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1. Introduction

Climate change has footprints across the planet; how-
ever, certain regions are disproportionately affected.
Africa is less responsible for the occurrence of anthro-
pogenic climate change than any other continent (Fields
2005) but more vulnerable to its effects on account of its
high population, low adaptive capacity, and multiple
converging stressors (Busby et al. 2014; Fields 2005;
Niang et al. 2014). Africa is furthermore an interesting
case study for climate change due to its unique climato-
logical features. It is the only continent that has almost
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equal parts in the Southern and Northern Hemispheres
(Collins 2011) and thus is home to a wide variety of cli-
mate zones. It consists of the Sahara Desert and Sahel in
northern Africa, the Namib-Kalahari Desert in southern
Africa, tropical rain forest in equatorial Africa, and
grasslands and savanna in between. The prevalence of
land surface effects, internal climate variability, and
sensitivity to global sea surface temperatures make the
continent climatically complex (Hulme et al. 2001).
Several studies have investigated the trends in pre-
cipitation and surface air temperature over the conti-
nent. Precipitation variability occurs on a range of
climate time scales; low-frequency variability, charac-
teristic of West Africa and the Sahel, is associated with
multidecadal changes in sea surface temperature (SST)
and atmospheric circulation (e.g., Nicholson 2001;
Zhang and Delworth 2006; Nigam and Ruiz-Barradas
2016) whereas higher-frequency variability, seen in
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eastern and southern Africa (e.g., Nicholson and Kim
1997; Schreck and Semazzi 2004), is connected to El
Nifio-Southern Oscillation (ENSO; Philander 1990) and
other subdecadal processes (e.g., Hulme et al. 2001;
Nicholson 2001; Omondi et al. 2013).

Precipitation trends have been particularly well studied
over the Sahel region. The drying trends have been re-
lated to land surface processes, including amplification of
meteorological drought from biophysical (Charney
1975) and surface hydrologic feedbacks (Nicholson
2000). Regional and global patterns of SST anomalies
have also been implicated (Folland et al. 1986; Giannini
et al. 2003) as have sulfate aerosols in the Northern
Hemisphere through their effect on Atlantic SSTs
(Biasutti and Giannini 2006). The 1980s Sahel
drought—the most intense episode of the twentieth
century—has been attributed to the circulation change
associated with Indian Ocean warming (Hagos and
Cook 2008), and the drought recovery linked to higher
levels of greenhouse gases in the atmosphere (Dong and
Sutton 2015). Sahel rainfall has also been linked to
Atlantic multidecadal oscillation (AMO) variability
(Knight et al. 2006; Zhang and Delworth 2006; Mohino
et al. 2011; Nigam et al. 2011; Martin and Thorncroft
2014; Nigam and Ruiz-Barradas 2016), with the cold
AMO phase coincident with extended droughts over
the Sahel.

Causes of surface temperature variability are less
well established (Collins 2011), although an amplified
warming signal has been detected over the Sahara
Desert in recent decades (Cook and Vizy 2015; Zhou
2016; Vizy and Cook 2017).

The importance of agriculture in the African econ-
omies warrants a seasonally resolved analysis of
hydroclimate variability and change over the African
continent. The seasonality of trends in temperature and
precipitation over Africa has been briefly examined in
earlier studies. Temperature trends over the continent
as a whole were found to be greater in summer and fall
than in winter and spring (Collins 2011; Hulme et al.
2001), with significant winter warming in northern
tropical Africa and significant summer warming across
the continent, and specifically the Sahara (Collins 2011).
Documented precipitation trends, other than over the
Sahel, include the decreasing spring rainfall trend over
East Africa (Williams and Funk 2011; Rowell et al. 2015;
Maidment et al. 2015) and continental-scale seasonal
precipitation trends (Hoerling et al. 2006); the latter
have been plotted but not extensively discussed. The
need for analyzing seasonal rainfall in tropical regions
has been noted (Feng et al. 2013).

Global climate change often leads to the wet regions
getting wetter and the dry ones drier (Chou et al. 2013),
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suggesting adverse impacts on deserts. The impact on
the Sahara is of great importance for the proximal
countries in northern Africa as well as for remote re-
gions through the influence of Saharan dust on SSTs and
Atlantic hurricane activity (Evan et al. 2016). Previous
studies have estimated the size of the annual-mean
Sahara Desert (Tucker and Nicholson 1999; Tucker
et al. 1991) but only over the recent satellite-era periods
ranging from 10 to 17 years. The century-long seasonal
trends in the expanse and extent of the Sahara Desert,
whose structure and mechanisms concern this study,
have hitherto remained undocumented to the best of our
knowledge. A seasonally stratified perspective is at
some variance with the classical notion of the desert
(based on an annual-mean view) but is nonetheless
pursued in the interest of agriculture and water resource
planning. It is, of course, complemented by analyses of
the annual-mean hydroclimate trends, yielding twentieth-
century expansion rates for the conventionally defined
Sahara Desert.

The present study expands on previous work by ex-
amining the regional structure of the century-long sea-
sonal trends in temperature and precipitation over the
African continent, with the Saharan expanse being one
of the foci. Characterization of the trends is a necessary
first step before investigation of the underlying mecha-
nisms; a follow-on study targeting the mechanisms is
planned. The datasets and analysis methods are de-
scribed in section 2. The seasonal climatology of near-
surface air temperature (SAT) and precipitation over
the African continent are outlined in section 3 to pro-
vide context for characterization of the century-long
seasonal hydroclimate trends in section 4. Expansion of
the Sahara Desert over the twentieth century is dis-
cussed in section 5, and the winter and summer expan-
sion mechanisms are investigated in section 6. An
assessment of the seasonal temperature and pre-
cipitation trends over the African continent in the
twentieth-century historical simulations from five cli-
mate models used in the IPCC Fifth Assessment Report
(ARS5) are shown in section 7. Concluding remarks, in-
cluding the influence of multidecadal SST variability on
the Sahara Desert’s twentieth-century expansion rate,
and plans for future work follow in section 8.

