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ABSTRACT

The West African monsoon (WAM) and its landmark features, which include African easterly waves

(AEWs) and the African easterly jet (AEJ), exhibit significant intraseasonal variability in boreal summer.

However, the degree to which this variability is modulated by external large-scale phenomena, such as the

Madden–Julian oscillation (MJO), remains unclear. TheWeather Research and Forecasting (WRF)Model is

employed to diagnose the importance of the MJO and other external influences for the intraseasonal vari-

ability of the WAM and associated AEW energetics by removing 30–90-day signals from initial and lateral

boundary conditions in sensitivity tests. TheWAMproduces similar intraseasonal variability in the absence of

external influences, indicating that the MJO is not critical to produce WAM variability. In control and sen-

sitivity experiments, AEW precursor signals are similar near the AEJ entrance in East Africa. For example,

an eastward extension of the AEJ increases barotropic and baroclinic energy conversions in East Africa prior

to a 30–90-day maximum of perturbation kinetic energy in West Africa. TheWAM appears to prefer a faster

oscillation when MJO forcing is removed, suggesting that the MJO may serve as a pacemaker for intra-

seasonal oscillations in the WAM. WRF results show that eastward propagating intraseasonal signals (e.g.,

Kelvin wave fronts) are responsible for this pacing, while the role of westward propagating intraseasonal

signals (e.g., MJO-induced Rossby waves) appears to be limited. Mean state biases across the simulations

complicate the interpretation of results.

1. Introduction

The West African monsoon (WAM) is a thermally

driven circulation that regulates North African rainfall

in boreal summer (Lafore et al. 2010). The WAM is a

complex system, with several jets and circulations con-

tained within a 408 band of latitude that spans latitudes

from south of the equator to Europe. Two key features

of the WAM are the African easterly jet (AEJ) and

African easterly waves (AEWs), which seed the major-

ity of Atlantic tropical cyclones (e.g., Landsea et al.

1998; Thorncroft andHodges 2001). Positioned in North

Africa near 158N and vertically near 650 hPa, the AEJ is

in thermal wind balance with a strong meridional tem-

perature gradient that exists between the Saharan heat

low and the Gulf of Guinea during boreal summer. The

AEJ extends hundreds of kilometers into the Atlantic

Ocean and enhances midlevel cyclonic vorticity in the

Atlantic main development region for tropical cyclones

(Goldenberg and Shapiro 1996).

AEWs are atmospheric eddies that grow via energy

conversions afforded by the WAM system, including

baroclinic and barotropic conversions associated with

the AEJ (Norquist et al. 1977; Hsieh and Cook 2007;

Alaka 2014; Alaka and Maloney 2014, hereafter

AM2014). AEWs, best known as seed disturbances for

most Atlantic tropical cyclones (Landsea et al. 1998),

propagate westward at 8.5–12ms21 and have a period-

icity of 2.5–6 days (Kiladis et al. 2006; Wu et al. 2013).

East Africa (east of 108E) has been identified as an ini-

tiation region for AEWs for several decades (Carlson
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1969). Specifically, upstream convective anomalies near

the Darfur Mountains and Ethiopian highlands grow

upscale into mature AEWs (Hall et al. 2006; Kiladis

et al. 2006; Mekonnen et al. 2006; Thorncroft et al. 2008;

Leroux and Hall 2009; Alaka and Maloney 2012).

Prominent intraseasonal variability of the WAM has

important consequences for boreal summer pre-

cipitation in the rain-sensitive Sahel region and the

amplitude of AEWs entering the east Atlantic (Janicot

et al. 2009; Alaka and Maloney 2012, 2014). Given that

up to 50% of annual rainfall in the Sahel is associated

with convective systems embedded within AEWs, the

intraseasonal variability of these phenomena is crucial

to the improvement of precipitation forecasts in this

water-sensitive region (Crétat et al. 2015). Additionally,

increased WAM convection and stronger AEW activity

on intraseasonal time scales may be associated with in-

creased tropical cyclogenesis in the Atlantic main de-

velopment region for tropical cyclones (Ventrice et al.

2011). Despite the intraseasonal oscillation of theWAM

being well documented in the literature, the extent to

which this variability is internally or externally driven is

unclear. For example, the Madden–Julian oscillation

(MJO; Madden and Julian 1971; Zhang 2005) may be a

primary source of externally driven intraseasonal vari-

ability in the WAM.

Several studies have linked the MJO to WAM vari-

ability through the initiation of equatorial waves that

propagate from the Indo-Pacific warm pool to tropical

Africa (Matthews 2004; Maloney and Shaman 2008;

Janicot et al. 2009; Ventrice et al. 2011; Alaka and

Maloney 2012, 2014). In particular, MJO-induced

eastward-propagating Kelvin waves and westward-

propagating Rossby waves appear to impact convec-

tion and large-scale cyclonic shear associated with the

AEJ, which supports strongerAEWvariability (Matthews

2004). The MJO and its associated equatorial waves may

also influence AEW energetics, especially barotropic

and baroclinic energy conversions, which govern AEW

initiation and growth across North Africa (AM2014).

Similarly, equatorial Kelvin wave fronts initiated by the

MJO may impact easterly wave activity and associated

energetics in the east Pacific prior to propagating into the

WAMregion (Rydbeck et al. 2013;Rydbeck andMaloney

2014). The pathways by which Kelvin and Rossby waves

propagate into North Africa are shown in Fig. 1.

However, the extent to which the MJO modulates

intraseasonal variability in the WAM is still up for de-

bate, as is the mechanism behind this modulation. On

the one hand, Ventrice et al. (2011) linked MJO-related

convective variability in theWAM to equatorial Rossby

waves and claimed that enhanced cyclonic shear is in-

duced by the passage ofMJO-induced equatorial Kelvin

waves. On the other hand, Alaka and Maloney (2012)

suggested that bothMJO-induced dry equatorial Kelvin

waves and equatorial Rossby waves modulate convec-

tion and AEW initiation in East Africa. Recently,

AM2014 demonstrated that a multivariate MJO index

(e.g., Wheeler andHendon 2004) can explain only about

10% of the intraseasonal variability of AEWs in West

Africa, which suggests that influence of the MJO on

West Africa is limited.

Complex topography and diverse land cover

throughout North Africa point to the potential impor-

tance of internal processes for producing intraseasonal

variability in the WAM (Mounier et al. 2008; Janicot

et al. 2011), suggesting that the WAM may exhibit in-

traseasonal variability without influence from the MJO.

For example, Mounier et al. (2008) found that con-

vection in the WAM and central Atlantic exhibits

10–25-day internal oscillations. In addition, convection

in the Sahel may be modulated by intraseasonal vari-

ability of the midlatitude flow in the northeastern At-

lantic Ocean and Europe, which imposes a zonal mode

on the Saharan heat low (Leroux and Hall 2009;

Chauvin et al. 2010; Roehrig et al. 2011).

