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ABSTRACT

The role of the Tropical Eterly Jet (TEJ) in Wegtfrican rainfall climatology
has received little attention the research community to dafénerefore, this dissertation
will examine the instabilities and wave i@ty associated with the TEJ and their
implications regarding interannual rainfall variability over western Africa. First, the
instability of the TEJ is examined using potahtiorticity (PV) concepts to contrast wet
and dry years in West Africa. Analyses oé tlmeridional PV gradient indicate an abrupt
shift in both location and magnitude of thetebility associated with the TEJ during the
transition from wet to dry years in the Sahel. Additionally, the signs of the climatological
anomalies of PV at the TEJ level stronglflaet the four primary modes (wet, dry, wet
dipole, and dry dipole) of terannual rainfall variability in West Africa. Several
examples of PV perturbation analysethat TEJ level confirm that the upper-level
development of African Easterly Waves (ABYiffers considerably between the two
periods. These results support recent observagindsnodeling studies that suggest that
the interaction between the TEJ and the dsfini Easterly Jet (AEJ) plays an important
role in the development and structure of AEWS.

In addition to the observational study, a multi-layer primitive equation model is
utilized to examine easterly wave actyvéind vertical motion patterns based on the
juxtaposition of the three primary jets loaghtaver western Africa. Idealized simulations
based on the basic states of the low-lewesterly jet (LLWJ), African Easterly Jet
(AEJ), and the Tropical Eastgdet (TEJ) for several an@iously wet and dry years in
the Sahel are studied. Results are comp@redveral linearized GCM simulations that
are initialized with NCEP observational dat®esults show thahe location, intensity,

and scale of wave perturbations are seresitivthe position and intensity of the jets.



Vertical motion patterns also indicate timaximum upward motion is generally located
between the cores of the AEJ and TEJ anslnvare intense in the wet years. These
results generally agree with obsergatl and other modeling studies, further
emphasizing that jet position and intensitg important factors in determining

interannual rainfall variabily across western Africa.
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CHAPTER ONE
INTRODUCTION

1.1 Overview

Our understanding of West Africaneteorology has undergone many
transformations over the years. The first goed in the late 1960s and early 1970s, when
the African Easterly Wave (AEWjecame a well-known phenomenon and its
development was attributed to a combibedotropic-baroclinic instability mechanism
linked to the African Easterly Jet or AEs such, a major focus of research on West
Africa meteorology is on AEWSs that typically develop betwe€eiNldnd 26N during
the Northern Hemisphere summer. These wdnae/e a period of 2-6 days, a wavelength
of 2000-3000 km, and a phase speed of approximately 8(Buspee 1972; Reed et al.
1977). They originate in easteAfrica and reach maximuamplitude near the West
African coast. Climatologically speaking, the rainfall regime was still assumed to be a
product of a surface featutthe Intertropical Convergee Zone (ITCZ), with the
seasonal migration of the rainfall followg the seasonal migration of the ITCZ. The
AEWs that developed along the AEJ were asstito primarily organize rainfall within
the ITCZ.

However, recent modifications to otwnceptualization of West Africa
meteorology and climate were shown in aeseof papers published by Nicholson and
colleagues (e.g. Grist and Nicholson 2001chdison and Grist 2008Jicholson et al.
2006a; Nicholson 2006a; Nicholson and Web2@06). Major results of their work
included demonstrating that theinbelt over West Afca (the “ITCZ” rains) is confined
to the latitudes between the cores of the A&d the Tropical EasterBet (TEJ), showing



the critical role of the TEJ in governing@nannual rainfall variability, and putting forth
evidence the “control” on rainfall residesthe upper-atmospheand not with the
surface ITCZ and the low-level monsoon (Nitdom 2006a). In fact, a corollary to their
work is that the AEJ, despite its link to tten-bearing wave distbances, is actually a
“passive” player in terms ahterannual rainfall variabtl (Nicholson et al. 2006a).
Although the AEJ’s latitude is itical in determining the locain and latitudinal extent of
the rainbelt, and the verticahear that promotes or suppses wave development, its
latitude is governed mainly by the preseaod degree of development of the low-level
African equatorial westerly jet.

Despite the recent work on the AEJ, there been very little work done with the
Tropical Easterly Jet (TEJ) ovaorthern Africa. This jelies in the upper atmosphere
(between 150-200 hPa), where iaches speeds in excess of 35nlsextends from
Asia to West Africa and has a latitudinadth of 2000-3000 km. The location of the TEJ
core is generally located betweeh8N from June-September each year. Despite its
intensity and scale, the TEJ has long been etkas a passive system in African climate,
unlike the AEJ. Most of #hstudies involving the TEJ Yareferred to the Indian
monsoon (e.g., Mishra 1987; Chen and ¥683; Chen and van Loon 1987) and only a
few studies have considered the TEdanthern Africa (Chen and Yen 1991, 1993), even
though a link between the TEJ, Sahelianfedinand West African squalls has been
established (e.g., Kanamitsu and Krishnéiri978; Tourre 1979; Bounoua 1980; Grist
and Nicholson 2001).

Therefore, this dissertation furtheqpdores the dynamics of the TEJ and its
relationship to interannual rainfall variability western Africa. Asuch, this dissertation
consists of two parts, each providing gandéocus on the TEJ. The first part is an
observational study related to the instabilitytted TEJ based on potential vorticity (PV)
arguments. The climatology of PV at the Ti&\Jel is explored to determine if a
relationship to interannughinfall variability can be established through the PV’s
gradients and anomalies. Further PV aredysxplore whether the presence of wave
activity exists along th&EJ. This study attempts to confirm the study by Nicholson et al.

(2007) demonstrating, for the first time, thadve activity exists at the TEJ level.



The second part of this study utiliz@snulti-layer primitiveequation (PE) model
to produce several idealized numerical sirtiates of AEWSs. The simulations consist of
three idealized jets located over western &srithe low-level westerly jet (LLWJ), the
AEJ, and the TEJ. The juxtaposition and sttergd each of thesetgare varied with
basic states representative of the mean Ztmalin wet and dry gars in western Africa.
The growth rates, structuretemsity, vertical motion pattes associated with the AEWs
from each simulation are compared to obsgowal and other modeling studies. Itis
important to note that few modeling studies/e included the TEJ with regard to the
development of AEWSs (e.g. Nicholson et2006a). As such, both parts of this
dissertation further explore @mea of West African mateology that remains largely
void of in-depth study.

1.2 Background
1.2a Potential Vorticity Climatology

Although the utility of PV first became apparent in the 1930’s by Ertel and
Rossby, it was not until the landmark paper osKs et al. (1985) tt PV principals
became widely applied in atmospheric reseaRy is a quantity which is proportional to
the product of absolute vorticignd stratification tat, following a parcel of air or water,
can only be changed by diabatic or frictibpeocesses. The concept of PV has been
useful for understanding therggration of vorticity in cyclognesis in the mid-latitudes
especially along the polar fronts, andanalyzing flow in the ocean.

In operational forecasting, PV has beeainly utilized to emphasize the upper-
tropospheric representation of phenomena ssdnopopause folding and stratospheric
PV entrusions. This phenomenon typically asdn the vicinityof jet streaks, a
concentrated region within a jet streamendnthe wind speeds and PV are the strongest.
When this phenomenon occurs, air of strab@sic origins penetratdar below the level
in which the tropopause is found (approximately 200 hPa in the mid-latitudes). However,
PV is also extremely useful in determining whether certain flows are unstable. Baroclinic
instability requires th presence of a PV gradietibng which waves amplify during
cyclogenesis. This same concept candi@iad to easterly waves over Africa, since
several concentrated regions of PV exists, namely the AEJ and TEJ.



The TEJ, along with the midlevel AEJ, prdes a significant source of PV in the
atmosphere; however, because of the lack of a comprehensive data network in northern
Africa, there is very little knowledge abouetRV structure and climatology of either the
AEJ or the TEJ. Identifying the instabiés of the TEJ by analyzing PV and its
perturbations may better explain the uppenaspheric role ithe development of
AEWSs. As such, Burpee (1972) first sugtpel that meridional PV gradients are
important in determining the nature of the mixed barotropic-baroclinic instability
associated with easterly-wave growth. Mepecifically, he found that the meridional
gradient of Ertel PV changed sign near 708 hPthe vicinity of the AEJ. This sign
reversal satisfies a necessaondition for instability othe mean flow (Charney and
Stern 1962), allowing easterly waves to giovamplitude along this instability.

