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ABSTRACT 
 

 

The role of the Tropical Easterly Jet (TEJ) in West African rainfall climatology 

has received little attention in the research community to date. Therefore, this dissertation 

will examine the instabilities and wave activity associated with the TEJ and their 

implications regarding interannual rainfall variability over western Africa. First, the 

instability of the TEJ is examined using potential vorticity (PV) concepts to contrast wet 

and dry years in West Africa. Analyses of the meridional PV gradient indicate an abrupt 

shift in both location and magnitude of the instability 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 strongly reflect the four primary modes (wet, dry, wet 

dipole, and dry dipole) of interannual rainfall variability in West Africa. Several 

examples of PV perturbation analyses at the TEJ level confirm that the upper-level 

development of African Easterly Waves (AEWs) differs considerably between the two 

periods. These results support recent observations and modeling studies that suggest that 

the interaction between the TEJ and the African 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 activity and vertical motion patterns based on the 

juxtaposition of the three primary jets located over western Africa. Idealized simulations 

based on the basic states of the low-level westerly jet (LLWJ), African Easterly Jet 

(AEJ), and the Tropical Easterly Jet (TEJ) for several anomalously wet and dry years in 

the Sahel are studied. Results are compared to several linearized GCM simulations that 

are initialized with NCEP observational data.   Results show that the location, intensity, 

and scale of wave perturbations are sensitive to the position and intensity of the jets. 

 x



Vertical motion patterns also indicate that maximum upward motion is generally located 

between the cores of the AEJ and TEJ and was more intense in the wet years. These 

results generally agree with observational and other modeling studies, further 

emphasizing that jet position and intensity are important factors in determining 

interannual rainfall variability across western Africa.
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CHAPTER ONE 

INTRODUCTION 

 

1.1 Overview 

 

Our understanding of West African meteorology has undergone many 

transformations over the years. The first occurred in the late 1960s and early 1970s, when 

the African Easterly Wave (AEW) became a well-known phenomenon and its 

development was attributed to a combined barotropic-baroclinic instability mechanism 

linked to the African Easterly Jet or AEJ. As such, a major focus of research on West 

Africa meteorology is on AEWs that typically develop between 10oN and 20oN during 

the Northern Hemisphere summer. These waves have a period of 2-6 days, a wavelength 

of 2000-3000 km, and a phase speed of approximately 8 m s-1 (Burpee 1972; Reed et al. 

1977). They originate in eastern Africa and reach maximum amplitude near the West 

African coast. Climatologically speaking, the rainfall regime was still assumed to be a 

product of a surface feature, the Intertropical Convergence Zone (ITCZ), with the 

seasonal migration of the rainfall following the seasonal migration of the ITCZ. The 

AEWs that developed along the AEJ were assumed to primarily organize rainfall within 

the ITCZ.  

However, recent modifications to our conceptualization of West Africa 

meteorology and climate were shown in a series of papers published by Nicholson and 

colleagues (e.g. Grist and Nicholson 2001; Nicholson and Grist 2003; Nicholson et al. 

2006a; Nicholson 2006a; Nicholson and Webster 2006).  Major results of their work 

included demonstrating that the rainbelt over West Africa (the “ITCZ” rains) is confined 

to the latitudes between the cores of the AEJ and the Tropical Easterly Jet (TEJ), showing 
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the critical role of the TEJ in governing interannual rainfall variability, and putting forth 

evidence the “control” on rainfall resides in the upper-atmosphere and not with the 

surface ITCZ and the low-level monsoon (Nicholson 2006a). In fact, a corollary to their 

work is that the AEJ, despite its link to the rain-bearing wave disturbances, is actually a 

“passive” player in terms of interannual rainfall variability (Nicholson et al. 2006a). 

Although the AEJ’s latitude is critical in determining the location and latitudinal extent of 

the rainbelt, and the vertical shear that promotes or suppresses wave development, its 

latitude is governed mainly by the presence and degree of development of the low-level 

African equatorial westerly jet. 

Despite the recent work on the AEJ, there has been very little work done with the 

Tropical Easterly Jet (TEJ) over northern Africa. This jet lies in the upper atmosphere 

(between 150-200 hPa), where it reaches speeds in excess of 35 m s-1. It extends from 

Asia to West Africa and has a latitudinal width of 2000-3000 km. The location of the TEJ 

core is generally located between 5o-8oN from June-September each year. Despite its 

intensity and scale, the TEJ has long been viewed as a passive system in African climate, 

unlike the AEJ. Most of the studies involving the TEJ have referred to the Indian 

monsoon (e.g., Mishra 1987; Chen and Yen 1993; Chen and van Loon 1987) and only a 

few studies have considered the TEJ in northern Africa (Chen and Yen 1991, 1993), even 

though a link between the TEJ, Sahelian rainfall, and West African squalls has been 

established (e.g., Kanamitsu and Krishnamurti 1978; Tourre 1979; Bounoua 1980; Grist 

and Nicholson 2001). 

Therefore, this dissertation further explores the dynamics of the TEJ and its 

relationship to interannual rainfall variability in western Africa. As such, this dissertation 

consists of two parts, each providing a major focus on the TEJ. The first part is an 

observational study related to the instability of the TEJ based on potential vorticity (PV) 

arguments. The climatology of PV at the TEJ level is explored to determine if a 

relationship to interannual rainfall variability can be established through the PV’s 

gradients and anomalies. Further PV analyses explore whether the presence of wave 

activity exists along the TEJ. This study attempts to confirm the study by Nicholson et al. 

(2007) demonstrating, for the first time, that wave activity exists at the TEJ level.  
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The second part of this study utilizes a multi-layer primitive equation (PE) model 

to produce several idealized numerical simulations of AEWs. The simulations consist of 

three idealized jets located over western Africa: the low-level westerly jet (LLWJ), the 

AEJ, and the TEJ. The juxtaposition and strength of each of these jets are varied with 

basic states representative of the mean zonal flow in wet and dry years in western Africa. 

The growth rates, structure, intensity, vertical motion patterns associated with the AEWs 

from each simulation are compared to observational and other modeling studies.  It is 

important to note that few modeling studies have included the TEJ with regard to the 

development of AEWs (e.g. Nicholson et al. 2006a). As such, both parts of this 

dissertation further explore an area of West African meteorology 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 of Hoskins et al. (1985) that PV principals 

became widely applied in atmospheric research. PV is a quantity which is proportional to 

the product of absolute vorticity and stratification that, following a parcel of air or water, 

can only be changed by diabatic or frictional processes. The concept of PV has been 

useful for understanding the generation of vorticity in cyclogenesis in the mid-latitudes 

especially along the polar fronts, and in analyzing flow in the ocean.  

In operational forecasting, PV has been mainly utilized to emphasize the upper-

tropospheric representation of phenomena such as tropopause folding and stratospheric 

PV entrusions. This phenomenon typically occurs in the vicinity of jet streaks, a 

concentrated region within a jet stream where the wind speeds and PV are the strongest. 

When this phenomenon occurs, air of stratospheric origins penetrates far 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 the presence of a PV gradient along which waves amplify during 

cyclogenesis. This same concept can be applied to easterly waves over Africa, since 

several concentrated regions of PV exists, namely the AEJ and TEJ. 
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The TEJ, along with the midlevel AEJ, provides 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 about the PV structure and climatology of either the 

AEJ or the TEJ. Identifying the instabilities of the TEJ by analyzing PV and its 

perturbations may better explain the upper-atmospheric role in the development of 

AEWs.  As such, Burpee (1972) first suggested that meridional PV gradients are 

important in determining the nature of the mixed barotropic-baroclinic instability 

associated with easterly-wave growth. More specifically, he found that the meridional 

gradient of Ertel PV changed sign near 700 hPa in the vicinity of the AEJ. This sign 

reversal satisfies a necessary condition for instability of the mean flow (Charney and 

Stern 1962), allowing easterly waves to grow in amplitude along this instability.  

