars on the
meridional component of the 700 hPa wind, in the time windanging from 2.5
to 90 days. The EOFs are computed on a domain ranging #@ to 10°F
and10°N to 20°N. Zonal changes in the domain within the same latitude range
do not show major impact on the EOF structure (not shown)uréi¢p shows the
first two principal components (PCs) resulting from thislgss: these account
for about 40% of the total variance. The two EOFs are in quadesaand explain
a comparable amount of variance, thus providing a repratentof propagating
easterly waves. The third and fourth EOF each account fodditianal 11% of
the variance (not shown), so that the first four componentagxabout 62% of
the total variance.

The Hilbert Huang spectra were preliminary computed forfitet four PCs
over the entire domain and sub-domains (not shown). Theiéecjes at which
peaks of spectral density occur are an indication of philgicgeaningful instan-
taneous periodicities (Huang et al. 1998; 1999) suggeslimginant time-scales

of atmospheric motion. The results from this preliminaricaéations hinted at an
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interesting property: time scales greater and smaller thdays appeared to be
separated in the first two EOFs (with two peaks at about 6.55athalys respec-

tively), but not on the third EOF and fourth EOF (not showm)atldition, spectra

computed on different sub-domains seemed to suggest tawthtime scales of

atmospheric motion, separated by the 6 day period in theitsEOFs, appeared
to dominate in different locations (as will be discussedratwith the time scale

smaller than 6 days confined at the lower latitudes and the $icale greater than
6 days more prominent in the subtropics (not shown).

Based on these preliminary assessments, and to substdhisdspect further,
the Hilbert Huang spectra are shown for two locations, narith south of the AEJ
axis respectively, at7°WW and 12° N and 5°W and 26° N and compared with
the corresponding Fourier analyses. These locations asechbecause of their
representativeness: the former refers to a point slighilytls of the AEJ core,
immediately off the west coast of Africa, the latter refavsat point north of the
AEJ, over land. In Fig. 6 the Hilbert-Huang and Fourier spefdr the meridional
component of the 700hPa wind are presented, for the poitit°at’ and 12°N.
The abscissa indicates frequency in terms of number of symler the length in
daysn of the JAS period, whereas the ordinate indicates spectragity.

Unlike the spectral analysis previously computed on the £Q¥Fig. 6 the
Hilbert-Huang transform is performed on the full field. A prment sharp max-
imum at approximatelyt0!-91/n (about 5 days), between two minima that cor-
respond to approximately periods of 2.5 and 6 days, indsciite most prevalent

frequency of AEWs according to the Hilbert-Huang spectralgsis. Another,
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less sharp and broader maximum at abi\it'1/n indicates an oscillatory mode
of about two or three weeks, which appears westward propagé&tot shown),
and therefore different from the quasi-stationary modecoled by Mounier et
al. (2007) but similar to the periodicity of 10-30 days dissed by Janicot et al
(2010). Other time scales greater than a month are alsorgreseare not central
to this article.

Figure 7 is the same as Fig. 6, except the Hilbert-Huang spact computed
for a location over the Sahara, to the north of the AEJ and rooitee East, ai’WV/
and26°N. Spectra computed for locations at the same latitude buhemtean
(20°W) are very similar (not shown). In the Hilbert-Huang spectinere is clear
evidence of the same maximum at ab®0t?1/n confined by the time-scale of
2.5-6 days, but also of another maximum at ab@it*1/n which is the center of
the time-scale window of 6-9 days. This maximum does not apethe Fourier
spectrum. It is important to emphasize that the Hilbert Humansform does not
need any assumption on specific sinusoidal functions asiedf transform, and
as such it is more likely to represent physically meaningfuk scales. Since in
this data set the 6-9 mode appears undetected when perfpthar-ourier anal-
ysis, it is possible that the preferred use of Fourier tramafby several authors
has been one of the reasons why the 6-9 time scale has red¢esgedttention.
However, African waves with time scales of 6-9 days were pleskand studied
by De Felice et al. (1990, 1993), and previously by Yanai anadWami (1970),
who performed spectral analyses of equatorial waves aretne¢éstward propa-

gating disturbances over northern Africa with periods afaa week. As will be
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discussed later in Section 5, in this work the 2.5-6 day fezampy range appears
to be connected with AEWs, whereas the 6-9 day seems to beigegddoy an
interactions of tropical disturbances with midlatitudeiahility. Possible causes
for this time scale will be discussed later in this Sectiod anSection 5.

