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This study investigates the structure of the African Easterly Jet focusing on in-

stability processes on a seasonal and sub-seasonal scale, with the goal of identify-

ing features that could provide increased predictability of Atlantic tropical cyclo-

genesis. The Modern-Era Retrospective analysis for Research and Applications

(MERRA) is used as the main investigating tool. MERRA is compared with other

reanalyses data sets from major operational centers aroundthe world and found

to describe very effectively the circulation over the African Monsoon region. In

particular, a comparison with precipitation data sets fromthe Global Precipita-

tion Climatology Project (GPCP) shows that MERRA produces the best seasonal

precipitation over that region.

The verification of the generalized Kuo barotropic instability condition com-

puted from seasonal means is found to have the interesting property of defining

well the location where observed tropical storms are detected. This property does

not appear to be an artifact of MERRA and is present also in theother adopted

reanalyses data sets. Therefore, the fact that the areas where the mean flow is

unstable seems to provide a more favorable environment for wave intensification,

could be another factor to include, in addition to sea surface temperature, vertical

shear, precipitation, role of Saharan air, and others, among large scale forcings

affecting development and tropical cyclone frequency.

In addition, two prominent modes of variability are found based on a spectral

analysis that uses the Hilbert Huang transform: a 2.5-6 day mode which corre-

sponds well to the African Easterly Waves, and also a 6-9 day mode which seems

to be associated with a tropical-extratropical interaction.



1. Introduction

This article investigates some large-scale properties of the atmospheric circula-

tion over western Africa and the northern tropical Atlanticacross seasonal and

subseasonal time-scales, and particularly possible relationships between instabil-

ity of the atmospheric flow, computed on a seasonal time scale, African Easterly

Wave (AEW) activity and spatial distribution of tropical genesis points. The prob-

lem of tropical cyclogenesis can be studied from a variety ofapproaches, ranging

from properties of the AEJ affecting wave development, intrinsic properties of the

waves, mechanisms affecting the intensification of waves and actual occurrence of

tropical cyclogenesis. It is widely accepted that sea surface temperatures (SSTs)

and vertical shear are primary factors (e.g., Shapiro and Goldenberg 1998) con-

trolling the genesis and development of tropical cyclones (TCs). In this article one

additional factor, connecting the horizontal shear of the mean seasonal wind with

regions of tropical cyclogenesis, is illustrated. Empirical Orthogonal Functions

(EOFs) and a spectral analysis based on the Hilbert Huang transform (Huang et

al. 1998; 1999) are used to separate purely tropical frequencies from modes that

may represent some evidence of a tropical-extratropical interaction.

The research presented makes use of a synergistic approach involving spectral

analysis, analysis of variance, composite analysis, and instability analysis. The

article is a follow up of a previous study (Wu et al. 2009b, hereafter WA09)

on the AEJ structure and on the mechanisms contributing to its maintenance. In

WA09 the current understanding of the AEJ structure was discussed, as perceived
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through state-of-the-art operational analyses, and a set of experiments aiming at

understanding the forcing contributing to the AEJ structure and position. The

results confirm in part previous findings by Thorncroft and Blackburn (1999),

which emphasized the importance of low-level heating in controlling the AEJ, and

by Cook (1999), which focused on the prominent role of soil moisture gradients.

However, WA09 added new information by showing that it is notsoil moisture

alone that controls the AEJ position and structure, but rather a combination of

forcings, among them soil moisture, vegetation properties, and orography, which

appear to act together.

In this work, further research on the AEJ is presented, with afocus on mecha-

nisms contributing to possible intensification of African Easterly Waves (AEWs)

and to the spatial confinement of the TC genesis location points. The problem of

TC formation is very broad and can be split into at least two parts: AEW pro-

duction and AEW development into TCs. The problem of the formation of AEW

is complex, especially if studied on the wave scale and investigating the internal

structure of the waves (e.g., Kiladis et al. 2006; Hall et al.2006). In particular, as

an alternate and complementary view to the barotropic-baroclinic instability of the

jet, waves can be studied from the point of view of internal triggering mechanisms

(even without the contribution of the AEJ) by investigatingthe role of heating pro-

files (e.g., Thorncroft et al. 2008), of convection, and of vorticity structure on a

subsynoptic scale. However, wave triggers and AEJ properties can work syner-

gistically: Leroux and Hall (2009) show how convectively triggered waves are

influenced by intraseasonal variability of the AEJ.
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The problem of the development of AEWs into tropical cyclones is the sub-

sequent logical step, and involves a variety of aspects depending on the scales of

investigation. Sea surface temperature (SSTs) and vertical shear have been long

considered as fundamental large-scale characteristics ofthe environment that in-

fluence tropical cyclone frequency. However, even having a hypothetical ‘perfect’

knowledge of these quantities, seasonal prediction of tropical cyclones would be

limited. The importance of individual wave structures in influencing tropical cy-

clogenesis (e.g., Hopsch et al. 2010) is also recognized as one crucial aspect.

In this article, rather than focusing on the internal structure of individual waves

and wave evolution, some additional large-scale properties of the flow across dif-

ferent time-scales and the effects of planetary-scale forcings are investigated. As

will be shown, the results do not contradict previous well-established findings on

large-scale mechanisms relevant for cyclogenesis, but rather add a new piece of

information that may have implications on seasonal and subseasonal prediction

capabilities.

The idea that some increase in tropical cyclone prediction skill on a subsea-

sonal scale could derive from an improved understanding of the propagation of

the equatorial circulation known as Madden-Julian Oscillation (MJO; Madden

and Julian 1971, 1972) over the Pacific and Indian Oceans, hasbeen intensely in-

vestigated (e.g., Leroy and Wheeler 2008). Given its powerful impact on a variety

of atmospheric events across weather and climate scales (e.g., Asnani 2005), this

is not surprising. The MJO can be conceived as an east-ward propagating distur-

bance characterized by active and inactive phases with enhanced and decreased
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convective activity respectively. Even if this article does not discuss the MJO di-

rectly, several of the results obtained by MJO-related research are fully relevant

to the problems addressed in this work, particularly to the subseasonal variability

issue, and therefore need to be mentioned.

