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The isotopic composition ofmodern precipitation collectedmonthly from the International Atomic Energy Agency
(IAEA) stations over North Africa is enriched (average δD: Morocco: -25.8‰; Algeria: -21.3‰; Tunisia: -20.6‰;
Libya: -17.7‰; Egypt: -11.7‰) compared to fossil groundwater across North Africa, which shows progressive
west-to-east depletion; this indicates that precipitation from paleowind regimeswas different from those prevail-
ing in the present day (late Holocene). However, a fewmonthly records (March 1982, December 1987, December
1991, March 2002, and April 2002) collected from IAEA stations (Sidi Barrani, Cairo, Rafah, and El-Arish) showed
isotopic depletions (δD=–56‰ to –43.7‰) approaching those of the fossil groundwater in Egypt. For each of the
five events, we investigated the direction of cloud propagation in relation to the isotopic composition of precipi-
tation as it travels over the African continent and surroundings. Cloud propagation directions and air parcel
flow paths were extracted from temporal (every 30min) Meteosat image products: (1) Infra-red EUMETSAT,
(2) Cloud Motion Winds (CMW), and (3) Back Trajectory Models (BTM). The inferred wind regimes for each of
these events were then compared to those for the remaining Egyptian records (160) that produced precipitation
with enriched to intermediate isotopic compositions (δD: –39.7‰ to +34.6‰). The extracted cloud propagation
directions and the observed spatial variation in the isotopic compositions of the precipitating rain support a
model that attributes previous wet climatic periods over North Africa to the intensification of palaeowesterlies
during glacial periods.

Published by Elsevier B.V.
1. Introduction

The Sahara Desert is the largest (surface area: 9×106 km2) “non-
polar” desert region on Earth. It covers most of northern Africa
(length: 4800 km; width: 1900 km), extends from the Atlantic
Ocean (west) to the Red Sea (east) and from the Mediterranean
Sea (north) to central Africa (south), and encompasses 11 countries
(Western Sahara, Morocco, Algeria, Tunisia, Libya, Egypt, Sudan,
Chad, Niger, Mali, and Mauritania) with a total population of 250
million (WPP, 2009). It has one of the harshest and most arid cli-
mates in the world, with almost half of the Sahara receiving less
than 2 cm/yr of precipitation and the remaining land receiving up
to 10 cm/yr (Meigs, 1953).
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The climate of the Sahara Desert has been undergoing fluctuations
between wet and dry periods for the last few hundred thousand
years. During the dry periods, the Sahara desert extended some 200
to 500 km south of its current boundaries (Nicholson and Flohn,
1980); during the wet climatic periods, precipitation intensified (by
approximately 50% to 100% of its present value; Issar and Bruins,
1983) and recharged its aquifers (e.g., Geyh, 1994). The largest of
these aquifers is the Nubian Sandstone Aquifer System (NSAS),
which covers large areas (area: 2.2×106 km2) of Egypt, Sudan,
Libya, and Chad (Fig. 1). The NSAS has an average thickness of less
than 500 m to more than 3000 m in the northern regions of the
Kufra (Libyan Desert) and Dakhla (Egyptian Western Desert) basins
(Shata, 1982; Dabous and Osmond, 2001), and 372,960 km3 of shared
groundwater, equivalent to approximately 500 yr worth of Nile River
discharge (CEDARE, 2001; Salem and Pallas, 2002; Sturchio et al.,
2004). Other significant aquifers in the area include the Western
Sahara Aquifer, Northwestern Sahara Aquifer System and the Iullime-
den Aquifer System (Wallin et al., 2005; Bzioui, 2004) (Fig. 1).