Global and regional climate models have helped in-

crease understanding of theWAM. Several studies have

FIG. 1. Simple view of equatorial Kelvin waves (blue) and equatorial Rossby waves (red), both initiated by MJO

heating (orange) according to Heckley and Gill (1984), propagating into tropical North Africa. Arrows are color-

coded to show propagation of each phenomenon.
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analyzed intraseasonal variability of the WAM in global

climate models (Lavender andMatthews 2009; Lavender

et al. 2010; Pohl and Douville 2011; Roehrig et al. 2013).

Lavender and Matthews (2009) found that westward-

propagating Rossby waves were the most important

component to triggerWest African convective anomalies.

Lavender et al. (2010) discovered that soil moisture

feedbacks may enhance and organize 15-day oscilla-

tions, indicating that the WAM may be capable of pro-

ducing its own intraseasonal variability. These two

studies highlight how uncertain the vitality of theMJO is

to intraseasonal variability of the WAM.

Regional climate modeling has played an integral role

in simulating the WAM at resolutions finer than most

global climate models (Druyan et al. 2010; Nikulin et al.

2012; Sylla et al. 2013), allowing for in-depth in-

terpretation of the WAM and its complicated features.

Given the complexity of AEWs (and, in general, the

WAM), it is imperative that regional models reproduce

key features of this system in order to reliably compare

model output to observations or reanalyses. Reliable

WAM simulations are important since observations in

West Africa are decreasing (e.g., Ali et al. 2005), which

limits the utility of observations for understanding this

complex region. Vizy and Cook (2002) were the first to

study the WAM with a regional climate model adapted

from the Penn State University–National Center for

Atmospheric Research mesoscale model 5 (PSU–NCAR

MM5; Grell et al. 1994). A finer-resolution version of this

MM5-adaptedmodel was subsequently utilized in series of

studies focused onAEWdynamics (Hsieh and Cook 2005,

2007, 2008). A regional climate model from the Max-

Planck Institute for Meteorology adequately simulated

precipitation variability inWestAfrica over the course of a

25-yr run (Paeth et al. 2005). Several studies have utilized

the third generation of the Regional Climate Model

(RegCM3) to study the WAM with modest reproduction

of key WAM features (Afiesimama et al. 2006; Abiodun

et al. 2008; Sylla et al. 2010).

This study utilizes the Weather Research and Fore-

casting (WRF) Model, specifically the Advanced Re-

search WRF dynamical core (Skamarock and Klemp

2008), to study intraseasonal variability of the WAM.

WRF has been widely used as a research tool for in-

vestigating the large-scale features of the WAM region

(e.g., Flaounas et al. 2011; Gaetani et al. 2010; Nicholson

2013; Noble et al. 2014). These studies have employed

horizontal grid spacing on the order of tens of kilometers.

Recently, Cook and Vizy (2013) utilizedWRF to analyze

the rainy season in East Africa. AEW case studies have

also been a focus of recent research efforts with WRF

(Torn 2010; Wolters et al. 2010; Berry and Thorncroft

2012; Ross et al. 2012). We will use WRF simulations to

understand the regulatory processes for intraseasonal

variability of the WAM, including the roles of internal

variability and remote forcing from the MJO.

The remainder of the paper is organized as follows. In

section 2, the WRF configuration is presented, obser-

vational data sources are discussed, and three experi-

ments are described to investigate the role of external

sources on 30–90-day variability in theWAM. The boreal

summer mean of these experiments is scrutinized in sec-

tion 3 and the 30–90-day variability of these experiments

is analyzed in section 4. We discuss important results and

present the conclusions of this study in section 5.

2. Model configuration, data, and methodology

a. Model and data

We employ the Advanced Research WRF version

3.5.1 with the following configuration: a single domain

(no additional nests), 30-km grid spacing, 38 vertical

levels (up to 50hPa), and 90-s time step. The model

domain, which was chosen specifically to include tropi-

cal North Africa and the east Atlantic, spans the region

from 108S to 408Nand 538Wto 428E. This domain is wide

enough to capture the full life cycle of AEWs, including

the potential development into tropical cyclones after

propagating into the Atlantic Ocean. However, this

domain was carefully chosen to not include 1) the

western Indian Ocean, where the MJO initiates, 2) the

east Pacific, where a strong amplification of the MJO

signal occurs during boreal summer, and 3) the northern

midlatitudes, where baroclinic eddies periodically

propagate through Europe. Excluding these regions is

especially important for the intraseasonal variability

sensitivity experiments explained in section 2c. The

European Centre for Medium-Range Weather Fore-

casts (ECMWF) interim reanalysis (ERA-Interim,

hereinafter ERA-I; Dee et al. 2011) will be used as the

initial and lateral boundary conditions for all WRF ex-

periments. ERA-I has a horizontal resolution of T255

(0.708) and 60 vertical levels. ERA-I and the 3B42

rainfall product from the National Aeronautics and

Space Administration (NASA) Tropical Rainfall Mea-

surement Mission (TRMM; Kummerow et al. 1998) are

used as baselines to validate model output.

b. Model parameterizations

Parameterizations utilized in this study include the

newNASAGoddard longwave and shortwave radiation

schemes (Chou and Suarez 1999), the Grell 3D cumulus

scheme (Grell and Devenyi 2002), theMellor–Yamada–

Janjic (MYJ) planetary boundary layer scheme

(Janjic 1994), and the Eta similarity surface scheme

1 AUGUST 2017 ALAKA AND MALONEY 5817



(Janjic 1994), which is based on Monin and Obukhov

(1954). We tested different land surface schemes and

microphysics parameterizations using a set of short ex-

periments initialized on 15 May 2001 and run through

31 August 2001. Available computing resources pre-

vented testing of different cumulus parameterizations in

these sensitivity experiments. Berry and Thorncroft

(2012) showed that the Grell 3D cumulus scheme pro-

duces realistic precipitation in AEWs, which motivated

the utilization of this scheme in the model configuration.

The two microphysics parameterizations tested were

the Thompson scheme (Thompson et al. 2008), which

calculates the masses of five water species and the

number concentrations for ice and rain, and the WRF

single-moment six-class scheme (WSM6; Hong and

Lim 2006), which calculates masses for the same five

species as the Thompson scheme, but does not calcu-

late any number concentrations. The two land surface

models tested in this study were the National Centers

for Environmental Prediction–Oregon State University–

Air Force–Hydrologic Research Laboratory (Noah)

land surface model (Ek et al. 2003) and the older Rapid

Update Cycle (RUC) scheme (Smirnova et al. 2000),

which was shown to perform quite well in the WAM

region (Flaounas et al. 2011). Therefore, four sensi-

tivity tests were created from the following parameteri-

zation combinations: 1) WSM6/RUC, 2) WSM6/Noah,

3) Thompson/RUC, and 4) Thompson/Noah. Testing

revealed that the WSM6/Noah configuration best repro-

duced AEW activity, the AEJ, and precipitation. Hence,

we employed these schemes in the WRF experiments

discussed below.

c. WRF simulations

The WRF experiments described here are designed to

determine the extent to which the modulation of AEW

activity is explained by external intraseasonal variability,

which includes the MJO and MJO-induced equatorial

waves. For simplicity, these sensitivity experiments are

referred to as ‘‘MJO denial tests,’’ which focus on how

basic features of the WAM system (i.e., AEWs, pre-

cipitation, and the AEJ) and AEW energetics change

when external influences on the WAM are removed. In

particular, the perturbation kinetic energy (PKE) and

perturbation available potential energy (PAPE) budgets

are calculated to analyze the energy flows for AEWs

simulated in theMJO denial tests. Here, PKE is defined as

PKE5
u02 1 y02

2
,

where u is the zonal wind and y is the meridional wind.