However, recent studies furthering aumderstanding of PV and its dynamical
importance have surfaced in observationalmodeling studies of the AEJ. Thorncroft
and Hoskins (1994a) concluded that the singlest important factor of instability in
northern Africa involved th@V sign reversal of the AEJ. A later modeling study by
Thorncroft and Rowell (1998) suggestedttinderstanding AEW activity in a given
season is tantamount to understanding iatagnal variability of the isentropic PV
gradient over sub-Saharan Africa. Pytharoulis and Thorn(@®€9) attributed both the
low-level positive meridional potential temperature gradient and the negative mid-
tropospheric summer meridioraV gradient to the actual existence of the AEJ.
Furthermore, it has since been noted thatmeridional isentropipotential vorticity
gradient (IPV) in West Africa appearséghibit fluctuations on 10-25 day time scales
that may be related to vatiens in African easterly wavactivity (e.g. Lavaysse et al.
2006). The AEJ appears to weaken during periods of enhanced easterly waves and
convection on 10-25 day time scales, even thdhghime scale for AEWs is shorter (4-5
days). Similar fluctuations of the IPV gradieand related variains in easterly wave
activity were noted by Redelsperger ef2002) at slightlyonger intraseasonal
timescales during the summer of 19920ig with these PV studies, the most
comprehensive study to date of the PVdinte of the AEJ was recently presented by
Parker et al. (2005). Using acldigght data from the JET2@Dproject (Thorncroft et al.
2003), Parker et al. (2005) determined thatRV structure of #1 AEJ met theoretical



expectations provided by Burpee (1972), i.e., a PV sign reversal and distinctive positive
and negative PV anomalies equatorward goldward of the jet core, respectively.

The above studies focus primarily on thstabilities of the AEJ; however, the
TEJ provides a significant sa of instability, as well, through its associated PV
gradients and anomalies. The role of th&ability with regard to the development of
AEWSs and rainfall climatology in northeifrica remains unclear. As noted in the
introduction, recent research strongly indésathat rainfall in the Sahelian region of
western and central Africa @i1) is not controlled by swate systems such as the low-
level southwesterly monsoon or the Intopical Convergence Zone (ITCZ). The
controlling factors appear to be dynamicgesses relating to both the AEJ and TEJ in
the mid and upper troposphere (Nicholson 200&a)et (dry) years, the AEJ tends to be
weaker (stronger) and more poleward (equatorward), while the TEJ and the monsoonal
flow tend to be stronger (weaker) (Ndixand Kidson 1984; Foaine et al. 1995;
Kanimitsu and Krishnamurti 1978; Grist andcNolson 2001). The differing strength and
position of the TEJ during wet and dry yedtsra the PV patterns significantly. Thus,
through the evaluation of PV and its gradseahd perturbations, it is shown that the
instability associated with the TEJwet and dry years differs considerably.

As such, this part of the dissertation focuses on the dynamical instability of the
TEJ, with PV being the primary focu&ection 2.1 presents the data and methodology
used in this portion of thewgdy. Section 2.2 provides resultsR¥ gradient analyses in
northern Africa, along with several examples of wave activity at the TEJ level. A
discussion of the anomalous PV at the &l based on climatological means and its
relationship to West Africarainfall can also be found this section. Section 4

summarizes the results of the study.

1.2b Modeling study

This section of the dissertationils upon recent Global Circulation Model
(GCM) work presented by Nicholson et &006a) demonstratingetcharacteristics of
AEWSs resulting from the basic states assedatith four years representing the four
spatial modes of rainfall variability mvestern Africa (Nicholsn 2006a). (Section 1.3



discusses rainfall variability and rainfall modes). These modes were found to be linked to
both changes in the AEJ and TEJ, and AEW development was found to differ
significantly between the four modes.efimodeled AEWs showed resemblance to
observed waves in the fouegrs representing them, furttmphasizing that the location

and intensity of both the AEJ and TEJ is correlated to West African climate.

On that note, many modeling studiesénaolely been based on zonally uniform
flow profiles of the AEJ. These idealizetlidies include the whk of Rennick (1976),
Simmons (1977), Mass (1979), Kwon (1989)]I&tiand Lindzen (1992), Chang (1993),
Thorncroft and Hoskins (1994 a,b), Paradiale(1995), Thorncrof(1995), Grist et al.
(2002), and Kiladis et al2006). Besides Nicholson et §2006a), no studies have
documented dynamical interactions betweet bio¢ AEJ and TEJ. The inclusion of the
TEJ in model simulations would providerere realistic depiction of the Global
Atmospheric Circulation (GAC) over western Africa.

To build upon the recent GCM results by Nicholson et al. (2006a), a multi-layer
primitive equation model is used to furttexplore the fundamental dynamics associated
with the multiple jets found in westeAfrica. The model initialization ibased(but not
exactly) upon the NCEP zonal wind basic stébeseveral years representing the four
spatial modes of rainfall variability presedtiey Nicholson (2006a). The results are then
compared to the study completed by Grisle{2002) and the GCM study by Nicholson
et al. (2006a) that integrate NCHERta into their basic statesrist et al. (2002) utilized a
linear quasi-geostrophic ahnel model centered on°hbto study wave perturbations
using a normal-mode approach. Specificalig Nicholson et a2006a) study used a
linearized GCM in which the model follovise dynamical evolution of waves resulting
from the presence of a perturbation in the zonal flow.

The advantage of the PE model used inghisly is that it allows control over the
initial state by enabling spéitiation of each jet's zonal wind speed, position, and width
based on the rainfall mode (Nicholson 2006&ajuestion. The perturbations that develop
along the unstable jets are analyzed for difigstructures, intensisescales, vertical
motions depending on the juxtaposition and kinematics of the jets. The specific goals of
this part of the study aim to answer thédwing questions. Do idealized simulations
from a simplified multi-layer PE model\g similar results to NCEP data-driven



simulations in terms of the relative integsind growth rates of AEW activity? Do the
relative locations of an idaaéd AEJ and TEJ affect wave growth via enhancement or
suppression of vertical motion in the uppémosphere? If so, the PE model may be
useful in future studies involving waaad jet dynamics in western Africa.

Section 3.1 presents the PE model aredhodology used in this portion of the
study. Section 3.2 provides the results of each idealized simulation and discusses
comparison and contrasts of several AENgracteristics. Section 4 summarizes the

results of the study.

1.3 Rainfall variability

Both sections of thidissertation are based upon interaal rainfall variability in
western Africa, especially with regardrainfall in the Sahel. The Sahel, located
approximately between 14 and 18N, is an ecological zone that represents a transition
between the Sahara desert and the morachsavanna to the south (Fig. 1). Rainfall
across Sahelian West Africa has undergoresraarkable change over the past century.
Thirty-year rainfall means have dmed 30-40% between 1931-60 and 1968-97
(Nicholson and Grist 2003). The marked falhvariability in this region has
significantly impacted water resources, agtioe, and health, sometimes resulting in
extreme social and economic problems and loss of life.

The specific years of 1950, 1955, 1983, and 1984 are prime examples of
contrasting years that bedudtrate these fluctuations. These years have been examined
in several studies (e.g. Nicholson 2006a, 2008bholson et al2006a) and significant
differences in their basic states haeei found to have tremendous implications on
AEW growth and dynamics (Nicholson et al0B@). These years are also indicative of
two prominent spatial patterns of raithfeariability found across western Africa
(Nicholson 1980, 1986; Janowiak 1988; gahil992a; Nicholson and Palao 1993;
Moron 1994; Ward 1998). The most comnsmatial pattern consists of rainfall
anomalies of opposite sign over the SaheltardSuinea Coast region. This “dipole” is
generally well defined by an accompanyimafe that is consistently located around

1C°N. The second spatial pattern consists of rainfall anomalies of the same sign



(Nicholson 2006a). Figure 2 illustrates thésa modes, which iclude wet (wet Sahel
and wet Guinea Coast), dry (dry Sahel and@uinea Coast), wet dipole (wet Sahel and
dry Guinea Coast), and dry dipole (dryjh8band wet Guinea Coast). The years 1950
(wet dipole) and 1955 (wet) weoensiderably wetter in th@ahel, and were chosen due
to the availability (albeit limed) of upper-air data in vggern Africa. In fact, 1950 was
the wettest year in the 2@entury in the Sahel, withastdard departures at least 100-
150% above the mean, even though the Gutest was much drier explaining the wet
“dipole” mode. The years 1983 (dry) and 1984y dipole) were tw of the driest on
record in the Sahel. The standard departfroes the mean rainfall in the Sahel were a
staggering 100-175% below the mean rdirife983, the driest year in the 2@entury.
The year 1955 was ubiquitously wet in thdn&laand the Guinea Coast and the year 1984,
albeit extremely dry in the Sahel, was wettethe Guinea Coast compared to 1983.