Since this study is mostly focused on the seasonal-meaatilist properties
of the AEJ, and its possible link to weather systems, theanae of the meridional
component of the wind is used to assess AEW activity and meremlly in-
creased activity, since large convective systems are alsucated with increased
variance of the wind (Fig. 8). However, considering the hason of reanalyses,
and their inability to resolve unorganized convective ey, it is likely that the
wind variance reflects predominantly AEW activity. The msisiking element in
Fig. 8 is the overlap between the areas of maximum fractidotaf variance and
the areas where K(y) is close to zero (within the intervad ! to 10~ 1m~1s71).
The maximum variance more to the north is associated witsasheres (y) < 0
(recall Fig. 1) and with baroclinic instability. As statedfbre, K (y) is computed
from the JAS average, and it represent #reas where disturbances are more
likely to extract kinetic energy from the mean zonal flow bptrapic growth in
addition to the combined effect of baroclinic growth caubgdegative potential
vorticity gradients in the jet core (dominated B§(y) < 0) and positive surface
temperature gradients which are strong over land. Thelfiatthis area coincides
well with the areas where the variance of the meridional windicative of actual
wave activity computed from daily data and filtered on waweetiscales) is max-

imum, is remarkable. This suggests that instability propsrof the mean flow
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are connected with instabilities occurring on the instaatas flow. If substanti-
ated by further results, this relationship would provideosvprful diagnostic tool
to assess the potential for AEW development and tropicdbagcgenesis within
seasonal forecasting runs. It is important to stress thabweus correspondence
between seasonal means of large scale fields and occurreimcivadual storms
has been found in other basins such as the Indian Ocean go&, where storm
genesis and development is extremely erratic. On the agnitappears that the
Atlantic tropical cyclogenesis has a higher degree of gangtthen other basins
and, as such, may offer larger room for predictability on asemal scale.

In Fig. 9, the same plot is produced from precipitation data,do further sup-
port the point above. The 2.5-6 day band-pass filtered ptatign south of the
AEJ is a strong indicator of wave activity and/or enhancealvegtion. It should
be noted that a good correspondence exists between the omaxiittered pre-
cipitation variance and the areas that, in Fig. 8, displagreespondence between
variance of meridional wind and areas where the mean flowfszgithe barotropic
instability condition (and of baroclinic whet& (y) < 0) on a seasonal time scale.
This correspondence is not an artifact of MERRA but is qaaliely present also
in the other reanalyses (not shown).

In Fig. 10, the 2.5-6 day band-pass filtered variance of tmakand merid-
ional wind components, computed from MERRA at 500, 600, B30, and 925
hPa, emphasizes the three-dimensional structure of thenea, and also shows
the levels which are more active on this time-scale. It isantgmt to look at the

different behavior of both zonal and meridional compongtatsnvestigate wave
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activity and possible energy exchanges between the jet andsy The variance
of the zonal component has a distinct maximum at abott 15° NV and 600 hPa,
whereas the variance of the meridional component is stroaigeboutl 5°/N and
925 hPa. It is significant that the variance of the meridiamhponent, which
suggest stronger disturbances and enhanced convectaks atthe lower levels,
right at the transition from coast to ocean in agreement Witpsch et al (2010)
findings. This may indicate that, in the reanalyses fields|dtv-level meridional
amplitudes may form once disturbances originating at thd kel (evident in
the zonal fields in Fig. 10) reach the coastline and will imtactivates the am-
plitudes of the meridional component, which manifest thelwes more clearly in
the lower levels. The peak in the variance of the meridiomahjgonent at 925
hPa is also consistent with the contribution to wave grovdbsed by surface
baroclinicity.