2. Datasets and analysis method

The study focuses on centennial trends rather than
multidecadal variability (a more common analysis focus)
of African hydroclimate. Linear trends in temperature
and precipitation are computed from least squares fit-
ting using seasonally averaged data. To avoid confusion
given Africa’s expansive footprints in both hemispheres,



1 MAY 2018

seasons are referred using their boreal definition: Winter
is the average of December, January, and February
(DJF), and so on. For the historical climate simulations,
linear trends are computed by averaging the linear trends
manifest in the ensemble members of that model.

a. Observational datasets

Three independent analyses of the observed SAT are
used in this study: The CRU TS4.00 monthly analysis
from the Climate Research Unit of the University of
East Anglia (Harris et al. 2014) is available on a 0.5°
continental grid for the January 1901-December 2014
period, from http://www.crudata.uea.ac.uk/cru/data/hrg/
cru_ts_4.00/. Berkeley Earth’s monthly analysis of sur-
face temperature anomalies relative to the 1951-80 cli-
matology (Rohde et al. 2013) is available on a 1.0° grid
for the period January 1850-December 2015; it is
downloadable from http://berkeleyearth.org/data/. Fi-
nally, the NASA Goddard Institute for Space Studies
(GISS) analysis of SAT anomalies relative to the 1951—
80 baseline (Hansen et al. 2010) is available on a 2.0°
land—ocean grid for the January 1880-September 2015
period from http://www.esrl.noaa.gov/psd/data/gridded/
data.gistemp.html. The datasets are converted to a
common 0.5° resolution using bilinear spatial interpo-
lation. The number of missing data points in space and
time, or data density, is assessed for each SAT analysis
and reported in the appendix A.

The Global Precipitation Climatology Centre (GPCC;
Becker et al. 2013) provides a monthly analysis of pre-
cipitation from quality-controlled rain gauge data;
GPCC’s Full Data Reanalysis version 7 data are avail-
able on a 0.5° continental grid from January 1901 to
December 2013, from http://www.esrl.noaa.gov/psd/data/
gridded/data.gpcc.html#detail. The monthly precipitation
database informing the GPCC analysis is, perhaps, the
largest among competing analyses (Schneider et al. 2014,
their Fig. 2), prompting its use in constraining NASA’s
Tropical Rainfall Measuring Mission (TRMM) pre-
cipitation (https://mirador.gsfc.nasa.gov/collections/ TRMM_
3B42_daily__007.shtml). Sahel rainfall is defined as the
area-averaged rainfall within 20°W—-40°E and 10°-20°N,
following Held et al. (2005).

The NCEP-NCAR reanalysis (Kalnay et al. 1996) is
used for calculating the core latitude of the subtropical
tropospheric jet in northern winter, following the method
of Archer and Caldeira (2008) with integration over the
latitude band 15°—45°N. The 2.5° resolution reanalysis is
obtained from http://iridl.ldeo.columbia.edu/SOURCES/.
NOAA/NCEP-NCAR/.CDAS-1/MONTHLY/.

Several climate indices are used in the study: The
Atlantic multidecadal oscillation (Enfield et al. 2001;
Kavvada et al. 2013) index was computed as the linearly
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detrended seasonal SST anomaly over the North At-
lantic (0°-60°N, 75°-5°W), following Enfield et al.
(2001); SST from the HadISSTv1.1 analysis (Rayner
et al. 2003) was used. An additional marker of AMO
variability was the principal component extracted from
an extended empirical orthogonal function (Weare and
Nasstrom 1982) analysis of HadISSTvl.1 SST data
(Guan and Nigam 2009; A. Sengupta et al. 2018,
unpublished manuscript). The Pacific decadal oscilla-
tion (PDO) index was obtained from http://jisao.
washington.edu/data/pdo/ where it is defined as the
leading principal component of monthly SST anoma-
lies in the North Pacific basin (poleward of 20°N; Zhang
et al. 1997).

Streamflow data for the Niger River were obtained
from NCAR’s monthly flow rate archive (https://rda.
ucar.edu/datasets/ds552.1/; Dai and Trenberth 2003).
Station 9142 (Koulikoro; 12.887°N, 7.54°W) was used as
it has the longest record among stations in the source
region of the Niger River. The record extends from
January 1907 to December 1990.

b. Historical climate simulations

Simulations of twentieth-century climate forced by
historical greenhouse gas emissions, aerosol loadings,
and solar activity are referred to as historical climate
simulations (Taylor et al. 2012). In this study, five
models contributing to the IPCC ARS are analyzed:
NCAR'’s CCSM4, which is available for the 1850-2005
period on an approximate 1.25° X 0.942° longitude—
latitude grid; NOAA’s GFDL CM3, which is available
for the 1860-2004 period on a 2.5° X 2.0° grid; the Met
Office’s HadCM3, which is available for the 1860-2005
period on a 3.75° X 2.5° grid; the Met Office’s
HadGEM2-ES, also available for the same period but
on 1.875° X 1.25° grid; and the Max Planck Institute’s
MPI-ESM-LR simulation, which is available for the
1850-2005 period on an approximate 1.875° X 1.865°
grid. (Expansions of acronyms are available online at
http://www.ametsoc.org/PubsAcronymList.)

c. Desert expansion

Two methods are used to quantify desert expansion
during the 1902-2013 period. In both methods, a precip-
itation threshold is chosen to define the desert boundary;

two threshold values—100mmyr ! (or 0.274 mm day ')

and 150mmyr ' (or 0.411mm day ')—based on pre-
vious definitions of the annual-mean Sahara boundary
(e.g., Tucker and Nicholson 1999; Breman and deWit
1983) are used. Two thresholds were considered so that
sensitivity of the desert-area trend to the desert defi-
nition can be assessed. Desert area is computed by
taking an area sum after weighting each grid-cell area
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Statistical significance of individual linear trends at
the 95% confidence level was assessed using the so-
called AdjSE+AdjDF approach of Santer et al.
(2000). This method employs an effective sample size
based on the lag-1 autocorrelation coefficient of the
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regression residuals. The statistical significance of
correlation coefficients was calculated using the
method outlined in Ebisuzaki (1997), which is useful
for time series with high serial correlation. Signifi-
cance of the correlation coefficients is noted in
the text.

