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Abstract: West African Summer Monsoon (WASM) rainfall exhibits large variability at interannual
and decadal timescales, causing droughts and floods in many years. Therefore it is important to
investigate the major tropospheric features controlling the WASM rainfall and explore its potential to
develop an objective monsoon index. In this study, monthly mean reanalysis data from the National
Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) and
monthly rainfall data from three gridded observations during the 65-year period of 1950-2014 were
employed. Dry and wet rainfall years were identified using a standardized precipitation index. In a
composite analysis of wet and dry years, the dynamical features controlling the WASM exhibit an
obvious contrast between these years, and a weaker (stronger) African Easterly Jet (Tropical Easterly
Jet) is observed during the wet years. Also, a well-developed and deep low-level westerly flow at
about 850 hPa is evident in wet years while an obvious reversal is observed in dry years. Considering
this, the main regions of the two easterly jet streams and low-level westerly wind are proposed
for objectively defining an effective WASM index (WASMI). The results indicate that the WASMI
defined herein can reflect variations in June-September rainfall over West Africa. The index exhibits
most of the variabilities observed in the rainfall series, with high (low) index values occurring in
the 1950-1960s (1970-1980s), suggesting that the WASMI is skilled in capturing the respective wet
and dry rainfall episodes over the region. Also, the WASMI is significantly correlated (r = 0.8) with
summer monsoon rainfall, which further affirms that it can indicate not only variability but also the
intensity of WASM rainfall.

Keywords: precipitation; African Easterly Jet; Tropical Easterly Jet; atmospheric circulation

1. Introduction

The West African Monsoon (WAM) is a large-scale circulation feature that is characterized by
seasonal reversal in wind direction in the lower levels of the atmosphere [1,2]. The WAM is an essential
part of global circulation and one of the most energetic components of Earth’s climate system. It is
notable for its complexity as a result of strong scale interaction between different elements of the
atmospheric circulation [3]. For instance, the African Easterly Jet (AEJ), located in the mid-troposphere
with a core around 600-700 hPa and maximum zonal wind reaching 10 m s~!, is one of the most
prominent features of the WAM. The combined baroclinic-barotropic instability of the AE] gives rise to
the African Easterly Waves (AEWSs), a phenomenon that has been identified as a key driver of rainfall
patterns and convection [4]. Furthermore, most of the convective rainfall over the region follows the
displacement of the Intertropical Discontinuity (ITD), with a mean upward motion reaching the upper
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troposphere around 150 hPa [5]. At this level (i.e., 150 hPa), there is a Tropical Easterly Jet (TE]) that is
associated with the South Asian monsoon outflow and propagates across West Africa during boreal
summer. Additionally, the low-level southwesterly monsoon flow at around 850 hPa is the key driver
of moisture from the Atlantic Ocean to the continent. Previous studies have shown that the strength
and position of all the above-mentioned circulation features influence not only the amount of rainfall
but also its variability [6-10].

The summer months of June-September are usually the wettest in West Africa, accounting for
about 80% of the total annual rainfall [11,12]. This period of heavy rainfall is generally referred to as
the West African Summer Monsoon (WASM) season, an important component of the WAM. Over
the years, the West African region has experienced large fluctuations in seasonal rainfall [13], with
pronounced variability across a range of temporal scales. These range from intraseasonal and seasonal
variations that are critical for water resource management, hydroelectric power generation, and rain-fed
agriculture [14], to interannual and decadal variabilities that have strong implications for long-term
water availability. Notable is the persistent drought over the Sahel in the 1980s, which is the strongest
interdecadal climate signal among recent observational records in global monsoon regions [15,16].
An increase in annual rainfall has been reported in recent decades [13], although compared to the
long-term mean, a negative anomaly still persists. The wide range of associated socioeconomic impacts
of this drought event has led to increased interest in understanding the mechanisms that influence
rainfall variability in West Africa [11,13]. Many studies have objectively diagnosed the different causes
and mechanisms of this drought episode. For example, [17] associated the prolonged drought with
changes in surface albedo and land cover along the southern boundary of the Sahara Desert. Some
studies have attributed the event to numerous local and remote forcings, which include variations in
anomalous sea surface temperatures (SSTs) [18-21], regional land-atmosphere feedbacks [22], the effect
of human activity on surface vegetation and continental land surface conditions [23,24], and large-scale
patterns of atmospheric circulation [25,26]. Nevertheless, variation in atmospheric circulation features
has been identified as the most crucial driver of this rainfall variability [2,27], as their characteristics
differ significantly in typical wet and dry years over the region [28-30]. However, only a few studies
have linked the variation of these atmospheric features to the variability of summer monsoon rainfall
and the potential of using it as an objective monsoon index.

