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Abstract

This study investigates the changes in inter-annual summer precipitation and
the relationship with the atmospheric general circulation in the Sahara Desert
occurred in the last 40 years (1971-2010). The results show that the summer
precipitation undergone in drought recovery with a strong abrupt change at
the end of 20™ century. This change in Sahara precipitation is subsequently
accompanied with the changes in the atmospheric circulation. The Sahara
drought recovery is associated with a significant warming in the tropical and
extratropical sea surface temperature, which led to the increase in moisture
budget of the tropical African monsoon. The remarkable features such as the
strengthening in Arctic high and mid-latitude upper level westerly wind,
weakening in subpolar low and upper tropospheric zonal wind over North
Africa have shown a distinct relationship with the Sahara precipitation
changes.
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1. Introduction

The global climate change threats and stresses daily risks to the human activities,
and the lack of information is main cause of these risks [1]. The abrupt climate
change may lead to the unpredicted risks. The simple definition of abrupt cli-
mate change signifies the large and faster change to reach the breaking point of
climate in a given period [2]. The arid and semi-arid regions are vulnerable to
the climate change as well as remaining part of the globe; it is reported that the

equatorward expansion of the Sahara desert in the last 60 ka exposed the current
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relict dune in Sahel region and associated with the variability of sea surface tem-
perature (SST) over North Atlantic (NA) and atmospheric dust loading [3].

Not only the arid climate in the Sahara Desert but also the entire climate of
Africa continent in general is most vulnerable to the global change [4]. Different
studies show that the annual mean rainfall isolines range between 25 mm per
year and 50 mm per year, which defines the Sahara Desert to be an extremely
arid region [5] [6] [7]. The spatial distribution of the Sahara precipitation pre-
sents the relatively high annual precipitation in the western part, and the lowest
annual rainfall appears in the eastern in the range of 1 mm to 5 mm per year [8].
However, the current Sahara Desert is completely hot and dry, but reconstructed
climatic models shown that, around 4000 years B.C this region was green than
current situation[9]. This green Sahara was suggested by palaeobotanical evi-
dence that disappeared in Pliocene and revealed the cooling and aridification in
North Africa [9] [10]. It has been suggested that the mid-Holocene green Sahara
problem implied substantial differences in rainfall patterns presumably related
to the change in summer monsoon circulation [10] [11]. However, almost
eighteen paleoclimate models show that the increases in monsoon magnitude
over north Africa are underestimated [11].

The changes in temperature are also one of the most evident and easily de-
tected changes in climate, and the atmospheric circulation, water vapour and
rainfall also change when the whole climate system is affected [12]. The afore-
mentioned changes alter the hydrological cycle particularly type, amount, fre-
quency, characteristics, and intensity of precipitation and extremes such as flood
and drought which are prone to be increase owing to the global warming [12]
[13].

Response of regional climate to global warming has received much attention
in previous years. The Fifth Assessment Report (AR5) reported on the drying
period over tropical land areas from mid-1970s to mid-1990s and subsequent
increase in precipitation [14]. The AR5 through the Representative Concentra-
tion Pathways (RCP) projected that, the precipitation in most areas of Africa
would be stable, but the annual precipitation in Central and Eastern Africa
would increase [15]. AR5 also shows that the global precipitation trend recovery
is tied to an anthropogenic forcing, particularly in the northern latitudes [15].
Moreover, the annual precipitation over North Africa, particularly in the Atlas
Mountains and the Mediterranean climate zone will experience the decreasing
trend in mid and late 21* century for RCP 8.5 [16].

Based on satellite data, an investigation on seasonal and year-to-year precipi-
tation in Sahara Desert shows that, the year to year precipitation is characterized
by different features including mainly the two distinct (dry and wet) seasons
separated by a short transition period [17]. The dry period occurs during boreal
winter and is characterized by a relatively high precipitation but concentrated in
the northern part of Sahara under influence of Mediterranean winter period