3. Seasonal climatology

The seasonal cycle of rainfall over the African conti-
nent is shown in Fig. 1. Rainfall is larger, not surpris-
ingly, in the summer hemisphere: over tropical West
Africa, the Sahel, and Ethiopia in boreal summer
(JJA) and over the Congo and Zambezi basins in austral
summer (DJF). The similarity of the March-May
and September-November rainfall distributions—with
equatorial Africa, especially the Congo basin, being the
rainfall focus—reflects the similar insolation distribu-
tion over the continent at these times from the Sun being
overhead twice at the equator each year, during the
vernal (late March) and autumnal (late September)
equinox. The Sahara Desert is, however, drier in spring
thanitisin fall, and the Namib-Kalahari Desert likewise
is drier in its spring than fall. The strong latitudinal
gradient in precipitation at the southern boundary of
the Sahara is a notable feature in all seasons, with the
movement of this gradient over time having implications
for regional agricultural productivity.

The desert boundary, based on seasonally averaged
rainfall threshold of 0.274 mm day ' (or 25 mm season '),
is shown in thick black contours in Fig. 1; boundaries
based on the annual-mean threshold of 0.274 mm day '
are shown in Fig. Cl in appendix C. The Sahara ex-
panse is largest in boreal winter and smallest in boreal
fall (see Table 1); the larger threshold (0.411 mm day '
or 37.5mm season ') yields the smallest expanse in
summer; both analysis methods return the same sea-
sons for maximum and minimum expanse (cf. Table 1).
In winter, the dry region extends from ~10° to ~30°N,
but in summer the Sahel rainfall pushes the Sahara’s
southern edge closer to 20°N. Likewise, the Namib—
Kalahari Desert in Southern Hemisphere Africa is
most expansive in austral winter, consistent with the
notion of the desert location under the descending
branch of the meridionally overturning Hadley circu-
lation; the Hadley descent is most intense in each
hemisphere’s winter (e.g., Nigam and Chan 2009).

The seasonal distribution of climatological SAT is
also shown in Fig. 1, using red contours. The warmest
temperatures are found in boreal summer when SAT
exceeds 33°C over western Saharan Africa. The coldest
temperatures occur northward of the Atlas Mountains
in Algeria and Morocco in boreal winter. A local
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minimum in SAT exists over Ethiopia in all four seasons where SAT is notably higher in boreal spring, likely
due to the high elevation of the Ethiopian Highlands. because of the preceding dry season (winter) and de-
The spring and fall distributions exhibit less similarity in  pleted soil moisture stores, which would preclude latent
SAT than in rainfall, especially over sub-Saharan Africa  disposition of increased spring insolation.
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recent period. An increasing amplitude can worsen heat
stress, as over central-southern Sudan (to the west of the
White Nile) where twentieth-century SAT trends are

analyses of SAT observations are shown in Fig. Al of
appendix A, for reference.)
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in winter, with notable intrusions in Nigeria, Came-
roon, and the Central African Republic.

The centennial change in the Sahara’s summer extent
is through the equatorward advance of its southern
boundary (Fig. 4) which is climatologically located
at ~20°N because of robust summer rainfall in the
northern tropics including the Sahel (0°-20°N; cf. Fig. 1).
Much as with the winter desert advance at the northern
boundary, the southern advance is sectorally focused,
with intrusions in Mauritania to the west and Niger and
Chad in the central sector. The countries most impacted
by the Sahara Desert’s seasonal and annual-mean ad-
vance are listed in Table 1.

Note that a similar demarcation of the Sahara Desert
advance is obtained from the independently analyzed
University of Delaware precipitation dataset (Willmott
and Matsuura 2015; not shown), allaying dataset de-
pendency concerns.

The annual-mean desert advance (using the 100mm yr !
threshold; see Fig. 5), provides context for the seasonal
analysis and comports with the canonical desert definitions
based on the annual-mean rainfall threshold (e.g., Tucker
and Nicholson 1999). The annual-mean advance shows
primarily southward creep relative to the annual-mean
desert boundaries (see Fig. C1).

b. The Sahara’s expanse

A quantitative analysis of the centennial change in the
Sahara Desert’s seasonal and annual-mean expanse is re-
ported in Table 1. The primary analysis is based on the
area-trend method but the endpoint method that gener-
ated Figs. 4 and 5 is also used with both desert definitions
to assess the sensitivity of the desert expansion to analysis
methods; the sensitivity to analysis period is discussed in
section 8. As noted above, the expansion has been largest
(area-wise) in boreal winter (2246000km? a 16% in-
crease) and smallest in summer (876 000km?, an 11% in-
crease) using the area-trend method with a 100mmyr !
threshold. Estimates of desert expansion from the end-
point method (noted in parentheses in Table 1), with the
same threshold, yield maximum desert expansion in winter
(2348000 km?, an 18% increase) and a minimum in spring
(1132000km?, an 11% increase). The endpoint method,
however, yields significantly larger expansions in boreal
summer and fall. As noted in section 2, the two estimates
can differ when multidecadal variability is potentially
aliased into centennial trends—the case in summer and fall
when the 65-70-yr time scale AMO variability (e.g.,
Schlesinger and Ramankuttty 1994; Kavvada et al. 2013)
exerts strong influence on Sahel rainfall (e.g., Zhang
and Delworth 2006; Nigam and Ruiz-Barradas 2016).
Percent-wise, the desert expansion is largest in boreal fall
from both methods.
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The sensitivity of the desert expansion rate to the
desert-defining precipitation-threshold is also re-
ported in Table 1. A less stringent definition, based
ona 150 mmyr ! threshold, leads to more expansive
deserts, not surprisingly, but also to smaller cen-
tennial expansions, indicating a tightening of the
meridional precipitation gradient over the century.
Percentages drop on both counts but the Sahara’s
expansion remains robust with the largest expan-
sion, as before, in boreal winter (1800000 km?,
a 12% increase); this winter expansion, from the
area-trend method, is largest both area- and percent-
wise. The weakest expansion again is in summer
(847000km?, a 10% increase). Results from the
endpoint method wusing the Ilarger threshold
are qualitatively similar to those obtained with the
lower one.