In particular, the mechanisms through which the MJO is believed to affect

tropical cyclogenesis are not completely clear. For example, Maloney and Har-

mann (2000b) found the MJO to cause changes in low-level vorticity and verti-

cal shear over the eastern Pacific; however, Camargo et al. (2009) analyzed the

modulation of TC genesis caused by MJO and detected the main mechanisms

to be changes in low-level absolute vorticity and mid-levelrelative humidity, but

only marginal contributions from vertical shear. Connections between the MJO

and tropical cyclone processes have been observed and discussed for the east-

ern north Pacific (Maloney and Hartmann, 2000a), northern Pacific (Maloney and

Hartmann 2001), the Australian region (e.g., Hall et al. 2001), the southern In-

dian Ocean (e.g., Bessafi and Wheeler 2006), and the southernPacific (Chand and

Walsh 2010).

Fewer studies however, have focused on the impact of the MJO on Atlantic

tropical cyclogenesis appeared during the 25 years since the discovery of the MJO,

probably because the MJO signal appears to be weaker over theAtlantic than

over the Pacific or Indian Oceans (Shapiro and Goldenberg 1993). During the last

years, however, some studies of the MJO’s role in modulatingTC activity in the

Atlantic have been published. Among the first of these, Maloney and Hartmann

(2000b) suggest a modulation of hurricane activity in the Gulf of Mexico by the
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MJO. Aiyyer and Molinari (2008) show an impact on tropical cyclogenesis in

the Caribbean, Barrett and Leslie (2009) demonstrate a linkbetween TC activity

in the northern Atlantic and MJO, and the more recent work by Klotzbach (2010)

discusses the relationship between Atlantic TC activity and MJO phases, the latter

defined according to the definition of Wheeler and Hendon (2004).

One of the most important concepts (particularly for this study’s purpose),

coming out of several of these recent studies suggest that, in addition to the MJO

signal being weaker over the Atlantic, the propagation and effects of the MJO

over the African Monsoon and the Main Development Region (MDR, after Gold-

enberg and Shapiro 1996) seem to be strongly modified by the strength and sign

of ENSO: in particular, Klotzbach (2010) argues that the ENSO signal needs to

be removed in order to correctly ascertain subseasonal variability in the Atlantic.

Kossin et al. (2010) do not limit their analysis to the MJO, but discuss the im-

pact on tropical cyclone tracks caused by ENSO, the AtlanticMeridional Mode

(AMM), the North Atlantic Oscillation (NAO), and the MJO, byutilizing a clus-

tering technique previously applied to other basins. This provides a separation

of four clusters of tracks, separated zonally and meridionally. The E-W separa-

tion corresponds to Gulf of Mexico versus Cape Verde system,whereas the N-S

clustering separates ‘purer’ tropical systems from systems that display a higher

degree of baroclinicity. The main impact of the MJO is found on the Gulf of

Mexico systems.

The MJO is not discussed in this study; however, Klotzback’s(2010) argu-

ment on the need of removing the ENSO signal to better understand subseasonal
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mechanisms is taken, and the effects of ENSO are removed by focusing only on

ENSO neutral years.

A crucial tool for this work is the new Modern-Era Retrospective analysis

for Research and Applications (MERRA, Bosilovich et al. 2006; Bosilovich et al.

2008) produced by the NASA Global Modeling and AssimilationOffice (GMAO).

The MERRA reanalysis is used in this study to investigate theAEJ, and is com-

pared with reanalyses from other centers. Section 2 describes MERRA, the other

data sets used for comparison, and the filtering methodology. Section 3 describes

the climatology of the zonal wind and its gradients, as well as of precipitation.

Section 4 describes some results of a spectral analysis. Thespectral technique

adopted here (Huang et al. 1998; Huang et al. 1999), to be described in the follow-

ing section, has some advantages over conventional methodsbecause it does not

require assumptions on any periodicity. The results suggest that the commonly-

used time window of2 − 10 days can be divided into two sub-windows, confirm-

ing and revisiting previous findings by Diedhiou et al. (1998) and Diedhiou et al.

(1999) but adding the new result that one of the two sub-windows appears purely

tropical while the other provides some evidence of a tropical-extratropical inter-

action. Section 4 also provides an analysis of variance of some key fields that

have been filtered in two time-windows, and discusses the implications of these

results. Section 5 presents a dynamically-based discussion and interpretation of

the findings, and states the conclusions.
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2. Data and methodology

The MERRA data set was produced by the GMAO with a focus on improving the

historical analyses of the hydrological cycle on a broad range of weather and cli-

mate time scales. As such, it serves to place the NASA Earth Observing System

(EOS) suite of satellite observations in a climate context.The data assimilation

and forecasting system used to produce the MERRA data is GEOS-5, documented

extensively in Rienecker et al. (2008). In addition to the MERRA data this study

uses: a) the ERA-40 reanalysis (Uppala et al. 2005) producedby the ECMWF

for the period September 1957 to August 2002; b) the NCEP Department of En-

ergy (NCEP-DOE) Reanalysis 2 (NCEP-R2, Kistler et al. 2001;Kanamitsu et

al. 2002) which cover about thirty years; and c) the Japanese25-year Reanalyses

(JRA-25, Onogi et al., 2007). In this work however, only the data common to

all the reanalyses (1980-2001) are used. All means, unless otherwise stated, are

computed for the 1980-2001 period.

It is important to note that the reanalyses differ in resolution: the NCEP DOE

data are at the lowest resolution: a triangular truncation at wavenumber 62 and 28

vertical levels (T62L28, corresponding to approximately 300 km or2.5o horizon-

tal resolution at the Equator), the JRA-25 data are at T106L40, which corresponds

to approximately 190km or about1.5o, the ERA-40 data are at T159L60 (horizon-

tal resolution of about 125 km or about1.1o), and finally the MERRA products

are at the highest resolution, of0.5o × 0.67o and 72 vertical levels.