It is very important to stress that this is not an artifact le¢ particular as-
similation and forecast system adopted: exactly the samétraotwithstanding
minimal internal differences, is also obtained by compyitine same quantities
from the ERA-40, NCEP-R2 and JRA-25 reanalyses (not sholurfact, all four
reanalyses show, over the ocean, a maximum of the 2.5-6 derngéllvariance of
the zonal wind component at 600 hPa, and a maximum of the 8&y6iltered
variance of the meridional wind component at 925 hPa. Thasisdication of a
fundamental property of the flow and its tendency to prodocsirengthen, dis-
turbances that grow both barotropically and baroclinicalowever, over land,

JRA-25 shows much less variance, consistent with the dweealker AEJ shown
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in Fig. 1 and with the lower resolution.

Figure 11 shows the same fields as in Fig. 10, except that thesvaire filtered
to retain 6-9 time scales. The intent of this figure is to shaemhes light on the
spatial distribution of this mode, and ascertain whethas ipurely tropical or
rather results from interaction with higher latitudes. Tigure shows that the
6-9 time scales of motion do not produce a strong signal indher latitudes
and lower levels. On the contrary, most of the signal of 6-9 ztanal wind is at
600-700 hPa, with a shape that is surprisingly similar totyipecal track of early
recurving disturbances. For the bandpass filtered meradiocomponent, there is
a maximum only north o20°V at levels higher than 700 hPa, including 500 hPa.
The shape of this maximum is surprisingly similar to the coonnplumes’ of
moisture advected by a predominantly southwesterly flovickvlare often seen in
water vapor channels stretching from the Atlantic ITCZ tadgthe northeastern
Atlantic or the Mediterranean region (e.g Turato et al. 2004

As stated before, time scales of 6-9 days, based on singh plaservations,
were noted and documented by De Felice et al (1990, 1993) emaywnot being
able to reproduce this as a global equatorial mode in a thiearenodeling frame-
work, the authors concluded that the monsoonal signal nhigletthe signal in the
Pacific and Indian oceans (De Felice et al. 1993). Howeved@ou et al (1998)
and Diedhiou et al. (1999) confirm the presence of the 6-9 nbotl@ote that it
appears at a more northern latitude, it is less intense ie-Juty and attribute it
to periodic strengthening of subtropical anticyclonidgeln this study, we sug-

gest an explanation for the 6-9 mode different by De Felical.e{1990, 1993),

21



and involving an interaction with extratropical dynamic&lanore in line with the
findings by Diedhiou et al. (1998; 1999). In particular, wggest that the 6-9 day
filtered variance may indicate a very complex tropical-attrpical interaction be-
tween midlatitude and tropical activity. Of this interaxti more than one possible
connected category of events could be symptoms: for exartipj@cal systems
that recurve earlier and turn into northward or eastwardiomptor the southern-
most edge of fronts connected with the midlatitude activityese are connected
because a relaxation of the high pressure belt at ab@uy — 30°/N often al-
lows the southern edge of fronts to penetrate further sooudh at the same time,
drive southerly flow ahead of such cold fronts away from thepdeopics into the
midlatitudes. Disturbances originating from AEWSs can treqtly be advected
northward in such flow at various levels of development, either convective
clusters which end up feeding the warm sector of midlatitcyt#ones, or tropi-
cal systems commonly known as ‘early recurvers’ that arersteby a mid-level
southwesterly flow, and different therefore from those Ceéprle systems which
cross the Atlantic towards the American continent. Contidns of moist trop-
ical air following trajectories very similar to the pattershown in Fig. 11 have
been found to be significant for floods in the Mediterranegmore (e.g. Reale et
al. 2001; Turato et al. 2004, Krichack et al. 2004).