The sensitivity analysis indicates that while desert
expansion and the related area percentage vary
somewhat with the desert definition and analysis
method, one can reasonably conclude that the Sahara
Desert has grown larger, area-wise, more in winter
than in summer; percentage-wise, the summer ex-
pansion can be larger in view of the smaller (nearly
halved) climatological desert expanse in summer.
The countries bearing the brunt of the Sahara’s
northwestward-northward advance in fall-winter
are Libya, Mauritania, and Western Sahara; the
southern advance principally impacts Niger, Chad, and
Mauritania in summer, and Sudan in fall. One would be
remiss to not note the summer desertification in the
Horn of Africa, especially Ethiopia and Somalia. No-
table against this backdrop of widespread desert ad-
vance (brown shading) over the northern continent is a
sliver of green over Mali in fall, reflecting the Sahara’s
retreat.

The expansion of the Sahara Desert is also analyzed
using the conventional annual-rainfall based desert
definition. Table 1 (last column) notes the findings
from the area-trend and endpoint methods for both
the 100 and 150 mm yr ' annual-rainfall thresholds. A
slightly shorter period, beginning in 1920, is analyzed
in the annual case in order to focus on the relatively
stable rain gauge network period (S. Nicholson 2018,
personal communication). During 1920-2013, the
Sahara expanded by over 700 000 km? (or ~7600 km*yr ')
based on the 100mm yr ' definition, indicating a ~10%
expansion over its climatological area (7426000 km?).
The desert’s southward creep (cf. Fig. 5) is the major
contributor (~554 000 km? or 7.5%) to the expansion;
the northward advance (182000 km?) contributes the
remaining 2.5%. The linear trend in the Sahara
Desert’s expanse is sensitive to the analysis period
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from the potential aliasing of multidecadal variabil-
ity, as noted earlier and as further discussed in section 8
(and Fig. 8).

Unlike northern Africa, the southern continent is
devoid of any desert advance, in any direction or season.
To the contrary, the Namib/Kalahari Desert is found
retreating, albeit modestly, in austral winter (JJA) and
spring (SON) when it is, climatologically, most expan-
sive (cf. Fig. 1).

40S T

6. The Sahara’s expanse: Variation and potential
mechanisms

The Sahara Desert’s expanse during the 1902-2013
period, and not just at its endpoints, is the focus of this
section. The desert expanse in winter and summer is
plotted in Fig. 6, along with select indices of circulation
and SST variability that can provide insights on causal
mechanisms.
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FIG. 5. As in Fig. 4, but for the advance or retreat of the Sahara
Desert over the 1920-2013 period, annually. Desert identification
here is fully consistent with the canonical desert definition based on
annual-mean rainfall: a 100 mm yr~ ! threshold is used.

a. Winter variation

The Sahara’s winter expanse (Fig. 6, top) is plotted
together with the average latitude of the desert’s
northern edge using methods described in section 2. The
location of the northern edge is of interest because the
endpoint analysis (Fig. 4) showed the twentieth-century
expansion to be, principally, through the northern
boundary. Not surprisingly, winter variations in the Sa-
hara Desert expanse correlate well with the latitudinal
position of the desert’s northern boundary (Fig. 6, top);
r = 0.94 (0.88) for smoothed (unsmoothed) indices;
note that the high, statistically significant correlation
emerges not just from similar upward trends but also
from the correspondence in decadal variations. The
linear fit to the Sahara’s winter expanse is shown by the
thin black line, which is the basis for the area-trend
analysis (Table 1).

We hypothesize that the Sahara Desert’s northward
expansion in winter is due, largely, to the widening of the
tropics (Seidel et al. 2008), based on canonical un-
derstanding of the desert’s location (cf. section 3)
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relative to the descending branch of the Hadley circu-
lation. As the descending branch terminus, which de-
fines the width of the tropics, dynamically, is collocated
with the core latitude of the subtropical jet in the upper
troposphere (e.g., James 2003), the latter serves as a
convenient proxy for the width of the tropics. Previous
studies have shown that the core of the northern winter
subtropical jet has moved poleward in recent decades
(Archer and Caldeira 2008). The 30°W-60°E sector-
averaged latitudinal position of the jet in the NCEP-
NCAR reanalysis (Kalnay et al. 1996), computed using
these authors’ method, is shown by the red line in Fig. 6
(top), along with a linear fit to its variation. While both
the Sahara’s expanse and the subtropical jet-latitude
depict upward trends—and nearly identical ones (0.98 %
and 1.05% yr~', respectively) when for the same period
(1949-2013)—the two variations are modestly corre-
lated (r = 0.25; not significant at the 95% level), not-
withstanding periods (1950-65 and 1985-2013) when
they track each other closely. The similar upward trends
over the recent 65-yr period lend credence to the hy-
pothesis linking the Sahara’s increasing winter expanse
(and northern extent) to a secular change in the width of
the tropics. The modest correlation between the two on
decadal (and shorter) time scales, while detracting, at-
tests to the influence of other processes on the desert
expanse in winter, such as tropical SSTs and the North
Atlantic Oscillation (through its impact on winter storm
tracks; e.g., Linkin and Nigam 2008).

