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ABSTRACT

The correlation between increased Sahel rainfall and reduced Saharan surface pressure is well established
in observations and global climate models and has been used to imply that increased Sahel rainfall is caused
by a stronger shallow meridional circulation (SMC) over the Sahara. This study uses two atmospheric
reanalyses to examine interannual variability of Sahel rainfall and the Saharan SMC, which consists of
northward near-surface flow across the Sahel into the Sahara and southward flow near 700 hPa out of the
Sahara. During wet Sahel years, the Saharan SMC shifts poleward, producing a drop in low-level geopotential
and surface pressure over the Sahara. Statistically removing the effect of the poleward shift from the low-level
geopotential eliminates significant correlations between this geopotential and Sahel precipitation. As the
Saharan SMC shifts poleward, its midtropospheric divergent outflow decreases, indicating a weakening of its
overturning mass flux. The poleward shift and weakening of the Saharan SMC during wet Sahel years is
reproduced in an idealized model of West Africa; a wide range of imposed sea surface temperature and land
surface albedo perturbations in this model produce a much larger range of SMC variations that nevertheless
have similar quantitative associations with Sahel rainfall, as in the reanalyses. These results disprove the idea
that enhanced Sahel rainfall is caused by strengthening of the Saharan SMC. Instead, these results are con-
sistent with the hypothesis that a stronger SMC inhibits Sahel rainfall, perhaps by advecting midtropospheric
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warm and dry air into the precipitation maximum.

1. Introduction

Over the twentieth century, large interannual and
interdecadal variations in precipitation were observed in
the African Sahel, producing occasional floods and
sustained droughts. A variety of studies examined the
cause of these variations (e.g., Charney et al. 1975;
Folland et al. 1986; Eltahir and Gong 1996; Nicholson
and Grist 2001), but a robust explanation was not es-
tablished until Giannini et al. (2003) showed that much
of the observed variability could be reproduced if ob-
served global SSTs were used to drive a global climate
model, implicating SST as the primary cause of historical
Sahel precipitation changes.

While it is now generally agreed that SST drives
interdecadal variations in Sahel precipitation (e.g.,
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Nicholson 2013), the Sahara desert is also known to be
associated with Sahel variability on a range of time
scales. Haarsma et al. (2005) found a correlation on in-
terannual time scales between increased Sahel rainfall
and decreased mean sea level pressure over the Sahara.
They argued that variations in the mean sea level pres-
sure gradient between the Sahara and its surroundings
cause variations in low-level convergence of mass and
moisture, and thus in rainfall, over the Sahel. They fur-
thermore argued that the mean sea level pressure gra-
dient is set by the land—ocean temperature contrast,
which can then be viewed as a fundamental driver of
Sahel rainfall. In contrast, Biasutti et al. (2009) found
that land-ocean temperature contrast is poorly corre-
lated with Sahel precipitation at interannual time scales
in models from phase 3 of the Coupled Model In-
tercomparison Project (CMIP3). They argued that var-
iation in Sahel rainfall is caused by fluctuations in the
Saharan low, an area of near-surface low pressure
stretching across the Sahara desert. To quantify this,
they calculated the index AZ925, defined as the differ-
ence in geopotential height at 925hPa between the
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Sahara desert and the global tropics. When this index
was anomalously low, Sahel precipitation was high.
Furthermore, a lead-lag correlation showed this AZ925
index was maximally correlated with Sahel precipita-
tion when the index led by one month, suggesting that
Saharan low anomalies cause Sahel rainfall variability.

The studies just discussed treat the low-level circulation
over the Sahara as an entity that can be described in terms
of the distribution of mean sea level pressure or 925-hPa
geopotential height. However, this circulation consists
of a geopotential height minimum at 925hPa over the
Sahara and a geopotential height maximum in the lower
midtroposphere (near 700hPa) over the Sahara, with
cyclonic and anticyclonic winds rotating around the near-
surface geopotential minimum and the 700-hPa geo-
potential maximum, respectively. Figure 1 provides a
schematic of this well-known structure of the Saharan
circulation (e.g., Thorncroft et al. 2011). In addition to the
balanced cyclonic and anticyclonic flow, mass converges
into the near-surface low, ascends, and diverges out of the
lower midtropospheric high in an ageostrophic over-
turning circulation. This shallow overturning, which we
refer to as the Saharan shallow meridional circulation
(SMC), extends across the entire Sahara desert: Fig. 2
clearly shows near-surface poleward flow across the Sahel

extending from the west coast of Africa to the East Af-
rican highlands at nearly 40°E, with return flow at 700 hPa
extending over the same region (the data and methods
used to create this figure are described in the next sec-
tion). Shallow meridional circulations have been docu-
mented over Africa (Trenberth et al. 2000), in the eastern
Pacific Ocean (e.g., Zhang et al. 2004; Nolan et al. 2007,
2010), and in the Australian monsoon (Nie et al. 2010). In
continental monsoons such as those in Africa, the ascent
branch of the SMC is located poleward of the ascent
branch of the deep, precipitating intertropical conver-
gence zone (ITCZ), whereas the ascent in the east Pacific
SMC is spatially coincident with the ITCZ (Zhang
et al. 2008).

The idea that a stronger Saharan SMC causes in-
creased Sahel precipitation in the summer mean was
stated explicitly by Martin and Thorncroft (2014), who
examined differences in the West African monsoon
between warm and cold phases of the Atlantic multi-
decadal oscillation (AMO). They found Sahel pre-
cipitation was enhanced during decades when the North
Atlantic was warm, and they stated that the Saharan
SMC was stronger during the spring (April-June) im-
mediately preceding the summer rainy season (July—
September) of those decades. However, enhanced



15 SEPTEMBER 2017

100
(a)
200 4
300 -
400 -
500

600 4

Pressure [hPa]

700 4
800 A

900 -

1000 T T
-20 0 20 40 60 80

100

200 -
300 -
400 A
500 4
600 4

Pressure [hPa]

700 -
800 -
900 -

1000 T T
-40 -20 0 20 40 60 80
Longitude ['E]

F1G. 2. JAS climatological meridional wind v at 14°N for
(a) ERA-Interim and (b) MERRA-2. The 10°W and 25°E boundaries
indicated by black dashed lines. Surface pressure indicated by a bold
red line.

springtime ascent in their analysis was centered over the
Sahel and extended to the upper troposphere, with
southward flow out of that ascending region located at
600hPa and higher altitudes; in contrast, ascent in the
Saharan SMC is typically confined below 600 hPa, with
the southward outflow centered at 700hPa. Further-
more, Hurley and Boos (2013) found that 700-hPa
equatorward outflow from continental SMCs weak-
ened during anomalously rainy years of the West Afri-
can, southern African, Australian, and South Asian
monsoons. Thus, wet Sahel years seem to be character-
ized by something other than a simple intensification of
the Saharan SMC. Interpretation of the structures seen
in the analysis of Martin and Thorncroft (2014) are
complicated by the coarse resolution of the NCEP-
NCAR reanalysis (Kalnay et al. 1996) that they em-
ployed, which has only three to four vertical levels that
span the entire SMC overturning. One of our present
goals is to use more recent atmospheric reanalyses to
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describe the detailed changes in structure and intensity
of the Saharan SMC that accompany interannual
changes in Sahel precipitation—interannual variability
in the last 30 years is expected to be better constrained
by observations than interdecadal variability over the
last 100 years.

The Saharan SMC is related to the Saharan heat low,
but the two terms describe distinct atmospheric struc-
tures. A heat low or thermal low is a warm region of the
atmosphere that has large thickness by the hypsometric
relation; these lows are typically confined below 600 or
700 hPa and are sites of low surface pressure (e.g., Ricz
and Smith 1999). They include the horizontal balanced
flow and the ageostrophic overturning circulations il-
lustrated in Fig. 1. Although the lower troposphere is hot
and thus has large thickness across the entire Saharan
desert, the term Saharan heat low (SHL) is now com-
monly used to describe the region of maximum low-level
atmospheric thickness (LLAT) that exists over the
western Sahara (e.g., Lavaysse et al. 2009) and is distinct
from the Saharan low, which is the region of low surface
pressure that extends across all of northern Africa (e.g.,
Biasutti et al. 2009). The 700-hPa anticyclone in the
upper part of the SHL is highly asymmetric, with its
southward-flowing eastern branch stretching across the
entire eastern half of northern Africa during summer
while northward flow in its western branch is weaker and
confined to the northwest African coast (Thorncroft
et al. 2011). The SMC that extends across northern Af-
rica (e.g., Fig. 2) should thus not be thought to consist
only of ageostrophic flow down the pressure gradient of
the SHL but as a combination of ageostrophic and
nondivergent, balanced winds that stretch across all of
northern Africa.