These anomalously wet and dry yearths Sahelian region of West Africa have
been analyzed in several studies ireffort to better understand the atmospheric
circulation patterns that exist in thiggren during certain rainfall modes (e.g., Kidson
1977; Kanamitsu and Krishnamurti 1978; Névaed Kidson 1979; Dennett et al. 1985;
Fontaine and Janicot 1992, Grad Nicholson 2001). As disesed earlier, studies have
shown that several fundamental differenicethe GAC exist between the rainfall
regimes. In wet (dry) years in the Saheg AEJ tends to be weaker (stronger) and more
poleward (equatorward), while the TEJ dhd monsoonal flow arstronger (weaker)
(Newell and Kidson 1984; Fontaine et B995; Kanimitsu and Krishnamurti 1978; Grist
and Nicholson 2001). Figure 3 shows severasssections of the zonally averaged
(20°W to 10E) basic-state zonal winds in taromalously wet (1950 and 1955) and dry
(1983 and 1984) years in the Sahel. The lovellevesterly flow is very strong in the wet
years, reaching zonal wind speeds of 10'rarsd extending well into the mid-
troposphere (approximately 500 hPa). In contrihst low-level westerly flow in the dry
years is very weak, reaching zonal wind speeds of only 2-4witls very little vertical
extent. The core position of the TEJ valligke between the te contrasting modes;
however, the zonal wind speeds are considgdiffierent. The TEJ reaches core zonal
wind speeds of approximately 30 @ver western and central Africa in the wet years
and only 15 m$in dry years. The AEJ, located approximately 600 hPa, differs



notably in latitudinal position based on the falhmode. The core position of the AEJ is
located at approximately 16-M8in the wet years and 11-D8in the dry years. The AEJ
maximum zonal wind speeds differ only slijhbetween the two modes, from 10 this
the dry years to 12 mi'sn the wet years.

With regard to mean vertical motion,ayses of NCEP/NCAR Reanalysis data
(Nicholson 2006a,b) showed seVesinilarities and differeces between the two rainfall
modes. Deep ascending vertical motion, extending throughout the troposphere, is
confined to the region between the A&nd TEJ axes in the middle and upper
troposphere. In addition, the rainbelt is mordess constrained by the axes of the TEJ
and the AEJ as well. Through these analysksholson and Grigf2002) described two
basic observed modes of rainfall variability in West Africa: dgiihal displacement of
the tropical rainbelt (1950 v4984) and intensification or \@&ening of this belt (1955
vs. 1983). Figure 4 shows total mean rairdatiounts and the mean position of the AEJ
and TEJ in northern Africa for 1950, 1955, 1988d 1984. From this, it is evident that
the rainbelt is mostly confined between thiege jets’ axes in alfour years. As such,
both the observational and modeling portionghed study attempts to utilize these
differences in the basic states to better defweerole of the TEJ in West African climate

dynamics.
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CHAPTER TWO
PART A: POTENTIAL VORTICITY CLIMATOLOGY OF THE TEJ

2.1 Data and Methodology
a. PV calculations

Analyses for this portion of the study wererformed using data obtained from the
National Center for Environmental Predictibiational Center for Atmospheric Research
(NCEP-NCAR) Reanalysis Project (Kajnat al. 1996). The NCEP-NCAR dataset
consists of multi-variable 4-time daily and monthly gridded data ¢h#2%’ horizontal
resolution. Means were calculated usandataset from 1949-1998, unless otherwise
stated. Grist and Nicholson (2001) compared the NCERRIdata to conventional
radiosonde and pibal data recorded over INaftica and found that the Reanalysis data
was reasonable, considering tleargity of data in the region.

Basic calculations of PV and its gradientreveecessary to evaluate the instabilities
and wave activity associated with the TEfe Ertel PV equation was definedras =
g(/+ H)( Wi/ p), where] is the relative vorticity,gis the Coriolis parameteiTis the
potential temperature, and gtie gravitational constant. this study, PV calculations
are computed on the 150 hPa surface oudlahPa thickness (100-200 hPa), the level at
which the TEJ over West Africa is best developed.

b. Rainfall compositing

Grist and Nicholson (2001), Grist et £002), and Nicholsoand Grist (2002)
examined composites of sevietansecutive years based on arimaafall in the Sahel.
The two composites studied were 198Band 1982-85, which were wet and dry,
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respectively, in the Sahel. However, Niclarisand Grist (2001) notdtat years within a
composite might have differed in termsdyginamic factors influencing rainfall. They
noted that fluctuations in the amount of seed rainfall in the Sahel could be produced
by either a change in the intensity of the tropiabelt or a latitudial shift of this zone
over West Africa.

In addition to the four yeard 950, 1955, 1983, and 1984) discussed in the
introduction, annual rainfall analyses from Nicholson (2006a) showed that anomalies
from 54 of the 77 years (70%) between 1920 8897 could be classified as one of the
four principle modes shown in Fig. 2. Usingnfall data from thes 54 years, four-year
composites were created for each offthe modes to generally illustrate several
differences in the PV structure and gradief the TEJ. The wet composite includes
1955, 1957, 1959 and 1960; the dry composite, 1977, 1980, 1981, and 1983, the wet
dipole composite, 1950, 1953, 1958, and 1961; and the dry dipole composite, 1968, 1969,
1979, and 1984. Diagnostic calculations to studyiapsimilarities and differences were

performed utilizing GrADS (The Gridnalysis and Display System).

2.2 Results
a. Mean PV gradient at the TEJ level

Figure 5 shows the August mean TEJ zonal wind speed at 150 hPa for both the wet
and dry composites. Generally, the TEJ reaches its maximum intensity in July and
August (Grist and Nicholson, 2001). The TEdnigch stronger in wet years, when core
speeds exceed 25 i, compared to speeds®fl6 m & in dry years. Additionally, the
jet core extends much further west in the yesrs, to near the wtern coast of Africa.

The contrasting zonal wind configurationsHig. 3 suggest distinct differences in
the PV distribution. The mean PV in the wetnpmsite is greater than the mean PV in the
dry composite, especially over western 8, where the strong easterly zonal winds
extend much farther westward. Indeed, ptdtthe mean PV gradient for both the dry
and wet composites (Figs. 6 and 7) showimis differences. June, July, and August were
evaluated, and all three shovatlthe strength and intensity of the TEJ remained nearly

constant during the summer season.
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The mean PV sign reversal in the dryrmgmsite is located south of the Sahel,
therefore yielding the main instability of the TEJ farther south, closer to the equator. In
contrast, the sign reversal in the wethpmsite is readily apparent betweefiNL@nd
15°N, extending across the African continent freast to west. This suggests that greater
instability is present at thEEJ level for all months in the wet years, although August is
generally the month with the rsrainfall in the Sahel. laddition, the PV gradient is
also more intense in the wet composite, yradan increased possilyliof instability at
the TEJ level than in the dry composite. Thieséabilities, or lack thereof, may have a
direct impact on AEW generation and/or evmaotnear the TEJ level. These instabilities
can directly influence orrdance vertical motion, conveati, and rainfall. Alternatively,
the dry composite (Fig. 6) has more stiéygiimaking any perturlieons that develop
along the TEJ weaker in intensity.

Further support of the importance of ted¢2v gradients and sign reversals is an
abrupt and dramatic shift in the primary aistity associated with the TEJ in the late
1960s, when the dry period commenced in the ISBhier to this, thesign reversal of the
meridional PV gradient wasdated primarily north of 1. Examination of the August
PV gradient for 1949-1998 inthted that the PV gradieat the TEJ level was
exceptionally sharp and intense in westernaafiprior to the late 1960s. Conversely, the
PV gradient was exceptionally weak instern and central Aica in the 1970s and
1980s. In fact, after the tratien to dry conditions, the sigeversal of the meridional
PV gradient became nearly nonexistent at thel&tl, especially in western Africa. The
next section provides examplesseveral individual yeatthat differ considerably in
terms of PV distribution at éhTEJ level. The significance of these simple yet distinctive
shifts in the location and intensity of the Bkadient and its assoogt sign reversals at
the TEJ level are indicative of the differenaesipper-level instality during these two

periods.

b. Wave analyses
Due to the sharp gradient and distinct sigversal of the PV at the TEJ level over
western Africa in the 1950s and early 1968BW interactions wh this additional

instability could have possibly altered their upper-level development. In fact, Nicholson
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et al. (2006a) for the first time demonstratiedt wave activityexists on the TEJ over
Africa. They also demonstrated that ewere AEW that grows explosively at the TEJ
level may cause heavy rainfall over the Saliés. therefore hypothesized that AEW
initiation near the AEJ level will cause egertto disperse upwardward the TEJ, and
any perturbation that reaches the TEJ stagngthen significantly if a favorable
environment exists.

Recent modeling and observational analyses of waves along the TEJ level
confirm that the instability differs betweearet and dry years in the Sahel (Nicholson et
al. 2006a; Nicholson 2006a). Using a linearized Global Circulation Model (GCM) and a
basic state derived from NCEP/NCAR Rabysis data, Nicholson et al. (2006a)
produced simulations for 1950 and 1983, ainezwe wet and dryear, respectively, in
the Sahel. The simulations indicated thatwlawes at the TEJ level were very strong in
the wet year and weak in the dry year. ThEp showed a difference in the latitudinal
location of the wave maxima and extent.