while the summer season reveals a prominent amount of precipitation relatively
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concentrated in the southern part of Sahara with tropical rainfall dependence
[17]. This study conclude that the prevailing of mid-latitude jet stream enhances
the winter precipitation, while the African Easterly Jet (AEJ) and lower layer
moisture both subjected to the West African monsoon (WAM), affect summer
rainfall. The transition period results from the changes in rainfall types (i.e. the
change from extratropical to tropical rainfall types) is related to the changes in
moisture and zonal wind in the Northern Hemisphere (NH) [17]. However, the
previous studies strived to understand the characteristics of Sahara Desert pre-
cipitation and its connection to general circulation but the variability on the
large time scale and the climate change nexus need further research. Thus, this
study focused on the long-term variability in the Sahara precipitation and its re-
lationship to the climate change including an existence of an abrupt change and
the changes in atmospheric general circulation as the root of recent increase in
Sahara precipitation observed in the last four decades of 1971-2010. This will
lead to the further understanding of the characteristics of spatial and temporal
variability of Sahara precipitation and significantly improve our understanding
of from global change responses to the regional climates changes. It will also en-
hance our understanding to the role of climate change in arid regions particu-
larly, the vulnerability of hyper-arid climate.

The remaining sections are organised as follows. Section 2 provides a brief
description of data and methods. Section 3 presents the Spatial and temporal
variability of the Sahara precipitation. Section 4 examines the drought recovery
and its relationship to the general circulation anomalies. Section 5 provides the

conclusion and discussions.

2. Data Description and Methodology

The representative observation data are adopted from the seventh version of the
Global Precipitation Climatology Centre (GPCC) [18]. Full data provided by the
GPCC reveals conformity with in situ precipitation data set sampled for GPCC
interpolation which leads the GPCC reanalysis to be compatible with climate
monitoring on reginal-scale, model evaluation and validation, analysis of climate
variability and the water resource studies and related assessment researches [18].

The gridded monthly precipitation values over Sahara Desert are weighted
and forty years summer precipitation anomalies are calculated with respect of
the thirty years (1981-2010) climatological mean. The precipitation anomalies
are expressed in percentage (%) and calculated through the Equation (1) shown

below

p=%"% 100 (1)

where P and X; define the precipitation anomaly and average of the summer
precipitation for each year i since 1971-2010, respectively. The X stands for
thirty years (1981-2010) climatological mean of summer precipitation.

This study adopted and applied the Mann Kendall test statistics [19] [20], to
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detect the existence of abrupt change in Sahara precipitation. For a given time
series X, the test detects approximate significant abrupt point through the
ranking method. The generated ranking values Yy, with the magnitude of
Y, (t=12,3,4,--,n) from observations are compared with

yk(k =1,2,3,4,---,t—1) and result in S, counted if Yy, >y, . This leads to
compute a statistical test A as follows;

A= ZL:l Sy )
And the mean of test statistic A is calculated as;
t(t-1
w(a)= o)

With the variance of
(4)

A standardized variable U (A) is sequentially computed

U ( A ) = w (5)
5(A)

The forward sequential statistic U (A ) and denoted U, is computed using
observational times series and the back forward U’(A) denoted U, is also
estimated using the inverse time series. An abrupt point is simply detected at the
intersection point of U, and U, and it is significant if it occurs between 0 +
1.96 [19].

3. Spatial and Temporal Variability of the Sahara Precipitation

Africa is characterised with a large diversity of precipitation types with a distinct
shift between them [5]. North Africa particularly the Sahara Desert is affected by
Mediterranean climate with a significantly high (low) winter (summer) precipi-
tation and a tropical climate dominated with boreal summer monsoons and dry
winters [5] [17] [21].

The changes in monthly precipitation illustrate that in the last 40 years, the
Sahara precipitation has conserve an obvious seasonal features, Although the
magnitude of precipitation in Sahara Desert is not large, but the variability has a
significant role to the large number of its habitant population. Figure 1 shows a
mean precipitation calculated from GPCC monthly total of precipitation. It is
evident that the precipitation distribution in Sahara Desert is highly sparse and
weak in magnitude particularly in the central and eastern part of the Sahara
Desert.

The spatial distribution Figure 1(a) depicts an average of annual precipitation
calculated from 40 years monthly precipitation. It shows that, the Sahara preci-
pitation is relatively contracted in the West but less than 100 mm per year while

the eastern part of the Sahara Desert present a permanent dry seasons with rare
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Figure 1. Spatial distribution (a) annual mean precipitation, (b) longitudinal and (c) latitudinal mean of
monthly precipitation for each month of 40 years 1971-2010. Boxes represent the area of study.

precipitation varies under 5 mm per year. This result is consistent with the pre-
vious research on precipitation over Sahara Desert and it has shown that, the
East Sahara Desert receives the lowest annual precipitation [8] [17]. The eastern
low precipitation distribution extends to Central Asian in Arabian Desert and
Northwest China.