In the western Sahara, links between the SHL and
central Sahel rainfall have been studied on a range of
time scales. Lavaysse et al. (2009) showed that the SHL
exhibits a pronounced seasonal cycle and moves pole-
ward to its boreal summer position around 20°-30°N,
7°W-5°E just before the onset of the West African
monsoon, climatologically in late June. On intraseasonal
and synoptic time scales, strong phases of the SHL are
associated with increased moisture transport into the
Sahel at low levels, accompanied by increased moisture
convergence (e.g., Puand Cook 2012) and precipitation
over the central and eastern Sahel (Lavaysse et al.
2010a). Evan et al. (2015) examine the linear trend in the
SHL between 1983 and 2009, showing a water vapor—
forced warming of the SHL, somewhat consistent with
recent work showing amplified warming over the Sahara
(Vizy and Cook 2017). Lavaysse et al. (2016) show that
synoptic and intraseasonal variability of the SHL
can influence the seasonal-mean Sahel precipitation,
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although the mechanisms by which these variations in-
fluence rainfall remain unclear.

Studies of the SHL in the western Sahara (e.g.,
Lavaysse et al. 2010a,b) and of the Saharan low that
spans all of northern Africa (Haarsma et al. 2005;
Biasutti et al. 2009) suggest that increased Sahel pre-
cipitation is caused by a decrease in Saharan surface
pressure (or near-surface geopotential), which in turn
drives an intensification of the mass flux in the Saharan
SMC (Martin and Thorncroft 2014). However, some
studies suggest that the sign of the association between
Sahel rainfall and the Saharan SMC should be reversed,
with a stronger SMC causing reduced rainfall. Peyrillé
et al. (2007) and Peyrillé and Lafore (2007) used an
idealized, zonally symmetric model of the West African
monsoon to examine the influence on Sahel rainfall of
the large-scale temperature and moisture advection
produced by the Saharan SMC. They used an atmo-
spheric reanalysis to show that the Saharan SMC pro-
duces near-surface cooling and moistening over the
Sahel and Sahara and warming and drying in the lower
midtroposphere (around 700hPa). When they sepa-
rately imposed these low- and midlevel advective
tendencies in their idealized model, they found that the
low-level cooling and moistening caused increased Sahel
rainfall, while the midlevel warming and drying caused
decreased Sahel rainfall. The effect of the midlevel
warming and drying dominated so that temperature and
moisture advection in the Saharan SMC has a net in-
hibitory effect on Sahel rainfall. Furthermore, Zhang
et al. (2008) suggested that the transport of hot and dry
midtropospheric air into the Sahel precipitation maxi-
mum by the Saharan SMC inhibits the northward sea-
sonal migration of the precipitation maximum during
early summer. Midtropospheric outflow of hot and dry
air from deserts has also been argued to inhibit rainfall
in the Indian (Parker et al. 2016) and Australian (Xie
et al. 2010) monsoons. This is consistent with the dem-
onstrated sensitivity of precipitating convection to dry-
ing of the free troposphere above the boundary layer
(Derbyshire et al. 2004; Holloway and Neelin 2009;
Sobel and Schneider 2009). In summary, there is evi-
dence for a stronger Saharan SMC having both a posi-
tive and negative influence on Sahel rainfall.

To the best of our knowledge, the observed associa-
tion of interannual variations in Sahel rainfall with the
detailed structure of the Saharan SMC has not been
examined. It might seem reasonable to assume that the
overturning in the Saharan SMC would strengthen as
the near-surface Saharan low strengthens, but given the
dominant effect of the midlevel warming and drying on
Sahel rainfall suggested by an idealized study (Peyrillé
and Lafore 2007), this would be inconsistent with
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observations of a strengthening of the near-surface
Saharan low during rainy Sahel years. Perhaps low-level
cooling and moistening by the Saharan SMC has a larger
influence on Sahel precipitation in the real world than in
the idealized model of Peyrillé and Lafore (2007), similar
to suggestions for the role of these low-level tendencies in
the observed seasonal northward migration of West Af-
rican rainfall (e.g., Hagos and Cook 2007; Thorncroft
et al. 2011; Peyrillé et al. 2016). Or perhaps the Saharan
SMC does not strengthen as the near-surface Saharan low
strengthens. Here, we seek to resolve these questions by
examining the association of Sahel rainfall with the
Saharan SMC at interannual time scales in two atmo-
spheric reanalyses and an idealized model.

The next section of this paper describes our data
sources and analysis methods. Section 3 discusses the
climatology and basic features of the West African
monsoon and Saharan SMC. Section 4 examines how
the horizontal structure of the near-surface Saharan low
and the Saharan high covary with Sahel precipitation
and is followed by a section detailing the vertical struc-
ture of the circulation changes, with emphasis on the
divergent component of the flow. Section 7 compares all
of these observationally based results with output from
an idealized B-plane model. We close with a discussion
of implications and caveats in section 8.

2. Methods

We obtain winds, geopotential height, temperature,
and humidity from the ERA-Interim (Dee et al. 2011),
which is produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF) and is used here
for 1979-2015. ERA-Interim is a third-generation
reanalysis with data assimilation based on 12-hourly
four-dimensional variational data assimilation (4D-
Var). The dynamics are calculated on a spectral T255
(approximately 80km) global grid, with 60 vertical
levels from the surface to 0.1 hPa. We also use NASA’s
Modern-Era Retrospective Analysis for Research and
Applications, version 2 (MERRA-2; Gelaro et al. 2017),
which is a third-generation reanalysis produced on a
0.5° X 0.625° cubed-sphere grid with 72 vertical levels
from the surface to 0.1 hPa. MERRA-2 is not available
for 1979, so here, we use 1980-2015. All climatologies
and regressions shown here use ERA-Interim data un-
less MERRA-2 is explicitly indicated. MERRA-2 ver-
sions of all applicable figures are provided in the online
supplemental material.

The Global Precipitation Climatology Project (GPCP)
dataset (Adler et al. 2003), which is a combination of land
rain gauge and satellite-based precipitation measure-
ments, is used as the primary precipitation dataset for this
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FIG. 3. (a) JJAS precipitation climatology (mm day ') based on GPCP data, with Sahel and Sahara boxes in-

dicated. (b) Detrended interannual time series of anomalous precipitation over the Sahel box derived from GPCP
data, with plus or minus one standard deviation bounds indicated by dashed lines. (c) Regression slope of local
detrended GPCP precipitation onto Sahel area-averaged precipitation (mm ™' day). (d) ERA-Interim regression
slope of detrended Z925 (m mm ' day; colors) and climatological AZ925 (dashed contours mark —10 and —20m

isolines). Statistically significant regression slopes (p < 0.05) are hatched.

study. The Global Precipitation Climatology Centre
(GPCC; Schneider et al. 2014) dataset, based on corrected
gridded rain gauge data, was also examined and found to
produce no substantial changes in our conclusions. All data
were obtained at monthly mean resolution.

We take seasonal averages over the July-September
(JAS) season for all variables, as this is the peak of the
Sahelian phase (e.g., Nicholson 2013) of the African
monsoon. We conducted a sensitivity study to alternate
choices of season, specifically June-September (JJAS)
and July—-August (JA), and found very few differences in
our results. The average over all JAS periods in the re-
analysis time period is referred to as the climatology.
Figure 3a shows the GPCP JAS climatology of pre-
cipitation, with the Sahelian phase rainfall peak near 10°N.