The 11-day running mean is represented by u, while the

perturbation from the 11-day running mean (‘‘eddy’’) is

represented by u0. Considering the frequency response

function, when n 5 11, the running mean is clearly

separated from the 2.5–6-day regime, which describes

convectively active AEWs near the AEJ (Wu et al.

2013). Most of the 6–9-day time scale (;80%) related to

midlatitude interactions with AEWs (Wu et al. 2013) is

also removed with the 11-day running mean. The ro-

bustness of our results below was tested for different

running mean filters, and little sensitivity was produced

for values of n between 7 and 15. In addition, n 5 11

excludes 2-week and longer variability, such as the

quasi-biweekly zonal dipole (see Mounier et al. 2008).

This 11-day running mean was also used to study intra-

seasonal variability of east Pacific easterly waves

(Rydbeck and Maloney 2014).

The PKE and PAPE budgets are derived in AM2014

[see their Eqs. (3) and (4)], who provided a detailed

documentation of these budgets for AEWs in ERA-I.

TheseMJO denial tests serve as a modeling extension to

the observational energy budget analysis in AM2014.

Here, we only consider the four PKE creation terms

highlighted in AM2014 (see Table 1). PKE creation

terms are computed using a mass-weighted vertical av-

erage from 1000 to 200 hPa, which is denoted by hXi.
The MJO denial tests consist of three experiments

that are designed to isolate the role of external processes

on WAM intraseasonal variability (Fig. 2): a control

test with realistic boundary conditions, and two sensi-

tivity tests with filtered lateral boundary conditions

and initial conditions. Each simulation spans from

0000 UTC 1 January 2001 to 1800 UTC 31 December

2010, which provide a large sample of intraseasonal

variability over 10 boreal summer seasons (i.e., June–

September). The MJO denial control test (C1) uses

TABLE 1. Four PKE source terms investigated in this study. Here

v is the three-dimensional wind (m s21 or Pa s21), vH is the horizontal

wind (m s21), v is the pressure velocity (Pa s21), T is the air tem-

perature (K), p is the air pressure (Pa), R is the specific gas constant

of dry air 5 287.058 J kg21K21, cp is the specific heat at constant

pressure5 1004 J kg21 K21, g is the inverted static stability,Q1 is the

apparent heat source, and = is the three-dimensional gradient op-

erator (m21 Pa21).X andX 0 represent the 11-day runningmean and

deviations from the 11-day running mean, respectively.

Creation term Symbol Expression

Barotropic energy conversion BT 2[v0H � (v0 � =)vH]

Baroclinic overturning Cpk 2
R

p
v0T 0

Baroclinic energy conversion BC 2
gcp

T
v0T 0 � =T

Diabatic PAPE generation QT

g
�T
T 0Q0

1

5818 JOURNAL OF CL IMATE VOLUME 30



unfiltered ERA-I data (Fig. 2a) and is representative of

30–90-day WAM variability with the full influence of

external forcing. The second and third experiments are

sensitivity simulations that filter the ERA-I boundary

conditions to different extents. In the first MJO denial

sensitivity test (S1), 30–90-day variability is removed for

all zonal wavenumbers, which eliminates the influence

of all external 30–90-day variability on all model

boundaries on the WAM (Fig. 2b). As a result, both

eastward and westward propagating influences that

project onto MJO time scales are removed from the

boundary conditions. In the second MJO denial sensi-

tivity test (S2), 30–90-day variability is only removed for

eastward zonal wavenumbers 0–10, which eliminates

only eastward-propagating phenomena, such as Kelvin

wave circulations forced by theMJO, from the boundary

conditions (Fig. 2c). Westward-propagating influences

such as equatorial Rossby waves are retained in S2. For

S1 and S2, ERA-I boundary data are filtered through

two-dimensional fast Fourier transform analysis. A

boxcar-type filter is applied to the data once they have

been converted to wavenumber–frequency space. The

30–90-day filter is applied to the entire ERA-I boundary

field, so that influences from theMJO and other external

large-scale phenomena (e.g., Indian monsoon, mid-

latitude variability) are effectively removed.

The power of most large-scale equatorial Rossby

waves falls within the 30–90-day band. However, the

power of Kelvin waves extends into much shorter time

scales and smaller zonal wavelengths, which suggests

that these equatorial waves are incompletely filtered by

our method. While this is true, a distinction is drawn

here between convectively coupled Kelvin waves and

the dry Kelvin wave feature that is forced by MJO

heating and establishes rapidly through propagation

regulated by dry dynamics (e.g., Sobel and Maloney

2012). Here, the dry Kelvin wave mode characteristic of

the Gill (1980) model and forced as a quasi-steady re-

sponse to the east of MJO convection is removed via

filtering in S1 and S2. While previous work showed a

relationship between convectively coupled Kelvin

waves and AEWs (e.g., Ventrice and Thorncroft 2013),

the time scales of these phenomena are much shorter

than the large-scale feature associated with the MJO

and are not of interest to this study.

To aid in the analysis of these MJO denial tests, sev-

eral methods from AM2014 were employed. For each

MJO denial test, the 30–90-day AEW activity in West

Africa is assessed by a PKE index, calculated by area-

averaging 30–90-day 700-hPa PKE in a 208 3 108 region
located in West Africa. The longitude of this region was

fixed at 208W–08 and a 108 latitude range was adjusted

for each test to account for meridional shifts in high-

amplitude, boreal summer mean 700-hPa PKE. The

PKE index region for each respectiveMJO simulation is

given in section 4a. Since AEW activity is concentrated

in boreal summer, the analysis focuses on June to Sep-

tember. Significant maxima (.1s) are identified in each

PKE index during boreal summer, called ‘‘positive PKE

events,’’ and lead/lag composites are created to study

the evolution of PKE and other relevant fields for all

positive PKE events. In particular, these positive PKE

event composites help describe the intraseasonal evo-

lution of key WAM system features and AEW ener-

getics. Power spectra were produced for the PKE indices

by averaging the spectrum of each summer segment.