More specifically, the 183 dry year GCM simulatin found the strongest TEJ
waves near the equator, extarglinto the Southern Hemisphdfeg. 8) (Nicholson et al.
2006a). The evolution of wave developmerdupported by PV analyses for the same
years. The July 1983 sign reversal of the mendi PV gradient (Fig. 9) agrees with the
modeled location of AEWSs at the TEJ levEhe greatest instability was indeed much
closer to the equator with little oo instability pesent north of 1. The TEJ waves
north of 15N were rather weak. This suggestsy waves present in the dry year
obtained maximum amplitude near the equator. On the other hand, the 1950 wet year
GCM simulation indicated explosive wavevdéopment along the TEJ level (Fig. 10).
The waves were confined to the Northelemisphere at the TEJ level because the
primary instability was located muchrfoer north. Conversely, Figure 11 shows the
mean PV gradient for July 1950. The sign reaeof the PV gradient over West Africa
was located near 28 during that month, much removed from the equator.

To compare to the GCM wave pertutiba results, the perturbation PV at 150
hPa was calculated for several period$950, 1955, and 1983 using the Ertel PV from
the 4-time daily NCAR-NCEP Reanalysis daé&. The perturbation PV was calculated
by subtracting the monthly mean from each time step. The Hovmoller diagram (Fig. 13)
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for the entire month of July 1950 indicated that strong wave activity indeed developed
west of 20E, with a wave period of approximateédydays. In addition, the concomitant
wave activity at the AEJ level was also dedelcat higher latituddsecause the AEJ’s jet
core was located farther north. In fact, theam Ertel PV gradiersign reversal at the
AEJ level was near IR in July 1950, which, like the TEJ PV sign reversal, was much
farther north than the long-term averagke combination of both the AEJ's and TEJ's
meridional PV gradient sign resgals near and north of the Sahelian latitudes allowed for
developing AEWs at the AEJ level to havpaaticularly good environment for increased
growth at the upper levels.

The Hovmoller diagram of July 1950 stdnstiates the wavactivity along the
TEJ first presented by Nicholson et al. (2087DZ July 28 1950 (Fig. 12). Based on both
Reanalysis and rainfall gauge data, heavy rain fell in southern Mali, Guinea, and the
northern Ivory Coast (centered alongMpwith this particularEW. Streamlines at 0Z
July 28 are shown at thredfdrent levels: a) 925 hPa (nesurface), b) 600 hPa (AEJ
level), and c) 200 hPa (TEJ level). Theeaimlines indicate a mature AEW with an
associated surface low pressure area centered rfégre2thid-level cyclonic circulation
centered near &, and upper-level diffluent flowssociated with the wave centered
along 16W. Also associated with the wave igliatinct anticyclonic circulation at the
TEJ level centered at approximately’i®5north of the diffluent flow. Analysis of the
anomalous PV at 200, 600, and 925 hPa (F2@-c) shows distinctive closed PV
anomaly contours associated with each ofcihmulation features associated with this
AEW. Positive PV anomalgeare associated with tearface circulation, mid-level
circulation, and diffluentlow at the TEJ level, while a distinct anticyclonic PV anomaly
is present with the circulation at the TEJdenorth and west of the surface circulation.
Besides the distinctive anomaly associatéti the wave at the West African coast,
several distinctive perturbations follow along®0The Hovmoller diagram for July
1950 at 26N agrees with the analysis at 0Z JaB;, indicating distiat waves developed
along the TEJ at this latitude bdikfore and after this time.

A Hovmoller diagram was generated for July-August 1955 (Fig. 14) to further
investigate the increased wavdivity of the wet years. The 2N latitude is shown

because the reversal of therid®nal PV gradient was locatdarther south than in 1950
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(Fig. 15). Similar to the 1950 Hovmoller dragn, there are several distinct waves,
generally beginning near 20 and propagating westward with time. Wave activity was
slightly less intense than 1950, but still evident.

Conversely, the Hovmoller diagram a’RCfor July 1983 (Fig. 16) did not show
any distinct wave activity west of 2B. In fact, the TEJ level Ertel PV gradient sign
reversal was nearly nonexistent in westernaafin July 1983 (Fig. 9); hence, very little
wave activity at the TEJ level was detecfEhiis suggests that over the Sahel the upper
levels were much more stable in July 1988.see if wave activity was evident further
south, we evaluated the flow at a latitude closer to the reversal of the meridional PV
gradient for July-August 1983. Sevkwaves were apparent dih\6in the Hovmoller
diagram (Fig. 17). The upper-level environmesms more conducive to wave activity far
to the south, closer to the PV sign reversal, nearer to the Guinea Coast. Additional
analyses from other wet and dry years shothedsame well-developed waves at the TEJ
level for wet years, and little oo wave activity in the dry ones.

In summary, these examples indicatandatic differences between wet and dry
years in the Sahel. These examples etsdirm the study by Nicholson et al. (2006)
indicating that waves exisih the TEJ. Waves at the TEJ level only grow where the
energetics are favorable. The favorable upeeet conditions in the wet years enhance
the vertical development of AEWs, whiafight promote greater rainfall over West
Africa. On the other hand, the lack of iaisility over the Sahel in the dry years will
suppress AEW development, which hirgleainfall productin in the Sahel.

b. Climatological PV anomalies

It is well-known that the presence ofdat heat release due to convection reduces
static stability and can redistribute PV.g@&ding on the location of the deep convection,
latent heat release may sharpen PV grasliantl intensify jets. Several studies have
surfaced involving the role of convectiontire alteration of PV and its gradients in
western Africa. Schubert et al. (1991) foundtthn idealized ITCZ convective heating
produced a positive PV anomaly below the @wtive heating, resulting in a change of
sign of the lower-tropospheric meridional Bxadient on the poleward side of the
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heating. Both Thorncroft and Blackby®©99) and Brikas and Thorncroft (1999) show
that a negative PV anomaly exists northh&f AEJ associated with the dry convection
over the Sahara desert. Both of these stuthes suggested that the AEJ is a result of
deep cumulus convection to the south ef #&£J and dry convection over the Sahara.
Thorncroft and Blackburn (1999) suggested thatPV anomalies associated with both
the dry and deep cumulus convection wagortant in preserving the AEJ and its
associated meridional gradients of PV. Théso noted that the AEJ varies slightly
during the course of 24 hours, and increasdése AEJ’s zonal wind speed tend to occur
during the day when the strong surface heatireg e Sahara desert leads to an upward
decrease in diabatic heatimgthe lower troposphere. Theoeg, they suggested that the
PV anomaly associated with the dry convecstrengthens the PV gradient in the low-to
mid troposphere during the day, enhancing the AEJ’s zonal wind speeds.

Although there are several hypothesesnaigg the maintenance of the AEJ and
its associated PV gradients and anomaliesy little is knownabout the effects of
rainfall and convection on the mean flowtbé TEJ. To investigate, the mean anomalous
Ertel PV was calculated at the TEJ leveldach of the four modes of rainfall anomalies
described in Section 2. Figure 18 shows tleamErtel PV anomakeat 150 hPa using a
50-year August Ertel PV mean (1949-1998)dach composite (not PV of the mean
flow).

Based on analyses south ofi8Gor the August wet composite (Fig. 18a), the
largest values of negative anomalous PV aratkd over the centrahd eastern Sahel. In
contrast, the mean Augumhomalous PV for the dry composite (Fig. 18b) differs
significantly. The anomalous PV is positive across western and central Africa. In fact,
positive PV anomalies exist over both the Sahel and the Guinea Coast but are maximized
over the western and central Sahel.

The most striking results regarding di@omalous PV are associated with the
dipole composites. The wet dipole compoghig. 18c) shows a distinct axisymmetric
dipole with an accompanyingpde at approximately I8. The largest negative
anomalies are located near the Sahel, and the maximum positive anomalies are located
along the Guinea Coast. In fact, this anomalous PV node position corresponds to the
rainfall node position in the dipole years. Tdmposite occurs in the dry dipole composite
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(Fig. 18d), where positive PV anomalies lreated near and over the Sahel and the
negative anomalies are near the Guinea Coast.

It is important to note that maximum caotive and latent heatlease typically
occurs below 400 hPa, well below the level & THEJ. Therefore, it is very unlikely that
convection is the primary cause of these #peleV anomalies. Also, the TEJ does not
exhibit diurnal variance, and convective argutaerlated to the maintenance of the AEJ
cannot necessarily by appliedttee TEJ. It would appedinat the climatological PV
anomalies reflect the differing PV structuadghe TEJ due to the variability of
convective rainfall patterns in wet and deays; however, the time scale of convection is
much smaller than the monthly time ssabhown in Fig. 18. Hrefore, a direct
comparison in this regard cannot be madeait be said, however, that the PV anomalies
at this level are certainly related to th&eatiences in both strerfyand juxtaposition of
the TEJ. However, the role that convectmays in the alteration of the PV and its
gradient at the TEJ level is still unclear.