We are interested in the Saharan SMC (Fig. 2), so we
choose 10°W-25°E as zonal bounds for our analyses.
These zonal bounds encompass most of Northern

Hemisphere Africa but exclude coasts, the East African
highlands, and the Arabian Desert. In the 10°W-25°E
region, the latitudes from 10° to 20°N are defined as the
Sahel and from 20° to 30°N as the Sahara, with both
regions delineated with boxes in Fig. 3a. Anomalies of
precipitation were calculated with respect to the JAS
climatology, averaging over the Sahel box and subtracting
the linear trend (0.26 +0.15mmday 'decade ') and
the climatological mean (3.31 mm day ). The resulting
time series is hereafter referred to as ‘““Sahel pre-
cipitation” (Fig. 3b) and forms the basis of most re-
gressions presented here. We also removed the linear
trend from all other fields regressed against this Sahel
precipitation time series. We detrend for two reasons: to
highlight the interannual time scale for direct compari-
son with previous studies (e.g., Biasutti et al. 2009) and
because analyzing trends in reanalyses can be prob-
lematic because of changes in the observational network
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over multiple decades. In particular, Vizy and Cook
(2017) show that ERA-Interim features a drying trend
over the Sahel that is inconsistent with observations.
Our analysis supports this view (not shown), so we re-
strict ourselves to the interannual time scale. The trend
removed accounts for approximately 27% of the total
variance in summer-mean (JAS) Sahel precipitation.

Opver the reanalysis period of 1979-2015, Sahel pre-
cipitation (as measured by GPCP) lacks statistically
significant interannual autocorrelations (not shown),
distinguishing variability in this more recent period from
the persistent interdecadal droughts that characterized
parts of the twentieth century and that were largely at-
tributed to global variations in SST (Giannini et al.
2003). Losada et al. (2012) noted the nonstationarity of
the relationship between Sahel precipitation and SST in
the different ocean basins over the twentieth century
and showed a marked transition in SST dependence in
the 1970s, with a largely stationary regime of SST de-
pendence since then. In our post-1970s period, pre-
cipitation variability at interannual time scales mostly
exhibits a “monopole” spatial pattern (Fig. 3c), with
single-signed precipitation anomalies extending from
the Gulf of Guinea across the Sahel. This is in contrast to
meridional ““dipole” patterns of precipitation anomalies
observed during the 1920s-70s [Fig. 14 of Nicholson
(2013)]. These monopole and dipole patterns are specific
to interannual time scales, and other patterns are ob-
served at both shorter subseasonal and longer decadal
time scales. This has implications for the generality of
our results, which we discuss further in section 8.

As many studies on the SHL focus on the 10°W-10°E
region, we examined the sensitivity of our results to the
zonal bounds, with precipitation time series created by
averaging over the western portion (10°W-10°E) and
eastern parts (10°-25°E) of the Sahel. These two time
series were highly correlated at interannual time scales,
with a coefficient of determination of R? =0.72. Fur-
thermore, both eastern and western Sahel precipitation
time series were individually very highly correlated
(R?>0.9) with the precipitation time series presented in
Fig. 3b. The entire analysis presented here was repeated
for the eastern and western portions of the domain, with
the appropriate eastern or western precipitation time
series. The appendix explores some modest differences
between these eastern and western subdomains, but our
general conclusions also hold in these subdomains. This
lack of sensitivity to the zonal bounds is consistent with
the Saharan SMC (Fig. 2) and interannual variations in
Sahel rainfall (Fig. 3c) being coherent across the entire
zonal extent of Africa. Lavaysse et al. (2016) regress
GPCP precipitation on a metric of SHL strength, in
contrast to our method of regressing precipitation onto
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the area-averaged Sahel precipitation, and also obtain
coherent rainfall anomalies across the entire Sahel (10°—
20°N, 10°W-25°E) at certain time scales (see their
Fig. 11d). It is worth noting that Lavaysse et al. (2016)
showed the positive or negative correlation between
SHL strength and Sahel rainfall was time-scale de-
pendent and zonally heterogeneous. The similarity we
find between the eastern and western portions of the
domain may thus not apply on time scales other than
interannual.

For the idealized model portion of this study, we an-
alyzed the same integrations presented in Shekhar and
Boos (2016). These used the Weather Research and
Forecasting (WRF) Model, version 3.3 (Skamarock
et al. 2008), modified to run on an equatorial 8 plane in a
meridional channel at 15-km resolution with 41 vertical
levels. The domain was 20° X 140° in the zonal and
meridional directions, respectively, with periodic
boundary conditions in the zonal direction and closed
boundary conditions in the meridional direction. A
continent was prescribed from 5° to 32°N, divided into a
grassland from 5° to 12°N and a desert from 12° to 32°N,
with interactive surface temperature but prescribed soil
moisture and other properties from the WRF land sur-
face database. The remainder of the domain was ocean
with a prescribed, idealized SST distribution represen-
tative of that observed during boreal summer near Af-
rica. Perpetual 15 July insolation was imposed, with the
diurnal cycle retained. As shown by Xie and Saiki
(1999), fixed SST, prescribed soil moisture, and perpet-
ual summer form a physically consistent set of simplifi-
cations, and allowing any one to be more realistic
requires allowing all three to be more realistic to avoid
unphysical variability, which would greatly increase
computational requirements. A total of 13 model in-
tegrations were performed for one model year after a
3-month spinup, yielding the same amount of output for
each integration as four 3-month summer seasons. One
integration was chosen as the control, and others were
forced by modifications of the specified desert surface
albedo, the prescribed SST, or both. These form an en-
semble of integrations in which the monsoon pre-
cipitation varies in response to the SST and surface
albedo forcings. These integrations were documented
more thoroughly in Shekhar and Boos (2016), where
they were used to examine energy-based diagnostics of
ITCZ location.

Statistical analyses were performed using Python
programming language packages Iris (Met Office 2015),
Seaborn (Waskom et al. 2016), and Statsmodels
(Seabold and Perktold 2010). For linear regressions, we
test for a nonzero slope using the two-sided Student’s ¢
test at the p <0.05 level. For some linear regressions, we
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also obtain a 95% confidence interval for the slope
using a bootstrapping technique on the joint probability
distribution of slope and intercept, as given in the Sea-
born package. We tested the sensitivity of linear re-
gressions to outliers using the robust regression (e.g.,
Rousseeuw and Leroy 2005) feature of the Statsmodels
package, and although certain confidence intervals
narrow and shift slightly, no substantial qualitative dif-
ferences were obtained. We also examined the possi-
bility of using nonlinear (quadratic and cubic) models
for regression and found a statistical preference for
nonlinear models for less than 4% of grid points at the
95% confidence level, an amount attributable to chance.

3. Basic features of the Saharan low and SMC

We begin by examining the association of interannual
variations in the Saharan low with those of Sahel rain-
fall, then detailing the climatological mean structure of
the Saharan SMC. Although these analyses resemble
those published previously (e.g., Biasutti et al. 2009;
Thorncroft et al. 2011), the results confirm that the main
features of interest are found in the ERA-Interim and
MERRA-2 reanalyses and serve as a necessary refer-
ence for the rest of this paper.

Biasutti et al. (2009) obtained a correlation of high
Sahel rainfall and negative anomalies of 925-hPa geo-
potential height (Z925) over the Sahara desert. We re-
produce this correlation in reanalyses (Fig. 3d). A
regression of mean sea level pressure on Sahel rainfall
(as in Haarsma et al. 2005) yields a similar pattern (not
shown). These previous studies interpreted these pat-
terns of Z925 and mean sea level pressure as indicative
of a strengthening of the Saharan low. But the near-
surface Saharan low stretches zonally across northern
Africa and is centered around 20°N while the decrease in
7925 is confined to the northern and western sides of
that climatological trough. Since a strengthening of the
Saharan low would consist of negative anomalies of
7925 centered over the climatological minimum Z925,
the concentration of negative anomalies northward and
westward of that climatological minimum indicates that
the Saharan low is expanding northward and westward
rather than simply strengthening. Much of the north-
ward expansion occurs over northeastern Africa, con-
sistent with the patterns in anomalous Z925 and mean
sea level pressure seen in Biasutti et al. (2009) and
Haarsma et al. (2005).