b. Summer variations

Summer variations in the Sahara Desert’s expanse,
unlike winter ones, arise mainly from the north—south
movements of its southern boundary which borders the
Sahel. The summer expanse (solid black line) exhibits
both an upward trend, highlighted by the linear fit (thin
black straight line), and notable decadal-multidecadal
variations. As areal changes result from the equator-
ward advance or poleward retreat of the desert’s
southern edge, the Sahara’s summer expanse should be
inversely linked to Sahel rainfall (defined in section 2a),
which is plotted with a dashed black line. The inverse
relationship can be visually discerned: for example, the
drying of the Sahel (a multidecadal decline in Sahel
rainfall from the mid-1950s to the mid-1980s) is co-
incident with the Sahara’s expansion; the full-period
correlation (r = —0.80; significant at the 95% level)
points to a strong inverse relationship. The anti-
correlation allows tapping into extensive analyses of
Sahel rainfall variability in the attribution of the summer
waxing and waning of the Sahara Desert.

The Sahel rainfall has been linked to AMO variability
among other processes, as noted in the introduction. To
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TABLE 1. Expansion of the Sahara Desert: seasonally during 1902-2013 and annually during 1920-2013, based on the movement of the 100 and 150 mm yr~! precipitation isolines. The
expansion is computed using both area-trend and endpoint methods; endpoint values are in parentheses. Both methods are described in section 2. The areal values are rounded off to the
nearest 1000 km? (which is about /3 of the 0.5° grid cell area at the equator). DJF refers to boreal winter months (December, January, and February), and so on. The impacted countries

are identifiable only from the endpoint method; the ones in boldface are the most impacted by desert advance.

Threshold
(mm yr~")

Annual (1920-2013)
7426 000 (6 890 000)
8528000 (7947 000)

Fall (SON)
7583000 (6 136 000)
8736000 (8018 000)

Summer (JJA)
7725000 (6198 000)
8492000 (7351 000)

Spring (MAM)
10540 000 (9 979 000)

Winter (DJF)
13 686 000 (12 868 000)
14557 000 (13 872 000)

100
150
100
150

Climatological Sahara

11420000 (10 782 000)

extent (km?)

711000 (738 000)
718000 (549 000)

876000 (1594000) 1354000 (2048 000)

847000 (1478 000)

1287000 (1 132 000)
1009000 (627 000)

2246000 (2 348 000)
1800000 (1433 000)

Sahara expansion (km?)

999 000 (1366 000)

10% (11%)
8% (7%)

Libya, Egypt, Algeria,

18% (33%)
1% (17%)

11% (26%)

10% (20%)
Mauritania, Western Libya, Egypt, Algeria,

12% (11%)

16% (18%)

12% (10%)
Libya, Egypt, Tunisia, Algeria, Morocco, Sudan, Chad,

100
150

Sahara expansion (% of

9% (6%)

climatological area)

Countries affected

Western Sahara, Mauritania,

Morocco, Western

Sahara, Mali,

Niger, Nigeria, Burkina

Morocco, Western Sahara,

JOURNAL OF CLIMATE

Mali, Niger, Chad, and Sudan

Sahara, Mauritania,

Algeria, Niger,
Chad, Libya,

and Sudan

Faso, Mali, Senegal, and

Guinea

Mauritania, Central African
Rep., Cameroon, Nigeria,
Guinea, Cote D’Ivoire,

Niger, Chad, and Sudan

Ghana, Togo, and Benin
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assess links between AMO and the Sahara’s extent, two
markers of AMO variability are plotted in Fig. 6 (bot-
tom) along with their correlations to the Sahara’s ex-
panse and Sahel rainfall. The AMO SST principal
component (dashed red line), obtained from an
evolution-centric spatiotemporal analysis of seasonal
SST anomalies in the twentieth century (Guan and
Nigam 2009; A. Sengupta et al. 2018, unpublished
manuscript), shows higher correlations with both the
Sahara’s expanse (r = —0.37; significant at the 80%
level) and Sahel rainfall (r = 0.53; significant at the 95%
level) in boreal summer.

Decadal SST variability in the Pacific basin, as typified
by the Pacific decadal oscillation (Mantua et al. 1997), is
also linked with Sahel rainfall (Villamayor and Mohino
2015; Nigam and Ruiz-Barradas 2016) albeit not as
strongly as the AMO. The PDO index, shown in Fig. 6
(solid blue line), is correlated with Sahel rainfall and the
Sahara’s expanse at —0.33 (significant at the 90% level)
and 0.27 (significant at the 75% level), respectively. A
statistical link between the PDO and Sahel rainfall
seems more intriguing than the rainfall’s link with the
AMO because the AMO SST anomalies are proximal,
with their tropical footprints offering potential mecha-
nisms for their influence. In contrast, the PDO SST
anomalies are distant and focused in the midlatitudes,
disadvantaging them from the influence potential per-
spective, especially as only the tropical SST anomalies
are generally viewed as influential on faraway regions.
Interestingly, these disadvantages disappear once one
recognizes that the PDO is not without tropical links:
Guan and Nigam (2008) showed the PDO counterpart in
their spatiotemporal analysis [called by them Pacific
decadal variability—-North Pacific (PDV-NP)] to be
linked with the tropical Indian and Pacific basin SSTs;'
see also Deser et al. (2004). The PDO’s modest influence
on Sahel rainfall, if realized through its tropical Indian
Ocean footprints, would be consistent with the findings
of Hagos and Cook (2008).

Secular change is often characterized using the
century-long linear trends in observational records, as
for the Sahara’s expanse in Fig. 6. The linear trend is
however susceptible to the aliasing of multidecadal
variability should the latter be prominently manifest in
the record, as is the case in summer (cf. Fig. 6).