To further emphasize the physical foundation of separatiegspectrum in
the two sub scales, Figure 12 shows the variance of the 70nleRdional com-
ponent of the wind filtered through a 2.5-9 day, 2.5-6 day af®dday passband

respectively. There is a clear spatial separation betwleertivto sub windows,
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with the 6-9 day mostly confined at latitudes higher thatw. An almost identi-
cal result is obtained when plotting the same quantitiesfERA-40, NCEP-R2
and JRA-25 (not shown), suggesting a robust physical foumd#or the idea that
two separate time-scales seem to be present over the re§tahe same time,
some variance in the 2.5-6 day passband at abouy, although weaker than
the main peak confined at abd’ NV, supports the idea that the 2.5-6 day mode
weakens with the increase in latitude.

In Figure 13 the lag-correlation coefficient computed betwéhe 700hPa
zonal and meridional components of the wind at one locaofAly” and26°N)
and all the surrounding points, at lag intervals of one dayshiown. The Fig-
ure illustrates what appears to be a mode propagating oneasiiale of about 7
days and centered in the transitional zone between the degeips and the ex-
tratropics. It appears to be a physically based motion stracfounded on the
interaction between midlatitude activity and tropical dgmics. That the ITCZ
periodically breaks and reforms and that pulses of enhaacéddreduced orga-
nized convection unrelated with AEW activity are observethiat latitude range
is known to operational weather forecasting in the tropfténtic: with this work
it is suggested that this is more than chaotic variabilitythat it may be the result
of the interaction between midlatitude activity and tr@gdidynamics. Over the
African monsoon region and the tropical Atlantic, cold aitloreaks are observed
on a regular basis (e.g. Vizy and Cook 2009) in the forms ofl snirges asso-
ciated with shortwave trough passages over the Meditesrais®a. These cold

surges enhance convection over northern and western Afutceeduce it over the
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eastern Sahel. It is possible that the particular topograpimorthern Africa and
the Mediterranean Sea favors some tropical-extratropntataction with a well-

defined time-scale, that this interaction is captured byHifieert-Huang analysis,
but has not received recent attention since the article leglilou et al. (1999).
This periodicity is different from the larger time scalesdied by Janicot et al.
(2010) and appears to be a little-known phenomenon that ctanpally affect

the way in which AEWs and midlatitude troughs interact.

We finally substantiate the importance of a) stratifyinganalysis of the dy-
namics on the region according to the ENSO sign, and b) enmphgshe physi-
cal meaningfulness of both the 2.5-6 day bandpass filterédhP@ variance of the
meridional wind and the low values of me&f(y). The need of filtering out the
ENSO signal to better understand the circulation over tgerewas emphasized
by several authors including Klotzback (2010). In this@etiwe focus on ENSO
neutral years. Since the AEJ properties are different inpihgtive or negative
ENSO years (not shown here), a treatment of the behavioreoAHEJ in response
to the ENSO signal will be the subject of a following artickegure 14 shows the
variance of the meridional wind, the genesis points of olesgistorms and the
area characterized by near-zdkdy) values, all overlaying the mean zonal wind
climatology in neutral ENSO years. It is worth observing #ineas over the ocean
where the variance is a maximum, plotted only within the sin@bereK (y) is in
the range between10~1! and10~''m~ts~! correspond well with the portion of
the eastern Atlantic ocean where tropical cyclogenesigsrscdn other words, a

clear link appears to exist between 2.5-6 day filtered vagaof the meridional
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component of the 700 hPa wind, the satisfaction of barotrimysitability condition
for the mean zonal wind, and the occurrence of observed derednts of tropical
systems. The above link does not appear in the positive ativegeNSO years,
possibly because of the way in which ENSO impact affect, ajraiher factors,

the vertical shear. The discussion on ENSO will be the stlojes future article.