The near-surface Saharan low is part of the three-
dimensional Saharan SMC, as mentioned in the in-
troduction. The ascending branch of the Saharan SMCis
strongest at 20°N in the climatological and zonal mean
(Figs. 4a,b). An examination of the zonal structure in the
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appendix shows the latitude of peak ascent moves
equatorward as one moves east, from 23°N in the west to
19°N in the east. Low-level mass convergence occurs
between the surface and 800hPa, with peak conver-
gence at 925hPa in the near-surface Saharan low. Di-
vergence occurs in the 800-550-hPa layer, with peak
divergence at 700 hPa associated with the Saharan high.
The 925- and 700-hPa levels are taken as representative
of the near-surface Saharan low and the Saharan high,
respectively, in the next two sections. The maximum
deep ascent in the ITCZ is located much farther south,
around 8°N in ERA-Interim (Fig. 4a) and 6°N in
MERRA-2 (Fig. 4b). Vertical structures of vertical ve-
locity are somewhat different between the two reanalyses,
perhaps because of differences in convective parameter-
izations. There is weak time-mean divergence and sub-
sidence in the near-surface layer around 10°N in the
precipitating region, a likely signal of strong time-mean
subsidence and sporadic ascent due to precipitation.
The near-surface zonal and meridional winds change
sign around 20°N in the climatological zonal mean
(Figs. 4c,d). This change in sign, a feature sometimes
described as the intertropical discontinuity (ITD), is not
entirely zonally symmetric and shifts equatorward by a
few degrees latitude as one moves eastward within our
analysis domain (see section 4). Around 700 hPa, there
is a peak in the equatorward flow as air travels in the time-
mean Saharan SMC toward the ITCZ. The African
easterly jet (AEJ; e.g., Thorncroft and Blackburn 1999)
exists in thermal wind balance around 600 hPa and 14°N.
At upper levels, the tropical easterly jet, meridional flow
in the upper branch of the Hadley circulation, and the
midlatitude jet stream are also visible. In the next two
sections, we examine how the strength and spatial struc-
ture of the Saharan SMC covary with Sahel precipitation.

4. Horizontal structure of Saharan SMC changes

Since the geopotential height and divergent wind to-
gether provide a nearly complete depiction of the hori-
zontal circulation, we start by examining the horizontal
structure of geopotential and divergent wind variations
at 925 and 700hPa. Figure 5a shows the 925-hPa cli-
matological trough extending across northern Africa
during JAS around 20°N. The previously discussed ITD
exists at the center of this trough, which shifts slightly
toward the equator in the eastern portion of the domain.
Geostrophic flow moves cyclonically around the trough
(not shown). The ageostrophic winds converge into the
trough, and cross-equatorial southerly flow in the low-
level branch of the Hadley cell is also visible over the
Gulf of Guinea. When regressed on Sahel precipitation,
we see a spatially heterogeneous but nearly single-signed
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FIG. 4. (left) ERA-Interim and (right) MERRA-2 climatological JAS zonal mean (a) divergence (colors; 10 °s™1)
and (b) pressure velocity  (contours every 0.5hPah™'). (c),(d) Zonal wind u (colors) and meridional wind v
(contours every ms ™ 1). All panels have zero contours omitted, and negative contours are dashed.

decrease in Z925 (Fig. 5b) north of 20°N over northern
Africa and portions of the Atlantic (the dynamical
implications of this decrease are discussed in the next
two sections). Although changes in Z925 are not sta-
tistically significant over the Sahel, there are weak
anomalies of northerly divergent flow in the southern
Sahel during wet years that indicate a weakening of the
ageostrophic northward monsoon flow at 925 hPa. At
the northern boundary of the Sahel, anomalous south-
erly wind flows across the climatological ITD into the
region of anomalously low Z925. Effectively, this
moves the ITD and minimum of the Saharan low
poleward during wet years (a quantitative measure of
the meridional shift in the Saharan low is provided in
the next section).

Figure 5c shows the horizontal structure of the cli-
matological mean Saharan high, with gradients in Z700
in geostrophic balance with an anticyclone over most of
the Saharan region. There is a substantial zonal gradient
in Z700 over the central and eastern Sahara and a sharp
meridional gradient over the Sahel in balance with the
AEJ. The peak in climatological Z700 lies poleward
and westward of the trough in climatological Z925.

Downgradient divergent flow occurs south and north-
west of the 700-hPa high, constituting the divergent
northerly outflow in the upper branch of the Saharan
SMC. The regression of Z700 onto Sahel precipitation
(Fig. 5d) shows a statistically significant decrease cen-
tered in the Sahel, implying a strong anomalous cyclonic
circulation during wet years. This midlevel anomalous
cyclone is also visible at 600 hPa (not shown) and is well
supported by observational evidence of a northward
shift and weakening in the AEJ during wet Sahel years
(e.g., Nicholson 2013). At 700 hPa, the anomalous di-
vergent wind converges into the center of the anomalous
low, around 15°N in the eastern Sahel.

We expect the 925- and 700-hPa surfaces to be af-
fected differently by a strengthening of the shallow SMC
compared to a strengthening of the deep, precipitating
monsoon circulation. A stronger shallow SMC is ex-
pected to be accompanied by a reduction in Z925 in the
Saharan low, an increase in Z700 in the Saharan high,
and an intensification of the divergent, overturning cir-
culation that flows down the geopotential gradients at
these two levels. In contrast, enhanced precipitation is
expected to be accompanied by enhanced ascent in a
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deep circulation that can be approximated by a first-
baroclinic mode; strengthening of such a first-baroclinic
mode will include decreases in geopotential height in the
entire lower and middle troposphere and increases in
geopotential in the upper troposphere [see Neelin and
Zeng (2000) for a derivation of the structure of a typical
tropical first-baroclinic mode and Zhang et al. (2008) or
Nie et al. (2010) for illustration of how the shallow
Saharan SMC coexists with a precipitating first-baroclinic
mode structure over West Africa]. The 925- and 700-hPa
surfaces are thus expected to have opposite vertical
displacements as the Saharan SMC intensifies, simply
because the Saharan LLAT would need to increase to
maintain a stronger ageostrophic overturning, absent
any large changes in drag. In contrast, those two sur-
faces are both expected to move downward as the deep,
precipitating circulation strengthens. Figures 5b and 5d
show that the 700- and 925-hPa surfaces both move
downward during wet Sahel years, providing no evi-
dence for a strengthening of the shallow SMC. Fur-
thermore, when geopotential heights are averaged over
our Sahel and Sahara boxes, statistically significant
negative anomalies in Z925 and Z700 are found during
wet years in both regions (Fig. 6). Thus, geopotential
variations at 925 and 700 hPa are inconsistent with the

hypothesis that the Saharan SMC strengthens during
wet Sahel years.

These changes in structure can also be viewed in terms
of the thickness of the lower troposphere, but one must
remember that LLAT will increase during a strength-
ening of the shallow heat low circulation and during a
strengthening of the deep precipitating circulation.
Shifts in the midlatitude barotropic flow (e.g., the jet
stream) can also project on LLAT. The LLAT clima-
tology (Fig. 5e) shows a maximum over the western
Sahara, with relatively high LLAT extending east along
the 20°N parallel, approximately following the ITD.
Thus, although the Saharan heat low is commonly
thought of as being confined to the western Sahara (e.g.,
Lavaysse et al. 2009), a band of high LLAT extends
eastward across the entire Sahara into the Arabian
desert heat low.

The regression of LLAT onto Sahel precipitation
(Fig. 5f) shows increases in LLAT centered to the
northeast and northwest of our Saharan box, but the
regression slope is not statistically distinct from zero
over most of the Sahara. Over nearly all of the Sahel, a
statistically significant decrease in the LLAT is appar-
ent. The weak zonal variation in the anomalies shown in
the right column of Fig. 5 is important: there is no
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thickening of the lower troposphere in the western
Sahara, where the LLAT is climatologically highest. If
the Saharan heat low or the Saharan SMC were
strengthening, we would see increased LLAT at the
climatological maximum LLAT. The substantial in-
creases in LLAT over eastern Europe, the Mediterra-
nean, and the Atlantic might indicate interactions with
the midlatitudes, perhaps through mechanisms pro-
posed by Vizy and Cook (2009) and Lavaysse et al.
(2010b). In summary, there is a decrease in LLAT on the
equatorward side of the maximum LLAT, and the
strong increases in LLAT are centered off the coasts of
Africa, poleward of the LLAT maximum. The changes
in LLAT thus seem more consistent with a poleward
shift, rather than a strengthening, of the thermal low and
the Saharan SMC during wet years. These results do not
change appreciably if an alternate upper bound (e.g., 600
or 500hPa) is used to define the LLAT, which would
allow us to capture a deepening of the heat low (e.g.,
Evan et al. 2015).