Figure 1(b) & Figure 1(c) affirm the aforementioned precipitation distribu-
tion and show the mean of monthly precipitation for each month of 40 years.
Longitudinal and latitudinal annual precipitation cycle reveals that, a relatively
high precipitation is concentrated in the months of July, August and September,
here considered as the summer season. This indicates that the variation in
productivity of the rainfed agriculture are prone the variability of the summer
precipitation. Therefore, this study focuses on the changes occurred in precipita-
tion of the Sahara Desert during July, August and September (JAS) of the past 40
years, 1970-2010.

To examine the changes in the Sahara Desert precipitation, the Figure 2 shows
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Figure 2. Temporal variation of inter-annual summer precipitation anomaly (%) within 1971-2010.

the evolution of summer precipitation anomaly (%) in the last four decades
(1971-2010). The result shows that the Sahara Desert has experienced a long
drought from 1971 to 1993 and a recovery afterward. In the late 1990s to 2010,
the precipitation over Sahara Desert showed an obvious recovery with an in-
creasing trend of 15.2% par decade (pass the 95% level of significance). The
temporal variability of precipitation in the Sahara Desert presents similarities
with the global precipitation anomaly, which implies that, the Sahara precipita-
tion has been affected by anthropogenic forcing responsible to the global preci-

pitation change [22].

4. Sahara Drought Recovery

The temporal variability of the Sahara precipitation shows an unusual extreme
precipitation in the middle of the 1990s. This led us to test an existence of abrupt
change in the Sahara precipitation. Figure 3 shows that, the Sahara Desert has
experienced a significant abrupt change in the middle of 1990s followed by an
increase in precipitation. The significant abrupt changes are observed in the
summer precipitation of 1992 and the 1993. This period is remarkably followed
by frequent extremes in precipitation as revealed by the temporal precipitation
variability in Figure 2.

Moreover, the previous researches have evaluated paleoclimate of the Sahara
Desert and have shown that, the Sahara Desert has experienced the long record
of abrupt changes from wet to dry climate attributed to the different changes in
climate variables mostly tied to the migration in summer rainfall [23]-[31]. The
simulation of global climate models have concluded with an abrupt vegetation
and precipitation collapses during mid-Holocene induced by an extreme insola-
tion forcing [27].

The disappearance of the green Sahara dominated by the hydrological fluctuation

DOI: 10.4236/acs.2018.82017

267 Atmospheric and Climate Sciences


https://doi.org/10.4236/acs.2018.82017

C. Sindikubwabo et al.

4-0 I|III|III|IIIIIlll\IIIIlII\I\lIlII\IIl\

M.K Statistics (U(A))
o N
o o

R
o
1

-4.0 T
cnNkbowbhFbbwbhkbwbhbohkbwblb
NN NNDN OO DO 0 OO D DO WO O O O O «
DO DO 00O, [= N =] o
T YT T YT YT OYT O OT O OYTY OT O OT O oY o v v (NN AN N NN

Figure 3. Abrupt change in JAS precipitation as calculated from sequential
Mann-Kendall statistical test.

and associated with the changes in tropical summer monsoon [24]. The tropical
rainfall has experienced an extreme drought particularly Sahel precipitation and
it has been suggested that the Sahel drought is prone to equatorward shift of the
continental rainbelt and the changes in anticyclonic circulation linked to the
warming in Indian Ocean [32] [33]. The model simulations shown that, the late
19" century arid rainfall recovery is real but present the frequent multiyear os-
cillation [34].

To further understand the role of the general circulation to the Sahara preci-
pitation recovery, the composite analysis in SST, SH (925 hPa) geopotential
height (500 hPa) and zonal wind (200 hPa) have been employed.The circulation
changes patterns between period of abundance in and low precipitation anoma-
lies are evaluated. The temporal variability of inter-annual summer precipitation
anomaly (Figure 2) is adopted to define the period of dry and wet years. Thus,
the dry periods is defined by annual precipitation anomaly less than 40% which
includes the year of 1972, 1982, 1983 and 1984 while the wet period observed af-
ter abrupt change is defined by annual precipitation anomaly greater than 40%
and includes the years of 1994, 2009, 2006 and 2010.