The reflection of the anomalous PV distribatat the TEJ level in western Africa
based on the rainfall mode has not been preljigaported in the resedr literature. It is
clear that the inspection of the PV and itscgsated gradients and anomalies in each of
the four rainfall modes indicatbat the upper levels are vamportant with regard to
instability and wave development along #t&J. However, further analyses of upper-
level wave development and convection are s&ag to further understand the role they

play with regard to the P¥istribution at the TEJ level.
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Fig. 5: Mean TEJ zonal wind speed () and position at 150 hPa for the August a.) wet
composite (1955,1957,1959,1960) and b.) dry composite (1977,1980,1981,1983).
Contour interval is 4 m’s
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Fig. 6a

Fig. 6b
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Fig. 6¢

Fig. 6: Mean meridional Ertel PV gradient (fhi kg™) at 150 hPa for a.) June b.) July
and c.) August wet composites. Contour interval is18* m s'K kg™

Fig. 7a
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Fig. 7b

Fig. 7c

Fig. 7: Mean meridional Ertel PV gradient (fhi kg™) at 150 hPa for a.) June b.) July
and c.) August dry composites. Contour interval is10** m s'K kg™,
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Fig. 8:Day 6 of an AEW model siulation from July 1983. Perturbation streamfunction
at 875 hPa, 625 hPa, 375 hPa, and 12bdrE shown (Nicholson et al. 2006a).

Fig. 9: Mean meridional 150 hPa Ertel PV gradient ¢ &g™) for July 1983. Contour
interval is 2u10™ m s'K kg™
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Fig. 10: Day 6 of an AEW model simulatitom July 1950. Perturbation streamfunction
at 875 hPa, 625 hPa, 375 hPa, and 12bdrE shown (Nicholson et al. 2006a).

July
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>

Fig. 11: Mean meridional 150 hPa Ertel PV gradient {i{ &g™) for July 1950. Contour
interval is 1u10™ m s'K kg™.
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a) 200 hPa

b) 600 hPa

c) 925 hPa

Fig. 12: Perturbation PV (m'K kg™) (left) and streamline analysis (Nicholson et al.
2007) (right) at 0Z 1950 July 28 for 200 hPa, b) 600 hPa, and c) 925 hPa.
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Fig. 13: Hovmoller diagram of perturtian PV at 150 hPa for July 1950 at’R0
Contour interval is 110%) PVU (nf s*K kg™). Dashed lines indicate each wave.
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Fig. 14: Hovmoller diagram of perturbaiti PV at 150 hPa for July-August 1955 atNLO
Contour interval is 110%) PVU (nf s*K kg™). Dashed lines indicate each wave.
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Fig. 15: Mean meridional 150 hPa Ertel PV gradient {r{ &g™) for August 1955.
Contour interval is 2010 m s'K kg™

Fig. 16: Hovmoller diagram of perturtian PV at 150 hPa for July 1983 at’R0
Contour interval is 110%) PVU (nf s*K kg™).
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Fig. 17: Hovmoller diagram of perturbaiti PV at 150 hPa for July-August 1983 &5
Contour interval is 110%) PVU (nf s*K kg™). Dashed lines indicate each wave.
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Fig. 18a

Fig. 18b
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Fig. 18c

Fig. 18d

Fig. 18: Mean Ertel PV anomaly (PVU, m2 s-1 K kg-1) at 150 hPa for the August a.) wet composite
b.) dry composite c.) wet dipole composite andd.) dry dipole composite. Contour interval is 0.05 P’
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CHAPTER THREE
PART B: IDEALIZED SIMULATI ONS OF WEST AFRICAN JETS

3.1 Methodology
a. PE modedescription

An idealized four-layerN=4) primitive equation model istilized to explore the
fundamental dynamics of AEW development $everal anomalously wet and dry years
in western Africa. Three idealized jets, remsitive of the TEJ, AEJ, and the LLWJ, are
modeled based on the NCEP/NCAR Reanalysi$vdd zonal wind basic states for the
wet years of 1950 and 1955 and the dry ye&d®983 and 1984 in the Sahel. Results are
subsequently compared to the linear chashaly of Grist et al(2002) and the linear
GCM modeling study by Nicholson et al. (2006a). The governing equations for the multi-
layer model are the following (written here fétayers).

W, |
T,'/ Vi TV fkuwv, g, RTh (1)
i1
% ""hV, 0 (2)
fori=1,...N, where
-/ fori ]
R @4 forid )
Y U fori!j

In (1)-(3),V; = (u, v) is the wind velocity in thé&h layer, f is the Coriolis parameter
(constant for this modely is the acceleration due to gravityis the layer thickness, is
the horizontal gradient operatdrjs the unit vector in #vertical direction, ang; is the
reduced gravity matrix relating each layer densitiggaiid §) to the reference density
(1.0) for model computation. Egs. (1)-(3) arésed numerically using a finite difference
representation described by Arakawa and L&b981) that conserves total energy (i.e.,
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kinetic plus potential) ahpotential enstrophy on aagfgered C grid. Boundary
conditions in x are periodic and are solid wally with a dampindayer near the top and
bottom y-boundaries to prevent reflection ofadlrscale wave activity (such as inertia-
gravity waves) back into the domain. Also,@rinate transformation is utilized in the
y-direction so boundaries are far from therggion. A leapfrog time difference scheme
is employed with a weak time filter to reduce high-frequency noise, and a biharmonic
spatial filter with danping coefficient of 1u10™ m* s is used to control nonlinear
instability and aliasing.

The model is initialized with zonal wils in each layer, in geostrophic wind

balance, so that
fk w, g|R"’h. (4)

The zonal wind structure of the idealized jets is of the form,

U(y) = U sech (ylyo), (5)
where U is the maximum jet speed (n)sand y is the jet width (m). This jet profile
(Eq. 5) is known as the Bickley jet andligstrated in Fig. 19b. Random noise of small
amplitude is added to the basic-state jetg] the model is run until the normal modes
begin to increase in amplitude. Sirfas constant, any jet witan inflection point in the
profile will be barotropically unstable. €rcentral latitude for each simulation iSZ0
on the y-axis), which is just south of the Sahenorthern Africa. Therefore, the Sahel is
represented by approximate y-axaédues between +200 and +600 km.

The model is comprised of four layeesach 3000 m in depth. The layer and jet

configuration is as follows.

1. Top layer, TEJ

2. Upper-middle layer, no jet

3. Lower-middle layer, AEJ

4. Bottom layer, LLWJ
The total size of the domain is 5000 knmxiand 7000 km in y, with a grid spacing of 50
km. The bottom-layer density is nornmdd to 1.0, while each upward layer is
normalized to 0.96, 0.92, and 0.88, respectively déliberate inclusion of an empty
layer between the AEJ and TEJ layers providenore realistic configuration of the

35



upper atmosphere over western Africa, sith@eAEJ is located approximately between
600-700 hPa and the TEJ is located approteipdetween 150-200 hPa. For example,
Fig. 20 represents the initial zonal wind stidr 1950 in the PE model. Each jet has a
distinctive core due to its prescribed sturet and each core’s position and intensity is
based upon that year’'s August NCEP derivedddstsite. It is importat to note that the
width scale of the TEJ (Fi@0d) is significantly larger #n the LLWJ and the AEJ to
agree somewhat with observational data. For each of the basic states modeled,
perturbations arise from the instability of eafhlthe zonally uniform jets. Normal modes
are allowed to grow untibg@onential growth and maximum amplitude are reached before
nonlinear development becomes dominanec8pally, the time chosen in each
simulation is at approximately the time the v-component of the wind reaches.2 m s
Times past this point in the model geally represent wave and jet structures
transitioning to nonlinear development. Imsuary, the wave stability properties and the
kinematic structures are studied by varying libcation, strengthna width of the jets.
Wave structures represented by Poissearsions of the relative vorticity' (°] = \)
are used to obtain the samfunction in each of the simulations. The Poisson inversion
utilizes Neumann boundary conditions, where riieridional gradient of the zonal wind
is specified. After convergenciine resultant streamfunctieschecked for accuracy by
calculating the streamfunctions’ gradiemind comparing to both the zonal and
meridional components of the geostrophic wifide perturbation streamfunction is then
simply calculated by subtracting the basatetstreamfunction fidlat t = 0 from the

streamfunction field at time, t.
a. Simulations for 1950 and 1983

As discussed in the introdiien, the GAC is markedly different depending on the
rainfall mode in western Africa. As such, each of the three jets, the LLWJ, TEJ, and AEJ,
have differing characteristics. Each of ttealized jets is based upon NCEP zonal wind
profiles (Table 1 and Fig. 3). The meaore position and maximum zonal wind is
extracted from mean August NCEP data te with each of the &hlized jets in the

simulations.
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The years 1950 and 1983 represent the existme contrasts in both rainfall in
the Sahel and the basic state zonal win@ ddre of the LLWJ in 1950 was located
further south (N) and was more easilystiernable than in 1983 (). In addition, the
maximum LLWJ zonal wind speed was 10 Tirs 1950, which was much stronger than
the maximum zonal wind speed in August 1983 (2%n he AEJ was located much
farther north and was marginally weaker4810 m ") in the 1950 than in the 1983
(11°N, 12 m &). Conversely, the latitudinal locatiar the TEJ varies little each year
(approximately 7-8N). However, the zonal wind speed of the TEJ in 1950 was nearly
double that in 1983. Additionally, these stren@EJ winds expanded far enough west to
include most of western Africa. As suchetet configurations in 1950 allowed for more
intense vertical shear between the ARd @aEJ in western Africa while conversely,

vertical shear was relativelyeak in the upper atmosphere in 1983.