We have thus far examined variations in geopotential
height, but it is horizontal gradients in geopotential that
are dynamically relevant. Changes in these gradients can
be assessed by eye in maps of the horizontal distribu-
tion of geopotential, but we now wish to horizontally
average the changes in geopotential over our analysis
regions. So for every JAS season, we subtract the tropical-
mean (23°S-23°N, indicated with square brackets) geo-
potential height from the actual height at each pressure
level: AZ = Z — [Z] yopa_ropics- This methodology, which
was also performed by Biasutti et al. (2009), eliminates
dynamically inconsequential changes in geopotential as-
sociated with tropical-mean warming or cooling due to, for
example, ENSO.

Regressions of detrended AZ on Sahel precipitation
quantitatively reproduce the result, shown by Biasutti
et al. (2009), of decreased Saharan AZ925 during wet
Sahel years (Fig. 6). The ERA-Interim results are
quantitatively indistinguishable from the MERRA-2
results. We also see decreased AZ925 over the Sahel,
and an inspection of the climatological values (text in-
sets in Fig. 6) indicates that the meridional gradient of
AZ925 between the Sahara and Sahel flattens during wet
years. The Sahel LLAT decreases as a consequence of
AZ925 decreasing less than AZ700 during wet years (in
this case, removal of the tropical mean has nearly zero
effect, with variations in AZ700 — AZ925 being nearly
equal to variations in Z700 — Z925). This is inconsistent
with the idea that a classic first-baroclinic mode struc-
ture intensifies over the Sahel, and we will show in the
next section that the vertical profile of the anomalous
convergence during wet years also differs from that
of a classic first-baroclinic mode but still provides no
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evidence for a strengthening of the Saharan low during
wet years. Changes in Saharan LLAT are not statisti-
cally distinguishable from zero. This analysis confirms
that, even when data are horizontally averaged, no
strengthening of the Saharan SMC can be detected in
the LLAT.

Since we found some evidence of a northward ex-
pansion of the Z925 trough into the Sahara during wet
Sahel years (Fig. 5b), we ask how much of the change
geopotential can be attributed to a simple meridional
shift of the trough. We define the “trough latitude” by
taking a 10°W-25°E zonal average of AZ925 then finding
the latitude of the minimum, using cubic splines to in-
terpolate between reanalysis grid points. The trough
latitude exhibits a modest positive correlation with Sahel
rainfall (Fig. 7a), with a slope of 0.50° + 0.22°mm ' day in
ERA-Interim. Both reanalyses contain an influential
data point in 1984, the driest year in the reanalysis period,
with the trough latitude about 1° farther equatorward in
that year than in all other years. Removing this extreme
data point or using robust linear regression decreases
slopes to approximately 0.45°mm ™" day but does not
qualitatively change the relationship between the trough
latitude and Sahel precipitation. The MERRA-2 data
exhibit a somewhat bimodal distribution in trough lati-
tude for which we do not have an explanation.

The trough latitude might be influenced by changes
in both the thermal low and the deep, precipitating
circulation, so we also examine the latitude of the
maximum zonally averaged LLAT as a more direct
measure of the position of the thermal low (Fig. 7b).
The latitude of maximum LLAT typically lies a few
degrees poleward of the trough latitude and also has
higher interannual variability. Nevertheless, it shows a
northward shift of the zonally averaged thermal low
during wet Sahel years. The regression slopes for the
925-hPa trough latitude and the latitude of maximum
LLAT are statistically indistinguishable (i.e., their
confidence intervals overlap).

We now return to the question of how much of the
drop in Saharan AZ925 can be attributed to a poleward
shift of the trough into the Sahara and answer this
question by statistically removing the effect of this
shift from the Saharan AZ925. The regression of
Saharan AZ925 on trough latitude produces a slope
of —4.8+2.5 m (° latitude) ' (Fig. 7c). When this de-
pendence is subtracted from the Saharan-averaged
AZ925 to create a “‘latitude-detrended AZ925,” the re-
sulting quantity has no statistically significant relation-
ship with Sahel precipitation (Fig. 7d). This suggests
that previous findings of changes in the Saharan
low during wet Sahel years (e.g., Haarsma et al. 2005;
Biasutti et al. 2009) should be interpreted as a shift of
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the low-level trough into the Sahara. As the next section
will show, many dynamic and thermodynamic quantities
also show a poleward shift.

5. Vertical structure of changes in the Saharan
SMC

We now examine the vertical structure of interannual
variations in the West African monsoon circulation, with
focus on the Saharan SMC. We first briefly examine the
poleward shift of the SMC during wet monsoon years
then discuss variations in the strength of the divergent
component of the circulation. While a few of the vertical
structures shown here were presented in previous work
(e.g., Nicholson and Grist 2001; Nie et al. 2010; Lavaysse
et al. 2010a), they are included to provide a complete
picture of the dynamical changes that constitute a
weakening and poleward shift of the Saharan SMC.

The climatological low-level potential temperature is
maximum around 22°N (Fig. 8a), poleward of the ITD.
As Sahel precipitation increases, there is substantial
cooling over the Sahel below 700hPa, likely due to
evaporative cooling of the land surface and reduced
surface sensible heat fluxes into the boundary layer,
though enhanced meridional advection of cool air into
the region may also play a role poleward of 15°N where
the meridional wind anomaly is positive (Fig. 8g).
Above 700 hPa, warming occurs poleward of 10°N into
the midlatitudes. By the hypsometric relation, this has a
direct impact on the AZ climatology (Fig. 8b), which
shows the near-surface Saharan low centered around
18°N in the climatology and the midtropospheric
Saharan high centered around 25°N. The regression of
AZ onto Sahel precipitation (Fig. 8b) shows that these
structures expand northward or shift northward at every
level. The cooling of the Sahel during wet years (Fig. 8a)



15 SEPTEMBER 2017 SHEKHAR AND BOOS 7411

6 [K mm-1 day] AZ [m mm-1 day]
(@) . 3 15
200 - 2
_ 00 5 00 10
g
< 400 — 1 400 5
e : 0 0
3 600 A 7 600
[} ! -1 -5
® so0 LM i AR 2 800 - -10
"""‘-‘.. : ‘ -3 -15
1000 : : — 1000
(c) ! 3 4
200 4 ‘ : 5 200 3
2 LI s :
£ 400 4— 5 1 400 1
g % ' 0 0
3 600 f——— : 600 1
3 4 oy 1 -1
800 | : _2 800 3
NN b -
1000 FE/——= H Mz ¥ 3 1000 -4
Vh-u [10-6 s-1 mm-1 day]
@‘ 08
200 471 T ‘ 200
o |
T : 0.4
T 400 | i e 1 400
® : =) 0.0
3 .l n .
3 600 i 600
< ‘o 0.4
& 800 > 800 '
1000 =3 1000 -08
1.0 1.0
200 200
T 0.5 0.5
£ 400 - 400
[ ]
g H 0.0 0.0
2 600 g 600
8 g
a -0.5 -0.5
800 800 { L_—= 0
E'_'r_.---—""_-‘-—‘.;--___"—_:—::_:._,.\= ry U \'
1000 -1.0 1000 W-/__:u!nig:’l;i L] d -1.0
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Latitude ['N] Latitude ['N]
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is, by hydrostatic balance, accompanied by a thinning of than the decrease in temperature, so that the low-level
the layer below 700 hPa and an anomalous low in the equivalent potential temperature 6, is higher over the
midtroposphere (Fig. 8b). The cooling of the southern Sahel during wet years (Hurley and Boos 2013). The
part of the Saharan low is accompanied by anincrease in  zonal wind (Fig. 8d) has been previously reviewed in
specific humidity (Fig. 8c) that is larger, in energy units, Nicholson (2013), and here, we simply make the point
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that the northward shift and weakening in the AEJ
during wet years is consistent with the midlevel anom-
alous cyclonic circulation over the Sahel shown in
Figs. 5d and 8&d.