The corresponding red noise spectra were calculated

using a Markov model (e.g., Gilman et al. 1963) based

FIG. 2. Wavenumber–frequency filtering of the boundary conditions for the three MJO denial tests, where (a) no filtering is applied

(C1), (b), all 30–90-day variability is removed (S1), and (c) only eastward-propagating wavenumbers 0 to 10 are removed from the 30–90-day

band (S2). Filtered parts of the wavenumber–frequency domain are represented by red shading. This figure is adapted from Fig. 3b in

Wheeler and Kiladis (1999).

1 AUGUST 2017 ALAKA AND MALONEY 5819



on a representative lag-1 autocorrelation1 for all sea-

sons. A Student’s t test was employed to highlight the

null hypothesis that anomalies are not statistically dif-

ferent than zero at the 95% confidence level.

3. Boreal summer mean results

a. WAM system

The boreal summer mean WAM is analyzed for each

of the MJO simulations. When averaged over 10 boreal

summer seasons, the basic features of the WAM system

(e.g., precipitation, AEJ, and AEWs) are qualitatively

similar in the control and two sensitivity tests. For ex-

ample, all three tests produce similar precipitation rates

in June–September (Figs. 3b–d), with local maxima at

the West African coast, near the Cameroon highlands

(108E), and in the Ethiopian highlands (408E). These
modeled precipitation maxima are roughly in the same

longitudinal locations as observed by TRMM, except

shifted north by ;28 (Fig. 3a). All three experiments

produce too much precipitation over land when com-

pared with TRMM. In fact, the model produces nearly

2000mm (2500mm) of excess precipitation to the Sahel

(Ethiopian highlands) over the course of a boreal sum-

mer season. However, TRMM is not a perfect baseline

over North Africa, considering that it is corrected by

rain gauges and this region has actually seen a decline in

such observations (Ali et al. 2005; Tian et al. 2007). In

general, TRMM has been known to underestimate most

rainfall rates over land due to issues predicting emis-

sivity (Tian et al. 2007). Although C1, S1, and S2 pro-

duce comparable precipitation in this region, key

differences exist. For example, C1 rainfall is lower than

S1 or S2 between the Cameroon highlands and theWest

African coast. On the other hand, near the Ethiopian

highlands, the area of precipitation greater than

20mmday21 is larger in C1 than in S1/S2.

The mean precipitation maps for S1 and S2 are nearly

identical, which downplays the importance of westward-

propagating 30–90-day disturbances (e.g., equatorial

Rossby waves) in the simulation of the WAM. In fact,

the strong similarity of S1 and S2 is a robust result for the

remainder of this study, including for both general

WAM fields and AEW energetics. Consequently, the

remaining analyses will focus only on C1 and S1 to avoid

redundancy. The modeling results presented here are in

contention with previous studies that have emphasized

the importance of both MJO-induced equatorial Kelvin

and Rossby waves for modulating WAM intraseasonal

variability (e.g., Matthews 2004; Lavender and Matthews

2009; Janicot et al. 2011; Alaka and Maloney 2012). The

similarity of S1 and S2 suggests that westward-propagating

disturbances on intraseasonal time scales have only mod-

est influence onWAM intraseasonal variability, at least in

this model.

The observed mean zonal wind state of the WAM

is documented by an ERA-I cross section spanning

08–258N and 1000–200hPa (Fig. 4a). The zonal wind

FIG. 3. June–August mean precipitation rate (mmday21) from (a) TRMM, (b) C1, (c) S1, and (d) S2.

1 To calculate, 1) compute the lag-1 (i.e., one-day lag) autocor-

relation for each boreal summer season, 2) perform a Fisher z

transformation to approximate normal distribution (Fisher 1915,

1921), 3) average the Fisher z value over all boreal summer sea-

sons, and, 4) transform back from Fisher z to attain the represen-

tative lag-1 autocorrelation.
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structure of the AEJ is reproduced qualitatively in the

model (Fig. 4b). Minor differences exist in the C1 AEJ;

it is 2m s21 weaker, 48 farther north, and 50hPa lower in

the atmosphere than ERA-I. Also, the monsoon west-

erlies, centered near 108N, extend higher in the tropo-

sphere and are 4m s21 faster in C1, increasing the

meridional momentum gradient and contributing to

amplified PKE within AEWs. The S1 AEJ is generally

similar to that in C1 and ERA-I (Fig. 4c), except that it is

1m s21 stronger and closer to the observed amplitude.

It is worth noting that S1 exhibits mean easterlies

(,212m s21) near the equator in the lower-to-middle

troposphere (i.e., between 800 and 500 hPa) that are

faster than in C1 or ERA-I. These strong easterlies

represent a momentum imbalance that likely results

from the removal of eastward propagating equatorial

disturbances such as Kelvin waves. It is unclear why such

eastward propagating disturbances are important to the

maintenance of the low-level equatorial flow in the

WAM. This is a topic for future research. Given simi-

larity in intraseasonal variability in S1 relative to C1

(shown below), it does not appear that this easterly bias

is of much consequence for regulation of intraseasonal

variability over the WAM region.

C1 and S1 exhibit higher boreal summer mean 700-hPa

PKE than ERA-I, especially over land in the WAM

region (Fig. 5). These higher PKE values may be linked

to stronger surface westerlies and PKEmaximum that is

lower in the troposphere, which would tend to increase

the horizontal and vertical momentum gradients near

700hPa. In ERA-I, 700hPa PKE to the south of 208N
steadily increases to the west until 158–208W, with a

value of 14m2 s22 near Dakar, Senegal (158N, 188W)

(Fig. 5a). The 700-hPa PKE maximum, which is located

farther north along the West African coast, is not a

distinct AEW signal and is therefore not further dis-

cussed. Offshore 700-hPa PKE amplitudes are compa-

rable in both ERA-I and C1. However, C1 exhibits

higher PKE amplitudes over land, including a maximum

near Lake Chad (138N, 148W), where it is 4 times greater

than ERA-I (Fig. 5b). In S1, the pattern of 700-hPa PKE

FIG. 4. Latitude–pressure cross sections of the June–September mean zonal wind (m s21) for (a) ERA-I, (b) C1, and (c) S1. Cross sections

are averaged from 08 to 208E.

FIG. 5. June–September mean 700-hPa PKE (m2 s22) for

(a) ERA-I, (b) C1, and (c) S1. The shading interval is 2m2 s22 in

(a) and 4m2 s22 in (b) and (c).
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is stronger and farther east than C1, with a maximum of

34m2 s22 to the east of Lake Chad. PKEwas expected to

be higher in S1 given that the AEJ amplitude was

stronger than in C1. In C1 and S1, the pattern of 700-hPa

PKE strongly resembles AEW tracks in this region.