However, recent studies furthering our understanding of PV and its dynamical 

importance have surfaced in observational and modeling studies of the AEJ. Thorncroft 

and Hoskins (1994a) concluded that the single, most important factor of instability in 

northern Africa involved the PV sign reversal of the AEJ. A later modeling study by 

Thorncroft and Rowell (1998) suggested that understanding AEW activity in a given 

season is tantamount to understanding intraseasonal variability of the isentropic PV 

gradient over sub-Saharan Africa. Pytharoulis and Thorncroft (1999) attributed both the 

low-level positive meridional potential temperature gradient and the negative mid-

tropospheric summer meridional PV gradient to the actual existence of the AEJ.  

Furthermore, it has since been noted that the meridional isentropic potential vorticity 

gradient (IPV) in West Africa appears to exhibit fluctuations on 10-25 day time scales 

that may be related to variations in African easterly wave activity (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 though the time scale for AEWs is shorter (4-5 

days). Similar fluctuations of the IPV gradient and related variations in easterly wave 

activity were noted by Redelsperger et al (2002) at slightly longer intraseasonal 

timescales during the summer of 1992. Along with these PV studies, the most 

comprehensive study to date of the PV structure of the AEJ was recently presented by 

Parker et al. (2005). Using actual flight data from the JET2000 project (Thorncroft et al. 

2003), Parker et al. (2005) determined that the PV structure of the AEJ met theoretical 
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expectations provided by Burpee (1972), i.e., a PV sign reversal and distinctive positive 

and negative PV anomalies equatorward and poleward of the jet core, respectively.   

The above studies focus primarily on the instabilities of the AEJ; however, the 

TEJ provides a significant source of instability, as well, through its associated PV 

gradients and anomalies. The role of this instability with regard to the development of 

AEWs and rainfall climatology in northern Africa remains unclear. As noted in the 

introduction, recent research strongly indicates that rainfall in the Sahelian region of 

western and central Africa (Fig. 1) is not controlled by surface systems such as the low-

level southwesterly monsoon or the Intratropical Convergence Zone (ITCZ). The 

controlling factors appear to be dynamic processes relating to both the AEJ and TEJ in 

the mid and upper troposphere (Nicholson 2006a). In wet (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) (Newell and Kidson 1984; Fontaine et al. 1995; 

Kanimitsu and Krishnamurti 1978; Grist and Nicholson 2001). The differing strength and 

position of the TEJ during wet and dry years alters the PV patterns significantly. Thus, 

through the evaluation of PV and its gradients and perturbations, it is shown that the 

instability associated with the TEJ in wet 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 focus.  Section 2.1 presents the data and methodology 

used in this portion of the study. Section 2.2 provides results of PV gradient analyses in 

northern Africa, along with several examples of wave activity at the TEJ level. A 

discussion of the anomalous PV at the TEJ level based on climatological means and its 

relationship to West African rainfall can also be found in this section. Section 4 

summarizes the results of the study. 

 

1.2b Modeling study 

 

This section of the dissertation builds upon recent Global Circulation Model 

(GCM) work presented by Nicholson et al. (2006a) demonstrating the characteristics of 

AEWs resulting from the basic states associated with four years representing the four 

spatial modes of rainfall variability in western Africa (Nicholson 2006a). (Section 1.3 
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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. The modeled AEWs showed resemblance to 

observed waves in the four years representing them, further emphasizing that the location 

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

   On that note, many modeling studies have solely been based on zonally uniform 

flow profiles of the AEJ. These idealized studies include the work of Rennick (1976), 

Simmons (1977), Mass (1979), Kwon (1989), Miller and Lindzen (1992), Chang (1993), 

Thorncroft and Hoskins (1994 a,b), Paradis et al. (1995), Thorncroft (1995), Grist et al. 

(2002), and Kiladis et al. (2006). Besides Nicholson et al. (2006a), no studies have 

documented dynamical interactions between both the AEJ and TEJ. The inclusion of the 

TEJ in model simulations would provide a more 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 further explore the fundamental dynamics associated 

with the multiple jets found in western Africa. The model initialization is based (but not 

exactly) upon the NCEP zonal wind basic states for several years representing the four 

spatial modes of rainfall variability presented by Nicholson (2006a). The results are then 

compared to the study completed by Grist et al. (2002) and the GCM study by Nicholson 

et al. (2006a) that integrate NCEP data into their basic states. Grist et al. (2002) utilized a 

linear quasi-geostrophic channel model centered on 15oN to study wave perturbations 

using a normal-mode approach. Specifically, the Nicholson et al. (2006a) study used a 

linearized GCM in which the model follows the dynamical evolution of waves resulting 

from the presence of a perturbation in the zonal flow.  

 The advantage of the PE model used in this study is that it allows control over the 

initial state by enabling specification of each jet’s zonal wind speed, position, and width 

based on the rainfall mode (Nicholson 2006a) in question. The perturbations that develop 

along the unstable jets are analyzed for differing structures, intensities, scales, vertical 

motions depending on the juxtaposition and kinematics of the jets. The specific goals of 

this part of the study aim to answer the following questions. Do idealized simulations 

from a simplified multi-layer PE model give similar results to NCEP data-driven 
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simulations in terms of the relative intensity and growth rates of AEW activity? Do the 

relative locations of an idealized AEJ and TEJ affect wave growth via enhancement or 

suppression of vertical motion in the upper atmosphere? If so, the PE model may be 

useful in future studies involving wave and jet dynamics in western Africa.  

 Section 3.1 presents the PE model and methodology used in this portion of the 

study. Section 3.2 provides the results of each idealized simulation and discusses 

comparison and contrasts of several AEW characteristics. Section 4 summarizes the 

results of the study. 

 

1.3 Rainfall variability 

  Both sections of this dissertation are based upon interannual rainfall variability in 

western Africa, especially with regard to rainfall in the Sahel. The Sahel, located 

approximately between 14oN and 18oN, is an ecological zone that represents a transition 

between the Sahara desert and the more humid savanna to the south (Fig. 1). Rainfall 

across Sahelian West Africa has undergone a remarkable change over the past century. 

Thirty-year rainfall means have declined 30-40% between 1931-60 and 1968-97 

(Nicholson and Grist 2003). The marked rainfall variability in this region has 

significantly impacted water resources, agriculture, 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 best illustrate these fluctuations. These years have been examined 

in several studies (e.g. Nicholson 2006a, 2006b; Nicholson et al. 2006a) and significant 

differences in their basic states have been found to have tremendous implications on 

AEW growth and dynamics (Nicholson et al. 2006a). These years are also indicative of 

two prominent spatial patterns of rainfall variability found across western Africa  

(Nicholson 1980, 1986; Janowiak 1988; Janicot 1992a; Nicholson and Palao 1993; 

Moron 1994; Ward 1998). The most common spatial pattern consists of rainfall 

anomalies of opposite sign over the Sahel and the Guinea Coast region. This “dipole” is 

generally well defined by an accompanying node that is consistently located around 

10oN. The second spatial pattern consists of rainfall anomalies of the same sign 
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(Nicholson 2006a). Figure 2 illustrates these four modes, which include wet (wet Sahel 

and wet Guinea Coast), dry (dry Sahel and dry Guinea Coast), wet dipole (wet Sahel and 

dry Guinea Coast), and dry dipole (dry Sahel and wet Guinea Coast). The years 1950 

(wet dipole) and 1955 (wet) were considerably wetter in the Sahel, and were chosen due 

to the availability (albeit limited) of upper-air data in western Africa. In fact, 1950 was 

the wettest year in the 20th century in the Sahel, with standard departures at least 100-

150% above the mean, even though the Guinea Coast was much drier explaining the wet 

“dipole” mode.   The years 1983 (dry) and 1984 (dry dipole) were two of the driest on 

record in the Sahel. The standard departures from the mean rainfall in the Sahel were a 

staggering 100-175% below the mean rainfall in 1983, the driest year in the 20th century. 

The year 1955 was ubiquitously wet in the Sahel and the Guinea Coast and the year 1984, 

albeit extremely dry in the Sahel, was wetter at the Guinea Coast compared to 1983.      