The poleward shift in the Saharan SMC can be seen as
an anomalous, meridionally asymmetric quadrupole
pattern in the anomalous divergence below 550hPa
(Fig. 8e; note the vertical dipole in the climatological
mean fields centered at 20°N). There is also a meridional
expansion of the upper-tropospheric divergence associ-
ated with the monsoonal ITCZ. This upper-tropospheric
feature is also visible in the vertical velocity (Fig. 8f),
with more deep ascent over the Sahel during wet years
accompanying the anomalous dipole in low-level ascent
that indicates a poleward shift in the Saharan SMC.
Consistent with the regression of horizontal divergence,
this dipole in shallow ascent is also not meridionally
symmetric, with more anomalous subsidence than as-
cent during wet years. There are also zonal asymmetries
in the anomalies of shallow ascent, with the anomalous
subsidence near 17°N more pronounced in the western
part of our domain and the anomalous ascent near 22°N
more pronounced in the eastern part (see appendix).

The meridional wind regression (Fig. 8¢g) shows an
asymmetric quadrupole as well, with the southerly lobes
of the quadrupole being spatially larger and of greater
amplitude than the northerly lobes. However, this
asymmetry in the anomalous meridional wind should
not be interpreted as a weakening of the divergent cir-
culation because we are considering a limited zonal
mean, in which the nondivergent component of merid-
ional flow does not have to equal zero. When only the
divergent component of the meridional wind is consid-
ered (Fig. 8h), the meridional asymmetry in this quad-
rupole is substantially reduced. But to the degree that
the Saharan SMC consists of both divergent and rota-
tional components, its equatorward outflow at 700 hPa is
clearly reduced during wet Sahel years (Fig. 8g).

In the next section, we better quantify interannual
variations in the divergent part of the circulation. This
allows us to understand how the increased mass di-
vergence in the upper troposphere that accompanies
enhanced Sahel precipitation (Fig. 8e) is compensated
by increased convergence at lower levels. It also allows
us to assess whether asymmetries in the meridional di-
poles of shallow ascent and divergence are statistically
significant and thus indicate a weakening of the
Saharan SMC.

6. Changes in layer-integrated divergence

The vertical section of divergence (Fig. 8e) allows
identification of three layers that largely capture the
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changes in the divergent circulation: the lower tropo-
sphere (1000-800hPa), the middle troposphere (800—
550hPa), and the upper troposphere (350-100hPa).
Taking a mass-weighted vertical integral of divergence
over each layer (and over the remaining 550-350-hPa
layer in which little divergence occurs), we see the cli-
matological signatures of the divergent Hadley circula-
tion and the Saharan SMC (Figs. 9a,c). In the lower
layer, the largest convergence is due to the shallow cir-
culation; this peaks near 20°N and is stronger in ERA-
Interim than in MERRA-2. There is also relatively weak
convergence in the ITCZ near 8°N. The middle tropo-
sphere exhibits large divergence at 20°N and substantial
convergence at 10°N. Upper-level divergence peaks
around 8°N, the latitude of maximum precipitation and
deep ascent; the roughly equal magnitude and opposite
signs of upper-tropospheric divergence and midtropo-
spheric convergence at that latitude indicate that time-
mean inflow to the deep, continental convergence zone
occurs not near the surface but in the lower midtropo-
sphere. There is upper-level convergence poleward of
about 15°N, consistent with the northern Sahel and
Sahara being regions of time-mean subsidence. Di-
vergence in the 550-350-hPa layer is comparatively
small, and divergence above 100hPa is smaller still
(not shown).

Regressing layer-integrated divergence onto Sahel
precipitation (Figs. 9b,d) shows the now-familiar me-
ridional dipole indicating a poleward shift of the clima-
tological mean divergence field in the lower and
midlayers, as well as a single-signed increase in upper-
tropospheric divergence over the Sahel region. The
increase in upper-tropospheric divergence indicates in-
creased deep ascent over the Sahel, consistent with
precipitating convection. Near the climatological ITCZ,
around 8°N, upper-level divergence increases little,
suggesting the ITCZ is expanding northward more than
shifting northward. Farther north, in the shallow circu-
lation around 20°N, the asymmetry in the meridional
shift is more clearly evident than in our previous de-
piction, with stronger changes on the equatorward lobe
of the dipoles, implying that the Saharan SMC weakens
as it shifts poleward. There are some differences be-
tween ERA-Interim and MERRA-2, with the negative
anomaly of midlevel divergence being more intense in
MERRA-2. Nevertheless, both reanalyses have asym-
metric meridional dipoles in the anomalous lower- and
midlevel divergence.

We wish to quantify any net change in strength of the
Saharan SMC and determine if that change is statisti-
cally significant after removing the effect of the north-
ward shift. To do this, we horizontally average the
anomalous midlevel divergence over a domain large
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(c),(d) As in (a) and (b), but for MERRA-2.

enough to encompass the meridional dipoles in that
field. The changes in low- and midlevel divergence as-
sociated with the Saharan SMC are confined to the re-
gion between 10° and 25°N (Figs. 8¢ and 9b,d). So we
horizontally average the layer-integrated divergence
anomalies over 10°-25°N, 10°W-25°E, thereby removing
the antisymmetric component of the dipole and
leaving a residual that corresponds to a net strengthen-
ing or weakening of divergence in each layer over the
combined Sahel-Sahara region. The 10°N bound may be
located slightly too far south and thus include di-
vergence changes associated with shifts of the ITCZ, but
those changes are expected to reduce the magnitude of
any signal indicative of a weakening SMC (e.g., see the

mm ™! day). Statistically significant slopes are shown in dark, solid colors.

low- and midlevel anomalies in Fig. 8¢). Indeed, aver-
aging over the even larger region of 5°-25°N decreases
the magnitude of the net divergence variations (which
are presented below) but does not qualitatively change
the result.

The result of this area averaging of the layer-integrated
divergence shows that during wet Sahel years, upper-
level divergence increases, midlevel divergence de-
creases, and any changes in low-level divergence are not
statistically distinct from zero (Fig. 10a). Layer-averaged
humidity also increases (this will be further discussed in
the next section). A strengthening of the Saharan SMC
would consist of a decrease in low-level divergence (en-
hanced convergence) and an increase in midlevel
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10°W-25°E.

divergence; our area-averaged results have the opposite
sign at midlevels. Furthermore, Fig. 10b shows midlevel
divergence is strongly anticorrelated with upper-level
divergence, indicating that the enhanced upper-
tropospheric divergence during wet monsoon years is
balanced, in the summer-mean column mass budget, by
decreased midtropospheric divergence. This balance is
quantitatively confirmed by the fact that the regression
coefficient relating upper- and midlevel layer-integrated
convergence is approximately —1. Interannual variations
in the deep, precipitating monsoon circulation thus can-
not be captured by a classic first-baroclinic mode that has
maximum convergence near the surface and divergence
at upper levels. Thorncroft et al. (2011) showed that the
climatological mean moisture flux convergence in the
Sahel has a complicated vertical structure with a weak
maximum in our midtropospheric layer associated with
flow in the Saharan SMC, so it is perhaps not surprising
that variations in the flow also do not have a simple
classical structure. This issue is discussed further in the
next section in the context of our idealized simulations.

7. Model of a weakening and shifting Saharan SMC

Our idealized WRF Model integrations, performed at
15-km horizontal resolution on a zonally periodic
B plane, are detailed in section 2 and in Shekhar and
Boos (2016). A variety of surface albedo and SST forc-
ings were applied individually about a control state to
form an ensemble of model integrations. Instead of

examining interannual variability within individual
integrations, we look at the intraensemble variability
of the long-term time-mean state and compare it to
interannual variability within the reanalyses. Because
of the zonally symmetric boundary conditions of the
idealized model, the time-mean zonal wind is non-
divergent, and there are no large-scale dynamical
forcings such as those associated with ENSO or the
South Asian monsoon, which could produce differ-
ences between observed interannual variability and
the model intraensemble variability. Nevertheless, we
find quantitative similarities in the statistical associa-
tion between simulated monsoon precipitation and
multiple dynamical variables.