! Figure 12 of Guan and Nigam (2008) shows SST regressions and
correlations on the PDV-NP SST principal component. The cor-
relation map readily reveals the tropical links, especially in the
Indian Ocean and western Pacific where smaller amplitudes of SST
variability create a detection challenge, but not for the correlation
statistic.
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FIG. 6. The Sahara Desert’s expanse during 1902-2013. [The boreal (top) winter and (bottom) summer expanse is
shown using the thick solid black line. The thin black straight line is the linear fit to the desert expanse over the entire
period; it is the basis of the area-trend analysis reported in Table 1 (line slopes are noted in the legend). The thick black
line is the linear fit to the winter desert expanse during 1949-2013—the period for which the latitude of the winter
subtropical jet is plotted (solid red line, top). The Sahara expanse trend is significant at the 95% level in winter (both
periods) and summer. Indices of SST and rainfall variability with potential links to the Sahara Desert’s summer expanse
are shown in (bottom), along with their correlation coefficients. For each index, r1 (12) is the correlation between the
index and Sahara expanse (Sahel rainfall). The AMO and PDO are displayed using their common SST indices; an SST
principal component (PC)-based AMO index is also shown. The rainfall over the Sahel is plotted as well. All time series
depict normalized anomalies after 10% Loess smoothing; the time series for the latitude of the Northern Hemisphere
(NH) subtropical jet was smoothed with a 20% Loess function. All time series are normalized by their standard de-
viations; these are 703 903 km?, 0.458 mm dayfl, 0.245, 1.005, 0.977, 1139951 km?, 1.363°, and 0.688° for the Sahara’s
summer expanse, the Sahel’s summer rainfall, the AMO index, the AMO PC, the PDO index, the Sahara’s winter
expanse, the Sahara’s northern latitude, and the NH winter jet latitude, respectively.

The origin of the 112-yr linear trend (referred to as
the secular trend) in the Sahara’s summer expanse
remains to be elucidated; the elucidation is challeng-
ing, especially, for an observational analysis. Trends
on centennial and longer time scales can potentially
result from the interaction of multidecadal variabil-
ities (e.g., the PDO and AMO,; see Fig. 8 and discus-
sion in section 8) and, of course, from the increasing
concentration of greenhouse gases and aerosol load-
ing (e.g., Held et al. 2005) and the related change in

SST distribution (Nigam and Ruiz-Barradas 2016; see
their Fig. 23.6).

7. Simulation of twentieth-century hydroclimate
trends by IPCC-ARS climate models

Climate system models contributing to the IPCC ARS
typically run in the projection mode, yielding 50-100-yr
climate change projections for various greenhouse gas
concentration scenarios. The very long-lead nature of
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8. Concluding remarks

The footprints of climate change over the African
continent are widely noted (e.g., Niang et al. 2014; WMO
2015) but even region-specific descriptions seldom stray
from the annual-mean displays of hydroclimate trends—
and this over the African continent, where the seasonal
waxing and waning of the Sahara Desert and the comple-
mentary retraction and expansion of Sahel rainfall rule the
northern continent. Southern Hemisphere Africa is also no
stranger to the munificence of the seasonal cycle, which
brings rainfall and life to vast stretches of the Namib—
Kalahari Desert in austral summer. The utility of the
seasonal perspective in climate change (i.e., seasonally
stratified centennial trends in precipitation and near-surface
air temperature) for long-term water resource man-
agement cannot, of course, be overstated.

The centennial SAT trends are larger over the
northern continent, especially in the northwestern sec-
tor and North Africa (Algeria and Libya) where they are
often greater than 1.6°C century . The trends are fur-
thermore pronounced in boreal summer, amplifying the
regional seasonal cycle (i.e., making hot summers even
hotter and exacerbating heat-related distress). Another
focal point of large SAT trends over north Africa is the
region to the west of the White Nile (central-southern
Sudan). For context, these SAT trends are not much
smaller than the largest SAT trends over North America
(e.g., Nigam et al. 2017; Fig. 1) that are manifest over
western-central Canada in winter.

Centennial precipitation trends, especially the drying
ones, are notable over the tropical continent (i.e., in the
region between the Sahara and the Namib-Kalahari
deserts). River-basin-wise, impressive drying trends are
found in the source region of the Niger River from
spring to fall (i.e., in the local rainy seasons); the decline
is impressive because it represents a 10%-25% decline
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SAT Trends Precip Trends
Winter 1902-2004  Summer 1902-2004  Winter 1902-2004  Summer 1902-2004

Observotions

NCAR-CCSM4(6)

GFDL—-CM3(5)

UKMO—HodCM3(9)

UKMO —HodGEM2 —ES(4)

MPI—ESM-LR(3)
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FIG. 8. Annual-mean Sahara Desert expanse (km?; computed from the area-trend method).
Linear trends are shown for 1902-2013 (thin black line) and 1920-2013 (thick blue line); the
values are noted in the legend. The red curve and the corresponding 1920-2013 linear trend
(thin red line) track desert expanse after removal of the AMO’s and PDO’s influence from the
precipitation data set. The area-expansion percentages are all computed using the 19022013
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climatological desert expanse.

in seasonal rainfall over the course of the twentieth
century. Another focal point of declining rainfall is the
Congo River basin, and the Blue Nile source region
around Lake Tana in Ethiopia (the latter in boreal
summer, the peak rainfall season).

When viewed together, the key features of the cen-
tennial drying trends can be interpreted as the south-
ward expansion of the Sahara Desert during boreal
spring to fall, or alternatively, as the equatorward retreat
of the northern edge of the Sahel rainfall belt. The
winter rainfall decline in northern Africa, likewise, al-
ludes to the Sahara’s northward advance. We show that
the Sahara Desert has expanded significantly over the
twentieth century—by 11%-18% depending on the
season—using conservative estimates from the area-trend
method. In winter, the desert’s northward advance
arises from the secular expansion of the tropics and the
resulting subtropical descent (and desertification). The
southward expansion in summer is linked to the SST
variability in the Atlantic and Pacific basins on multi-
decadal time scales, through the Atlantic multidecadal
oscillation’s (AMO) and Pacific decadal oscillation’s
(PDO) impact on Sahel rainfall. On centennial time
scales, the summer expansion is related to aliased
multidecadal variabilities and the increasing concen-
tration of greenhouse gases and aerosol loading (e.g.,
Held et al. 2005).