In order to characterize and quantify the variability of the WASM, it is very important to use a
representative variable(s) as an objective measure, if such a variable exists. Consideration of seasonal
changes in rainfall and the associated changes in wind regime should form the basis of a monsoon index,
although the choice and selection of an index by definition may be somewhat arbitrary, as indicated
by [31]. Therefore, applying a meaningful and concise index to characterize monsoon variability can
(1) greatly improve the accuracy of seasonal rainfall forecasts over the region, (2) facilitate empirical
studies of the relationship between monsoon variability and lower-atmospheric boundary forcing, and
(3) further aid objective assessment of the capability of numerical and climate models to reproduce
monsoon variability. The use of area-averaged precipitation indices for characterization of WAM
intensity has been reported in the literature [32,33], and these indices have proved to be a reliable
measure of WAM variability. However, the efficiency of these indices is limited due to the scarcity of
high-temporal-resolution quality precipitation series over the region. Recognizing this shortcoming, a
few researchers have attempted to build an index of WAM intensity using winds at several tropospheric
levels. For example, [29] proposed a monsoon index consisting of the standardized anomaly of the wind
modulus at 900 hPa and the zonal component of the wind at 200 hPa, [34] proposed an intensity index
using the dynamical normalized seasonality (DNS) of the wind field at 850 hPa within a large domain
of West Africa (5-17.5° N, 20° W—40° E), and more recently, [35] developed the African South Westerly
Index (ASWI) based on the persistence of low-level southwesterly winds in the region (29° W-17° W,
7-13° N). These indices have demonstrated reasonable success over the region in terms of describing
seasonal rainfall, but some of the proposed indices are lacking in terms of representing the main
dynamics of the WAM, as is obvious in the case of [34,35], and are sometimes inadequate to capture
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the variability of WASM rainfall. Therefore, this study aims to revisit the main tropospheric circulation
features controlling WASM rainfall and investigate how these features differ during a typical wet
and dry year. Based on this insight, our goal is to propose a new WASM index that will be capable
of representing the dynamics of summer monsoon rainfall and also characterizing the variations in
summer rainfall over the region.

2. Data and Methodology

2.1. Data

The monthly rainfall data used in this study consist of datasets from the Climate Research Unit
(CRU) Time Series (TS) (CRU TS 4.01) [36], Global Precipitation Climatology Centre (GPCC) version
7 [37], and University of Delaware (UDEL) version 3.01, all at 0.5° X 0.5°. These products are widely used
over West Africa owing to their high temporal and spatial resolution, and they have been highlighted as
one of the best substitutes for rain-gauge rainfall data over West Africa [12]. Also the monthly pressure
level vertical velocity, specific humidity, divergence, and zonal and meridional wind dataset used in
this study was obtained from the National Centers for Environmental Prediction (NCEP)/National
Center for Atmospheric Research (NCAR) reanalysis dataset [38] at 2.5° X 2.5°. The whole dataset
was averaged for the summer months of June-September for the years 1950-2014 and was analyzed
over West Africa, as shown in Figure S1. Additionally, we assess the consistency of the WASM
index (WASMI) developed herein with the NCEP/NCAR reanalysis by comparing with that generated
from (1) the NCEP-U.S. Department of Energy (DOE) AMIP-II reanalysis (NCEP2; [39]), with 2.5°
x 2.5° resolution; (2) the European Centre for Medium-Range Weather Forecasts interim reanalysis
(ERAL [40]) at 0.5° x 0.5°; and (3) the Japanese 55-year reanalysis (JRA-55; 1.25° x 1.25°) [41] for the
common period of 1979-2014.