5. Discussion and concluding remarks

This article starts with an analysis of the AEJ using MERR#agand comparing
the AEJ representation with that in other reanalysis dats, samely ERA-40,
JRA-25 and NCEP-R2. The comparison has demonstrated the 9eMERRA
data as a tool for analyzing the African monsoon region, anéxamining those
aspects of the African Easterly Jet that may be relevangséasonal predictabil-
ity problem.

It was shown that while discrepancies between reanalyst#ginepresenta-
tion of the circulation over Africa are getting progressywsmaller with respect
to previous studies (i.e., Cook 1999), some differencdisestist, and these dif-
ferences are likely due to insufficient data coverage oreéadésponse of different
model physics in the absence of data. Despite these snfallatites in the repre-
sentation of the AEJ, the reanalyses agree on the fact taaytionically-sheared
flank of the AEJ has some properties, discussed later in tigdearthat may be
important in increasing seasonal forecasting skill. Thia hypothesis that needs
to be further investigated, but the preliminary resultdas study are encouraging.

An assessment of the mean JAS precipitation shows that MERRAuces
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the smallest bias with respect to GPCP compared with otleeratgses (Fig. 4).
Soil moisture gradients, a prominent factor controlling theJ, are difficult to
assess and verify; however the overall quality of precttadistribution in the
MERRA data appears satisfactory.

A Hilbert-Huang spectral analysis performed on the dats is=teals that two
fundamental time scales can be recognized: at 2.5-6 daysistent with the vari-
ability associated with AEWs, and a variability at 6-9 dayke latter is consistent
with a 6-9 day propagation mode discussed by Yanai and Marake970), De
Felice et al. (1990), Diedhiou et al. (1998) and Diedhioul e{2099). However,
this mode of variability did not receive as much attentionthivi the scientific
community as the 3-6 day time scales, possibly becausermbits elusive signal,
which our study suggests to be better captured by using theiHuang trans-
form (Fig. 7). In this study we hypothesize that the mode ispwely tropical,
as thought by De Felice et al. (1990), because we detecgitalsinore clearly at
more northerly latitudes, in agreement with Diedhiou e{8098). Diedhiou et al.
(1999) attribute the oscillation to periodic strengthenat the subtropical highs,
without searching for a more northern origin. In this agiolve speculate instead
that the 6-9 mode may arise as a result of a tropical-exjatab interaction. In
particular, we note the similarity of the 6-9 day filterediaaice of the zonal com-
ponent of the wind in the levels between 500 and 700 hPa withygbical track
of ‘early recurvers’, and the substantial high latitude leé tnaximum 6-9 band-
pass filtered variance of the meridional component of thewieminiscent of the

tropical moisture plumes sometimes advected within théheyn edge of certain
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midlatitude disturbances.

These could be symptoms of a larger scale oscillation, sa¢heapreviously
observed mode of 6-9 days (Yanai and Murakami 1970). Howekerspatial
distribution evidenced by the spectral and analysis ofavare in this work allows
to speculate that Yanai and Murakami (1970) perhaps inctyrattributed the
6-9 time scale to an equatorial oscillation. The 6-9 pedigimay be instead
an indication of either a subtropical oscillation, or of agical-extratropical con-
nection, possibly arising out of the periodic weakeningha tlescending branch
of the Hadley cell coincident with the transit of midlatiiffontal systems north
of 30°NV, which in turn causes a temporary relaxation of the ITCZ.sTddlows
enhanced southwesterly moist flow advected in the the lovieitroposphere (as
seen in Turato et al. 2004) from the deep tropics ahead ofatitidédie cold fronts,
and cooler northerly flow in the lowest levels on the rear enth(as documented
in Vizy and Cook 2005). It is worthy noting that Diedhiou et €1999) explana-
tion of the 6-9 mode as resulting from the subtropical hegjtengthening is not
inconsistent with the reasoning suggested in this workn iéxtra tropical system
transits north of a subtropical high, a ridging tendencyhvabnsequent subtrop-
ical high strengthening can be observed ahead of the ntidiatisystem, and a
weakening to the rear of it, consequent to cooler northeny-level flow advec-
tion. The 6-9 periodicity may then coincide with a strengiing (and weakening)
of the subtropical anticyclones (as suggested by DiedHhial €1999)) caused by
an interaction between tropical and extratropical dynamas by a 'subtropical