b. Simulations for 1955 and 1984

There are a few differences in thegbaracteristics between 1955 and 1950 and 1984
and 1983. The LLWJ jet core in 1955 was located at approximately the same latitude as
in 1950 (?N); however, the maximum zonal wind speed was 6" nslightly weaker
than in 1950. The AEJ axis in 1955 was soutfiN)4f the its location in 1950, and the
mean zonal wind speeds weslightly faster (12 m'Y than in 1950. The location of the
TEJ axis and its mean zonal wind speed in 1988 similar to those in 1950. In terms of
1983 and 1984, there was little difference betwberposition and strgjth of all three
jet. The primary, albeit small, difference sva the location of the AEJ core. It was
located closer to £8l in 1984 and 1°N in 1983.

3.2 Results

The spatial location and span of maximand minimum valuesf vertical motion,
wave amplitude and strength, etc., are of pryvimportance in this study to determine
whether the juxtaposition of the jets isessential factor in determining interannual
rainfall variability patterns. The separatiamdastrength of each diie jet cores determine

the overall GAC over northern Africa. Evérough the results of this dry dynamical
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model are important, the effects of moisture parameterizations in the model will
ultimately need to be explored in future studies.
Wave activity based on the June-September basic state of 1950, 1955, 1983, and 1984
were examined in the linearized GCMay by Nicholson et a{2006a). The authors
found that the GCM wave projies in the wet years contragtongly with those in the
dry years in terms of strength, vertical deyenent, and instability (Fig. 21). These
simulations are compared to the PE mai@lulations to gauge whether the PE model
can capture similar wave pragies based on the basic stapesvided by NCEP data in
the GCM simulations. This study is concermpeinarily with the August basic state since
that is the month when rainfall is highest in the Sahel.

a. Growth rates

The structure of the AEJ in this PEIGy promotes maximum growth rates at a
wavelength between 2500 and 3000 km. T¥aselength is consistent with other
observational and modeling studies. Grovates in the 1950 and 1955 PE wet year
simulations are faster than in the 1983 4884 dry year simulations (Table I). Wet year
growth rates reached 0.4 and 0.5 Hayhereas rates for theydyears were a slower 0.3
and 0.4 day. These values correspond to the lifesd channel simutions presented by
Grist et al. (2002), which indicatepowth rates greater than 0.4 degr wet year
simulations and growth rates around 0.3 Haydry simulations.

The Nicholson et al. (2006a) study suggested wave groups are more likely
present in wet years than in dry years duiia¢oincreased instability, faster growth rates,
and wider band of unstable wavelengths. T880 PE simulation isimilar to their 1950
GCM simulation with many wave groups tightlustered along the AEJ (Fig. 22b)
However, in the 1955 PE simulation (Fig. 24b), the waves appear to be more intermittent.
Conversely, the PE resultsrfine dry years correspond wadlthe GCM results. The dry
PE simulations (Figs. 23b and 25b) do raiws tightly clustered wave groups. Again, the

waves seem to be less intermittent when the jet axes are in close proximity to each other.
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b. Wave intensity

Although the AEJ tends to be slightly weakn the wet years than in the dry
years, the stronger TEJ allows for incexsertical shear and the possibility for
increased baroclinic development in the upgierosphere. Examination of the vertical or
phase tilt associated with the wave acyit each level is important to determine
whether baroclinic or barotropic instabilisydominant. The enhanced vertical shear and
baroclinicity between the AEJ and TEJ alldesrobust wave activity at the AEJ level in
the wet years and an increase in verticabfithe waves. Convesly, the vertical shear
in the upper atmosphere in the dry yeamigh less intense due to a weaker TEJ.
This weak vertical shear appsdo restrict the vertical gelopment of the AEWSs. It has
also been noted that since the TEJ is wesk#re dry years, thersingest vertical shear
is found between the LLWJ and AEJ. This favors an increasdihbke of baroclinic
development closer to the surface rather thahe upper atmosphere. Hence, the vertical
shear profile is a key factor in determining the nature of wave development in western
Africa.

In addition to providing a sourad vertical shear and baraaicity, each of the jets in
western Africa exhibits strong hirontal shear that gerates barotropiostability. In the
PE model, barotropic instability initiallgominates as wave development commences
from the addition of perturbation noise. & waves develop along each jet and increase
in amplitude and strength, wave growth coméis due to both bareofic and baroclinic
instabilities. According to each of the PEnsiations, the degree of development wholly
depends on the juxtaposition of the jets Hredassociated horizontahd vertical shear
profiles.

In the GCM simulations (Fig. 21) preded by Nicholson et al. (2006a), wave
development in the wet years contrast stromgti those in the dry years, in terms of
strength, vertical development, and insti&pilThe waves were more intense during the
wet years, and they also wer®re barotropic and most intensear the level of the AEJ.
Conversely, in the dry year simulatiotise GCM showed the waves to be more

baroclinic and best developed near the surface.
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The PE model simulations, in comparisorspahdicate several differences in wave
development between the two rainfall reginfésst, waves are more intense at the AEJ
level in the wet year simulations. Thisn®re than likely due to strong baroclinicity
between the AEJ and TEJ, as well as the afdthe LLWJ. Strong baroclinicity is noted
in the 1950 simulation between the LLWJ andJA&vels due to the vertical zonal wind
profile. Strong tilting is evidertetween these levels as theveaxes are tilted NW-SE.
Compared to the 1950 simulation, the wavab@tAEJ level in the 1955 simulation (Fig.
24b) are not quite as strongthé AEJ level. Due to the weaker LLWJ in 1955, there is
not as much tilt in the wave axesween the LLWJ and AEJ levels. Even though
barotropic instability is sfjhtly less at the AEJ level the 1950 simulation due to the
weaker meridional gradient of zonal windsrdainic instability is likely the dominant
factor. In terms of the dry year simulatiotise wave structures and intensity at the AEJ
level in the 1983 (Fig. 23l@nd 1984 (Fig. 25b) simulatiomgere similar. The small
difference in the location of the AEJ jetres between the two dry years may provide a
slightly more baroclinic environmeirt 1984 between the LLWJ and AEJ levels
(possibly resulting in the slightly faster grihwate); however, it is difficult to determine
from the results the effect, if any, the slily increasedaroclinicity has on the wave
intensity.

The wave intensity at the LLWdvel was extremely strong in the 1950
simulation (Fig. 22a) compared to the othemdations. Due to both the jet structure and
increased strength of the LLWdmpared to the other years, it is more than likely that
barotropic processes are aiding in waveetigoment at this level. Therefore, the
combination of stronger barotropic and baimclinstability at both the LLWJ and AEJ
levels is aiding the very strong activity presanboth levels. Convesly, it is interesting
that the waves at the LLWJ level in 1955¢g/F24a) are weak compared to 1950. The PE
model is less sensitive tbe weaker LLWJ in the 1955 simulation, and does not readily
develop the waves at this léwmpared to the 1950 simtian. In terms of the dry PE
simulations, the waves at the LLWJ leireboth 1983 (Fig. 23a) and 1984(Fig. 25a)
were of similar intensity, albeit much weakthan the 1950 simulation. The intensity of
both the LLWJ and AEJ during the dry yearguste similar; therefore, baroclinicity and
wave activity at the LLWJ level in the PE model is very similar.
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The waves at the level between the ABd &EJ in the wet year simulations show
similar characteristics to the wave activdlythe AEJ level. The waves at the level
between the AEJ and TEJ are more intengbaril 950 simulation (Fig. 22¢) compared to
the 1955 simulation (Fig. 24c). This is more than likely a result of the stronger waves
present at the AEJ level in 1950, as wellresstronger baroclinicity between the AEJ
and the TEJ. Although the baroclinicity betwdlea AEJ and TEJ is somewhat similar in
the 1955 simulation, the waves at the AEJ llexare not quite as strong resulting in
weaker waves between the two levels. Cosely, the wave intensity at the level
between the AEJ and TEJ in the dry year sitmuis is relatively weak compared to the
wet year simulations; however, the 1984 waieég. 25c) were a littlenore intense than
in 1983 (Fig. 23c). The subtle difference ie tielative location of both the AEJ and TEJ
in the dry years produces slightly moredsdinicity between the AEJ and TEJ levels.