2.1.1. Methodology

Based on the 65-year time period under study, the standardized rainfall anomaly presented
in Figure 52 shows that the region exhibits both interannual and decadal variation with a positive
and negative tendency. For instance, there is an increasing rainfall tendency in the 1950s and 1960s
and a decrease in the 1970 and 1980s, followed by a fluctuating increase until 2014. On this note,
a comprehensive analysis of contrasting dynamical features between the composite wet and dry years
was carried out. It should be noted that the wet and dry years used in this study were computed
by performing a standardized anomaly of June-September (JJAS) rainfall for the three gridded
observations. We defined a new indicator for dry and wet years, referred to herein as multidata dry
years (MDDY) and multidata wet years (MDWY), respectively, as presented in Figure 1.

The MDDY (MDWY) is valid if all three gridded observations consistently have a standardized
precipitation index (SPI) value of less than (more than) —0.8 (+0.8) for a particular year. The +0.8
SPI criterion is chosen to increase the sample size and enable a more robust statistical analysis. With
this approach, any conflict among the products relating to wet and dry years over the region is
eliminated. Based on the results, we randomly selected eight strong wet years (1952, 1955, 1957, 1961,
1962, 1963, 1964, and 1999) and eight strong dry years (1972, 1976, 1982, 1983, 1984, 1986, 1990, and
2002). The composite was computed by averaging the respective events (i.e., wet and dry years), and
statistical significance was evaluated using a ¢-test with the significance level set at 95%.

The standardized precipitation index SPI was computed using Equation (1).

X-X
o

SPI = 1)

where X is the rainfall series, X is the long-term mean, and o is the standard deviation.
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Figure 1. Standardized summer monsoon rainfall anomaly over West Africa for (a) dry years and (b)
wet years. The blue line in (a,b) demarcates the newly developed multidata dry years (MDDY) and
multiyear wet years (MDWY) from the observation’s series. Abbreviations: CRU (Climate Research
Unit Time Series (TS) (CRU TS 4.01)) [36]; GPCC (Global Precipitation Climatology Centre version
7) [37]; and UDEL (University of Delaware version 3.01).

The coefficient of variation (CV) measures the overall variability of the rainfall in the area of interest,
calculated using Equation (2). A lower (higher) value of CV indicates less (more) rainfall variability.

v = % x 100 @)

where y is the mean rainfall and ¢ is the standard deviation.
Finally, the vertically integrated moisture flux (Q) used in this study can be expressed as

Q== [ qvap )

where g is the acceleration due to gravity, p is the pressure, ps is the surface pressure, 4 is the specific
humidity, and V is the wind vector.

3. Results and Discussion

3.1. Spatial and Temporal Distributions of Summer Rainfall over West Africa

In this section, the climatology of the summer monsoon (June-September) for the years 1950-2014
is discussed alongside the coefficient of variation, and results are presented for the three gridded rainfall
observations. During the climatological wet months of JJAS, considerable spatial variation in the
seasonal mean rainfall is observed over the subcontinent, as indicated in Figure 2a,c,e. The areas with
the highest rainfall can be seen within the Guinea coast (4-8° N, 20° W-20° E) subregion of West Africa,
with a mean rainfall of about 11 mm day~!. Also observed is that the regions of highest rainfall coincide
with regions of high topography (i.e., Fouta Djallon highland, Jos Plateau, and the Cameroonian
mountains), and the highest variability as depicted by the coefficient of variation in Figure 2b,d,f
is evident within the central Guinea coast subregion (i.e., Cote d’Ivoire, Ghana, Togo, Benin, and
western Nigeria). In contrast, the Sahel (11-16° N, 20° W-20° E) subregion receives comparatively
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little rainfall (~5 mm day?). Significant agreement can be found among the three gridded rainfall
observations, although with noticeable differences. For instance, the UDEL data exhibit low rainfall
when compared to CRU and GPCC. Generally, there is considerable inhomogeneity in the spatial
distribution of summer monsoon rainfall over West Africa. The summer rain belt is positioned in
a zonal and tilted band between 5° N and 15° N, with rainfall decreasing from south to north (i.e.,
weaker values are located over the northern Sahel and the Sahara Desert).
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Figure 2. Spatial distribution of June-September (JJAS) rainfall (mm day‘l) for (a,c,e) mean climatology
and (b,d,f) coefficient of variation (CV).