  These anomalously wet and dry years in the Sahelian region of West Africa have 

been analyzed in several studies in an effort to better understand the atmospheric 

circulation patterns that exist in this region during certain rainfall modes (e.g., Kidson 

1977; Kanamitsu and Krishnamurti 1978; Newell and Kidson 1979; Dennett et al. 1985; 

Fontaine and Janicot 1992, Grist and Nicholson 2001). As discussed earlier, studies have 

shown that several fundamental differences in the GAC exist between the rainfall 

regimes. In wet (dry) years in the Sahel, the AEJ tends to be weaker (stronger) and more 

poleward (equatorward), while the TEJ and the monsoonal flow are stronger (weaker) 

(Newell and Kidson 1984; Fontaine et al. 1995; Kanimitsu and Krishnamurti 1978; Grist 

and Nicholson 2001). Figure 3 shows several crosssections of the zonally averaged 

(20oW to 10oE) basic-state zonal winds in the anomalously wet (1950 and 1955) and dry 

(1983 and 1984) years in the Sahel.  The low-level westerly flow is very strong in the wet 

years, reaching zonal wind speeds of 10 m s-1 and extending well into the mid-

troposphere (approximately 500 hPa). In contrast, the low-level westerly flow in the dry 

years is very weak, reaching zonal wind speeds of only 2-4 m s-1 with very little vertical 

extent. The core position of the TEJ varies little between the two contrasting modes; 

however, the zonal wind speeds are considerably different. The TEJ reaches core zonal 

wind speeds of approximately 30 m s-1 over western and central Africa in the wet years 

and only 15 m s-1 in dry years. The AEJ, located at approximately 600 hPa, differs 
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notably in latitudinal position based on the rainfall mode. The core position of the AEJ is 

located at approximately 16-18oN in the wet years and 11-13oN in the dry years. The AEJ 

maximum zonal wind speeds differ only slightly between the two modes, from 10 m s-1 in 

the dry years to 12 m s-1 in the wet years.  

With regard to mean vertical motion, analyses of NCEP/NCAR Reanalysis data 

(Nicholson 2006a,b) showed several similarities and differences between the two rainfall 

modes. Deep ascending vertical motion, extending throughout the troposphere, is 

confined to the region between the AEJ and TEJ axes in the middle and upper 

troposphere. In addition, the rainbelt is more or less constrained by the axes of the TEJ 

and the AEJ as well. Through these analyses, Nicholson and Grist (2002) described two 

basic observed modes of rainfall variability in West Africa: latitudinal displacement of 

the tropical rainbelt (1950 vs. 1984) and intensification or weakening of this belt (1955 

vs. 1983). Figure 4 shows total mean rainfall amounts and the mean position of the AEJ 

and TEJ in northern Africa for 1950, 1955, 1983, and 1984. From this, it is evident that 

the rainbelt is mostly confined between these two jets’ axes in all four years. As such, 

both the observational and modeling portions of this study attempts to utilize these 

differences in the basic states to better define the role of the TEJ in West African climate 

dynamics. 
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Fig. 1: Geography of the Sahel (Nicholson 1995). 

 

 

 

 
Fig. 2: Schematic illustrating the four principle modes of interannual rainfall variability 
in western Africa (Nicholson 2006a). 
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Fig. 3: Longitudinally averaged (10oW-20oE) zonal wind (pressure and latitude) (m s-1) of 
the NCEP/NCAR Reanalysis basic state for August 1950, 1955, 1983, and 1984. The 
hatched line indicates the location of the AEJ core. Contour interval is 2 m s-1. The bold 
lines are the 0 m s-1 contours. Dashed lines are easterly winds. 
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Fig. 4: Mean position of the AEJ and TEJ cores (based on NCEP/NCAR Reanalysis) and 
mean rainfall (mm) (based on observations) for August 1950, 1955, 1983, and 1984.  
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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 were performed using data obtained from the 

National Center for Environmental Prediction-National Center for Atmospheric Research 

(NCEP-NCAR) Reanalysis Project (Kalnay et al. 1996). The NCEP-NCAR dataset 

consists of multi-variable 4-time daily and monthly gridded data on 2.5o �u 2.5o horizontal 

resolution. Means were calculated using a dataset from 1949-1998, unless otherwise 

stated. Grist and Nicholson (2001) compared the NCEP-NCAR data to conventional 

radiosonde and pibal data recorded over North Africa and found that the Reanalysis data 

was reasonable, considering the scarcity of data in the region.  

Basic calculations of PV and its gradient were necessary to evaluate the instabilities 

and wave activity associated with the TEJ. The Ertel PV equation was defined as PV = 

g(�] + f)(�w�T/�wp), where �] is the relative vorticity, �g is the Coriolis parameter, �T is the 

potential temperature, and g is the gravitational constant. In this study, PV calculations 

are computed on the 150 hPa surface over a 100 hPa 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 al. (2002), and Nicholson and Grist (2002) 

examined composites of several consecutive years based on annual rainfall in the Sahel. 

The two composites studied were 1958-61 and 1982-85, which were wet and dry, 
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respectively, in the Sahel. However, Nicholson and Grist (2001) noted that years within a 

composite might have differed in terms of dynamic factors influencing rainfall. They 

noted that fluctuations in the amount of seasonal rainfall in the Sahel could be produced 

by either a change in the intensity of the tropical rainbelt or a latitudinal shift of this zone 

over West Africa.  

In addition to the four years (1950, 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 and 1997 could be classified as one of the 

four principle modes shown in Fig. 2. Using rainfall data from these 54 years, four-year 

composites were created for each of the four modes to generally illustrate several 

differences in the PV structure and gradient of 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 study spatial similarities and differences were 

performed utilizing GrADS (The Grid Analysis 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 TEJ is much stronger in wet years, when core 

speeds exceed 25 m s-1, compared to speeds of 8-16 m s-1 in dry years. Additionally, the 

jet core extends much further west in the wet years, to near the western coast of Africa. 

The contrasting zonal wind configurations in Fig. 3 suggest distinct differences in 

the PV distribution. The mean PV in the wet composite is greater than the mean PV in the 

dry composite, especially over western Africa, where the strong easterly zonal winds 

extend much farther westward. Indeed, plots of the mean PV gradient for both the dry 

and wet composites (Figs. 6 and 7) show distinct differences. June, July, and August were 

evaluated, and all three show that the strength and intensity of the TEJ remained nearly 

constant during the summer season. 
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The mean PV sign reversal in the dry composite 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 wet composite is readily apparent between 10oN and 

15oN, extending across the African continent from east to west. This suggests that greater 

instability is present at the TEJ level for all months in the wet years, although August is 

generally the month with the most rainfall in the Sahel. In addition, the PV gradient is 

also more intense in the wet composite, yielding an increased possibility of instability at 

the TEJ level than in the dry composite. These instabilities, or lack thereof, may have a 

direct impact on AEW generation and/or evolution near the TEJ level. These instabilities 

can directly influence or enhance vertical motion, convection, and rainfall. Alternatively, 

the dry composite (Fig. 6) has more stability, making any perturbations that develop 

along the TEJ weaker in intensity.  

Further support of the importance of these PV gradients and sign reversals is an 

abrupt and dramatic shift in the primary instability associated with the TEJ in the late 

1960s, when the dry period commenced in the Sahel. Prior to this, the sign reversal of the 

meridional PV gradient was located primarily north of 10oN. Examination of the August 

PV gradient for 1949-1998 indicated that the PV gradient at the TEJ level was 

exceptionally sharp and intense in western Africa prior to the late 1960s. Conversely, the 

PV gradient was exceptionally weak in western and central Africa in the 1970s and 

1980s. In fact, after the transition to dry conditions, the sign reversal of the meridional 

PV gradient became nearly nonexistent at the TEJ level, especially in western Africa. The 

next section provides examples of several individual years that differ considerably in 

terms of PV distribution at the TEJ level. The significance of these simple yet distinctive 

shifts in the location and intensity of the PV gradient and its associated sign reversals at 

the TEJ level are indicative of the differences in upper-level instability during these two 

periods.  

 

b. Wave analyses 

Due to the sharp gradient and distinct sign reversal of the PV at the TEJ level over 

western Africa in the 1950s and early 1960s, AEW interactions with 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 demonstrated that wave activity exists on the TEJ over 

Africa. They also demonstrated that even one AEW that grows explosively at the TEJ 

level may cause heavy rainfall over the Sahel. It is therefore hypothesized that AEW 

initiation near the AEJ level will cause energy to disperse upward toward the TEJ, and 

any perturbation that reaches the TEJ may strengthen significantly if a favorable 

environment exists.  