In addition to the reanalyses, the global monthly merged precipitation analy-
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ses (1979-present) at2.5o 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 particular, a sym-

metric, 4-pole, low-pass, tangent Butterworth filter described in Oppenheim and

Schafer (1975), is applied to isolate temporal scales from 2.5 to 6 days and from

6 to 9 days. The particular choice of the time window, as will be shown later,

is guided by the result of a Hilbert spectral analysis, following previous work by

Huang et al. (1998), Huang et al. (1999), Wu et al. (1999), Huang and Shen

(2005); and Wu et al. (2009a). The Hilbert-Huang transform produces a joint

distribution of time-frequency-energy called the HilbertSpectrum. The method-

ology, as discussed extensively in Huang et al. (1998, 1999), is adaptive, pro-

duces physically meaningful instantaneous frequencies astime differentials of the

phase function, and is particularly suitable to analyze properties of nonstationary

and nonlinear processes, since it does not require any assumption about oscilla-

tory processes or particular wave functions. This is an important difference with

respect to other techniques adopted to infer periodic properties of atmospheric

motions.

3. Mean Climatology

In Fig 1, the zonal wind climatology for July, August, and September (JAS) based

on MERRA, is compared with that based on ERA-40, NCEP-R2, andJRA-25.

The well-known structure of the AEJ and of the regional circulation can be dis-

tinguished in the four sets of reanalyses: in particular a jet maximum greater than
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about11 ms−1 is located at 600hPa at approximately15oN over western Africa.

As noted previously in WA09, the structure of the analyzed AEJ differs slightly

on the eastern side, with NCEP-R2 extending it more to the east with respect to

the others, and JRA-25 having the lower speeds over eastern Africa, and overall

representing the weakest AEJ. The eastward extension of theAEJ, and its weak-

ness particularly over data-sparse areas, such as the Ethiopian highlands, may be

relevant to the development of AEWs in model forecasts (Agusti-Panareda et al.

2010). Among various minor discrepancies in the representation of the AEJ, it is

noted that the ERA-40 and the NCEP-R2 products depict two distinct maxima in

the AEJ (unlike MERRA which display one stronger elongated maximum), and

the AEJ representation in MERRA and the ERA-40 extends more to the west than

in the other two data sets. As pointed out in WA09, it cannot beargued, in the ab-

sence of a denser observational network (e.g., Parker et al.2008), which of these

representations of the AEJ is more realistic. The need of additional observations

to further improve the representation of the AEJ, especially on its eastern side, has

been stressed by many authors (e.g., Agusti-Panareda et al.2010).

However, the different representations of velocity gradients in the different

data sets is of greater interest than the simple assessment of the AEJ extension.

To this purpose, the zonal wind structure with respect to thehorizontal shear

produced by the zonal component(u) of the wind is also shown in Fig. 1. In

particular, the two quantities−∂u
∂y

, which is the relative vorticity associated with

meridional variations in(u), andK(y) = ∂
∂y

[f(y) − ∂u
∂y

] wheref is the local

Coriolis parameter, are superimposed.K(y) = 0 represents the generalized Kuo
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(1949) necessary condition for barotropic instability to occur in response to the

zonal component of the flow.K(y) = 0 on the cyclonic side of a flow indicates

locations where barotropic instability is possible. If theflow is easterly, the con-

dition favorable for barotropic instability in the northern hemisphere corresponds

to a latitudeycr whereK(ycr) = 0 andK(y) > 0 for y < ycr andK(y) < 0

for y > ycr. In this work, we consider the range of values between−10−11 and

10−11m−1s−1 to be sufficiently close to zero. So|K| < 10−11m−1s−1 delineate

in this article the areas where the mean zonal component of the flow is unstable.

Finally, in the left panels in Fig. 1 the areas where the vorticity induced by the

zonal flow is cyclonic are shaded in white. The oceanic fraction of this region,

constrained by the double condition ofK being sufficiently small and the vor-

ticity being positive, is also the area where most of the storm genesis points are

observed, as will be shown later.

It is very significant that in all the reanalyses (less evidently in NCEP-R2) an

area of negativeK values is present at about15oN , 20o−30oW , which is the east-

ern edge of the MDR. In other words, the importance of this finding arises from

the fact that in general one would regard the instability of the AEJ at any given

time as an extremely complex issue, arising out of an instantaneous combination

of both barotropic and baroclinic instability, as shown by Hsieh and Cook (2008)

and previously discussed by Thorncroft and Hoskins (1994a;1994b). The quan-

tities involved in Fig. 1, such as horizontal shear∂u
∂y

and K(y), they also reflect

the presence of baroclinic instability (e.g.,K(y) < 0) and surface temperature

gradients, but they are computed as atime-meanfor the season. In addition, many
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environmental factors such as sea surface temperatures, vertical shear, moisture

and precipitation on various scales, contributions from Saharan Air, and cold air

intrusions from the Mediterranean across the Sahara can allinhibit or enhance the

development of AEWs into cyclones. Yet, the fact that something as simple as the

barotropic instability of themeanflow, without considering any other property,

appears to broadly coincide with the area where statistically a large amount of

storms occur (being the Eastern border of the MDR), is important. The possible

underlying reason is that where the AEJ is seasonally more unstable, there could

be a higher probability that waves become more intense, and these in turn have

a higher chance of producing tropical cyclogenesis. Again,without denying the

importance of the many other factors that can affect tropical cyclogenesis, it is

possible that the mean instability of the flow offers an additional constraint. If

true, this would offer some potential for seasonal predictability, in that the mean

flow is likely more predictable on a seasonal time-scale, than its higher frequency

fluctuations.

As previously discussed, Fig. 1 shows some differences between reanalyses,

such as that the analyzed AEJ and its gradients are stronger in MERRA than in the

NCEP-R2 and JRA-25. On the other hand, the gradients and horizontal structure

of the K(y) function at 600 hPa appear quite comparable in ERA-40 and MERRA.

which indicate that the AEJ is more unstable in these data sets than in NCEP-R2

or JRA-25. It is also worth noting that the JRA-25 provides the less unstable

representation of the AEJ particularly on its eastern side.These discrepancies

could be partly caused by resolution, but also by different assimilation systems.
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As seen Fig. 1, the stronger values of meridional shear of thezonal wind are

concentrated in a strip to the south of the AEJ, receiving contributions from both

easterly wind increasing with latitude, and westerly monsoonal flow to the south,

and at lower elevations, decreasing with latitude. To further clarify this aspect, the

vertical structure of the wind and gradients is illustratedin Figs. 2 and 3, where

the corresponding meridional cross-sections of zonal wind, K(y) and meridional

shear are plotted. Figure 2 emphasizes those heights and latitudes that are more

barotropically unstable at a longitude of0o. All four data sets agree that the

strongest cyclonic shear induced by the AEJ is centered at about 600 hPa and

slightly south of about15oN , with the MERRA data displaying a more confined

maximum. However, the cross-sections emphasize a different slope of the maxi-

mum shear values, that is even more evident in theK(y) plots. It is only MERRA

and ERA-40 that display a clear ‘column’ of negativeK values stretching from

900 to 500 hpa at about10o − 15oN .