3.2. Mean Climatology of Large-Scale Tropospheric Features Associated with the WASM

In the summer monsoon season of JJAS, the large-scale tropospheric circulation over West Africa
is characterized by a low-level southwesterly flow below the 800 hPa level at 4-15° N, with a maximum
mean wind speed of about 3 m™!. Also, two easterly wind maxima (i.e., jet streams), at the levels of
700 and 150 hPa, are referred to as the AE] and TE], respectively. The core of the AE] is centered at
15° N with a maximum mean wind speed of around 10 m~!, and it occurs as a result of the strong
meridional surface moisture and temperature gradients between the Sahara and equatorial Africa.
It is maintained by the juxtaposition of moist convection to the south and dry convection to the
north [42—45]. The upper-tropospheric TE], centered at 8° N, has a maximum mean wind speed of
about 16 m~! and is associated with the upper-level outflow from the Asian monsoon (Figure 3a).
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The development of the TE] is related to the thermal wind pattern during the Northern Hemisphere
summer [46].
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Figure 3. Climatological mean of JJAS (a) zonal wind (m s71; shaded) and divergence (m s~1; contours)
and (b) standard deviation of zonal wind. Values under the topography are masked gray.

Generally, there are two major areas of strong convergence over West Africa: at low levels between
latitude 10° N and 20° N, and also at the 500-650 hPa levels around latitude 8-12° N within the upper
pressure level and south of the AE]J. Strong divergence is observed in the upper troposphere between
150 and 250 hPa around latitude 2-15° N and at the mid-tropospheric level of 700 hPa within the
Sahel subregion. The areas of divergence in the middle and upper troposphere as shown in Figure 3a
coincide respectively with the position of the two easterly jets (i.e., AE] and TE]). It is important to
state that the levels of 850, 700, and 150 hPa, where the major features controlling the WAM are located,
exhibit the highest variability, as evident in the climatological mean standard deviation (Figure 3b).

3.3. Composite Analysis of Contrasting Wet and Dry Years

In this section, the contrast in WAM dynamics between composite wet and dry years is investigated
to try to understand the variability in WAM dynamics. The insight gained should help identify the
atmospheric features influencing wet and dry years over West Africa.

Divergence and zonal wind anomaly during wet and dry years: The tropospheric zonal wind has
been further analyzed in order to understand its variability and impact on the wet and dry phases of
WASM rainfall, with the result presented in Figure 4a,b. In wet years (Figure 4a), the TE] is significantly
stronger than the mean climatology and the AE] is weaker and situated about 2-3° farther north, while
the low-level westerlies are quite intense and extend well into the mid-troposphere, reaching up to the
800 hPa level. Stronger divergence lies in the anticyclonic shear of the TE] (i.e., 150 hPa level), especially
over the Sahel, implying strong ascent over the subregion. However, at the lower level, anomalous
stronger convergence dominates the West African atmosphere. The physical link between the TE]
and rainfall may be the observed upper-level divergence associated with the jet stream, which could
enhance rainfall by promoting ascent in the lower level beneath the jet core.
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Figure 4. Anomalies of zonal wind (shaded; m sy and divergence (contours; m s~ in (a) wet years
and (b) dry years. Latitude-height cross section of Hadley circulation anomalies for (c) wet years and (d)
dry years. The circulation consists of meridional (m s71) and vertical velocity (—100 x Pa s71). Values
under the topography are masked gray. Stippling indicates regions where anomalies are significant at
the 95% level.

In contrast, dry years (Figure 4b) exhibit a relatively weaker and shallower monsoon flow, and a
stronger (weaker) AE] (TE]). Also, the upper-level divergence and mid-level convergence are evidently
weaker, implying weaker ascent. The bias (figure not shown) emphasizes the importance of the
low-level westerly flow and contrasts its strength and vertical extent between the two episodes.
The enhanced low-level westerly wind not only displaces the mid-level easterly maximum AE]
northward, but also displaces its core westward. Generally, vertical and horizontal wind shear values
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are stronger in wet years than in dry years, implying stronger combined baroclinic-barotropic instability
in wet years. This baroclinicity is stronger particularly over the Sahel subregion, as a result of the
northward shift of the AE] into the Sahel during wet years and its position south of the Sahel in dry
years. Therefore, the associated vertical shear and baroclinic instability are crucial in the Sahel in wet
years, but completely absent in dry years. The AE] affects rainfall by creating moisture divergence
below the level of condensation, and hence a decrease in rainfall. Our result agrees with the work
of [5,47], who reported that the link between the TE] and rainfall appears to be primarily upper-level
divergence associated with the jet core.