Recent modeling and observational analyses of waves along the TEJ level 

confirm that the instability differs between wet 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 Reanalysis data, Nicholson et al. (2006a) 

produced simulations for 1950 and 1983, an extreme wet and dry year, respectively, in 

the Sahel. The simulations indicated that the waves at the TEJ level were very strong in 

the wet year and weak in the dry year. They also showed a difference in the latitudinal 

location of the wave maxima and extent.  

More specifically, the 1983 dry year GCM simulation found the strongest TEJ 

waves near the equator, extending into the Southern Hemisphere (Fig. 8) (Nicholson et al. 

2006a). The evolution of wave development is supported by PV analyses for the same 

years. The July 1983 sign reversal of the meridional PV gradient (Fig. 9) agrees with the 

modeled location of AEWs at the TEJ level. The greatest instability was indeed much 

closer to the equator with little or no instability present north of 10oN. The TEJ waves 

north of 15oN were rather weak. This suggests why waves present in the dry year 

obtained maximum amplitude near the equator. On the other hand, the 1950 wet year 

GCM simulation indicated explosive wave development along the TEJ level (Fig. 10). 

The waves were confined to the Northern Hemisphere at the TEJ level because the 

primary instability was located much further north. Conversely, Figure 11 shows the 

mean PV gradient for July 1950. The sign reversal of the PV gradient over West Africa 

was located near 20oN during that month, much removed from the equator.  

To compare to the GCM wave perturbation results, the perturbation PV at 150 

hPa was calculated for several periods in 1950, 1955, and 1983 using the Ertel PV from 

the 4-time daily NCAR-NCEP Reanalysis data set. 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 20oE, with a wave period of approximately 5 days. In addition, the concomitant 

wave activity at the AEJ level was also detected at higher latitudes because the AEJ’s jet 

core was located farther north. In fact, the mean Ertel PV gradient sign reversal at the 

AEJ level was near 18oN in July 1950, which, like the TEJ PV sign reversal, was much 

farther north than the long-term average. The combination of both the AEJ’s and TEJ’s 

meridional PV gradient sign reversals near and north of the Sahelian latitudes allowed for 

developing AEWs at the AEJ level to have a particularly good environment for increased 

growth at the upper levels.  

The Hovmoller diagram of July 1950 substantiates the wave activity along the 

TEJ first presented by Nicholson et al. (2007) at 0Z 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 along 10oN) with this particular AEW.  Streamlines at 0Z 

July 28 are shown at three different levels: a) 925 hPa (near-surface), b) 600 hPa (AEJ 

level), and c) 200 hPa (TEJ level). The streamlines indicate a mature AEW with an 

associated surface low pressure area centered near 20oN, a mid-level cyclonic circulation 

centered near 12oN, and upper-level diffluent flow associated with the wave centered 

along 10oW. Also associated with the wave is a distinct anticyclonic circulation at the 

TEJ level centered at approximately 25oN, north of the diffluent flow.  Analysis of the 

anomalous PV at 200, 600, and 925 hPa (Fig. 12a-c) shows distinctive closed PV 

anomaly contours associated with each of the circulation features associated with this 

AEW. Positive PV anomalies are associated with the surface circulation, mid-level 

circulation, and diffluent flow at the TEJ level, while a distinct anticyclonic PV anomaly 

is present with the circulation at the TEJ level north and west of the surface circulation. 

Besides the distinctive anomaly associated with the wave at the West African coast, 

several distinctive perturbations follow along 20oN. The Hovmoller diagram for July 

1950 at 20oN agrees with the analysis at 0Z July 28, indicating distinct waves developed 

along the TEJ at this latitude both before and after this time.  

A Hovmoller diagram was generated for July-August 1955 (Fig. 14) to further 

investigate the increased wave activity of the wet years. The 10oN latitude is shown 

because the reversal of the meridional PV gradient was located farther south than in 1950 
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(Fig. 15). Similar to the 1950 Hovmoller diagram, there are several distinct waves, 

generally beginning near 20oE and propagating westward with time. Wave activity was 

slightly less intense than in 1950, but still evident.  

Conversely, the Hovmoller diagram at 20oN for July 1983 (Fig. 16) did not show 

any distinct wave activity west of 20oE. In fact, the TEJ level Ertel PV gradient sign 

reversal was nearly nonexistent in western Africa in July 1983 (Fig. 9); hence, very little 

wave activity at the TEJ level was detected. This suggests that over the Sahel the upper 

levels were much more stable in July 1983. To 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. Several waves were apparent at 5oN in the Hovmoller 

diagram (Fig. 17). The upper-level environment was 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 showed the same well-developed waves at the TEJ 

level for wet years, and little or no wave activity in the dry ones. 

In summary, these examples indicate dramatic differences between wet and dry 

years in the Sahel. These examples also confirm the study by Nicholson et al. (2006) 

indicating that waves exist on the TEJ. Waves at the TEJ level only grow where the 

energetics are favorable. The favorable upper-level conditions in the wet years enhance 

the vertical development of AEWs, which might promote greater rainfall over West 

Africa. On the other hand, the lack of instability over the Sahel in the dry years will 

suppress AEW development, which hinders rainfall production in the Sahel. 

 

b.  Climatological PV anomalies  

 

It is well-known that the presence of latent heat release due to convection reduces 

static stability and can redistribute PV. Depending on the location of the deep convection, 

latent heat release may sharpen PV gradients and intensify jets. Several studies have 

surfaced involving the role of convection in the alteration of PV and its gradients in 

western Africa. Schubert et al. (1991) found that an idealized ITCZ convective heating 

produced a positive PV anomaly below the convective heating, resulting in a change of 

sign of the lower-tropospheric meridional PV gradient on the poleward side of the 
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heating. Both Thorncroft and Blackburn (1999) and Brikas and Thorncroft (1999) show 

that a negative PV anomaly exists north of the AEJ associated with the dry convection 

over the Sahara desert. Both of these studies have suggested that the AEJ is a result of 

deep cumulus convection to the south of the AEJ and dry convection over the Sahara. 

Thorncroft and Blackburn (1999) suggested that the PV anomalies associated with both 

the dry and deep cumulus convection was important in preserving the AEJ and its 

associated meridional gradients of PV. They also noted that the AEJ varies slightly 

during the course of 24 hours, and increases in the AEJ’s zonal wind speed tend to occur 

during the day when the strong surface heating over the Sahara desert leads to an upward 

decrease in diabatic heating in the lower troposphere. Therefore, they suggested that the 

PV anomaly associated with the dry convection strengthens the PV gradient in the low-to 

mid troposphere during the day, enhancing the AEJ’s zonal wind speeds. 

 Although there are several hypotheses regarding the maintenance of the AEJ and 

its associated PV gradients and anomalies, very little is known about the effects of 

rainfall and convection on the mean flow of the TEJ. To investigate, the mean anomalous 

Ertel PV was calculated at the TEJ level for each of the four modes of rainfall anomalies 

described in Section 2. Figure 18 shows the mean Ertel PV anomalies at 150 hPa using a 

50-year August Ertel PV mean (1949-1998) for each composite (not PV of the mean 

flow).   

Based on analyses south of 20oN for the August wet composite (Fig. 18a), the 

largest values of negative anomalous PV are located over the central and eastern Sahel. In 

contrast, the mean August anomalous 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 the anomalous PV are associated with the 

dipole composites. The wet dipole composite (Fig. 18c) shows a distinct axisymmetric 

dipole with an accompanying node at approximately 10oN. 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. The opposite occurs in the dry dipole composite 
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(Fig. 18d), where positive PV anomalies are located near and over the Sahel and the 

negative anomalies are near the Guinea Coast.  

It is important to note that maximum convective and latent heat release typically 

occurs below 400 hPa, well below the level of the TEJ. Therefore, it is very unlikely that 

convection is the primary cause of these specific PV anomalies. Also, the TEJ does not 

exhibit diurnal variance, and convective arguments related to the maintenance of the AEJ 

cannot necessarily by applied to the TEJ. It would appear that the climatological PV 

anomalies reflect the differing PV structures of the TEJ due to the variability of 

convective rainfall patterns in wet and dry years; however, the time scale of convection is 

much smaller than the monthly time scales shown in Fig. 18. Therefore, a direct 

comparison in this regard cannot be made. It can be said, however, that the PV anomalies 

at this level are certainly related to the differences in both strength and juxtaposition of 

the TEJ. However, the role that convection plays in the alteration of the PV and its 

gradient at the TEJ level is still unclear.  