Figure 3 shows the same meridional vertical cross-section at a longitude of

20oW , which intersects the region of interest completely over the ocean. The

AEJ core is slightly to the north of15oN in all reanalyses. Moreover, all cross-

sections confirm the fundamental features of the AEJ and surrounding circulation

consisting of: a low-level westerly flow confined below 800hPa and affecting the

latitude band between the Equator and20o, a low-level easterly flow (Harmattan)

confined between20o and30oN, and an upper-level easterly flow (TEJ) at lati-

tudes south of10oN , with the MERRA data providing the stronger values. As

seen in Fig 2, ERA-40 and MERRA consistently depict the cyclonically sheared
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(southern) flank of the AEJ as barotropically unstable, withvalues of K(y) de-

creasing with increasing latitude, and with a near-zero K(y) vertical column even

more vertically extended than at0o, ranging from 900 hPa to almost 400 hPa.

The implication is that the formation of a vertically aligned, barotropically unsta-

ble column seems to become even more likely as one moves from land (0o) to-

wards the ocean (20oW ). This is interesting because some developing waves tend

to show vertically aligned structures at these levels when still over land, before

transitioning from land to ocean, and even more so after transition since surface

baroclinicity weakens over the ocean. The idea that waves grow out of a com-

bination of baroclinic and barotropic instabilities over land, but that barotropic

growth prevails over the ocean, is supported by several studies (e.g., Arnault and

Roux 2009). Without denying that development occurs with many other con-

tributing mechanisms, the fact that the mean seasonal flow displays some vertical

alignment, which increases by moving from land to ocean, would suggest that a

connection may exist between some instability properties of the seasonal flow and

the individual systems. In other words, we are noting that mean properties of the

flow seem to agree with requirements of individual systems, thus reinforcing the

notion that a more unstable mean flow, more vertically aligned, is connected with

the probability that individual systems may find a more favorable environment for

development. At this time, this is a hypothesis to be furthertested, but the prelim-

inary evidence suggests that is plausible, and its implications are important.

It can be argued that the mean JAS climatological conditionsreproduce in

diluted form features that are observed often on weather time scales and instanta-
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neous fields. As will be shown later, by comparing the locations where observed

tropical cyclogenesis verifies, it seems that those areas where themeanflow sat-

isfies the condition for barotropic instability on a seasonal time-scale are also the

areas where actual storms cluster. At this time a connectioncannot be strictly

demonstrated, but it is worth noting that Hopsch et al. (2010) also note a tendency

of genesis points to cluster towards the coastal area, and attribute the clustering

of coastal developments to increased vorticity induced by rainfall over the Guinea

highlands.

Figure 4 shows the precipitation climatology, together with the departures

from the GPCP data sets. As is to be expected with the larger uncertainties typical

of precipitation fields, the differences between reanalyses are large, with ERA-40

and NCEP-R2 having a wet bias on the southern side of the ITCZ,MERRA hav-

ing a dry bias on the northern side of the ITCZ and to the east, and JRA-25 having

a wet bias over the Sahel and a dry bias over the Guinea coast. In terms of absolute

differences, it should be noted that the MERRA data set has the overall smallest

departure from GPCP: less than3 mm d−1 over most areas, and a mean departure

of only 0.04 mm d−1 against1.48, 0.74 and1.0 mm d−1 for ERA-40, NCEP-R2,

and JRA-25, respectively. However, MERRA has the largest dry bias over the

east, which may indicate, according to Thorncroft et al. (2008), a lower num-

ber of AEWs being triggered. In the same figure, the variance of the interannual

precipitation departures from the JAS GPCP mean is computedfor all the four

reanalyses sets throughout the 1980-2001 period. It is important to note that the

variance of the difference with GPCP is the smallest for MERRA (1.92, against
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the largest being 4.9 for ERA-40). The variance, together with correlation (not

shown), is an indicator suggesting that interannual variability is represented well

in the MERRA data set.

4. Spectral analysis and analysis of variance

As stated previously, to avoid contamination by the ENSO signal, which needs

to be removed (e.g., Klotzbach 2010) to properly understandthe mechanisms

involved, an EOF analysis is performed across the ENSO neutral years on the

meridional component of the 700 hPa wind, in the time window ranging from 2.5

to 90 days. The EOFs are computed on a domain ranging from40oW to 10oE

and10oN to 20oN . Zonal changes in the domain within the same latitude range

do not show major impact on the EOF structure (not shown). Figure 5 shows the

first two principal components (PCs) resulting from this analysis: these account

for about 40% of the total variance. The two EOFs are in quadrature and explain

a comparable amount of variance, thus providing a representation of propagating

easterly waves. The third and fourth EOF each account for an additional 11% of

the variance (not shown), so that the first four components explain about 62% of

the total variance.

The Hilbert Huang spectra were preliminary computed for thefirst four PCs

over the entire domain and sub-domains (not shown). The frequencies at which

peaks of spectral density occur are an indication of physically meaningful instan-

taneous periodicities (Huang et al. 1998; 1999) suggestingdominant time-scales

of atmospheric motion. The results from this preliminary calculations hinted at an
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interesting property: time scales greater and smaller than6 days appeared to be

separated in the first two EOFs (with two peaks at about 6.5 and5 days respec-

tively), but not on the third EOF and fourth EOF (not shown). In addition, spectra

computed on different sub-domains seemed to suggest that the two time scales of

atmospheric motion, separated by the 6 day period in the firsttwo EOFs, appeared

to dominate in different locations (as will be discussed later), with the time scale

smaller than 6 days confined at the lower latitudes and the time scale greater than

6 days more prominent in the subtropics (not shown).