The waves at the TEJ level are weak in intensity compared to the AEJ and LLWJ
levels. The waves at the TEJ level tend torimee barotropic in nata, especially in the
dry year simulations. Increased barotropic inditghs present at this level in the wet
year simulations due to the much strongeridi@nal gradient of the zonal wind. Overall,
the waves in the 1950 simulation (Fig. 22d) theemost intense in the PE simulations,
while the other years are slightly less intense.

c. Wave scale

Both the PE and GCM wet year simulatidvas/e similar wave scales at all four
levels. The TEJ waves in both the GCM andsitRulations are larger in scale than the
perturbations at the AEJ levéilis more than likely the larger wave scales at the TEJ
level in the PE model arecensequence of the largerdawider TEJ compared to the
AEJ. It is interesting to note that in the wet year GCM simulations, the waves at the 375
hPa level are similar in scale to the ABJel (625 hPa), while in the dry year GCM
simulations, the waves at the 375 hPa levelsamilar in scale to the TEJ waves (125
hPa). The PE model is surprisingly similartlas waves at the level in between the AEJ
and TEJ levels are similar in scale to the TEJ level waves in the dry simulations.
Conversely, the waves in between the AEJ and TEJ levels in the wet simulations are
similar in scale to the AEJ level waves. laiso important to note that more wave groups
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are present at the AEJ level in the 1950 simulation compared to the dry simulations. This
is also the case in the wet year GCM simulations as well.

c. Vertical motion

Nicholson (2006a) showed that deepeaasling motion that extends throughout the
troposphere is confined to the region betwidenaxes of the AEJ and TEJ (Fig. 26).
Based on NCEP data, maximum meartigal motion values typically libetweerthe
AEJ and TEJ levels at approximately 400 HPhas recently been hypothesized that the
AEJ is associated with strong mid-leveheergence and is coupled with the surface
ITCZ in the wet years. The result is tantamt to two overturning Hadley-type cells, one
which couples the surface and the AEJ and the other coupling the AEJ and the TEJ.
Hence, in the absence of zonal asymmettiesAEJ is presumably a source of vertical
motion feeding into the TEJ. The TEJtumn, provides strong upper-level divergence
resulting in strongertical motion.

During the wet years of 1950 and 1955, theJAlad TEJ axes were approximately 10
and 7 degrees latitude apadspectively. However, in the dry years of 1983 and 1984,
the jet axes were separated by about 3 dedmétgde (Fig. 3). Because of the greater
latitudinal span in the wet years, theti@l motion was enhanced, and the rainbelt
intensified. Conversely, theean upward vertical motion was weak and confined to a
very small range of latitudes during thg geears. Thus, rainfall was extremely limited.

The idealized PE modeling results basadhe basic states of August 1950 and 1983
are strikingly similar to the NCEP data shomm Figure 3. The vertad motion fields at
the level between the AEJ and TEJ are givelRigure 27. It is important to note that the
PE simulation vertical motiondlds are not as intense as tibservational data; however,
comparisons based on the strength and location of maximum vertical motion can still be
deduced. The PE model does not incluolevective parameterizations that would
enhance vertical motion; therefdaree model is considered “dry”.

In the 1950 simulation, a very broad verticaltioo field exists at dllevels due to the
juxtaposition of the jet axes and the waativity associated with each jet. Maximum
upward vertical motion values are locatetween +200 and +600 km (Fig. 27a). This
area is situated between the AEJ and Tiiearresponds to the Sahelian region. Based
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on these vertical motion patterns alone, thiecentration of rainfall would be in the
Sahel, but a broad area of rainfall wouldsekecause of the large expanse of upward
vertical motion.

The 1983 dry year simulation has a vastijedent vertical motion pattern (Fig. 27b).
The values are much weaker and are eatly as broad as in the 1950 simulation. The
maximum values are located at the leveiMgen the AEJ and TEJ. However, this is
between 0 and -500 km, which correspondseadigion south of the model Sahel. The
combination of the weaker and less broadizar motion fields ad the displacement of
the maximum vertical motion values south ofN2ndicate conditions conducive for
lower rainfall amounts in the Sahelian latitudes.

The PE simulations for the wet ye855 also show maximum vertical motion
values located between the AEJ and TEJ éxigs 27¢). However, they are not quite as
large as in 1950; therefore, less rainfatiuld be expected based on vertical motion
intensity alone. The vertical motion fikin the 1984 dry year PE simulation is
comparable to the 1983 PE simulation (Efgl). The maximum vertical motion is still
suppressed much further south, yieldingfediprimarily south of the Sahel.

The results of the PE simulations shitat vertical motion is maximized when
the axes of the AEJ and TEJ are far apartaaedninimized when the jet axes are closer
together. This suggests that jet alignmeneisy important in determining locations of
maximum rainfall. The combination of comgence/divergence patterns at the AEJ and
TEJ levels and wave development at theldetween the AEJ and TEJ is the primary
reason that maximum vertical motion values lacated between theo jet cores in the
PE model.

d. Model sensitivity

From the results, it appears that the PE model is primarily sensitive to the core
position of the AEJ and to the wind speedr@ TEJ. Using the 1950 simulation as the
control, the core pogon of the AEJ and the wind speefithe TEJ is varied, leaving all
other parameters the same (LLWJ spased core position, AEJ speed, TEJ core
position). It is apparent that growth rates are slower when the cores of the AEJ and TEJ
are close together and/or the TEJ is weakem(@he dry year simulations) (Table 2). It
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appears that the model is equally sensitiviedih the position of the AEJ core and the
speed of the TEJ. In the simulatiomkere the TEJ is strong (30 M)sand the core of the
AEJ is close to the core of the TEJ WGand 12N), the growth rates range from 0.34-
0.37 d*, slightly greater than the 1983 and 1984wdation growth ratedyut less than the
1950 and 1955 simulations. Halving the TEJ wind speed for simulations in which the
AEJ core is further from the TEJ cores {4416°N, and 18N), the growth rates range
from 0.34-0.38 @, which is slower than the 195Md 1955 simulations. The increased
baroclinicity due to th stronger TEJ and theclation of the AEJ core play a significant

role in the growth rates of wave sty in the PE model simulations.
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Fig. 19: Bickley jet prafe (westerly jet).
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Fig. 20: Initial zonal wind configuration (m‘sat the @) LLWJ, b) AEJ, c) level
between the AEJ and TEJ, d) TEJ level for the PE 1950 simulation.
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Fig. 21: Results from the linearized GCM simulation for August 1950, 1955, 1983, and
1984. Top: Vertical profile of the zonal wind (M)sorresponding to the basic state at
17°N and 18N. Center: Vertical profile of waweon day 6 as a function of longitude
Bottom: Wave amplitude in terms of perturbation streamfunctidrsfjras a function of
latitude and longitude abfir vertical levels (875 hPa, 625 hPa, 375 hPa, and 125 hPa).
(Nicholson et al. 2006a)
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Fig. 22: Perturbation streamfunction¥st) at the @) LLWJ, b)AEJ, c) level between
the AEJ and TEJ, d) TEJ level for the PE 1950 simulation.
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Fig. 23: Perturbation streamfunction¥gt) at the @) LLWJ, b)AEJ, c) level between
the AEJ and TEJ, d) TEJ level for the PE 1983 simulation.
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Fig. 24: Perturbation streamfunction¥gT) at the @) LLWJ, b)AEJ, c) level between
the AEJ and TEJ, d) TEJ level for the PE 1955 simulation.
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Fig. 25: Perturbation streamfunction¥gT) at the @) LLWJ, b)AEJ, c) level between
the AEJ and TEJ, d) TEJ level for the PE 1984 simulation.
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Fig. 26: Mean August vertical wind speed1(0?m s') for 1950, 1955, 1983, and 1984
based on NCEP-NCAR Reanalysist®aContour interval is 0.5 m*svith upward
vertical motion shaded. Hatched lines dentbie mean positions of the AEJ and TEJ
cores. The bold line indicatesetimean position of the rainbelt.

52



a)1950 b)1983

AEJ
SAHEL SAHEL

e . ©
(km) (km)
€)1955 d)1984
) o ,
(km) (km)

Fig. 27: Vertical motion (x I&m s*) between the AEJ and TEJ levels for the a) 1950, b)
1983. c) 1955, and d) 1984 PE simulations. ABS (solid) and TE{hatched) cores are
indicated along with the approximate fims of the Sahel in the model.
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Table 1. Mean jet core zonal wind speaul position for August 1950,1955,1983, and

1984.
Year Description LLWJ LLWJ AEJ AEJ TEJ TEJ Growth Rate
(ms™ Core (ms? Core (ms') Core (day™)
1950 Wetdipole 10 7°N 10 18°N  -30 8°N 0.45
1955 wet 6 7°N -12 14°N -30 8°N 0.42
1983  dry 2 14°N 12 11°N 15 9°N 0.29
1984 Dry dipole 2 14°N -12 10°N -15 9°N 0.32

Table 2. Sensitivity of PE model growth rateschanges in the core position of the AEJ
and the wind speed of the TEJ. Simulations based on 1950 simulation.