The reflection of the anomalous PV distribution at the TEJ level in western Africa 

based on the rainfall mode has not been previously reported in the research literature. It is 

clear that the inspection of the PV and its associated gradients and anomalies in each of 

the four rainfall modes indicate that the upper levels are very important with regard to 

instability and wave development along the TEJ. However, further analyses of upper-

level wave development and convection are necessary to further understand the role they 

play with regard to the PV distribution at the TEJ level. 
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Fig. 5a 
 
 
 
 
 
 

Fig. 5b 
 
Fig. 5: Mean TEJ zonal wind speed (m s-1) 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-1
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Fig. 6a 

Fig. 6b 
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Fig. 6c  
 
Fig. 6: Mean meridional Ertel PV gradient (m s-1 K kg-1) at 150 hPa for a.) June  b.) July 
and c.) August wet composites. Contour interval is 2 �u 10-13 m s-1 K kg-1

.

 
 
 

Fig. 7a 
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Fig. 7b 
 
 
 

Fig. 7c 
 
Fig. 7: Mean meridional Ertel PV gradient (m s-1 K kg-1) at 150 hPa for a.) June  b.) July 
and c.) August dry composites. Contour interval is 2 �u 10-13 m s-1 K kg-1

.
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Fig. 8: Day 6 of an AEW model simulation from July 1983. Perturbation streamfunction 
at 875 hPa, 625 hPa, 375 hPa, and 125 hPa are shown (Nicholson et al. 2006a). 
 
 

 
Fig. 9: Mean meridional 150 hPa Ertel PV gradient (m s-1 K kg-1) for July 1983. Contour 
interval is 2 �u 10-13 m s-1 K kg-1

.
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Fig. 10: Day 6 of an AEW model simulation from July 1950. Perturbation streamfunction 
at 875 hPa, 625 hPa, 375 hPa, and 125 hPa are shown (Nicholson et al. 2006a). 
 

 July
1950

 
Fig. 11: Mean meridional 150 hPa Ertel PV gradient (m s-1 K kg-1) for July 1950. Contour 
interval is 1 �u 10-13 m s-1 K kg-1. 
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a) 200 hPa 

 
 
 

 

b) 600 hPa 

 
 

  

c) 925 hPa 

Fig. 12: Perturbation PV (m s-1 K kg-1) (left) and streamline analysis (Nicholson et al. 
2007) (right) at 0Z 1950 July 28 for a) 200 hPa, b) 600 hPa, and c) 925 hPa. 
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Fig. 13: Hovmoller diagram of perturbation PV at 150 hPa for July 1950 at 20oN. 
Contour interval is (�u 10-1) PVU (m2 s-1 K kg-1). Dashed lines indicate each wave. 
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Fig. 14: Hovmoller diagram of perturbation PV at 150 hPa for July-August 1955 at 10oN. 
Contour interval is (�u 10-1) PVU (m2 s-1 K kg-1). Dashed lines indicate each wave. 
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Fig. 15: Mean meridional 150 hPa Ertel PV gradient (m s-1 K kg-1) for August 1955. 
Contour interval is 2 �u 10-13 m s-1 K kg-1

. 

Fig. 16: Hovmoller diagram of perturbation PV at 150 hPa for July 1983 at 20oN. 
Contour interval is (�u 10-1) PVU (m2 s-1 K kg-1).
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Fig. 17: Hovmoller diagram of perturbation PV at 150 hPa for July-August 1983 at 5oN. 
Contour interval is (�u 10-1)  PVU (m2 s-1 K kg-1). 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 PVU.
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CHAPTER THREE 

PART B: IDEALIZED SIMULATI ONS OF WEST AFRICAN JETS 

 

3.1 Methodology  

a. PE model description 

An idealized four-layer (N=4) primitive equation model is utilized to explore the 

fundamental dynamics of AEW development for several anomalously wet and dry years 

in western Africa. Three idealized jets, representative of the TEJ, AEJ, and the LLWJ, are 

modeled based on the NCEP/NCAR Reanalysis-derived zonal wind basic states for the 

wet years of 1950 and 1955 and the dry years of 1983 and 1984 in the Sahel. Results are 

subsequently compared to the linear channel study 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 for N layers). 

     
�wVi

�wt
�� Vi � ˜ � ’Vi �� fk �uVi �  � �g Rij �’ h j

j � 1

N

�¦        (1) 

�whi

�wt
� � � ’ � h̃iVi� � � �� 0        (2) 

for i = 1,…,N, where 
 

       Rij � 
�Ui �Uj for i �d j

�Ui �Ui for i �! j

���
�®��
�¯��

.       (3) 

In (1)-(3), V i = (u, v) is the wind velocity in the ith layer,  f is the Coriolis parameter 

(constant for this model), g is the acceleration due to gravity, h is the layer thickness, �’  is 

the horizontal gradient operator, k is the unit vector in the vertical direction, and Rij is the 

reduced gravity matrix relating each layer densities (�Ui and �Uj) to the reference density 

(1.0) for model computation. Eqs. (1)-(3) are solved numerically using a finite difference 

representation described by Arakawa and Lamb (1981) that conserves total energy (i.e., 
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kinetic plus potential) and potential enstrophy on a staggered C grid. Boundary 

conditions in x are periodic and are solid wall in y with a damping layer near the top and 

bottom y-boundaries to prevent reflection of small-scale wave activity (such as inertia-

gravity waves) back into the domain. Also, a coordinate transformation is utilized in the 

y-direction so boundaries are far from the jet region. A leapfrog time difference scheme 

is employed with a weak time filter to reduce high-frequency noise, and a biharmonic 

spatial filter with damping coefficient of 1 �u 10-11 m4 s-1 is used to control nonlinear 

instability and aliasing. 

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

balance, so that 

       .       (4) fk �uVi �  � �g Rij �’ h j
j � 1

N

�¦

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

            U(y) = Uo sech2 (y/yo),        (5) 

where Uo is the maximum jet speed (m s-1) and yo is the jet width (m). This jet profile 

(Eq. 5) is known as the Bickley jet and is illustrated in Fig. 19b. Random noise of small 

amplitude is added to the basic-state jets, and the model is run until the normal modes 

begin to increase in amplitude. Since f is constant, any jet with an inflection point in the 

profile will be barotropically unstable. The central latitude for each simulation is 12oN (0 

on the y-axis), which is just south of the Sahel in northern Africa. Therefore, the Sahel is 

represented by approximate y-axis values between +200 and +600 km.  

The model is comprised of four layers, each 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 km in x and 7000 km in y, with a grid spacing of 50 

km. The bottom-layer density is normalized to 1.0, while each upward layer is 

normalized to 0.96, 0.92, and 0.88, respectively. The deliberate inclusion of an empty 

layer between the AEJ and TEJ layers provides a more realistic configuration of the 
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upper atmosphere over western Africa, since the AEJ is located approximately between 

600-700 hPa and the TEJ is located approximately between 150-200 hPa. For example, 

Fig. 20 represents the initial zonal wind state for 1950 in the PE model. Each jet has a 

distinctive core due to its prescribed structure, and each core’s position and intensity is 

based upon that year’s August NCEP derived basic state. It is important to note that the 

width scale of the TEJ (Fig. 20d) is significantly larger than the LLWJ and the AEJ to 

agree somewhat with observational data. For each of the basic states modeled, 

perturbations arise from the instability of each of the zonally uniform jets. Normal modes 

are allowed to grow until exponential growth and maximum amplitude are reached before 

nonlinear development becomes dominant. Specifically, the time chosen in each 

simulation is at approximately the time the v-component of the wind reaches 2 m s-1. 

Times past this point in the model generally represent wave and jet structures 

transitioning to nonlinear development. In summary, the wave stability properties and the 

kinematic structures are studied by varying the location, strength, and width of the jets. 