Based on these preliminary assessments, and to substantiate this aspect further,

the Hilbert Huang spectra are shown for two locations, northand south of the AEJ

axis respectively, at17oW and 12oN and 5oW and 26oN and compared with

the corresponding Fourier analyses. These locations are chosen because of their

representativeness: the former refers to a point slightly south of the AEJ core,

immediately off the west coast of Africa, the latter refers to a point north of the

AEJ, over land. In Fig. 6 the Hilbert-Huang and Fourier spectra for the meridional

component of the 700hPa wind are presented, for the point at17oW and12oN .

The abscissa indicates frequency in terms of number of cycles over the length in

daysn of the JAS period, whereas the ordinate indicates spectral density.

Unlike the spectral analysis previously computed on the EOFs, in Fig. 6 the

Hilbert-Huang transform is performed on the full field. A prominent sharp max-

imum at approximately101.91/n (about 5 days), between two minima that cor-

respond to approximately periods of 2.5 and 6 days, indicates the most prevalent

frequency of AEWs according to the Hilbert-Huang spectral analysis. Another,
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less sharp and broader maximum at about101.11/n indicates an oscillatory mode

of about two or three weeks, which appears westward propagating (not shown),

and therefore different from the quasi-stationary mode observed by Mounier et

al. (2007) but similar to the periodicity of 10-30 days discussed by Janicot et al

(2010). Other time scales greater than a month are also present but are not central

to this article.

Figure 7 is the same as Fig. 6, except the Hilbert-Huang spectra are computed

for a location over the Sahara, to the north of the AEJ and moreto the East, at5oW

and26oN . Spectra computed for locations at the same latitude but on the ocean

(20oW ) are very similar (not shown). In the Hilbert-Huang spectra, there is clear

evidence of the same maximum at about101.91/n confined by the time-scale of

2.5-6 days, but also of another maximum at about101.31/n which is the center of

the time-scale window of 6-9 days. This maximum does not appear in the Fourier

spectrum. It is important to emphasize that the Hilbert Huang transform does not

need any assumption on specific sinusoidal functions as the Fourier transform, and

as such it is more likely to represent physically meaningfultime scales. Since in

this data set the 6-9 mode appears undetected when performing the Fourier anal-

ysis, it is possible that the preferred use of Fourier transform by several authors

has been one of the reasons why the 6-9 time scale has receivedless attention.

However, African waves with time scales of 6-9 days were observed and studied

by De Felice et al. (1990, 1993), and previously by Yanai and Murakami (1970),

who performed spectral analyses of equatorial waves and noted westward propa-

gating disturbances over northern Africa with periods of about a week. As will be

17



discussed later in Section 5, in this work the 2.5-6 day frequency range appears

to be connected with AEWs, whereas the 6-9 day seems to be produced by an

interactions of tropical disturbances with midlatitude variability. Possible causes

for this time scale will be discussed later in this Section and in Section 5.

Since this study is mostly focused on the seasonal-mean instability properties

of the AEJ, and its possible link to weather systems, the variance of the meridional

component of the wind is used to assess AEW activity and more generally in-

creased activity, since large convective systems are also associated with increased

variance of the wind (Fig. 8). However, considering the resolution of reanalyses,

and their inability to resolve unorganized convective systems, it is likely that the

wind variance reflects predominantly AEW activity. The moststriking element in

Fig. 8 is the overlap between the areas of maximum fraction oftotal variance and

the areas where K(y) is close to zero (within the interval−10−11 to10−11m−1s−1).

The maximum variance more to the north is associated with areas whereK(y) < 0

(recall Fig. 1) and with baroclinic instability. As stated before,K(y) is computed

from the JAS average, and it represent theareas where disturbances are more

likely to extract kinetic energy from the mean zonal flow by barotropic growth, in

addition to the combined effect of baroclinic growth causedby negative potential

vorticity gradients in the jet core (dominated byK(y) < 0) and positive surface

temperature gradients which are strong over land. The fact that this area coincides

well with the areas where the variance of the meridional wind(indicative of actual

wave activity computed from daily data and filtered on wave time-scales) is max-

imum, is remarkable. This suggests that instability properties of the mean flow
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are connected with instabilities occurring on the instantaneous flow. If substanti-

ated by further results, this relationship would provide a powerful diagnostic tool

to assess the potential for AEW development and tropical cyclone genesis within

seasonal forecasting runs. It is important to stress that noobvious correspondence

between seasonal means of large scale fields and occurrence of individual storms

has been found in other basins such as the Indian Ocean, for example, where storm

genesis and development is extremely erratic. On the contrary, it appears that the

Atlantic tropical cyclogenesis has a higher degree of constraint then other basins

and, as such, may offer larger room for predictability on a seasonal scale.

In Fig. 9, the same plot is produced from precipitation data sets, to further sup-

port the point above. The 2.5-6 day band-pass filtered precipitation south of the

AEJ is a strong indicator of wave activity and/or enhanced convection. It should

be noted that a good correspondence exists between the maximum filtered pre-

cipitation variance and the areas that, in Fig. 8, display a correspondence between

variance of meridional wind and areas where the mean flow satisfies the barotropic

instability condition (and of baroclinic whereK(y) < 0) on a seasonal time scale.

This correspondence is not an artifact of MERRA but is qualitatively present also

in the other reanalyses (not shown).

In Fig. 10, the 2.5-6 day band-pass filtered variance of the zonal and merid-

ional wind components, computed from MERRA at 500, 600, 700,850 and 925

hPa, emphasizes the three-dimensional structure of the variance, and also shows

the levels which are more active on this time-scale. It is important to look at the

different behavior of both zonal and meridional components, to investigate wave
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activity and possible energy exchanges between the jet and waves. The variance

of the zonal component has a distinct maximum at about10o−15oN and 600 hPa,

whereas the variance of the meridional component is stronger at about15oN and

925 hPa. It is significant that the variance of the meridionalcomponent, which

suggest stronger disturbances and enhanced convection, peaks at the lower levels,

right at the transition from coast to ocean in agreement withHopsch et al (2010)

findings. This may indicate that, in the reanalyses fields, the low-level meridional

amplitudes may form once disturbances originating at the AEJ level (evident in

the zonal fields in Fig. 10) reach the coastline and will in turn activates the am-

plitudes of the meridional component, which manifest themselves more clearly in

the lower levels. The peak in the variance of the meridional component at 925

hPa is also consistent with the contribution to wave growth caused by surface

baroclinicity.