oscillation’.
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In this article it is also noted that the necessary condiftwiarotropic insta-
bility computed from the JAS mean zonal wind delineates aa arhere the vari-
ance of the bandpass filtered (in the 2.5-6 day window) mamali component
of the wind has a strong maximum. The maximum also correspavell with
the bandpass filtered precipitation variance maximum @igconsistent with the
fact that increased variance of the meridional componehtates increased wave
activity or increased convection.

Finally the same area where the necessary condition fortiogio instabil-
ity is satisfied in the above sense (beidg| < 10~"m~'s™!) is also the area
where, during ENSO neutral years, observed formation gfita storms oc-
curs (Fig. 14). This is significant because the actual psotest can transform
an AEW into a closed circulation, is described in much momaglicated terms
by a combination of barotropic and baroclinic instabibtief the Charney-Stern
kind (e.g. Thorncroft and Hoskins 1994a; Hsieh and Cook 20R8ditional de-
grees of complexity are introduced by thermal vertical dee (Thorncroft et al.
2008), convection, vorticity and moisture distributiongie Hopsch et al. 2010)
and with the crucial contribution of other factors such assaface temperatures,
vertical shear and Saharan air intrusions. Yet, barotroygtability alone, when
computed from the seasonal mean zonal wind, appears tastroonstrain the
locations where storms occur. Further investigation onrtkerannual variability
is needed, but if this preliminary finding is confirmed by figstudies, it appears
as a potential predictor of TC genesis on a seasonal scale.

In conclusions, there are two major findings that arise frbis $tudy.
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e The verification of the Kuo barotropic instability conditicand of K’ (y) <
0, computed from the mean JAS zonal wind, has a physical mgdren

cause it outlines very well the areas where storm genesig®cc

e A Hilbert-Huang spectral analysis reveals two prominentesof vari-
ability: one at 2.5-6 days, which corresponds to AEWSs, aedbther at 6-9
days, which appears to be connected with tropical-extpated interactions

or with a sub-tropical oscillation.

A caveat should be inserted. In this article, only seasoresma of the prop-
erties of the cyclonically-sheared flank of the AEJ have b&sswn. To verify
if these properties have a true meaning in the predictglplioblem, the inter-
annual variability of the AEJ properties and the vorticitgrsreversal should be
investigated. To do so, however, leads to the problem ofudsiag the role of
ENSO which is not a goal of this article. Therefore, the ploisisy of the sea-
sonal properties of the flow affecting development of indbal waves is pre-
sented as a working hypothesis. This paper acknowledges/tgrall complexity
of extended-range tropical forecasting in the Atlantic, fwggests a direction in
which efforts could go, by connecting properties of the nhgnmean flow with
tropical cyclogenesis, and by suggesting a stratified gmbrthat separates ENSO
neutral years from the ENSO positive or negative years. Aereded treatment
of the ENSO signal on Atlantic tropical cyclognesis will leetsubject of a sub-

sequent article.
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Climatology of AEJ (shaded), K(y) (contour), and —d[u]/dy (contour)
(1980-2001)