The seasonally stratified analysis of hydroclimate
trends—the focus of the study—was complemented by

analyses of the annual-mean trends. The latter, more di-
rectly relatable to deserts in view of the canonical annual-
rainfall-based desert definition, also revealed impressive
expansion rates for the Sahara Desert over the twentieth
century (Table 1, Fig. 8). The rate is however sensitive to
the analysis period, from exposure to the aliasing of
multidecadal variability (e.g., AMO and PDO) and
variability of the rain gauge network. Figure 8 plots
the linear expansion rate of the Sahara Desert’s an-
nual expanse over two different multidecadal periods,
both ending in 2013; the rates are quite variable,
ranging from 9.9% to 23%, likely from the impact of
the coarse rain gauge network in the early part of the
20th century (cf. Fig. 8).

The aliasing of multidecadal variability in the linear
trend in the Sahara’s annual-mean expanse is directly
investigated during the relatively stable rain-gauge
network period (1920 onwards) in Fig. 8. The AMO and
PDO influences are removed from the precipitation
record via linear regression.” The annual-mean Sahara

% The seasonally stratified precipitation fields are regressed onto
the seasonal AMO and PDV-NP SST principal components (PCs,
which are orthonormal; see Nigam et al. 2011) over the full period
(1902-2013). The influence of these multidecadal variability modes
is computed by multiplying their time-independent regression co-
efficients by their time-varying PC, seasonally. The influence is
then subtracted from the precipitation record, and the desert ex-
panse recomputed, as before (section 2c).
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SAT Trend Number of Data Points
Winter 1902-2014  Summer 1902-2014  Winter 1902-2014  Summer 1902-2014

CRU-TS4.00

30N,

SON4

EQ

30“‘ EEREE :

EQ+

F1G. Al. (far left) Winter (DJF) and (center left) summer (JJA) linear trends in three independent analyses of observed SAT during
1902-2014: (top) the 0.5° resolution CRU TS4.00, (middle) the 1.0° resolution Berkeley Earth, and (bottom) the 2.0° resolution NASA
GISS. Contour—shading interval and shading threshold is 0.5°C century . Fields are displayed after 9, 1, and 1 application(s), respectively,
of smth9 in GrADS. Trends significant at the 95% confidence level are stippled. (center right),(far right) As at left, but for the number of
nonmissing data points over the 113-yr period for winter and summer, respectively.

Desert expanse sans the multidecadal modes’ influ- two time series indicate that about two-thirds of the ~10%
ence is shown in Fig. 8 by the red curve. The AMO’s increase in the Sahara Desert’s annual-mean expanse
and PDO’s influence is strong during the 1970s-90s during 1920-2013 is attributable to multidecadal SST
when the red curve diverges from the black one; their variability, and the remaining one-third to the rising
contribution to the drying of the Sahel during the greenhouse gas concentrations and aerosol loadings,
1950s—-80s is evident. The different linear trends of the  and other factors.
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Niger River Streamflow Climatology and Trend (1907-1990) at Koulikoro Station
T T

T T T 5000

S
o
o
s
)

3000

gical stream flow (m?®s™!

2000 .

1000 ¢

Jan Feb Mar Apr May Jun

0
Jul Aug Sep Oct Nov Dec

FIG. B1. Monthly streamflow climatology (red line; right axis; m>s 1) and trend (black bars;

left axis; m>s ™!

yr 1) for the 1907-90 period at the Koulikoro monitoring station (12.887°N,

7.54°W) in western Mali. The station location in the source region of the Niger River is shown

using the red dot in the inset map.

There are other interesting features such as the in-
creasing rainfall trends over the African Great Lakes
during austral spring and summer. Are these generated
from trends in regional circulation and related moisture
transports (and convergence) and/or from trends in the
seasonal cross-equatorial transition/position of the in-
tertropical convergence zone (ITCZ; Waliser 2003)?
The positive (negative) rainfall trends over southern
(northern) equatorial Africa, including the African
Great Lakes, are not inconsistent with the latter possi-
bility. Regardless, these questions merit further analysis.

Finally, we show the twentieth-century historical simu-
lations produced by several climate-system models whose
climate projections informed the IPCC AR5 assessment in
2013 to be devoid of realistic centennial trends in regional
hydroclimate over the African continent. Projections of
African climate change from these models need to be
interpreted with caution. The seasonal characterization of
centennial trends in observed hydroclimate moreover ac-
cords an opportunity for evaluation of climate projection
models by expanding the phase space for model vetting.

Characterization of the seasonal twentieth-century trends
in observed and simulated hydroclimate is a necessary first
step in the documentation of climate change over the Afri-
can continent. A follow-on analysis to investigate the
mechanisms generating the seasonality and regionality of
the hydroclimate trends is clearly needed to advance the
process-level understanding of the origin of these trends. The
challenge is patent as observational records, especially of
near-surface (e.g., 925-hPa) winds, evapotranspiration, and
soil moisture are sparse over the African continent while the

current [PCC-class climate system models are unable to
simulate the hydroclimate trends in historical simulations,
precluding the use of models in attribution analysis.
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APPENDIX A