It is very important to stress that this is not an artifact of the particular as-

similation and forecast system adopted: exactly the same result, notwithstanding

minimal internal differences, is also obtained by computing the same quantities

from the ERA-40, NCEP-R2 and JRA-25 reanalyses (not shown).In fact, all four

reanalyses show, over the ocean, a maximum of the 2.5-6 day filtered variance of

the zonal wind component at 600 hPa, and a maximum of the 2.5-6day filtered

variance of the meridional wind component at 925 hPa. This isan indication of a

fundamental property of the flow and its tendency to produce,or strengthen, dis-

turbances that grow both barotropically and baroclinically. However, over land,

JRA-25 shows much less variance, consistent with the overall weaker 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 the winds are filtered

to retain 6-9 time scales. The intent of this figure is to shed some light on the

spatial distribution of this mode, and ascertain whether itis purely tropical or

rather results from interaction with higher latitudes. Thefigure shows that the

6-9 time scales of motion do not produce a strong signal in thelower latitudes

and lower levels. On the contrary, most of the signal of 6-9 day zonal wind is at

600-700 hPa, with a shape that is surprisingly similar to thetypical track of early

recurving disturbances. For the bandpass filtered meridional component, there is

a maximum only north of20oN at levels higher than 700 hPa, including 500 hPa.

The shape of this maximum is surprisingly similar to the common ‘plumes’ of

moisture advected by a predominantly southwesterly flow, which are often seen in

water vapor channels stretching from the Atlantic ITCZ towards the northeastern

Atlantic or the Mediterranean region (e.g Turato et al. 2004).

As stated before, time scales of 6-9 days, based on single point observations,

were noted and documented by De Felice et al (1990, 1993). However, not being

able to reproduce this as a global equatorial mode in a theoretical modeling frame-

work, the authors concluded that the monsoonal signal mighthide the signal in the

Pacific and Indian oceans (De Felice et al. 1993). However, Diedhiou et al (1998)

and Diedhiou et al. (1999) confirm the presence of the 6-9 modebut note that it

appears at a more northern latitude, it is less intense in June-July and attribute it

to periodic strengthening of subtropical anticyclonic cells. In this study, we sug-

gest an explanation for the 6-9 mode different by De Felice etal. (1990, 1993),
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and involving an interaction with extratropical dynamics and more in line with the

findings by Diedhiou et al. (1998; 1999). In particular, we suggest that the 6-9 day

filtered variance may indicate a very complex tropical-extratropical interaction be-

tween midlatitude and tropical activity. Of this interaction, more than one possible

connected category of events could be symptoms: for example, tropical systems

that recurve earlier and turn into northward or eastward motion, or the southern-

most edge of fronts connected with the midlatitude activity. These are connected

because a relaxation of the high pressure belt at about20oN − 30oN often al-

lows the southern edge of fronts to penetrate further south and, at the same time,

drive southerly flow ahead of such cold fronts away from the deep tropics into the

midlatitudes. Disturbances originating from AEWs can frequently be advected

northward in such flow at various levels of development, being either convective

clusters which end up feeding the warm sector of midlatitudecyclones, or tropi-

cal systems commonly known as ‘early recurvers’ that are steered by a mid-level

southwesterly flow, and different therefore from those CapeVerde systems which

cross the Atlantic towards the American continent. Contributions of moist trop-

ical air following trajectories very similar to the patterns shown in Fig. 11 have

been found to be significant for floods in the Mediterranean region (e.g. Reale et

al. 2001; Turato et al. 2004, Krichack et al. 2004).

To further emphasize the physical foundation of separatingthe spectrum in

the two sub scales, Figure 12 shows the variance of the 700 hPameridional com-

ponent of the wind filtered through a 2.5-9 day, 2.5-6 day and 6-9 day passband

respectively. There is a clear spatial separation between the two sub windows,
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with the 6-9 day mostly confined at latitudes higher than20oN . An almost identi-

cal result is obtained when plotting the same quantities from ERA-40, NCEP-R2

and JRA-25 (not shown), suggesting a robust physical foundation for the idea that

two separate time-scales seem to be present over the region.At the same time,

some variance in the 2.5-6 day passband at about20oN , although weaker than

the main peak confined at about20oN , supports the idea that the 2.5-6 day mode

weakens with the increase in latitude.

In Figure 13 the lag-correlation coefficient computed between the 700hPa

zonal and meridional components of the wind at one location (20oW and26oN)

and all the surrounding points, at lag intervals of one day, is shown. The Fig-

ure illustrates what appears to be a mode propagating on a time scale of about 7

days and centered in the transitional zone between the deep tropics and the ex-

tratropics. It appears to be a physically based motion structure, founded on the

interaction between midlatitude activity and tropical dynamics. That the ITCZ

periodically breaks and reforms and that pulses of enhancedand reduced orga-

nized convection unrelated with AEW activity are observed in that latitude range

is known to operational weather forecasting in the tropicalAtlantic: with this work

it is suggested that this is more than chaotic variability but that it may be the result

of the interaction between midlatitude activity and tropical dynamics. Over the

African monsoon region and the tropical Atlantic, cold air outbreaks are observed

on a regular basis (e.g. Vizy and Cook 2009) in the forms of cold surges asso-

ciated with shortwave trough passages over the Mediterranean Sea. These cold

surges enhance convection over northern and western Africabut reduce it over the
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eastern Sahel. It is possible that the particular topography of northern Africa and

the Mediterranean Sea favors some tropical-extratropicalinteraction with a well-

defined time-scale, that this interaction is captured by theHilbert-Huang analysis,

but has not received recent attention since the article by Diedhiou et al. (1999).

This periodicity is different from the larger time scales studied by Janicot et al.

(2010) and appears to be a little-known phenomenon that can potentially affect

the way in which AEWs and midlatitude troughs interact.