Wave structures represented by Poisson inversions of the relative vorticity (�’ -2�] = �\ ) 

are used to obtain the streamfunction in each of the simulations. The Poisson inversion 

utilizes Neumann boundary conditions, where the meridional gradient of the zonal wind 

is specified. After convergence, the resultant streamfunction is checked for accuracy by 

calculating the streamfunctions’ gradients and comparing to both the zonal and 

meridional components of the geostrophic wind. The perturbation streamfunction is then 

simply calculated by subtracting the basic state streamfunction field at t = 0 from the 

streamfunction field at time, t. 

 

a. Simulations for 1950 and 1983 

 

As discussed in the introduction, 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 the idealized jets is based upon NCEP zonal wind 

profiles (Table 1 and Fig. 3). The mean core position and maximum zonal wind is 

extracted from mean August NCEP data to use with each of the idealized jets in the 

simulations.  
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The years 1950 and 1983 represent the most extreme contrasts in both rainfall in 

the Sahel and the basic state zonal wind. The core of the LLWJ in 1950 was located 

further south (7oN) and was more easily discernable than in 1983 (14oN). In addition, the 

maximum LLWJ zonal wind speed was 10 m s-1 in 1950, which was much stronger than 

the maximum zonal wind speed in August 1983 (2 m s-1).  The AEJ was located much 

farther north and was marginally weaker (18oN, 10 m s-1) in the 1950 than in the 1983 

(11oN, 12 m s-1). Conversely, the latitudinal location of the TEJ varies little each year 

(approximately 7-9oN). However, the zonal wind speed of the TEJ in 1950 was nearly 

double that in 1983. Additionally, these stronger TEJ winds expanded far enough west to 

include most of western Africa. As such, the jet configurations in 1950 allowed for more 

intense vertical shear between the AEJ and TEJ in western Africa while conversely, 

vertical shear was relatively weak in the upper atmosphere in 1983. 

 

b. Simulations for 1955 and 1984 

There are a few differences in the jet characteristics between 1955 and 1950 and 1984 

and 1983. The LLWJ jet core in 1955 was located at approximately the same latitude as 

in 1950 (7oN); however, the maximum zonal wind speed was 6 m s-1, slightly weaker 

than in 1950. The AEJ axis in 1955 was south (14oN) of the its location in 1950, and the 

mean zonal wind speeds were slightly faster (12 m s-1) than in 1950. The location of the 

TEJ axis and its mean zonal wind speed in 1955 was similar to those in 1950. In terms of 

1983 and 1984, there was little difference between the position and strength of all three 

jet. The primary, albeit small, difference was in the location of the AEJ core. It was 

located closer to 10oN in 1984 and 11oN in 1983.  

  

3.2 Results 

The spatial location and span of maximum and minimum values of vertical motion, 

wave amplitude and strength, etc., are of primary importance in this study to determine 

whether the juxtaposition of the jets is an essential factor in determining interannual 

rainfall variability patterns. The separation and strength of each of the jet cores determine 

the overall GAC over northern Africa.  Even though 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 GCM study by Nicholson et al. (2006a). The authors 

found that the GCM wave properties in the wet years contrast strongly with those in the 

dry years in terms of strength, vertical development, and instability (Fig. 21). These 

simulations are compared to the PE model simulations to gauge whether the PE model 

can capture similar wave properties based on the basic states provided by NCEP data in 

the GCM simulations. This study is concerned primarily 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 PE study promotes maximum growth rates at a 

wavelength between 2500 and 3000 km. This wavelength is consistent with other 

observational and modeling studies. Growth rates in the 1950 and 1955 PE wet year 

simulations are faster than in the 1983 and 1984 dry year simulations (Table I). Wet year 

growth rates reached 0.4 and 0.5 day-1, whereas rates for the dry years were a slower 0.3 

and 0.4 day-1. These values correspond to the linearized channel simulations presented by 

Grist et al. (2002), which indicated growth rates greater than 0.4 day-1 for wet year 

simulations and growth rates around 0.3 day-1 in dry simulations.  

 The Nicholson et al. (2006a) study suggested that wave groups are more likely 

present in wet years than in dry years due to the increased instability, faster growth rates, 

and wider band of unstable wavelengths. The 1950 PE simulation is similar to their 1950 

GCM simulation with many wave groups tightly clustered along the AEJ (Fig. 22b) 

However, in the 1955 PE simulation (Fig. 24b), the waves appear to be more intermittent.  

Conversely, the PE results for the dry years correspond well to the GCM results. The dry 

PE simulations (Figs. 23b and 25b) do not show 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 weaker in the wet years than in the dry 

years, the stronger TEJ allows for increased vertical shear and the possibility for 

increased baroclinic development in the upper atmosphere. Examination of the vertical or 

phase tilt associated with the wave activity at each level is important to determine 

whether baroclinic or barotropic instability is dominant. The enhanced vertical shear and 

baroclinicity between the AEJ and TEJ allows for robust wave activity at the AEJ level in 

the wet years and an increase in vertical tilt of the waves. Conversely, the vertical shear 

in the upper atmosphere in the dry years is much less intense due to a weaker TEJ.  

This weak vertical shear appears to restrict the vertical development of the AEWs. It has 

also been noted that since the TEJ is weaker in the dry years, the strongest vertical shear 

is found between the LLWJ and AEJ. This favors an increased likelihood of baroclinic 

development closer to the surface rather than in the 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 source of vertical shear and baroclinicity, each of the jets in 

western Africa exhibits strong horizontal shear that generates barotropic instability. In the 

PE model, barotropic instability initially dominates as wave development commences 

from the addition of perturbation noise. As the waves develop along each jet and increase 

in amplitude and strength, wave growth continues due to both barotropic and baroclinic 

instabilities. According to each of the PE simulations, the degree of development wholly 

depends on the juxtaposition of the jets and the associated horizontal and vertical shear 

profiles.  

In the GCM simulations (Fig. 21) presented by Nicholson et al. (2006a), wave 

development in the wet years contrast strongly with those in the dry years, in terms of 

strength, vertical development, and instability. The waves were more intense during the 

wet years, and they also were more barotropic and most intense near the level of the AEJ. 

Conversely, in the dry year simulations, the GCM showed the waves to be more 

baroclinic and best developed near the surface.  
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The PE model simulations, in comparison, also indicate several differences in wave 

development between the two rainfall regimes. First, waves are more intense at the AEJ 

level in the wet year simulations. This is more than likely due to strong baroclinicity 

between the AEJ and TEJ, as well as the AEJ and the LLWJ. Strong baroclinicity is noted 

in the 1950 simulation between the LLWJ and AEJ levels due to the vertical zonal wind 

profile. Strong tilting is evident between these levels as the wave axes are tilted NW-SE. 

Compared to the 1950 simulation, the waves at the AEJ level in the 1955 simulation (Fig. 

24b) are not quite as strong at the AEJ level. Due to the weaker LLWJ in 1955, there is 

not as much tilt in the wave axes between the LLWJ and AEJ levels. Even though 

barotropic instability is slightly less at the AEJ level in the 1950 simulation due to the 

weaker meridional gradient of zonal winds, baroclinic instability is likely the dominant 

factor. In terms of the dry year simulations, the wave structures and intensity at the AEJ 

level in the 1983 (Fig. 23b) and 1984 (Fig. 25b) simulations were similar. The small 

difference in the location of the AEJ jet cores between the two dry years may provide a 

slightly more baroclinic environment in 1984 between the LLWJ and AEJ levels 

(possibly resulting in the slightly faster growth rate); however, it is difficult to determine 

from the results the effect, if any, the slightly increased baroclinicity has on the wave 

intensity. 