Despite the higher PKE values in both C1 and S1,

both experiments produce an AEW structure similar to

that in ERA-I (Fig. 6). AEW structure is measured by

regressing eddy2 700-hPa meridional wind against eddy

700-hPa relative vorticity averaged in a 58 3 58 West

African box. This West African box is shifted meridio-

nally in each experiment to coincide with the latitude of

highest West African 700-hPa PKE (see Fig. 5). These

boxes are shown in Fig. 6. In ERA-I, AEWs span

;2500km in the zonal direction, with meridional wind

anomaly amplitudes reaching greater than 1.6m s21 to

the east of the AEW center (Fig. 6a). In C1 and S1, the

spatial structure of AEW activity is generally consistent

with ERA-I. However, in the simulations, meridional

wind anomalies are stronger (.2.8m s21) and the zonal

wavelength is shorter (;2000km). In all simulations, the

classic southwest–northeast tilt to the south of the AEJ

(see Fig. 4) is clearly observed, with opposite tilt to the

north of the AEJ (e.g., Kiladis et al. 2006). It is hy-

pothesized that these stronger AEWs are associated

with a sharper meridional momentum gradient, which

would enhance barotropic energy conversions in the

WAM. Accordingly, boreal summer mean energy con-

versions are investigated in further detail below.

b. AEW energetics

Following the methods of AM2014, boreal summer

mean AEW energetics are investigated for each simu-

lation. These simulated PKE and PAPE budget terms,

which are presented as vertically averaged horizontal

maps (Figs. 7 and 8), are qualitatively similar to ERA-I

results in AM2014 (their Fig. 4) and other previous

studies (e.g., Lau and Lau 1992; Diedhiou et al. 2002;

Hsieh and Cook 2007). In particular, we focus on four

energy conversion terms that are crucial for PKE crea-

tion3: barotropic energy conversion (BT), baroclinic

energy conversion (BC), diabatic PAPE generation

(QT), and how these latter two terms are converted to

PKEby baroclinic overturning (Cpk). In C1 and S1, 700-hPa

PKE amplitudes across tropical North Africa are larger

than ERA-I PKE at the same level by at least a factor of

3 (see Fig. 5). This excess PKE reflects stronger AEW

activity in WRF than in ERA-I and requires stronger

PKE creation terms. In addition, the 700-hPa PKE

maximum is located farther east than in ERA-I in both

simulations, suggestive of stronger PKE creation in East

Africa. Despite the removal of 30–90-day variability, the

boreal summer mean PKE and PAPE budgets com-

puted from S1 output generally resemble the C1 results.

The model biases described below do not affect con-

clusions drawn from subseasonal variability, detailed in

the next section.

Since barotropic energy conversions (BT ; Figs. 7a and

8a) convert mean kinetic energy (e.g., AEJ flow) into

PKE in regions of strong horizontal wind shear, the

amplitude of BT is closely linked to the AEJ structure

and amplitude. Unlike in ERA-I, hBTi is strongest in

East Africa in C1 and S1. In C1, a local hBTimaximum is

centered on Lake Chad (128E) that is a factor of 2 larger
than the eastAtlantic maximumobserved in ERA-I (see

Fig. S14 in the online supplemental material). De-

spite the smaller AEJ amplitudes, which are weaker

FIG. 6. Eddy 700-hPa meridional wind regressed against area-

averaged eddy 700-hPa vorticity (m s21 s) for (a) C1 and (b) S1.

Stippling represents values that exceed the 95% confidence

threshold.

2 ‘‘Eddy’’ refers to the perturbation from the 11-day running

mean.

3 See Table 1 for mathematical expressions.
4 Note that Fig. S1 is distinct from the sensitivity experiment S1.
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by 3–4ms21, monsoonwesterlies on the southern flank of

the AEJ in East Africa create a sharp momentum gra-

dient near Lake Chad and leads to higher hBTi ampli-

tudes (see Fig. 4b). In S1, a local hBTi maximum is

centered even farther east (228E) and is a factor of 2

larger than the C1 maximum near Lake Chad. The S1

AEJ is stronger than the C1 AEJ, contributing to higher

amplitudes of hBTi, especially in East Africa. In fact, the

S1 AEJ is at least 1ms21 faster for most of the zonal

extent of North Africa, which is reflected by hBTi.
Equatorial easterly wind biases were noted in S1 com-

pared to C1 (Fig. 4), although it is not clear how these

biases relate to the hBTi signal. Despite similarities to

ERA-I, modeled hBTi 1) does not appear to assist wave

disturbances on the northern side of the AEJ and 2) di-

minishes in the east Atlantic relative to ERA-I (Fig. S1).

FIG. 7. Vertically integrated PKE and PAPE budget terms (m2 s23) and supporting fields averaged in June–September from C1. Shown

are (a) barotropic energy conversion (BT) and 650-hPa zonal wind (contours; m s21), (b) baroclinic overturning (Cpk) and total pre-

cipitable water (contours; mm), (c) baroclinic energy conversion (BC) and 850-hPa potential temperature (contours; K), and (d) diabatic

generation of PAPE (QT) and the mean apparent heating rate (contours; K day21).

FIG. 8. As in Fig. 7, but for S1.
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Baroclinic energy conversions (BC; Figs. 7c and 8c)

straddle the strongest low-level potential temperature

gradient in the model, with a local maximum in sub-

Saharan West Africa. The meridional temperature

gradient is ;50% weaker in C1 (0.06Kkm21) than in

ERA-I (0.1Kkm21; see Fig. S1), which results in hBCi
amplitudes that are about a factor of 2 smaller in C1 than

in reanalysis data. In S1, the meridional temperature

gradient is even weaker (0.04Kkm21), contributing to

even smaller hBCi amplitudes (by a factor of 3). The

further reduction of the meridional temperature gradi-

ent in S1 is attributed to 850-hPa potential temperatures

that are;2K warmer in the Gulf of Guinea (Fig. 8c). It

is interesting to note that S1, which has higher 700-hPa

PKE than C1, also has greater hBTi amplitude. Perhaps

of more importance to 700-hPa PKE is the greater zonal

extent of these energy conversions in S1.

In the model results, the destruction of PAPE by QT

outweighs the creation of PAPE by BC (Figs. 7d and 8d).

As expected, this PAPE budget imbalance is reflected in

Cpk, which destroys PKE in C1 rather than creates it (see

Figs. 7b and 8b). While hQTi magnitudes were realistic in

C1, they were more than 4m2s23 weaker in S1. AM2014

describe mechanisms for negative QT in this region. Es-

sentially, diabatic heating is suppressed in the warm, dry

northerly flow from the SaharaDesert, and, in the opposite

sense, in the cool, moist flow from the Gulf of Guinea,

creating a negative correlation between apparent heat

source and temperature anomalies. Upon closer examina-

tion, mid- to upper-level temperature anomalies are poorly

simulated in the WAM region, leading to errors in hQTi.