We finally substantiate the importance of a) stratifying theanalysis of the dy-

namics on the region according to the ENSO sign, and b) emphasizing the physi-

cal meaningfulness of both the 2.5-6 day bandpass filtered 700 hPa variance of the

meridional wind and the low values of meanK(y). The need of filtering out the

ENSO signal to better understand the circulation over the region was emphasized

by several authors including Klotzback (2010). In this article we focus on ENSO

neutral years. Since the AEJ properties are different in thepositive or negative

ENSO years (not shown here), a treatment of the behavior of the AEJ in response

to the ENSO signal will be the subject of a following article.Figure 14 shows the

variance of the meridional wind, the genesis points of observed storms and the

area characterized by near-zeroK(y) values, all overlaying the mean zonal wind

climatology in neutral ENSO years. It is worth observing theareas over the ocean

where the variance is a maximum, plotted only within the areas whereK(y) is in

the range between−10−11 and10−11m−1s−1 correspond well with the portion of

the eastern Atlantic ocean where tropical cyclogenesis occurs. In other words, a

clear link appears to exist between 2.5-6 day filtered variance of the meridional
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component of the 700 hPa wind, the satisfaction of barotropic instability condition

for the mean zonal wind, and the occurrence of observed developments of tropical

systems. The above link does not appear in the positive or negative ENSO years,

possibly because of the way in which ENSO impact affect, among other factors,

the vertical shear. The discussion on ENSO will be the subject of a future article.

5. Discussion and concluding remarks

This article starts with an analysis of the AEJ using MERRA data, and comparing

the AEJ representation with that in other reanalysis data sets, namely ERA-40,

JRA-25 and NCEP-R2. The comparison has demonstrated the value of MERRA

data as a tool for analyzing the African monsoon region, and on examining those

aspects of the African Easterly Jet that may be relevant to the seasonal predictabil-

ity problem.

It was shown that while discrepancies between reanalyses inthe representa-

tion of the circulation over Africa are getting progressively smaller with respect

to previous studies (i.e., Cook 1999), some differences still exist, and these dif-

ferences are likely due to insufficient data coverage or to the response of different

model physics in the absence of data. Despite these small differences in the repre-

sentation of the AEJ, the reanalyses agree on the fact that the cyclonically-sheared

flank of the AEJ has some properties, discussed later in the article, that may be

important in increasing seasonal forecasting skill. This is a hypothesis that needs

to be further investigated, but the preliminary results of this study are encouraging.

An assessment of the mean JAS precipitation shows that MERRAproduces
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the smallest bias with respect to GPCP compared with other reanalyses (Fig. 4).

Soil moisture gradients, a prominent factor controlling the AEJ, are difficult to

assess and verify; however the overall quality of precipitation distribution in the

MERRA data appears satisfactory.

A Hilbert-Huang spectral analysis performed on the data sets reveals that two

fundamental time scales can be recognized: at 2.5-6 days, consistent with the vari-

ability associated with AEWs, and a variability at 6-9 days.The latter is consistent

with a 6-9 day propagation mode discussed by Yanai and Murakami (1970), De

Felice et al. (1990), Diedhiou et al. (1998) and Diedhiou et al. (1999). However,

this mode of variability did not receive as much attention within the scientific

community as the 3-6 day time scales, possibly because of itsmore elusive signal,

which our study suggests to be better captured by using the Hilbert Huang trans-

form (Fig. 7). In this study we hypothesize that the mode is not purely tropical,

as thought by De Felice et al. (1990), because we detect its signal more clearly at

more northerly latitudes, in agreement with Diedhiou et al.(1998). Diedhiou et al.

(1999) attribute the oscillation to periodic strengthening of the subtropical highs,

without searching for a more northern origin. In this article, we speculate instead

that the 6-9 mode may arise as a result of a tropical-extratropical interaction. In

particular, we note the similarity of the 6-9 day filtered variance of the zonal com-

ponent of the wind in the levels between 500 and 700 hPa with the typical track

of ‘early recurvers’, and the substantial high latitude of the maximum 6-9 band-

pass filtered variance of the meridional component of the wind, reminiscent of the

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

These could be symptoms of a larger scale oscillation, such as the previously

observed mode of 6-9 days (Yanai and Murakami 1970). However, the spatial

distribution evidenced by the spectral and analysis of variance in this work allows

to speculate that Yanai and Murakami (1970) perhaps incorrectly attributed the

6-9 time scale to an equatorial oscillation. The 6-9 periodicity may be instead

an indication of either a subtropical oscillation, or of a tropical-extratropical con-

nection, possibly arising out of the periodic weakening of the descending branch

of the Hadley cell coincident with the transit of midlatitude frontal systems north

of 30oN , which in turn causes a temporary relaxation of the ITCZ. This allows

enhanced southwesterly moist flow advected in the the lower mid-troposphere (as

seen in Turato et al. 2004) from the deep tropics ahead of midlatitude cold fronts,

and cooler northerly flow in the lowest levels on the rear of them (as documented

in Vizy and Cook 2005). It is worthy noting that Diedhiou et al. (1999) explana-

tion of the 6-9 mode as resulting from the subtropical heightstrengthening is not

inconsistent with the reasoning suggested in this work: if an extra tropical system

transits north of a subtropical high, a ridging tendency with consequent subtrop-

ical high strengthening can be observed ahead of the midlatitude system, and a

weakening to the rear of it, consequent to cooler northerly low-level flow advec-

tion. The 6-9 periodicity may then coincide with a strengthening (and weakening)

of the subtropical anticyclones (as suggested by Diedhiou et al. (1999)) caused by

an interaction between tropical and extratropical dynamics, or by a ’subtropical

oscillation’.
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In this article it is also noted that the necessary conditionfor barotropic insta-

bility computed from the JAS mean zonal wind delineates an area where the vari-

ance of the bandpass filtered (in the 2.5-6 day window) meridional component

of the wind has a strong maximum. The maximum also corresponds well with

the bandpass filtered precipitation variance maximum (Fig.9), consistent with the

fact that increased variance of the meridional component indicates increased wave

activity or increased convection.