 The wave intensity at the LLWJ level was extremely strong in the 1950 

simulation (Fig. 22a) compared to the other simulations. Due to both the jet structure and 

increased strength of the LLWJ compared to the other years, it is more than likely that 

barotropic processes are aiding in wave development at this level. Therefore, the 

combination of stronger barotropic and baroclinic instability at both the LLWJ and AEJ 

levels is aiding the very strong activity present at both levels. Conversely, it is interesting 

that the waves at the LLWJ level in 1955 (Fig. 24a) are weak compared to 1950. The PE 

model is less sensitive to the weaker LLWJ in the 1955 simulation, and does not readily 

develop the waves at this level compared to the 1950 simulation. In terms of the dry PE 

simulations, the waves at the LLWJ level in both 1983 (Fig. 23a) and 1984(Fig. 25a) 

were of similar intensity, albeit much weaker than the 1950 simulation. The intensity of 

both the LLWJ and AEJ during the dry years is quite 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 AEJ and TEJ in the wet year simulations show 

similar characteristics to the wave activity at the AEJ level. The waves at the level 

between the AEJ and TEJ are more intense in the 1950 simulation (Fig. 22c) 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 well as the stronger baroclinicity between the AEJ 

and the TEJ.  Although the baroclinicity between the AEJ and TEJ is somewhat similar in 

the 1955 simulation, the waves at the AEJ level were not quite as strong resulting in 

weaker waves between the two levels. Conversely, the wave intensity at the level 

between the AEJ and TEJ in the dry year simulations is relatively weak compared to the 

wet year simulations; however, the 1984 waves (Fig. 25c) were a little more intense than 

in 1983 (Fig. 23c). The subtle difference in the relative location of both the AEJ and TEJ 

in the dry years produces slightly more baroclinicity 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 to be more barotropic in nature, especially in the 

dry year simulations. Increased barotropic instability is present at this level in the wet 

year simulations due to the much stronger meridional gradient of the zonal wind. Overall, 

the waves in the 1950 simulation (Fig. 22d) are the most intense in the PE simulations, 

while the other years are slightly less intense. 

 

c. Wave scale 

Both the PE and GCM wet year simulations have similar wave scales at all four 

levels. The TEJ waves in both the GCM and PE simulations are larger in scale than the 

perturbations at the AEJ level. It is more than likely the larger wave scales at the TEJ 

level in the PE model are a consequence of the larger and wider 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 AEJ level (625 hPa), while in the dry year GCM 

simulations, the waves at the 375 hPa level are similar in scale to the TEJ waves (125 

hPa). The PE model is surprisingly similar as the 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. It is also 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 deep ascending motion that extends throughout the 

troposphere is confined to the region between the axes of the AEJ and TEJ (Fig. 26). 

Based on NCEP data, maximum mean vertical motion values typically lie between the 

AEJ and TEJ levels at approximately 400 hPa. It has recently been hypothesized that the 

AEJ is associated with strong mid-level convergence and is coupled with the surface 

ITCZ in the wet years. The result is tantamount 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 asymmetries, the AEJ is presumably a source of vertical 

motion feeding into the TEJ. The TEJ, in turn, provides strong upper-level divergence 

resulting in strong vertical motion.  

During the wet years of 1950 and 1955, the AEJ and TEJ axes were approximately 10 

and 7 degrees latitude apart, respectively. However, in the dry years of 1983 and 1984, 

the jet axes were separated by about 3 degrees latitude (Fig. 3). Because of the greater 

latitudinal span in the wet years, the vertical motion was enhanced, and the rainbelt 

intensified. Conversely, the mean upward vertical motion was weak and confined to a 

very small range of latitudes during the dry years. Thus, rainfall was extremely limited. 

The idealized PE modeling results based on the basic states of August 1950 and 1983 

are strikingly similar to the NCEP data shown in Figure 3. The vertical motion fields at 

the level between the AEJ and TEJ are given in Figure 27. It is important to note that the 

PE simulation vertical motion fields are not as intense as the observational data; however, 

comparisons based on the strength and location of maximum vertical motion can still be 

deduced. The PE model does not include convective parameterizations that would 

enhance vertical motion; therefore the model is considered “dry”. 

In the 1950 simulation, a very broad vertical motion field exists at all levels due to the 

juxtaposition of the jet axes and the wave activity associated with each jet. Maximum 

upward vertical motion values are located between +200 and +600 km (Fig. 27a). This 

area is situated between the AEJ and TEJ and corresponds to the Sahelian region. Based 
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on these vertical motion patterns alone, the concentration of rainfall would be in the 

Sahel, but a broad area of rainfall would exist because of the large expanse of upward 

vertical motion.  

The 1983 dry year simulation has a vastly different vertical motion pattern (Fig. 27b). 

The values are much weaker and are not nearly as broad as in the 1950 simulation. The 

maximum values are located at the level between the AEJ and TEJ. However, this is 

between 0 and –500 km, which corresponds to the region south of the model Sahel. The 

combination of the weaker and less broad vertical motion fields and the displacement of 

the maximum vertical motion values south of 12oN indicate conditions conducive for 

lower rainfall amounts in the Sahelian latitudes. 

 The PE simulations for the wet year 1955 also show maximum vertical motion 

values located between the AEJ and TEJ axes (Fig. 27c). However, they are not quite as 

large as in 1950; therefore, less rainfall would be expected based on vertical motion 

intensity alone. The vertical motion field in the 1984 dry year PE simulation is 

comparable to the 1983 PE simulation (Fig 27d). The maximum vertical motion is still 

suppressed much further south, yielding rainfall primarily south of the Sahel.  

The results of the PE simulations show that vertical motion is maximized when 

the axes of the AEJ and TEJ are far apart and are minimized when the jet axes are closer 

together. This suggests that jet alignment is very important in determining locations of 

maximum rainfall. The combination of convergence/divergence patterns at the AEJ and 

TEJ levels and wave development at the level between the AEJ and TEJ is the primary 

reason that maximum vertical motion values are located between the two 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 speed of the TEJ. Using the 1950 simulation as the 

control, the core position of the AEJ and the wind speed of the TEJ is varied, leaving all 

other parameters the same (LLWJ speed and 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 weaker (as in the dry year simulations) (Table 2). It 
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appears that the model is equally sensitive to both the position of the AEJ core and the 

speed of the TEJ. In the simulations where the TEJ is strong (30 m s-1) and the core of the 

AEJ is close to the core of the TEJ (10oN and 12oN), the growth rates range from 0.34-

0.37 d-1, slightly greater than the 1983 and 1984 simulation growth rates, but 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 (14oN, 16oN, and 18oN), the growth rates range 

from 0.34-0.38 d-1, which is slower than the 1950 and 1955 simulations. The increased 

baroclinicity due to the stronger TEJ and the location of the AEJ core play a significant 

role in the growth rates of wave activity in the PE model simulations.  
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Fig. 19: Bickley jet profile (westerly jet).  
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Fig. 20: Initial zonal wind configuration (m s-1) at the a)  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 s-1) corresponding to the basic state at 
17oN and 13oN. Center: Vertical profile of waves on day 6 as a function of longitude 
Bottom: Wave amplitude in terms of perturbation streamfunction (m2 s-1) as a function of 
latitude and longitude at four vertical levels (875 hPa, 625 hPa, 375 hPa, and 125 hPa). 
(Nicholson et al. 2006a)  
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Fig. 22: Perturbation streamfunction (m2 s-1) at the a)  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 (m2 s-1) at the a)  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 (m2 s-1) at the a)  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 (m2 s-1) at the a)  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 speed (�u 10-2 m s-1) for 1950, 1955, 1983, and 1984 
based on NCEP-NCAR Reanalysis Data. Contour interval is 0.5 m s-1 with upward 
vertical motion shaded. Hatched lines denote the mean positions of the AEJ and TEJ 
cores. The bold line indicates the mean position of the rainbelt. 
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Fig. 27: Vertical motion (× 10-2 m s-1) between the AEJ and TEJ levels for the a) 1950, b) 
1983. c) 1955, and d) 1984 PE simulations. The AEJ (solid) and TEJ (hatched) cores are 
indicated along with the approximate position of the Sahel in the model. 
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Table 1. Mean jet core zonal wind speed and position for August 1950,1955,1983, and   
  1984. 