Consistent with ERA-I, baroclinic overturning (Cpk;

Figs. 7b and 8b) is strongly anticorrelated with geo-

potential flux convergence (fFC; not shown), especially

in the upper troposphere, a relationship in the tropics

noted by Lau and Lau (1992). However, as previously

noted, negative Cpk in C1 and S1, indicating destruction

of PKE, is reversed from ERA-I (Fig. S1). In general,

the sign reversal ofCpk in C1/S1 compared to ERA-I can

be attributed to differences in the PAPE budget relative

to ERA-I. In particular, PAPE generation (via QT and

BC) is converted to PKE through Cpk (Lau and Lau

1992; Hsieh and Cook 2007; AM2014). Effectively,

negative hCpki suggests that PKE may be dominantly

created by BT in both experiments.

4. Intraseasonal variability results

a. 30–90-day WAM system

Intraseasonal 700-hPa PKE indices are created in

West Africa for each simulation. A PKE index is pro-

duced for each simulation based on the latitudinal lo-

cation of the strongest West African mean 700-hPa

PKE. For consistency, each PKE index spans 208W to

08E with a 108 latitudinal range that best captures the

mean PKE (Fig. 6). For C1, the box includes 108–208N
(Fig. 9a). In S1, the PKE index box is shifted north to

include 118–218N (Fig. 9b).

A robust result across these WRF simulations is the

presence of strong AEW activity on intraseasonal time

scales (Fig. 9). In C1, the significant 700-hPa PKE index

FIG. 9. Power spectra averaged in June–September for 700 hPa PKE (m2 s22) for (a) C1 and (b) S1. Map insets

show the area where spectra are computed. The associated red noise spectrumwith 95% confidence bounds is given

by the black curves. The gray shading represents the 30–90-day band.
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spectral peak is evidence that, with unfiltered boundary

conditions, WRF can reasonably reproduce intra-

seasonal variability in West African AEW activity

(Fig. 9a). The 30–90-day power of AEW activity in C1 is

consistent with that found in ERA-I (Fig. S2).5 The S1

experiment features a 30–90-day spectral peak that is

also located near 60 days but is reduced in amplitude by

;15% in comparison to C1. Despite having lower power

near 60 days, S1 features higher power at shorter intra-

seasonal time scales (Fig. 9b), which likely explains why

the maximum intraseasonal variance is larger for S1

than C1 in East Africa and the east Atlantic (Fig. 6). The

S1 results suggest a faster oscillation in the WAM

without the large-scale pacing provided by the MJO.

The similar spectral behavior between S1 and S2 (not

shown) suggests that intraseasonal Kelvin waves

spawned by MJO heating appear to dictate a stricter

time scale for WAM variability and may be important

for pacing the intraseasonal oscillation in this region.

Without MJO forcing, intraseasonal PKE power be-

comes more diffuse, spreading across a broader range of

intraseasonal time scales (Fig. 9b). For example, 30-day

power in S1 is larger than the 30-day power in C1 by a

factor of 2. In summary, the results of Fig. 9 indicate that

even in the absence of 30–90-day input from the

boundary conditions, WRF still produces strong power

at intraseasonal frequencies. In other words, these re-

sults suggest that intraseasonal variability of West Af-

rican AEW activity may be internally generated, which

is consistent with the previous result from AM2014 that

the MJO index explains only 10% of the intraseasonal

variance of West African PKE.

The MJO simulations produce qualitatively similar

composites of 700-hPa PKE30290 anomalies, with West

African maxima exceeding 7m2s22 (Figs. 10 and 11).

AEW activity has a more dominant column-integrated

presence than in ERA-I (Fig. S3), as supported by verti-

cally averaged PKE in excess of 3m2 s22 in the WRF

simulations. Simulated 700-hPa PKE30290 anomalies are

present in East Africa at least 10 days prior to positive

PKE events (Figs. 10a,b), consistent with AM2014. This

tendency for East Africa to lead is more notable in S1 than

in C1, as will be shown in Fig. 11. Although the magnitude

of West African 700-hPa PKE30290 anomalies is very

similar in these experiments, the elongated maximum in

C1 looks more like reanalysis data than S1 (Fig. S3). Both

experiments appear to limit the westward propagation of

AEWs after entering the east Atlantic, with 700-hPa

PKE30290 anomalies reflective of disturbances that gain

latitude more quickly than in observations and reanalyses.

Consistent with the spectral analysis reported earlier,

700-hPa PKE30290 anomalies in the S1 experiment

exhibit a somewhat shorter period for intraseasonal

FIG. 10. Lead–lag maps of 30–90-day 700 hPa PKE anomalies (m2 s22) for June–September composited before (day 210) and during

(day 0) positive PKE events in MJO denial tests. Shown are (a) C1 day 210, (b) S1 day 210, (c) C1 day 0, and (d) S1 day 0. Stippling

represents significance at the 95% confidence level.

5 Note that Fig. S2 is distinct from the sensitivity experiment S2.
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oscillations than in C1, as is suggested by the interval

between zero crossing times in Fig. 11. The period of

intraseasonal oscillations in C1 is consistent with ERA-I

(Fig. S4). These results suggest that the quasi-regular

passage of dry, MJO-emitted Kelvin wave events along

the equator is important for pacing intraseasonal vari-

ability in the WAM. Without the MJO influencing the

time scale of events, the WAM region may prefer a

faster internally generated intraseasonal oscillation, as

demonstrated in these WRF simulations.

The extension of the AEJ (i.e., increase of easterly

flow) into EastAfrica has been cited as important for the

intraseasonal variability of AEWs (e.g., Leroux et al.

2010; Alaka andMaloney 2012) by increasing barotropic

and baroclinic energy conversions through a sharpened

meridional gradient of zonal wind and temperature

(AM2014). An AEJ extension is clearly observed in all

MJO simulations prior to the downstream PKE maxi-

mum (Fig. 12), which is also a robust East African fea-

ture in reanalysis data (AM2014). The similarity of the

AEJ extension among the MJO simulations highlights

that this is a common precursor to intraseasonal AEW

activity, regardless of influence from the MJO. Zonal

wind anomalies associated with this AEJ extension in-

crease cyclonic vorticity in developing AEWs.

A stronger AEJ in East Africa is indicative of a larger

reversal of the meridional potential vorticity gradient

and increased barotropic–baroclinic energy conversions

(e.g., Charney and Stern 1962). This strengthened

meridional potential vorticity gradient reversal would

aid in the growth of small, isolated convective events

into more robust AEWs from combined barotropic–

baroclinic instability. This implication for the energetics

will be explored in the next section. In addition, the AEJ

extension is in thermal wind balance with low-level

30–90-day temperature anomalies that may be related to

fluctuations in the Saharan heat low (not shown). Pre-

vious studies have analyzed significant intraseasonal

variability in the Saharan heat low (e.g., Lavaysse et al.