The ensemble members are strongly forced (e.g.,
Saharan albedo changes of 0.1-0.2) so represent a wider
range of ITCZ and SMC locations than is observed in
the modern historical record. After a spinup period,
each ensemble member produces a different climato-
logical state (averaged over four 3-month summer sea-
sons) in response to the applied perturbations. Figure 11
shows how the time-mean mass streamfunction [ob-
tained using the method of D66s and Nilsson (2011)]
changes between integrations having the driest Sahel
and those with the wettest Sahel (the model Sahel is also
defined as the region 10°-20°N). In the ensemble mem-
ber with the lowest precipitation, deep ascent peaks at
8°N and ascent in the SMC is well separated with a peak
at 17°N. In this state, the summer Hadley cell is strong,
the cross-equatorial winter Hadley cell is relatively
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weak, and the SMC is relatively strong. As precipitation
increases over the Sahel box (e.g., Fig. 11c), the ITCZ
moves poleward into the continent, the winter Hadley
cell strengthens, the summer Hadley cell weakens, and
the separation between the SMC ascent and the ITCZ
decreases. As Sahel precipitation increases further (e.g.,
Fig. 11e), the winter Hadley cell continues to strengthen,
the summer Hadley cell continues to weaken, and the
shallow SMC ascent begins to merge with the ITCZ.

Quantitatively comparing our idealized model with
observations is complicated by the task of choosing an
appropriate region over which to average pre-
cipitation and divergence. In the reanalyses, the Sahel
(10°-20°N) always lies on the poleward edge of the
ITCZ, and the ascending branch of the Saharan SMC
is centered in the region over which we averaged di-
vergence (10°-25°N). In the idealized model, the
ITCZ and SMC move over a much wider latitude
band, with the ITCZ centered south of the averaging
region in some integrations and squarely within it in
others (Fig. 11). Nevertheless, ascent in the model
SMC always lies between 10° and 25°N, so variations
in the strength of midtropospheric divergence pro-
duced by the Saharan SMC should be well captured by
averages of the layer-integrated divergence between
those latitude bounds. For this reason, we average
precipitation and layer-integrated divergence over the
same regions chosen for the reanalyses.

As expected, the observed interannual variability of
both Sahel precipitation and SMC latitude is much
smaller than variability in the model ensemble
(Fig. 12a). There is quantitative agreement between
the regression coefficients based on observed and
simulated variables: the 95% confidence interval for
the slope of model Sahel precipitation regressed on
model SMC latitude overlaps with that of both ERA-
Interim and MERRA-2. The idealized model also
exhibits associations between Sahel precipitation and
upper-level divergence, midlevel convergence, and
area-averaged, layer-integrated humidity that are
quantitatively similar to those seen in observed in-
terannual variability (Fig. 12b). This agreement is
remarkable given that the model was not tuned to
observed interannual variability: these simulations
were performed for a different study (Shekhar and
Boos 2016) that was completed before this analysis
was undertaken. However, the idealized model dis-
agrees with observations in that it simulates enhanced
low-level convergence when there is enhanced Sahel
precipitation (recall that the reanalyses indicate a
weak reduction of low-level convergence during
anomalously rainy years). Enhanced precipitating
ascent in the idealized model thus seems to be better
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degrees of freedom (11), critical R values are 0.552, 0.683, and 0.800 at the 0.05, 0.01, and 0.001 significance levels.

described by a classic first-baroclinic mode vertical
structure than in reanalyses. Whether this means that
the model is unsuitable for representing interactions
between the monsoonal ITCZ and the Saharan SMCis
unclear, in large part because there has been little
study of the implications of deviations from a first-
baroclinic mode structure for variability in monsoons.

Despite some bias in its simulation of the vertical
structure of the ITCZ, this idealized model clearly
simulates a weakening and poleward shift of the Saharan
SMC circulation in states with enhanced Sahel pre-
cipitation. Furthermore, the model results suggest that
the circulation over West Africa exists on a continuum.
At one end of the continuum, dry states have a coastal
ITCZ close to the equator, large separation between the
ITCZ and ascent in the SMC, and a strong Saharan SMC
circulation with abundant midtropospheric divergence.
At the other end of the continuum, the ITCZ is posi-
tioned much farther poleward in a continental location,
the winter Hadley cell is stronger while the summer
Hadley cell is weaker, and the overturning mass flux and
midtropospheric divergence in the Saharan SMC are
weaker. In that state, which is an idealized analog of
observed wet Sahel years, the ascending branches of the
SMC and ITCZ have begun to merge to produce a

vertical structure closer to that of first-baroclinic mode
ascent common in deep convective regions.

8. Discussion

Previous work found intriguing associations between
Sahel precipitation and the strength of both the Saharan
low that stretches across Africa and the SHL in the
western Sahara. At interannual and longer times scales,
an enhancement of either the Saharan low or the SHL is
associated with increased rainfall over the Sahel (e.g.,
Haarsma et al. 2005; Biasutti et al. 2009; Lavaysse et al.
2016, section 4). However, previous studies did not ex-
amine the detailed changes in the three-dimensional
lower-tropospheric circulation that stretches across
northern Africa—the Saharan SMC. Martin and
Thorncroft (2014) argued that a strong springtime shal-
low meridional circulation across West Africa accompa-
nied enhanced summer rainfall over the Sahel during
decades when the North Atlantic was anomalously warm.
Martin and Thorncroft (2014, p. 31) claimed that “the in-
tensified shallow meridional overturning circulation in-
creases moisture flux into the Sahel from the south during
spring,” describing a mechanism in which an intensified
mass flux in an SMC causes enhanced Sahel rainfall.
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Here, we find the changes in lower-tropospheric winds
and geopotential during wet Sahel years are best de-
scribed as a poleward shift and weakening of the
Saharan SMC. At low levels, the decrease in geo-
potential was located north of the climatological mean
geopotential minimum, suggesting a northward expan-
sion or shift, rather than an intensification, of the low-
level trough during wet monsoon years. When the linear
relationship between the 925-hPa trough latitude and
Sahel precipitation was statistically removed, effectively
subtracting the poleward shift of the Saharan low from
the geopotential field, no statistically significant re-
lationship remained between Sahel precipitation and
Saharan 925-hPa geopotential.

Our analyses of ascent and horizontal divergence
showed that the divergent component of the Saharan
SMC weakened and shifted poleward during wet Sahel
years. Upper-tropospheric divergence over the Sahel
increased during wet years, as expected for a deep,
precipitating monsoon circulation. Shallow ascent in the
Saharan SMC shifted poleward and weakened during
wet years, as evidenced by the meridionally asymmetric
dipole of anomalous vertical velocity in the lower tro-
posphere over the Sahara (Fig. 8f). Asymmetric merid-
ional dipoles were also seen in the divergence integrated
over the lower and middle troposphere, confirming this
weakening and poleward shifting of the shallow circu-
lation. The increased upper-level divergence during wet
years is balanced, in the column integrated mass budget,
by decreased divergence in the lower midtroposphere,
indicating some departure from classic first-baroclinic
mode structures that have maximum convergence near
the surface. Nevertheless, these results suggest a trade-
off between the shallow and deep modes of vertical as-
cent, where unusually wet years exhibit a stronger deep
circulation and weaker Saharan SMC.

An idealized model of the West African monsoon was
used to produce an ensemble of integrations forced by
applied SST and land surface albedo anomalies. This
ensemble explores a variety of climatic states with a
much greater range than that of interannual variations in
reanalyses. Nevertheless, without any tuning, the intra-
ensemble variability of the idealized model climatolog-
ical means exhibits a similar relationship between the
Saharan SMC and Sahel precipitation seen in observed
interannual variability. Increases in deep, precipitating
ascent in the model were better described by a classic
first-baroclinic mode than they were in reanalyses, but
both the model and the reanalyses clearly showed a
weakening of midtropospheric divergence in the
Saharan SMC as monsoon precipitation increased.