Local circulation anomalies: The monsoon strength can also be determined by the strength of
the Hadley circulation (north—south circulation). This circulation is represented as a pressure-latitude
section of vector winds constructed with meridional wind and vertical velocity anomalies, and averaged
over the West African longitudes (20° W-20° E: Figure 4c,d). Anomalous strong ascending motion
north of 8° N and weak descending motion over the southern equatorial region and the Sahara Desert
is evident during wet years (Figure 4c). In dry years (Figure 4d) there is a strong descending branch
around 2-17° N (latitudinal belt of West Africa), which implies suppressed convection (subsidence)
through a regional anomalous Hadley circulation, associated with anomalous convergence at the
level of the TE]. These bands of anomalous rising and sinking motion are statistically significant at
the 95% level. Therefore, a strengthened mid-level tendency of the AE], a weakening tendency of
low-level westerly flow at 850 hPa, an upper tropospheric tropical easterly, and a monsoon Hadley-type
circulation are associated with weaker WASM rainfall and thus a drier Sahel.

Velocity potential and divergent wind anomalies: The distribution of the velocity potential and
divergent wind anomalies at the levels of 150 and 850 hPa, which correspond to the upper and lower
tropospheric levels and are analyzed for wet and dry composite years, is presented in Figure 5a—d.
An anomalous center of convergence is located over West Africa at the lower levels during wet years
(Figure 5b) and extends towards the Asian monsoon region. A strong divergence anomaly is evident at
the upper level of 150 hPa (Figure 5a). In contrast, during dry years, an intense convergence anomaly
is evident at 150 hPa (Figure 5c) over the study domain, reaching up to the Indian region, while
an anomalous low-level divergence is evident (Figure 5d). This obvious modulation of the Walker
circulation implies an extension of the anomalous downward motion over West Africa, consistent with
the suppression of monsoon convection and the observed weaker monsoon rainfall, which may be one
reason for the observed deficit in these years. Generally, the baroclinicity over West Africa, as indicated
by the location and centers of convergent and divergent wind anomalies, differs considerably in the
contrasting years.

Anomalies of vertically integrated moisture flux and divergence: To assess the underlying physical
processes in the evolution of moisture sources and transport, the distribution of the vertically integrated
(1000-300 hPa) moisture flux and moisture divergence anomalies, which also represent total precipitable
water for the summer monsoon season (JJAS) during wet and dry composite years, is shown in Figure 6.
The equatorial Atlantic Ocean is the main channel remotely supplying water vapor to West Africa.

During the anomalous wet years (Figure 6a), strengthened southwestern water vapor transport,
which brings more moisture from the Atlantic Ocean and converges over the Sahel, leads to more
precipitation in these subregions. The convergence of water vapor flux has an evident center over the
Sahel, while the Guinea coast subregion experiences moisture divergence. In contrast, during dry
years (Figure 6b), the inland penetration of the moisture flux is less pronounced as a result of a weaker
southwesterly, there is strong moisture divergence over the Sahel, and weaker moisture convergence
can be observed around the southern Guinea coast and northeastern Nigeria. Generally, moisture
produced by surface evaporation over the northern tropical Atlantic Ocean and the Guinea coast is
transported inland by low-level westerly winds, thereby increasing water vapor anomalies in the Sahel
subregion. Hence, the atmospheric circulation plays a crucial role in increasing warm temperature
anomalies by transporting moisture into the Sahel and sustaining the water vapor.
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(a) Velocity potential and divergent wind at 150 hPa (wet years) (b) Velocity potential and divergent wind at 850 hPa (wet years)
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3.4. The West African Summer Monsoon Index (WASMI)

Results presented in previous sections revealed how the major tropospheric features contrast in
typical wet and dry years over West Africa. In this section, we explore the potential of these important
tropospheric circulation features controlling the WASM by using them to develop an objective summer
monsoon index. A correlation analysis is performed between the area-averaged WASM rainfall from
CRU observations and NCEP1 zonal wind (Figure 7). The highest negative and positive correlation
values that are statistically significant at the 95% level are found at the levels of the TE], AE], and
low-level westerly wind (LLWW), which further emphasizes the importance of these features to WASM
rainfall. In view of this, we propose an index for the West African summer monsoon (WASMI), based
on multiple regression analysis (regression of WASM rainfall and zonal wind is presented in Figure
S3). This index is easy to compute and represents the basic important dynamics of the West African
monsoon reported in this work. Analyses from this study showed that not only the low-level westerly
flow and TE] are crucial for WASM activity, as emphasized by [29,34], but also the easterly jet located
at 700 hPa (i.e., the AE]).
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Figure 7. Correlation between JJAS zonal wind and area-averaged summer monsoon rainfall over
West Africa (4-16° N, 20° W-20° E). Stippling indicates regions where changes are significant at the
95% level.