K(y) —d[u]/dy

a7

Figure 1:JAS zonal wind climatologyrf s—!, shaded, 1980-2001) at 600 hPa based on
MERRA, ERA-40, NCEP-R2, JRA-25, of K(y)1¢~''m~'s~1, contours at +/- .5,1,2,3,5
(left column), and—du/dy (10-%s~1, contours at +/-1,5,10,15,20, right column). The
areas where vorticity is positive are shaded in white in éfedolumn.
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Climatology of AEJ (shaded), and K(y) and —d[u]/dy (contour) at 20W
(1980—2001)
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Figure 3: Vertical meridional cross-section a0°WW of JAS zonal wind climatology
(m s~!, shaded, 1980-2001) based on MERRA, ERA-40, NCEP-R2, JRADK(y),
(10~"m~1s~1, contours at +/- .5,1,2,3,5 (left column), andu /9y (10~5s~!, contours
at +/-1,5,10,15,20, right column).
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Precipitation Climatology (1980—2001)
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Figure 4:JAS precipitation fam d~!, left column, upper color bar) and departure from
the GPCP (right panels, lower color bar).
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v700 (2.5 _90day) JAS, Neutral Years, based on MERRA
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Figure 5: First and second EOFs of the meridional component of the Fa0kind,
computed during JAS, in neutral ENSO years, frédA17 to 10°E and10° N to 20°N.
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Marginal Hibert spectra Fourier spectra
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Figure 6:Hilbert-Huang (left) and Fourier (right) spectra based oBRRA meridional
700 hPa wind (full field) at one single poirt®®W and12°N, JAS, 1980-2001).
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Figure 7:Hilbert-Huang (left) and Fourier (right) spectra based oBRRA meridional
700 hPa wind (full field) at one single poiri°(/ and26°N, JAS, 1980-2001).
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Climatology of v700 Variance (1980—2001)
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Figure 8:Variance of the 6-hourly meridional component of the windntipass filtered
through a 2.5-6 day passband ([units] left column, uppeorcbhr) and fraction of the
total (right panels, lower color bar). The shading indicatee area where the necessary
condition for barotropic instability, computed as in Fig.(With K in the range—/ +
1011, is satisfied.
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Climatology of Precipitation Variance (1980—2001)
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Figure 9:Variance of 6-hourly precipitation, bandpass filtered thylo a 2.5-6 day pass-
band ([units] left column, upper color bar) and fraction béttotal (right panels, lower
color bar).
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Variance (2.5 6day) Based on MERRA (1980—2001)
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Figure 10:Variance of 6-hourly zonal (left panels, upper color barj ameridional (right
panels, lower color bar) wind, bandpass filtered througlbe62day passhandsq.s—1)?),
from MERRA analyses.
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Variance (06_09day) Based on MERRA (1980—2001)

u—variance v—variance

500

600

700

850

925

0 ; ; ; ;
-100 -80 -60 -40 -20

var (ms™) 05 1 1.5 2 l l l

2.5 3 3.5 4 4.5 5

Figure 11:Variance of 6-hourly zonal (left panels, upper color barj ameridional (right
panels, lower color bar) wind, bandpass filtered throughQad@y passhands—1)?),
from MERRA analyses.
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Climatology of v—variance (ms™)? (1980—2001)
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Figure 12: Variance of: hourly meridional wind (upper panel, left colmar) filtered

through a 2.5-9 day (upper panel, left color bar), 6-9 dantfes panel, central color bar),
and 2.5-6 day (lower panel, right color bar) passbamds(!)2), from MERRA analyses.
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Lag Correlation Coefficient between v700 and u and v
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Figure 13:Lag correlation coefficient of 700hPa meridional (left) ahal (right) wind
computed for20°W and26°N (shaded) and streamline of total wind, filtered through a
6-9 passband, from MERRA analyses.
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Zanal Wind Climatology for JAS Bosed on MERRA (1980-2001)
Meutral (1980,81,83,84,85,89,95,96,00,01); Zonal Wind {shaded)
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Figure 14:JAS zonal wind climatologyrf s, shaded, both columns, upper and central
panels), and cross section (lower panels). Variance of-ih@usly meridional component

of the wind, bandpass filtered through a 2.5-6 day passbamitg] left column, red
contour) and-0u/dy (right panels, lower color bar). The variance is plottedyanlthe
areas where the necessary condition for barotropic irgtaliomputed as in Fig. 1, (with

K in the range—/ + 10~!!), is satisfied. The red dots in the upper right panel indicate
observed cyclogenesis.
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