Centennial Trends in Three Analyses of SAT
Observations

The observed SAT trend in the main text (e.g., Fig. 2
refers to the average trend in three independent ana-
lyses (CRU TS4.00, Berkeley Earth, and NASA GISS)
of SAT observations. The trend and data density in each
analysis is shown in Fig. A1 for both winter and summer.
Not surprisingly, modest differences are evident on re-
gional scales (e.g., in the strength and location of austral
winter warming over southern Africa). Likewise, boreal
winter warming over Sudan has varied representation,
being strong in the CRU TS4.00 analysis but not in
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FIG. C1. Linear trend in annual-mean (left) SAT (°C century ') and (right) precipitation (mm day ™ ! century ') over the 1902-2014
period (1902-2013 for precipitation). The SAT trend is the average of the trends in three independent analyses of SAT observations (as in
Fig. 2), while the precipitation one is based on the GPCC analysis (as in Fig. 3). Thick solid brown contours mark the 100 mmyr !
climatological annual-mean precipitation isoline, and brown hatching indicates regions where climatological annual-mean precipitation is
less than 100 mm yr ', Both datasets are at 0.5° resolution. Contour and shading interval is 0.4°C century ! for SAT and as indicated by the
brown-green color bar for precipitation. Fields are displayed after nine applications of the 9-point smoother (smth9) in GrADS. Major

rivers are shown in thin blue lines and country boundaries in thin gray lines.

others. Some of these differences, undoubtedly, arise
from the spatiotemporal sparseness of the CRU and
NASA GISS datasets. A broader view, however, in-
dicates consistency on the larger scales among the three
trends, with the common features manifest in the aver-
age trend and in its discussion (section 4).

APPENDIX B

Niger River Streamflow Climatology and Trends

The strong centennial decline in seasonal precipitation
over the source region of the Niger River (Fig. 3) must
impact its streamflow. Figure Bl shows the monthly
streamflow climatology (red line) and trends (black bars)
over the 1907-90 period at a monitoring station in the
source region. Climatological streamflow is weakest in
spring even though regional precipitation is not a minimum
in this season (Fig. 1), in part because spring rainfall is ef-
fectively used in recharging soil moisture after the dry sea-
son (boreal winter). Even otherwise, a 1-2-month lag of

streamflow vis-a-vis regional precipitation is not uncommon
because of the aggregation and drainage delays generated in
large watersheds, and the temporal phasing of other surface
water losses (e.g., evapotranspiration). The streamflow
peaks in September, following the wet season (June—
August; Fig. 1), again with some delay. It is thus not sur-
prising that the streamflow trend is most negative in fall—
that is, following the season of most negative precipitation
trends (summer, Fig. 3).

The decline in Niger River’s source region streamflow
in September is very steep: A 15m’s ™! yearly decrease,
or a 1500m>s ™! centennial decrease where the climato-
logical flow is ~5000m>s ™!, represents a 30% reduction
over the twentieth century.

APPENDIX C

Annual SAT and Precipitation Trends

Figure C1 displays the linear trends in annual SAT and
precipitation over Africa. A comparison with seasonal
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trends (Figs. 2 and 3) illustrates the advantage of the
seasonal perspective adopted in the main text. While
annual-mean trends clarify the regions of greatest
warming and drying on the continent, they can mask
notable subannual (i.e., interseasonal) variations in
trends that can modulate the regional seasonal cycle:
For example, Fig. C1 shows maximum annual SAT
trends over Sudan and northern Africa but the ampli-
fication of the seasonal cycle and related intensification
of heat distress is only ascertainable from the structure
of seasonal trends, as discussed in section 4. The annual
perspective can sometimes be misleading as well, as in
the case of precipitation trends over Kenya/Tanzania
(Fig. 3), which are notable in most seasons but off-
setting, leading to an annual-mean trend of close to
zero. The impact on agriculture, however, need not be
negligible as it is sensitive primarily to the growing
seasons’ trends.
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The two images show the change in the boundaries of the Sahara Desert during the
period 1920-2013, broken down by season. Dotted lines show the boundary as it
existed in 1920, while solid lines show the boundary in 2013; both boundaries are
averaged across the three months of each season. (Winter = Dec-Feb; Summer = Jun-

Aug). Brown shaded regions indicate desert advance while green shaded regions
indicate desert retreat.



The seasonal analysis in Table-1 of the paper is for the 1902-2013 period. A slightly shorter
period - one excluding the first two decades of the 20t century - is analyzed in Table-1a
below in order to focus on the relatively stable rain gauge network period.

TABLE-1a: Expansion of the Sahara Desert seasonally during 1920-2013, based on the
movement of the 100 and 150 mm/year precipitation isolines. The expansion is computed
using both area-trend and the endpoint methods; endpoint values are in parentheses. Both
methods are described in section 2. The areal values are rounded off to the nearest 1000
km? (which is about 1/3 of the 0.5° grid cell area at the equator). DJF refers to boreal winter
months (December, January, and February), and so on. The impacted countries are
identifiable only from the endpoint method.

Guinea

Threshold | Winter Spring Summer Fall
(mm/year) | (DJF) (MAM) (JJA) (SON)
100 14,005,000 10,697,000 7,800,000 7,744,000
Climatological (13,049,000) | (10,091,000) (6,458,000) (6,483,000)
Sahara extent
(km?) 150 14,818,000 | 11,528,000 8,560,000 8,859,000
(13,965,000) | (10,823,000) (7,544,000) (8,145,000)
100 820,000 658,000 657,000 754,000
Sahara (851,000) (653,000) (1,017,000) (1,165,000)
Expansion
(km?) 150 630,000 628,000 669,000 521,000
(736,000) (487,000) (818,000) (691,000)
Sahara 100 5.9% 6.2% 8.4% 9.7%
Expansion (6.5%) (6.5%) (15.7%) (18.0%)
(% of
climatological 150 5.5% 5.4% 7.8% 5.9%
area) (5.3%) (4.5%) (10.8%) (8.5%)
Egypt, Libya,
Western
Countries Sahara,
Affected South Sudan,
Morocco, .
Central Libya,
. . Western SO
African  |Algeria, Sudan, . Mauritania,
. .. Sahara, Mali,
Republic, Chad, Nigeria, o Western
. . Mauritania,
Cameroon, Niger, Mali . . Sahara, Sudan,
L Algeria, Niger,
Nigeria, Chad
. Chad, Sudan
Benin, Togo,
Ghana, Cote
D’Ivoire,
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