Therefore, we use the zonal speed of the two easterly winds (i.e., AE] and TEJ) and the LLWW as
an intensity index of the WASM, called the WASMI:

WASMI = 0.08Ugsq (LLww) + 0.1U»qg (AE)) — 0.04U159 (TE) t 6.2 4)

where Ugs is the zonal wind at the 850 hPa level, Uy is the zonal wind at 700 hPa, and U5 is the
zonal wind at 150 hPa averaged between latitude 4° N and 10° N and longitude 20° W and 20° E.
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The newly defined WASMI can capture most of the variability of WASM rainfall (Figure 8). The
WASMI shows a great ability to capture some interannual and decadal variation of WASM rainfall.
For instance, the rainfall series exhibits two noticeable episodes: the wet period between the 1950s
and 1960s and the dry years between the 1970s and 1980s. In line with the rainfall series, the WASMI
exhibits these variabilities, with high (low) index values occurring in the 1950-1960s (1970-1980s),
implying its potential to capture the respective wet and dry years over the region. Although during the
1960s, some noticeable discrepancies are observed in the WASMI when compared to the rainfall series,
this may be partly due to the well-known poor quality of reanalysis data in the early years. The overall
result implies that for an abundant rainfall regime over the region, the low-level westerly flow and
strength of the TE] must be higher than the climatological mean, while the strength of the AE] must
show a relative decrease. The WASMI also exhibits a positive statistically significant correlation with
the three gridded rainfall observations (r ~ 0.8), as presented in Figure 9 and Table 1, which further
emphasizes its ability to reproduce a significant part of WASM rainfall variability. It is important to
state that the newly developed WASMI is poorly correlated with summer rainfall in major parts of the
Guinea coast subregion, which may be due to the region’s complexity associated with orographic and
Atlantic Ocean SST influences. This poor relationship is also evident in previous indices (Figure S4).
The newly developed index compares well with previous indices, especially that of [29,34], in capturing
the overall variabilities in the last 65 years. The index of [35] shows differences with other indices and
exhibits a relatively poor performance with lower correlation coefficient values (Table 1); it also lacks
the capability to capture most of the variabilities observed in the rainfall series. Overall, the newly
developed WASMI performs better than existing indices (Table 1), which may be attributed to better
representation of the important features of the WASM.

Finally, we investigate the reproducibility of other commonly used reanalyses by comparing the
index developed with the NCEP1 reanalysis with that developed with NCEP2, Era—Interim, and JRA55.
Figure 10 presents the time series of the WASMI developed using different reanalysis datasets for the
common period of 1979-2014. Results show that the NCEP1, NCEP2, and JRA55 datasets are fairly
consistent with each other, although with different magnitudes, and are more suitable for defining the
WASM], based on the correlation analysis (Table 2).

—
o

Standardized anomaly
o
o

-1.0
20 —WASMI
—CRU
-3.0 | | | I | I
1950 1960 1970 1980 1990 2000 2010

Year

Figure 8. Time series of the standardized anomaly of the WASMI and the three gridded
rainfall observations.
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Figure 9. Spatial correlation between WASMI and JJAS rainfall of (a) CRU, (b) GPCC, and (c) UDEL.
Stippling indicates regions where changes are significant at the 95% level.

Table 1. Correlation coefficient values between various indices and rainfall datasets.

WASMI CRU GPCC UDEL
West African Summer Monsoon Index, WASMI 1.0 0.76 0.78 0.80
(Gallego et al. 2015 [35]; African South Westerly Index, ASWI) 0.79 0.59 0.60 0.55
(Fontaine et al. 1995 [29]; Fontaine) 0.97 0.70 0.71 0.71
(Li and Zeng 2002 [34]; Li_Zeng) 0.94 0.63 0.65 0.64

Table 2. Correlation coefficient values between WASMI generated from the NCEP1 reanalysis and
those generated from other data sources.