2009), which has been associated with a complex in-

teraction with midlatitude flow (Chauvin et al. 2010;

Roehrig et al. 2011). The impact of Saharan heat low

fluctuations on intraseasonal AEW variability is a topic

that will be investigated in future research.

b. 30–90-day AEW energetics

The intraseasonal variability of the PKE and PAPE

budgets in WRF presented here is an extension of the

analysis performed with ERA-I data in AM2014. We

focus on the same four PKE creation terms introduced

in section 3b. In the following analysis, three of the four

modeled PKE creation terms (BT , BC, and QT) exhibit

qualitatively similar intraseasonal variability as in re-

analysis data (see Fig. S5). Consistent with boreal sum-

mermean results (see section 3b), simulated hCpki30290 is

of the opposite sign to reanalysis fields due to the

dominance of negative hQTi30290 anomalies in the

PAPE budget.

FIG. 11. Lead–lag composites for positive PKE events in June–September are averaged to create Hovmöller
diagrams of 30–90-day 700-hPa PKE anomalies (m2 s22). MJO denial tests are averaged for different latitude

bands: (a) C1 (108–208N) and (b) S1 (118–218N). Stippling represents significance at the 95% confidence level.
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In the C1 simulation, hBTi30290 anomalies in East

African lead those in West Africa by six days, although

hBTi30290 anomalies do not clearly propagate westward

through tropical North Africa. The separate hBTi30290

maxima in East andWest Africa appear to be important

for the initiation and maintenance of AEW activity on

intraseasonal time scales, respectively (Fig. 13a).

AM2014 also found that hBTi30290 anomalies were im-

portant for the maintenance of positive PKE events.

East African hBTi30290 anomalies in C1 are directly

related to an eastward extension and strengthening of

the AEJ in this region (Fig. 12a). Earlier studies have

noted this link between AEW initiation and an AEJ

extension (e.g., Leroux andHall 2009;Alaka andMaloney

2012; AM2014). The eastward extension of the AEJ

sharpens the meridional momentum gradient to create

hPKEi30290 through hBTi30290. East African hBTi30290

anomalies are an order of magnitude larger in C1 than in

ERA-I, which highlights an increased role for hBTi30290

anomalies in the initiation of positive PKE events. InWest

Africa, hBTi30290 anomalies are 50% larger in C1 than

in ERA-I during positive PKE events, which could

be related to stronger meridional eddy momentum

fluxes induced by stronger AEW circulations. Increased

700-hPa hPKEi30290 amplitudes in these simulations

(Figs. 10 and 11) support this notion. The dominance of

eddy momentum flux amplitude variations in fostering

variability in hBTi30290 amplitudes in West Africa was

noted in AM2014.

S1 produces significant hBTi30290 anomalies with am-

plitudes even larger than C1. Anomalies in East Africa

precede those in West Africa by a few days. As in C1,

East African hBTi30290 anomalies can be linked to an

AEJ extension as shown in Fig. 12b. During positive

PKE events, West African hBTi30290 anomalies in S1

(Fig. 14a) are 2 times larger than in C1 (Fig. 13a) and

3 times larger than in ERA-I (Fig. S5). The prominent

hBTi30290 signal in these simulations reflects an impor-

tant role for momentum gradients in the creation of

West African PKE, irrespective of MJO forcing.

Previous studies have shown that baroclinic energy

conversions are prominent for the initiation and main-

tenance of AEWs (e.g., Lau and Lau 1992; Hsieh and

Cook 2007; AM2014). The initial driver of hBCi30290

anomalies is ameridional temperature gradient between

the Sahara and equatorial Africa, which sharpens in

East Africa prior to positive PKE events and is consis-

tent with the jet extension shown in Fig. 12. Note that

hBCi30290 in East Africa in C1 leads that in West Africa

by about five days, consistent with the jet extension in

that region that leads PKE events downstream. In C1,

West African hBCi30290 anomalies are 2 times larger and

are more collocated with hBTi30290 anomalies (Fig. 13c)

than in ERA-I (Fig. S5). Since the relatively weak me-

ridional temperature gradient in C1 (see Fig. 7c) would

tend to reduce hBCi30290 anomalies across tropical North

Africa compared to ERA-I, the increased magnitude of

hBCi30290 anomalies relative to ERA-I is likely

FIG. 12. As in Fig. 11, but for 30–90-day 650-hPa zonal wind anomalies (m s21). MJO denial tests are plotted for

different latitude bands: (a) C1 (12.58–17.58N) and (b) S1 (15.58–20.58N).
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associatedwith the strongerAEWcirculations (Figs. 5a,b)

that flux more heat across the background meridional

temperature gradient.

As in C1, hBCi30290 anomalies in S1 are initially gen-

erated in East Africa associated with the extended jet,

and then propagate downstream into West Africa

(Fig. 14c). Prior to positive PKE events, hBCi30290

anomalies propagate faster into West Africa in S1

(;7ms21) than in C1 (;3.5m s21). The importance of

hBCi30290 in East Africa to the initiation of PKE events,

specifically through meridional eddy heat fluxes, is a

robust result in these simulations that is consistent with

AM2014. This precursor signal in East Africa is present

whether or not MJO forcing occurs at the boundaries.

The shorter time scale of the variability in S1 versus C1

can also be discerned in the evolution of energy budget

terms, such as hBCi30290 and hBTi30290, when comparing

Figs. 12 and 13, suggesting that the MJO might play

some role in pacing the timing and influencing the time

scale of intraseasonal events in West Africa.

Part of the motivation to examine modeled 30–90-day

AEW energetics is to test the robustness of PAPE

generation caused by diabatic heating anomalies (hQTi)
that we derived in ERA-I (AM2014). Previous studies

argued that diabatic heating in EastAfrica is vital for the

initiation of AEWs (Thorncroft et al. 2008; Alaka and

Maloney 2012; Berry and Thorncroft 2012). AM2014

suggested that a poor representation of diabatic heating

FIG. 13. As in Fig. 11, except for vertically averaged, 30–90-day PKE creation terms (m2 s23) from C1. Shown are

(a) barotropic energy conversion, (b) baroclinic overturning, (c) baroclinic energy conversion, and (d) PAPE

generation by diabatic heating. Lead/lag composites were averaged between 7.58 and 12.58N to create Hovmöller
diagrams. Contours represent levels outside of the shading interval.

5828 JOURNAL OF CL IMATE VOLUME 30



(and related processes) in the ERA-I dataset limited the

role of this term in East Africa in initiating periods of

strongMJO-induced AEW activity. However, theWRF

simulations here do not support a role for diabatic

heating in the initiation of positive PKE events in East

Africa (Figs. 13d and 14d). The dominant role of

hQTi30290 anomalies in these simulations is to act as a

negative feedback toAEWgrowth across tropical North

Africa, which reduces the PAPE available for PKE

creation (Figs. 13 and 14), consistent with that in ERA-I

(Fig. S5). In both the C1 and S1 simulations, hQTi30290

anomalies preceding PKE events are negative in East

Africa, and then these negative anomalies propagate

westward and are strongly collocated with hBCi30290

anomalies, generally consistent with ERA-I results.