Finally the same area where the necessary condition for barotropic instabil-

ity is satisfied in the above sense (being|K| < 10−11m−1s−1) is also the area

where, during ENSO neutral years, observed formation of tropical storms oc-

curs (Fig. 14). This is significant because the actual process that can transform

an AEW into a closed circulation, is described in much more complicated terms

by a combination of barotropic and baroclinic instabilities of the Charney-Stern

kind (e.g. Thorncroft and Hoskins 1994a; Hsieh and Cook 2005). Additional de-

grees of complexity are introduced by thermal vertical structure (Thorncroft et al.

2008), convection, vorticity and moisture distribution (e.g. Hopsch et al. 2010)

and with the crucial contribution of other factors such as sea surface temperatures,

vertical shear and Saharan air intrusions. Yet, barotropicinstability alone, when

computed from the seasonal mean zonal wind, appears to strongly constrain the

locations where storms occur. Further investigation on theinterannual variability

is needed, but if this preliminary finding is confirmed by future studies, it appears

as a potential predictor of TC genesis on a seasonal scale.

In conclusions, there are two major findings that arise from this study.

28



• The verification of the Kuo barotropic instability condition, and ofK(y) <

0, computed from the mean JAS zonal wind, has a physical meaning be-

cause it outlines very well the areas where storm genesis occurs.

• A Hilbert-Huang spectral analysis reveals two prominent modes of vari-

ability: one at 2.5-6 days, which corresponds to AEWs, and the other at 6-9

days, which appears to be connected with tropical-extratropical interactions

or with a sub-tropical oscillation.

A caveat should be inserted. In this article, only seasonal means of the prop-

erties of the cyclonically-sheared flank of the AEJ have beenshown. To verify

if these properties have a true meaning in the predictability problem, the inter-

annual variability of the AEJ properties and the vorticity sign reversal should be

investigated. To do so, however, leads to the problem of discussing the role of

ENSO which is not a goal of this article. Therefore, the possibility of the sea-

sonal properties of the flow affecting development of individual waves is pre-

sented as a working hypothesis. This paper acknowledges theoverall complexity

of extended-range tropical forecasting in the Atlantic, but suggests a direction in

which efforts could go, by connecting properties of the monthly mean flow with

tropical cyclogenesis, and by suggesting a stratified approach that separates ENSO

neutral years from the ENSO positive or negative years. An extended treatment

of the ENSO signal on Atlantic tropical cyclognesis will be the subject of a sub-

sequent article.
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Figure 1:JAS zonal wind climatology (m s−1, shaded, 1980-2001) at 600 hPa based on
MERRA, ERA-40, NCEP-R2, JRA-25, of K(y), (10−11m−1s−1, contours at +/- .5,1,2,3,5
(left column), and−∂u/∂y (10−6s−1, contours at +/-1,5,10,15,20, right column). The
areas where vorticity is positive are shaded in white in the left column.
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Figure 2: Vertical meridional cross-section at0o of JAS zonal wind climatology
(m s−1, shaded, 1980-2001) based on MERRA, ERA-40, NCEP-R2, JRA-25, of K(y),
(10−11m−1s−1, contours at +/- .5,1,2,3,5 (left column), and−∂u/∂y (10−6s−1, contours
at +/-1,5,10,15,20, right column).
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Figure 3: Vertical meridional cross-section at20oW of JAS zonal wind climatology
(m s−1, shaded, 1980-2001) based on MERRA, ERA-40, NCEP-R2, JRA-25, of K(y),
(10−11m−1s−1, contours at +/- .5,1,2,3,5 (left column), and−∂u/∂y (10−6s−1, contours
at +/-1,5,10,15,20, right column).
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Figure 4:JAS precipitation (mm d−1, left column, upper color bar) and departure from
the GPCP (right panels, lower color bar).
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Figure 5: First and second EOFs of the meridional component of the 700hPa wind,
computed during JAS, in neutral ENSO years, from40oW to 10oE and10oN to 20oN .
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Figure 6:Hilbert-Huang (left) and Fourier (right) spectra based on MERRA meridional
700 hPa wind (full field) at one single point (17oW and12oN , JAS, 1980-2001).
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Figure 7:Hilbert-Huang (left) and Fourier (right) spectra based on MERRA meridional
700 hPa wind (full field) at one single point (5oW and26oN , JAS, 1980-2001).
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Figure 8:Variance of the 6-hourly meridional component of the wind, bandpass filtered
through a 2.5-6 day passband ([units] left column, upper color bar) and fraction of the
total (right panels, lower color bar). The shading indicates the area where the necessary
condition for barotropic instability, computed as in Fig. 1, (with K in the range−/ +
10−11), is satisfied.
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Figure 9:Variance of 6-hourly precipitation, bandpass filtered through a 2.5-6 day pass-
band ([units] left column, upper color bar) and fraction of the total (right panels, lower
color bar).
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Figure 10:Variance of 6-hourly zonal (left panels, upper color bar) and meridional (right
panels, lower color bar) wind, bandpass filtered through a 2.5-6 day passband ((ms−1)2),
from MERRA analyses.
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Figure 11:Variance of 6-hourly zonal (left panels, upper color bar) and meridional (right
panels, lower color bar) wind, bandpass filtered through a 6-9 day passband ((ms−1)2),
from MERRA analyses.
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Figure 12: Variance of: hourly meridional wind (upper panel, left color bar) filtered
through a 2.5-9 day (upper panel, left color bar), 6-9 day (central panel, central color bar),
and 2.5-6 day (lower panel, right color bar) passband ((ms−1)2), from MERRA analyses.
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Figure 13:Lag correlation coefficient of 700hPa meridional (left) andzonal (right) wind
computed for20oW and26oN (shaded) and streamline of total wind, filtered through a
6-9 passband, from MERRA analyses.
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Figure 14:JAS zonal wind climatology (m s−1, shaded, both columns, upper and central
panels), and cross section (lower panels). Variance of the 6-hourly meridional component
of the wind, bandpass filtered through a 2.5-6 day passband ([units] left column, red
contour) and−∂u/∂y (right panels, lower color bar). The variance is plotted only in the
areas where the necessary condition for barotropic instability, computed as in Fig. 1, (with
K in the range−/ + 10−11), is satisfied. The red dots in the upper right panel indicate
observed cyclogenesis.

55