WASMI (NCEP2) WASMI (Era-Interim) WASMI (JRA55)
WASMI (NCEP 1) 0.97 0.60 0.70
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Figure 10. Time series of the standardized anomaly of the WASMI generated using different reanalysis
products. Abbreviations: JRA55 (Japanese 55-year reanalysis) [41]; NCEP1 (National Centers for
Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis) [38];
NCEP2 (NCEP-U.S. Department of Energy (DOE) AMIP-II reanalysis) [39]; and ERA (European Centre
for Medium-Range Weather Forecasts interim reanalysis) [40].

4. Summary and Conclusions

The results of this study show an obvious contrast between wet and dry JJAS rainfall years. During
the wet years, the upper-level TE] and low-level westerly flow are characterized by strengthened
and deeper flows in concomitance with a weakened and northward shift of the mid-level AE].
The strengthened TE] during this period is associated with strong upper-level divergence and thus
promotes ascent in the lower and mid-troposphere. The resultant combined baroclinic-barotropic
instability, especially over the Sahel subregion, which occurs as a result of the weakened and northward
shift of the AE], is crucial for an enhanced monsoon (i.e., wetter West Africa). Similarly, the reduction
in the speed of the AE] during this period is associated with weaker kinetic and moist static energy
(figures not shown). In fact, studies have also shown that the extraction of mean kinetic energy from
the AE] by the African easterly wave during wet years contributes significantly to the reduction in
its speed [48]. In contrast, during dry years, a weakened TE] and low-level westerly flow coupled
with a strengthened and southward-positioned AE] is observed. Since a weaker upper-level TE] is not
sufficient to promote vertical ascent, moisture divergence coupled with sinking motion is observed in
the majority of the study area.

Based on the variation of these important tropospheric features associated with WASM rainfall,
a simple yet effective index is proposed in this study using 65 years of NCEP/NCAR reanalysis data.
The West African summer monsoon index (WASMI) considers not only the zonal easterly winds at the
150 and 700 hPa levels but also the low-level westerly wind at 850 hPa in West Africa. The rainfall
averaged over the whole West Africa domain is used as an example to demonstrate the detailed
application of the WASMI. Results of the correlation coefficient analysis between the summer monsoon
rainfall and the WASMI indicate a strong positive correlation (r = 0.8), which is statistically significant
at the 95% confidence level. This implies that the WASMI is capable of explaining part of the rainfall
variability over the region. In addition, the WASMI shows great skill in capturing the variations of
WASM rainfall adequately. For instance, the rainfall series exhibits two noticeable episodes: the wet
period occurring between the 1950s and 1960s and the dry years between the 1970s and 1980s. In line
with the rainfall series, the WASMI exhibits these combined interannual and decadal variabilities, with
high (low) index values occurring in the 1950-1960s (1970-1980s), implying its potential in capturing
the respective wet and dry years over the region. The physical mechanism of the WASMI suggests that
for wet years, the strength and intensity of the Tropical Easterly Jet at 150 hPa and the low-level westerly
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wind at 850 hPa must be somewhat higher than the climatological mean, while that of the African
Easterly Jet at 700 hPa must be lower than the climatological mean by a few orders of magnitude.
This performance observed in the WASMI may be attributed to a better representation of the important
features of the WASM rainfall. Hence, this index would be a good tool for studying and monitoring
the WASM variability and changes. The applicability of the newly developed WASMI will require
further investigation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/3/309/s1,
Figure S1: (a) Study domain showing West African topography and the regions designated as Guinea coast (A),
Savannah (B), and Sahel (C), Figure S2: Standardized JJAS rainfall anomaly over West Africa from 1950-2014,
Figure S3: Regression between JJAS zonal wind and area-averaged summer monsoon rainfall over West Africa
(4-16° N, 20° W-20° E). Stippling indicates regions where changes are significant at the 95% level, Figure S4:
Spatial correlation between previous indices and JJAS rainfall of (a) CRU, (b) GPCC, and (c) UDEL. Stippling
indicates regions where changes are significant at the 95% level, Figure S5: Time series of the standardized anomaly
of the WASMI and other indices.
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