Hence, theWRF simulations here support the contention

from ERA-I that diabatic heating in East Africa is not an

important trigger for downstream intraseasonal PKE

events in West Africa.

Given the cancellation of hBCi30290 and hQTi30290

anomalies in the simulations, hCpki30290 anomalies are

weakly negative. In ERA-I, hBCi30290 anomalies are

positive as AEWs grow on the strong meridional tem-

perature gradient between the Sahara and the Gulf of

Guinea, while hQTi30290 anomalies represent a negative

feedback to AEW circulations (see AM2014). Although

simulated hBCi30290 and hQTi30290 individually maintain

the same sign as in AM2014, their relative magnitudes

are reversed, with negative hQTi30290 anomalies of

larger magnitude than hBCi30290 anomalies, causing a

net destruction of PKE by hCpki30290 anomalies

(Figs. 13b and 14b).

FIG. 14. As in Fig. 13, but for S1.
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5. Conclusions and discussion

Given the societal impacts of AEWs in the drought-

vulnerable Sahel region, efforts have been undertaken

to increase the predictability of these synoptic-scale

eddies by better understanding how they are modu-

lated by dominant large-scale phenomena, such as the

MJO. Although regional climate models have been

utilized to successfully simulate the WAM region, in-

cluding the AEJ and AEWs, only a few studies have

employedmodels to investigate intraseasonal variability

of the WAM (Gallée et al. 2004; Taylor 2008; Flaounas

et al. 2011). This work used WRF to understand the

processes that control the intraseasonal variability of the

WAM, including AEW activity.

The primary goal of this study was to assess the role of

external forcing on intraseasonal variability in the WAM

through a data denial technique. In two sensitivity tests,

30–90-day variability was completely removed (S1) and

partially (i.e., only eastward-propagating signals) re-

moved (S2) from the WRF boundary conditions to in-

vestigate the importance of external forcing (e.g., MJO)

onWAMvariability. These experiments were compared

with a control simulation (C1), in which no filtering

was performed. Overall, C1 provided confidence that

WRF can reproduce primary features (i.e., AEWs, AEJ,

precipitation) of the WAM, even in a decade-long

simulation.

Our main conclusions from the MJO denial tests are

highlighted here:

d Intraseasonal variability in the WAM is dominated by

internal variability inWRF. In the absence of 30–90-day

variability in the boundary conditions, the S1 and S2

simulations exhibit AEWactivity that resembles results

from C1 and reanalysis products.
d The MJO (in particular, eastward-propagating vari-

ability such as Kelvin waves forced by the MJO)

appears to be important for setting the time scale of

intraseasonal variability in West Africa. In the ab-

sence of MJO forcing, the time scale of intraseasonal

oscillations appears to decrease. The eastward-

propagating variability in the MJO band that enters

the WAM domain from the west may act like a

pacemaker for this region.
d Westward-propagating 30–90-day disturbances (e.g.,

equatorial Rossby waves) have little role in the

amplitude and evolution of intraseasonal PKE events

in the model. This is reflected by the strong similarity

of the S1 and S2 simulations.
d An extension of the AEJ prior to positive PKE

events is a robust feature in reanalyses and model

output. The AEJ extension, which was also noted in

ERA-I (Alaka and Maloney 2012), appears to be pro-

duced through internal dynamics of theWAMsystem in

isolation from intraseasonal forcing at the boundaries.

The AEJ extension is associated with a sharpened

surface temperature gradient, which indicates stron-

ger barotropic-baroclinic instability, and a potential

connection to the Saharan heat low.
d Both barotropic and baroclinic energy conversions are

important for the initiation and maintenance of pos-

itive PKE events in all WAM simulations, regardless

of intraseasonal forcing at the boundaries. The large

amplitudes of modeled hBCi30290 and hBTi30290 rela-

tive to ERA-I reflect stronger AEW circulations and

stronger eddy fluxes.
d For all simulations, hQTi30290 is responsible for PAPE

destruction and consequently PKE destruction

(hCpki30290, 0) in East Africa prior to positive PKE

events, which calls into question the vitality of diabatic

heating in this region for initiating intraseasonal PKE

events. This result is generally consistent with ERA-I

results (AM2014). However, destruction of PAPE by

hQTi30290 is actually of slightly larger magnitude than

generation by hBCi30290, a somewhat surprising result

that is the opposite of that seen in ERA-I. The

sensitivity of hQTi30290 to cumulus parameterization

and related temperature errors will be a topic of future

research.

These results are not dependent upon the use of a

local, area-averaged 700-hPa PKE index. Results were

robust when a multivariate MJO index (Wheeler and

Hendon 2004) was used to assess 30–90-day variability in

C1 (not shown). MJO phase composites produced from

C1were generally similar to those produced from ERA-I

(Alaka and Maloney 2012), providing confidence that

modeled 30–90-day WAM variability was consistent

with observations.

In the interpretation of the aforementioned conclu-

sions, it is important to remember that WRF is just one

tool that may be utilized to study intraseasonal vari-

ability of theWAM. In results presented here,WRF and

other products (i.e., ERA-I, TRMM) exhibit some no-

ticeable discrepancies in theWAM region (see Figs. 3–5).

In fact, biases in C1 compared with ERA-I/TRMM

were larger than differences between C1 and sensitiv-

ity tests. For example, modeled precipitation was at least

double that from TRMM over land, including excessive

rainfall in East Africa. WRF consistently produced a

precipitationmaximum.20mmday21 near theEthiopian

highlands. In addition, the AEJ core was shifted pole-

ward by 58, was weaker, and was less defined in WRF.

While lower-tropospheric westerlies also shifted north

in WRF, this monsoon flow was stronger in C1 than in
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ERA-I. PKE amplitude and structure were also quite

different in WRF, although the structure of modeled

AEWs was consistent with ERA-I (see Fig. 6). Conse-

quently, differences between C1 and S1 may not be sys-

tematic and may instead reflect the failure of WRF to

reproduce basic elements of the WAM. However, the

large sample size (10 seasons) of the model output pro-

vides confidence in the differences between C1 and S1,

even though they are smaller than model biases.

Despite these biases, a lack of ground-based observa-

tions in theWAMregion suggests that TRMMandERA-I

are not perfect baselines. For example, satellite-based

precipitation retrievals overAfrica are questionable given

complex land emissivity and the lack of a coherent rain

gauge network for reference. Roca et al. (2010) found that

TRMM datasets tended to overestimate extreme rainfall

in theWAM. In addition, the mean state of ERA-I in the

WAM region may be biased by nearby data-rich regions

(e.g., Europe). Overall, these results highlight the need

for more research into the nature of intraseasonal vari-

ability in the WAM system, with a focus on how internal

intraseasonal variability is governed.
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