AEJcore TEJ(ms™) Growth rate
10°N -15 0.32
11°N -15 0.29
14°N -15 0.34
16°N -15 0.35
18°N -15 0.38
20°N -15 0.37
10°N -30 0.34
12°N -30 0.36
14°N -30 0.42
16°N -30 0.40
18°N -30 0.45
20°N -30 0.41
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CHAPTER FOUR
SUMMARY AND CONCLUSIONS

Significant variations in bbtthe zonal wind speed armhgitudinal extent of the
TEJ between wet and dry years exist in weskdrica. First, the PV gradient is much
more intense in the wet composite than in the dry composite. Thus, the associated sign
reversal of the meridional PV gradientla¢ TEJ level is shown to vary significantly
between wet and dry modes of interannualfedlivariability. In wet years, the sign
reversal of the meridional PV gradient is distinctly presawoiufhout the summer while
in the dry years the signwersal is very weak.

Perturbation PV analyses for several yedithe TEJ level indate distinct wave
activity associated with the location of thgrsreversal of the meridional PV gradient. In
July 1950, a very wet year, the sign revecdahe meridional P\gradient was located
between 18\ and 20N throughout western Africa. The TEJ waves developed near the
AEW generation longitude of 2B and propagated westward with time. The TEJ wave
period was approximately 5 days, whichresponds well with AEW periods. Wave
activity was also shown at 90 in July-August 1955, anotheret year, near the sign
reversal of the meridional PV gradient. @e other hand, in the dry year of 1983, wave
activity was displaced far toalsouth, closer to the P\gsi reversal. Wave activity was
not detected at highertiaudes near the Sahel.

These measures of the PV gradient andigs reversal at th€EJ level show that
the strength and spatial positioning of tieisare extremely important in determining
regions where the greatest msiity exists at te upper levels. Waves that develop along
the TEJ will ultimately altevertical motion patterns, inease convective initiation, and

subsequently increase rainfall in certaigioas, depending upon the degree of instability.
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In addition, climatological PV anomalies the TEJ level indicate a distinct
difference between the four principle modesntérannual rainfall variability, especially
in the modes associated with rainfall dipode®r western Africa. The node of the PV
anomalies in the dipole composites is approximately located’ldt inilar to the
location of the rainfall node. Furtheusly is needed to completely understand the
underlying causes of these patterns, especladlyole that convection plays with regard
to the PV distribution of the TEJ.

PV dynamics at the TEJ level may play an extremely important role in AEW
dynamics. Because jet streams provide a sigmtisource of PV, this gives rise to the
possibility of applying the Paradigm (i.e., “PV thinking"Hoskins et al. 1985) to all
jets located over Africa. As such, circudats associated with PV anomalies or
perturbations along each jet may interadhveiach other, depending on the penetration
depth of each anomaly (Bretham 1966). If the penetratiatepth exceeds the vertical
distance between two jets, any anomalousiations may interactausing the wave to
grow or decay, depending on the strength @wsition of the circulabns. Thus, several
PV wave interactions are poska in western Africa (Nichotm et al. 2006a). Studies of
the interactions of individu&@®V anomalies associated with wave activity between the
jets may also provide a more complete ustdding of the role of PV dynamics in
Africa.

The idealized simulations presentedhis study also highlight the dependence
and sensitivity of wave activitgnd the possibility of rainfiato the differing jet positions
and strengths based on AugustBNzonal wind profiles. Thegarticular profiles were
chosen to best represent the month in wliahelian rainfall is maximized. In the wet
year simulations, exponential gridwates were slightly grear than in the dry years.
This agrees with previous AEW modelistydies based on diffexg rainfall and zonal
wind profiles across western Africa. The waveléngit peak growth for the particular jet
profile utilized in this aidy is approximately 2500-3000 km at the AEJ level, which is
also similar to observations anther idealizednodeling studies.

The vertical shear profils dependent on the intensdpnd position of the three
West African jets. Strong vertical sheatween AEJ and TEJ levels in the wet years
allows for enhanced upper-level devela@of AEWs. When the TEJ is weak, the

56



weaker vertical shear suppresses the waxazsical development. The stronger waves at
the AEJ level coupled with strong vertical shear in the layer between the AEJ and TEJ
allows for more influence from the AEJ wes. Conversely, the waves between the AEJ
and TEJ levels in the dry year simulationgevwaeak and seemed to be more influenced
by the TEJ waves. In fact, the AEJ waves arelmueaker and yield less influence in the
dry year simulations than in the wet ysanulations. For the dry years, strong wave
activity relative to the AEJ level waves was present at the LLWJ level due to greater
vertical shear in #lower levels tham the upper levels.

Vertical motion patterns are also greatifluenced by the position of both the AEJ
and TEJ axes. The modeling results, along wiikervations, suggest that the strongest
vertical motions occur between the AEJ and TEJ. Furthermore, the intensities of the
vertical motions are greater in the wet ygianulations and are suggssed in the dry year
simulations. The patterns of convergence/djeace associated with the wave activity
and the position of the jet®wrtribute to the vertical motigpatterns detected between the
AEJ and TEJ cores.

The modeling study’s results agreeatoextent with Grist et al. (2002),

Nicholson et al. (2006a)nd Hall et al. (2006). However, several differences are
apparent. This particular REgjuation model is notably semsé to the juxtaposition of
each jet, and large differences in wave actigityl structures occur with small changes in
latitudinal placement of each jet. Also, duete similar structures of both the LLWJ and
the AEJ in this model, the LLWJ tends torbhere unstable and wavy than it is otherwise.
This may over exaggerate the strength ohsof the wave activity. However, it does not
affect the overall comparison between the amed dry year simulations. This increased
surface wave intensity is not unlike other saigdin which NCEP data was utilized to
furnish realistic zonallyniform basic states.

Although there are some differences ia ttiealized model results compared to
other studies and observationatajat is apparent that the jets’ locations and strengths
are important factors to be considered wHetermining interannual rainfall variability.
Because the vertical sheardistermined by the relativedation of the AEJ and TEJ in
the upper atmosphere, the jets’ juxtapositioa ¢sitical but indiect factor in wave

initiation and growth or decay via the enlbament or suppression of vertical motion.
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Along with enhanced vertical shr, the increased strengthtioé meridional PV gradient
at the TEJ level in the wet years provides an additional source of instability for wave
development.

Overall, the perturbations atl four PE model levels are similar in scale and
structure to other modeling and observationadiigts, making the PE model a viable tool
to further explore West Africajet dynamics and interactionslealized studies involving
longitudinal variations in the zonal jets atheir effects on wave structure is a natural
progression of multiple jet interactiorudies. Inclusion of simple thermodynamic
profiles may also increase understandinthefeffects of moist dynamics on these
differing jet profiles. Further wi is also needed to resolve the questions concerning the
origin and occurrence of AEWSs. Although tAE model produced wave activity that is
less intermittent during the dry years, tha&Xactors cannot be deduced from these
idealized simulations. A temporal retanship between easterly waves and the
longitudinal variations in the AEJ (and tonse extent the LLWJ and the TEJ) needs to be
established to further understand their intermittence.

The origin of AEWSs is also not addised in this study, since random noise was
added to destabilize the jets and produceenactivity. Hall et al(2006) suggest that a
complete theory for the intermittency of ME will involve finite-amplitude precursors
(such as wave activity that originatedAsia or topography-badegeneration of wave
perturbations). However, it spparent from this studgs well as the PV study, jet
interaction and juxtapositn play a major role in AEW development across western
Africa after the initial perrbation develops in easteAfrica. Understanding the
dynamics of multiple West African jets is pertinent to identifying time periods and
regions that may experience a bettearate of enhanced or suppressed rainfall.

Also, more research of the specifiatterns of converger/divergence and
secondary circulations of the AEJ and TEdesessary. The TEJ appears to provide an
energy source for AEW development in the updenosphere. It location and strength
may promote convective activity due to enbed upper-level divergence in certain
portions of Africa. Central Africapr instance, is in the leéxit region of the main Asian
branch of the TEJ (Nicholson and Grist, 2008js therefore likely to be a region of
enhanced convective tadgty (Reiter 1969).
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The ultimate goal of this and subsequeesearch is to understand how the
instability at the TEJ level @ssociated with the markedenannual rainfall variability in
western and central Africa. The TEJ can orogler be thought of as a “passive” system
with regard to AEW development, and a more comprehensive study of its dynamical
impacts is necessary. Having a more compettire of interanndaainfall variability
and filling in large observational gapsTiiJ dynamics are critical elements in

understanding West African climate.
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