All of this supports the hypothesis that the Saharan
SMC inhibits, rather than strengthens, Sahel precipitation.
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This is consistent with the results of Peyrillé and Lafore
(2007), who showed that dry and warm outflow from the
Saharan high weakened Sahel precipitation in another
idealized model and that this weakening was stronger than
any strengthening produced by an enhanced poleward
moisture flux at low levels in the SMC. As mentioned in
the introduction, Zhang et al. (2008) also suggested that
midlevel warming and drying by SMC outflow inhibits the
northward progression of Sahel rainfall during early
summer. Studies of other monsoon regions have also
provided evidence that a stronger SMC causes weaker
monsoon rainfall: Xie et al. (2010) established a relation-
ship between midlevel advective drying and reduced
rainfall on intraseasonal time scales in the Australian
monsoon, while Parker et al. (2016) showed that the
summer onset of monsoon rains is accompanied by the
weakening of midlevel advective drying. Although our
observational results do not establish causation in the as-
sociation between Sahel rainfall and the strength and lo-
cation of the Saharan SMC, they do disprove the
hypothesis that increased Sahel precipitation is caused
by a strengthening of the SMC. In our idealized model, the
ultimate cause of changes in precipitation was anomalies
in SST and land surface albedo, but variations in the Sa-
haran SMC could be part of the mechanism by which those
forcings influence Sahel precipitation.

A few major caveats are worth noting. First, we focus
on interannual variations of Sahel precipitation with the
linear trend removed. As Lavaysse et al. (2016) show, at
subseasonal and decadal time scales, the relationship
between Sahel precipitation and the near-surface Sa-
haran low is zonally heterogeneous, whereas we take
largely a zonal mean approach to analyze the Saharan
SMC. Second, we remove the long-term trends primarily
for reasons of data quality, and there may be interesting
trends in the SMC that we cannot detect. Third, Fig. 3c
showed that variations in GPCP precipitation exhibit a
“monopole” pattern over West Africa since 1979 on
interannual time scales. The reanalysis precipitation
fields in ERA-Interim and MERRA-2 show more of a
dipole pattern of interannual variability over this period,
with a statistically significant decrease in precipitation
over the Gulf of Guinea (5°-10°N) during wet Sahel
years (not shown). This dipole pattern of precipitation
anomalies, which is consistent with a meridional shift of
the ITCZ and which characterized rainfall variations
earlier in the twentieth century (Losada et al. 2012), has
not been seen in precipitation measurements after the
1970s. So it seems possible that the reanalyses are
representing a biased spatial pattern of precipitation
variability during the past few decades, assuming the
precipitation observations are not themselves in error.
This uncertainty in precipitation over the coastal Gulf of
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In all panels, zero contours are omitted, and negative contours are dashed.

Guinea region influenced our decision to use 10°N
as the southern boundary when calculating area-
averaged, layer-integrated divergence so that this
uncertain region is excluded. Even if the reanalyses
have a biased representation of interannual variability
in this region, it seems unlikely that this is large
enough to change our broad conclusions (e.g., the sign
of correlations between Sahel precipitation and geo-
potential height, divergence, and Saharan ascent
would need to be wrong in two reanalysis products).
Confirmation of some of these associations in an ide-
alized model lends further confidence to our results.
Nevertheless, it is good to bear in mind that reanalyses
have bias, even while they remain a useful tool for
understanding historical atmospheric variability over
the last few decades.

Important questions remain. Does the association
between a weak Saharan SMC and increased Sahel
rainfall result from a time average of a similar asso-
ciation on intraseasonal or synoptic time scales?

Answering this question is complicated by the fact
that recent studies of subseasonal variability of the
Saharan circulation have focused on selecting periods
when the regional maximum of LLAT over north-
western Africa (i.e., the darkest green shading in
Fig. 5e) had an extreme value (Lavaysse et al. 2009,
2010a,b). This approach tends to select periods with
strong near-surface cyclonic flow west of the date line;
the concurrent precipitation anomalies are positive
over the Gulf of Guinea and the central Sahel but
negative over the far western Sahel. That pattern of
anomalous rainfall is distinct from the nearly zonally
symmetric structure seen when the rainfall itself is
used to create composites or regressions (e.g.,
Fig. 3c). Vizy and Cook (2014) documented an asso-
ciation between surges of cold air across the Sahara
and reduced precipitation over the eastern Sahel on
both intraseasonal and interannual time scales, but
the spatial structures of the precipitation and dy-
namical anomalies associated with those cold surges
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were very different from those of the anomalies we (e.g., Charney et al. 1975; Zheng and Eltahir 1998).
studied here. Although the mechanisms of sub- Our results disprove the idea that a stronger Saharan
seasonal variability are important, there is a long SMC causes enhanced Sahel rainfall in the summer
tradition of using two-dimensional models of atmo- mean (e.g., Martin and Thorncroft 2014) and are in-
spheric meridional overturning circulations to rep- stead consistent with the idea that the SMC inhibits
resent the seasonal-mean West African monsoon Sahel rainfall by mixing dry air into that region.
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APPENDIX

Zonal Similarities and Differences

Recent work has focused on the relationship between
the Saharan heat low in the western Sahara and its re-
lationship to precipitation over the Sahel (e.g., Lavaysse
etal. 2016). In section 4, we show there is also a region of
enhanced LLAT in the eastern Sahara, extending along
the 20°N parallel (Fig. Se). Although this feature in the
eastern Sahara is not commonly called the SHL—that
term seems to be reserved for the heat low in the western
Sahara—a heat low circulation is nevertheless present in
the eastern Sahara (Figs. Ala,b). This circulation in-
cludes an SMC marked by near-surface horizontal
convergence, shallow ascent, and midlevel horizontal
divergence. In the western Sahara, the shallow ascent
extends from approximately 15°-25°N, while in the
eastern Sahara, it is more meridionally confined, ex-
tending from approximately 14°-22°N. The deep circu-
lation also exhibits some zonal inhomogeneity: as one
moves east across Africa, the ITCZ shifts closer to the
equator and is associated with more intense and me-
ridionally broader ascent. The ITD, as measured by the
zero in near-surface meridional wind (Figs. Alc,d) also
moves toward the equator as one moves east. This is
consistent with the slight tilt of the low-level geo-
potential trough shown in Fig. Sa.

Fig. A2 shows dynamical fields zonally averaged over
the western and the eastern parts of our analysis domain
regressed on our standard Sahel precipitation time se-
ries; no meaningful differences are found when using
precipitation indices derived separately from the eastern
and western portions of the domain (not shown). Re-
gressions of horizontal divergence (Figs. A2a,b) show
the SMC shifts north in both the eastern and western
portions of the domain, but the shift is more pronounced
and statistically significant in the eastern portions of the
domain. In contrast, the western part of the domain
exhibits more of a weakening of the southern half of the
SMC. Regressions of pressure velocity (Figs. A2c,d)
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show essentially the same picture, with the SMC shift
showing a dipole in both eastern and western regions,
but anomalous subsidence dominating the western re-
gion and ascent dominating the eastern region. This
shows that if one were to consider the western region
alone, the region with the SHL, wet years would be as-
sociated with a decrease in the upward shallow mass flux
in the SHL. Thus, our conclusion that the SMC weakens
during wet Sahel years becomes even stronger when one
limits the analysis to the western part of our domain.
Averaging over a broader zonal region makes the me-
ridional dipole in anomalous shallow ascent (Fig. 8f)
show greater meridional antisymmetry.

There is a great deal of similarity between the zonal
wind anomalies in the eastern and western regions
(Figs. A2e,f), although the barotropic subtropical jet
seems to change more in the western region. The
southward wind at 700 hPa (the top of the SMC) is
stronger in the eastern domain because that region
lies on the eastern edge of the 700-hPa anticyclone
(Figs. A2g.,h); the southward 700-hPa wind over the
Sahel weakens more in the eastern region during
wet years, providing yet another indicator of the
weakening of the entire shallow circulation over
the Sahara.
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