Year Description LLWJ  
(m s-1) 

LLWJ  
Core 

AEJ  
(m s-1)

AEJ  
Core 

TEJ  
(m s-1)

TEJ  
Core 

Growth Rate 
(day-1) 

1950 Wet dipole 10 7oN -10 18oN -30 8oN 0.45 
1955 wet 6 7oN -12 14oN -30 8oN 0.42 
1983 dry 2 14oN -12 11oN -15 9oN 0.29 
1984 Dry dipole 2 14oN -12 10oN -15 9oN 0.32 

 

Table 2. Sensitivity of PE model growth rates to changes in the core position of the AEJ 
and the wind speed of the TEJ. Simulations based on 1950 simulation. 
AEJ core TEJ (m s-1) Growth rate

10oN -15 0.32 
11oN -15 0.29 
14oN -15 0.34 
16oN -15 0.35 
18oN -15 0.38 
20oN -15 0.37 
10oN -30 0.34 
12oN -30 0.36 
14oN -30 0.42 
16oN -30 0.40 
18oN -30 0.45 
20oN -30 0.41 
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CHAPTER FOUR 

SUMMARY AND CONCLUSIONS 

 

Significant variations in both the zonal wind speed and longitudinal extent of the 

TEJ between wet and dry years exist in western Africa. 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 gradient at the TEJ level is shown to vary significantly 

between wet and dry modes of interannual rainfall variability.  In wet years, the sign 

reversal of the meridional PV gradient is distinctly present throughout the summer while 

in the dry years the sign reversal is very weak.  

Perturbation PV analyses for several years at the TEJ level indicate distinct wave 

activity associated with the location of the sign reversal of the meridional PV gradient. In 

July 1950, a very wet year, the sign reversal of the meridional PV gradient was located 

between 15oN and 20oN throughout western Africa. The TEJ waves developed near the 

AEW generation longitude of 20oE and propagated westward with time. The TEJ wave 

period was approximately 5 days, which corresponds well with AEW periods. Wave 

activity was also shown at 10oN in July-August 1955, another wet year, near the sign 

reversal of the meridional PV gradient. On the other hand, in the dry year of 1983, wave 

activity was displaced far to the south, closer to the PV sign reversal. Wave activity was 

not detected at higher latitudes near the Sahel. 

These measures of the PV gradient and its sign reversal at the TEJ level show that 

the strength and spatial positioning of this jet are extremely important in determining 

regions where the greatest instability exists at the upper levels. Waves that develop along 

the TEJ will ultimately alter vertical motion patterns, increase convective initiation, and 

subsequently increase rainfall in certain regions, depending upon the degree of instability. 
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In addition, climatological PV anomalies at the TEJ level indicate a distinct 

difference between the four principle modes of interannual rainfall variability, especially 

in the modes associated with rainfall dipoles over western Africa. The node of the PV 

anomalies in the dipole composites is approximately located at 10oN, similar to the 

location of the rainfall node. Further study is needed to completely understand the 

underlying causes of these patterns, especially the role 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 significant source of PV, this gives rise to the 

possibility of applying the PV paradigm (i.e., “PV thinking”, Hoskins et al. 1985) to all 

jets located over Africa. As such, circulations associated with PV anomalies or 

perturbations along each jet may interact with each other, depending on the penetration 

depth of each anomaly (Bretherton 1966). If the penetration depth exceeds the vertical 

distance between two jets, any anomalous circulations may interact, causing the wave to 

grow or decay, depending on the strength and position of the circulations. Thus, several 

PV wave interactions are possible in western Africa (Nicholson et al. 2006a). Studies of 

the interactions of individual PV anomalies associated with wave activity between the 

jets may also provide a more complete understanding of the role of PV dynamics in 

Africa. 

The idealized simulations presented in this study also highlight the dependence 

and sensitivity of wave activity and the possibility of rainfall to the differing jet positions 

and strengths based on August NCEP zonal wind profiles. These particular profiles were 

chosen to best represent the month in which Sahelian rainfall is maximized.  In the wet 

year simulations, exponential growth rates were slightly greater than in the dry years. 

This agrees with previous AEW modeling studies based on differing rainfall and zonal 

wind profiles across western Africa. The wavelength of peak growth for the particular jet 

profile utilized in this study is approximately 2500-3000 km at the AEJ level, which is 

also similar to observations and other idealized modeling studies. 

The vertical shear profile is dependent on the intensity and position of the three 

West African jets. Strong vertical shear between AEJ and TEJ levels in the wet years 

allows for enhanced upper-level development of AEWs. When the TEJ is weak, the 
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weaker vertical shear suppresses the waves’ vertical 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 waves. Conversely, the waves between the AEJ 

and TEJ levels in the dry year simulations were weak and seemed to be more influenced 

by the TEJ waves. In fact, the AEJ waves are much weaker and yield less influence in the 

dry year simulations than in the wet year simulations. 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 the lower levels than in the upper levels. 

Vertical motion patterns are also greatly influenced by the position of both the AEJ 

and TEJ axes. The modeling results, along with observations, suggest that the strongest 

vertical motions occur between the AEJ and TEJ. Furthermore, the intensities   of the 

vertical motions are greater in the wet year simulations and are suppressed in the dry year 

simulations. The patterns of convergence/divergence associated with the wave activity 

and the position of the jets contribute to the vertical motion patterns detected between the 

AEJ and TEJ cores. 

 The modeling study’s results agree to an extent with Grist et al. (2002), 

Nicholson et al. (2006a), and Hall et al. (2006). However, several differences are 

apparent. This particular PE equation model is notably sensitive to the juxtaposition of 

each jet, and large differences in wave activity and structures occur with small changes in 

latitudinal placement of each jet. Also, due to the similar structures of both the LLWJ and 

the AEJ in this model, the LLWJ tends to be more unstable and wavy than it is otherwise. 

This may over exaggerate the strength of some of the wave activity. However, it does not 

affect the overall comparison between the wet and dry year simulations. This increased 

surface wave intensity is not unlike other studies in which NCEP data was utilized to 

furnish realistic zonally uniform basic states.  

 Although there are some differences in the idealized model results compared to 

other studies and observational data, it is apparent that the jets’ locations and strengths 

are important factors to be considered when determining interannual rainfall variability. 

Because the vertical shear is determined by the relative location of the AEJ and TEJ in 

the upper atmosphere, the jets’ juxtaposition is a critical but indirect factor in wave 

initiation and growth or decay via the enhancement or suppression of vertical motion. 
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Along with enhanced vertical shear, the increased strength of the meridional PV gradient 

at the TEJ level in the wet years provides an additional source of instability for wave 

development.  

Overall, the perturbations at all four PE model levels are similar in scale and 

structure to other modeling and observational studies, making the PE model a viable tool 

to further explore West African jet dynamics and interactions. Idealized studies involving 

longitudinal variations in the zonal jets and their effects on wave structure is a natural 

progression of multiple jet interaction studies. Inclusion of simple thermodynamic 

profiles may also increase understanding of the effects of moist dynamics on these 

differing jet profiles. Further work is also needed to resolve the questions concerning the 

origin and occurrence of AEWs. Although the PE model produced wave activity that is 

less intermittent during the dry years, the exact factors cannot be deduced from these 

idealized simulations. A temporal relationship between easterly waves and the 

longitudinal variations in the AEJ (and to some extent the LLWJ and the TEJ) needs to be 

established to further understand their intermittence.   

The origin of AEWs is also not addressed in this study, since random noise was 

added to destabilize the jets and produce wave activity. Hall et al. (2006) suggest that a 

complete theory for the intermittency of AEWs will involve finite-amplitude precursors 

(such as wave activity that originated in Asia or topography-based generation of wave 

perturbations). However, it is apparent from this study, as well as the PV study, jet 

interaction and juxtaposition play a major role in AEW development across western 

Africa after the initial perturbation develops in eastern Africa. Understanding the 

dynamics of multiple West African jets is pertinent to identifying time periods and 

regions that may experience a better chance of enhanced or suppressed rainfall. 

Also, more research of the specific patterns of convergence/divergence and 

secondary circulations of the AEJ and TEJ is necessary. The TEJ appears to provide an 

energy source for AEW development in the upper atmosphere. It location and strength 

may promote convective activity due to enhanced upper-level divergence in certain 

portions of Africa. Central Africa, for instance, is in the left exit region of the main Asian 

branch of the TEJ (Nicholson and Grist, 2003). It is therefore likely to be a region of 

enhanced convective activity (Reiter 1969).  
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The ultimate goal of this and subsequent research is to understand how the 

instability at the TEJ level is associated with the marked interannual rainfall variability in 

western and central Africa. The TEJ can no longer 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 complete picture of interannual rainfall variability 

and filling in large observational gaps in TEJ dynamics are critical elements in 

understanding West African climate. 
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