Figure 4 depicts the patterns resulted from the difference between the mean
summer general circulation components of wet and dry period. In the upper
troposphere, the zonal wind of 200 hPa shows obvious wave-like patterns with a
pronounced decrease in tropical upper tropospheric troughs, which extends
eastwardly to the Eastern Sahara. The increase in Sahara precipitation period al-
so has encountered with the increase in tropical and extratropical zonal wind.
The statistically significant test shows that the period with a relatively high pre-
cipitation is dominated with a strong extratropical upper zonal wind which lies
over the North Atlantic Ocean and extends to west coast of Europe. Meanwhile
the Guinean Gulf is dominated with the increase in zonal wind and shown a
poleward penetration. Thus, the increase in precipitation is subjected to varia-

tion in tropical and extratropical upper level winds.
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Figure 4. Composites in atmospheric general circulation (a) zonal wind of 200 hPa, (b) geopotential height of 500 hPa, (c) sea
surface temperature and (d) specific humidity (color) of 925 hPa with wind divergence (arrows) of 925 hPa and t-test with >95%
level of significance (Dots).

The increase in Sahara precipitation is also significantly related with an in-
crease in geopotential height over Greenland region. The increase in mid-tro-
pospheric geopotential height has been linked with recent global warming,
which led to ice sheet melting [35]. This warming in Arctic is accompanied with
a significant weakening and strengthening in geospatial height of boreal subpo-
lar lows and Azores high, respectively. Thus, we can conclude that, the shrinking
in Greenland ice sheet and increase in Azores high include in responsible factors
of observed abrupt change and afterward increase in the Sahara precipitation.
Moreover, Arctic warming is revealed by an increase of North Atlantic SST's with
temperature difference exceeds 2°C in the southern Greenland. SSTs warming
extend to East coast of North America and the central Atlantic to Mediterranean
Sea. Tropical North Atlantic has also warmed, the raise in SST is distributes
from Caribbean Gulf to the Western Sahara coast. This warming in SST's is con-
sistent with the model simulations results, which reported that, the Sahel
drought recovery is prone the warming in extratropical SSTs including recent
warming of the Sahara heat low [36] [37].

Raise in Atlantic and Mediterranean SSTs are responsible to the increase in
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North Africa dependent moisture. Figure 4(c) & Figure 4(d), the distinct pat-
terns observed in SSTs and humidity variabilities are remarkable correspondent
over Mediterranean, Greenland and the Azores high regions. The Guinean Gulf
has also shown a strong increase in convective moisture, which leads to the per-
sistence of wet period in West Africa, meanwhile an entire African monsoon re-
gion, affirmed its large contribution to the recent Sahara wet period. The wind
vectors have drawn the northward penetration of African monsoon moisture
and the strengthening (weakening) in subpolar low (subtropical high), respec-

tively.

5. Conclusions

This study investigated an abrupt change occurred in Sahara precipitation and

the contribution of general circulation during the last four decades 1971-2010.

Although, the magnitude in the Sahara annual precipitation is low, the variabili-

ty of arid precipitation conserves a tremendous effect on the sustainability of re-

gional agriculture and oasis eco-environment [38] [39] [40] [41]. Thus, this
study leads to the following conclusions

* Sahara precipitation has shown a significant seasonal variability features
dominated with a relatively high in summer and early autumn precipitation.
In the last four decades, the Sahara precipitation shows an increase and sig-
nificant trend of 15.2%/10a.

¢ The summer precipitation in the Sahara Desert has experienced a remarkable
drought event from 1971 to the early 1990s, which should be related to the
decrease in global precipitation occurred during 1950 to late 1980s [12] and
the drought occurred in Sahel [21]

¢ The early 1990s to 2010 presents a dramatic drought recovery accompanied
with an abrupt change occurred in the period between 1992 and 1993 (Figure
3). This change resulted in positive trend of 18% per decade while the period
of 1971-1991 shows a positive trend of only 5%/10a, but trends are not statis-
tically significant.

* Abrupt change occurred in Sahara summer precipitation is tied to the
warming in North Atlantic and Mediterranean Sea SSTs which trigged the
African tropical moisture and to the increase in moisture budget in the
southern part of the Sahara Desert. Moreover, the changes in middle tropos-
pheric general circulation components reflected through the increase in sub-
polar low and subtropical high over the North Atlantic region and the change
in the upper level zonal wind have also shown a great contribution to an oc-

curred abrupt change and the increase of the Sahara precipitation.
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