The nature of the wet climatic periods during which the aquifers
of North Africa were recharged and hence the origin of the
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Fig. 1. Location map showing the regional variation of the mean δD‰ values of modern precipitation (Bowen and Revenaugh, 2003; WISER/IAEA, 2010), mean δD values for fossil
Saharan groundwaters (represented by isolines; Sonntag et al., 1978). Also shown are locations of: (1) IAEA and meteorologic stations from which precipitation amounts and iso-
topic compositions were derived, and (2) main fossil aquifers from the Saharan Desert in North Africa (Bzioui, 2004; Wallin et al., 2005).
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groundwater of the fossil aquifers in these areas is subject of debate.
One group of models claim that glacial periods were cold and dry
and that interglacial periods were warm and humid (Bar-Yosef and
Meadow, 1995; Sanlaville, 2000; Bar-Mathews et al., 2003; Almogi-
Labin et al., 2004). Other models cite numerous field, geochronologic,
and isotopic evidence in support of glacial periods being cold and
humid and interglacial periods being warm and dry (Sultan et al.,
1997; Frumkin et al., 2000; Bartov et al., 2002; Issar, 2003; 2010;
Issar and Zohar, 2004; Vaks et al., 2006). For example, glacial periods
were humid in the Eastern Mediterranean, as evidenced by: (1) the
isotopic compositions of speleothems collected from a cave in Jerusa-
lem (Frumkin et al., 2000) and from a cave in the central mountain
range in Israel (Vaks et al., 2003); and (2) the areal extent of deposits
from Lake Lisan (precursor of the Dead Sea), which reached its max-
imum during the Late Glacial Maximum (24,000–14,000 yr B.P.)
(Bartov et al., 2002). If we were to adopt the former group of models,
the wet periods would have been the interglacial periods and the
aquifers of North Africa would have been recharged during these pe-
riods; if the latter models were adopted the recharge would have
happened throughout the wet glacial periods.

Glacialmodels call on the southwardmigration and intensification of
paleo-westerly regimes over North Africa due to a strong baroclonic
zone along the ice sheetmargin over northern Europe bringingmoisture
to northern Africa (Sonntag et al., 1978; Bradley, 1999). If these paleo-
westerly wind regimes were responsible for the recharge of the fossil
aquifers in North Africa, onewould expect awest to east progressive de-
pletion in the isotopic composition of the aquifers across the continent.
Given the colder temperatures in glacial periods, the isotopic composi-
tion of fossil groundwater should be depleted compared to present
day precipitation and the extracted recharge temperatures for these
aquifers should be low compared to average present day temperatures.

In this manuscript, we investigate the origin and the nature of the
wind regimes that recharged the North African fossil waters in previ-
ous wet climatic periods (450,000–10,000 yr B.P.) by: (1) comparing
the isotopic composition of fossil water to present day precipitation;
and (2) identifying modern wind regime directions that produce pre-
cipitation with isotopic compositions similar to those of the fossil
waters. The assumption is that the identified wind regimes are rare
under current dry conditions but were prevalent in previous wet
climatic periods. In addition, we compare published recharge temper-
atures for the various fossil aquifers to the mean annual air tempera-
tures (MAAT) over these aquifer systems.

2. Methodology

A three fold approach was adopted. Firstly, the isotopic composi-
tion of modern precipitation was extracted from the monthly records
of the IAEA weather stations for comparisons with fossil water



Table 1
IAEA stations over North Africa and Levant showing the station location, altitude and the periods of data availability, and the number of data records (WISER/IAEA, 2010).

Station no. Station name, country Longitude Latitude Altitude (m+MSL) Period of data availability Number of data records

1 Beni Melal, Morocco –6.4 32.36 468 2001–2002 7
2 Taza, Morocco –4.0 34.21 1500 2001–2002 13
3 Alger-Port, Algeria 3.05 36.78 180 1998–2006 69
4 Carthage, Tunisia 10.23 36.83 4 1967–2006 208
5 Sfax, Tunisia 10.68 34.71 23 1992–2006 129
6 Sidi Barrani, Egypt 25.95 31.62 24 1978–2003 111
7 Cairo, Egypt 31.28 30.08 34 1968–2003 19
8 El-Arish, Egypt 33.83 31.08 31 1979–2003 17
9 Rafah, Egypt 34.23 31.28 73 2000–2003 18
10 Shoubak, Jordan 35.58 30.27 1300 1965–2003 17

Table 2
Number and size of the downloaded Meteosat scenes of the investigated six rainfall
events.

Event Number of scenes Size (Gb)

March 1982 652 3.93
December 1987 1486 8.96
December 1991 1482 8.94
February 2002 1339 8.08
March 2002 1385 8.35
April 2002 1459 8.80
Total 7803 47.1
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composition. Secondly, modern rainfall events that produced precip-
itation with isotopic signatures similar to those of the fossil aquifers
of North Africa were identified. Finally, the wind patterns that pro-
duced these precipitation events were deciphered.

2.1. Comparison of Fossil water composition to modern precipitation

The modern meteoric precipitation composition over investigated
areas was identified from the Water Isotope System for Data Analysis,
Visualization and Electronic Retrieval database (WISER/IAEA, 2010).
Over 600 monthly records for isotopic compositions for precipitation,
collected from 10 stations distributed over 4 countries (Morocco, Al-
geria, Tunisia and Egypt) in North Africa and in neighboring Jordan
(Fig. 1), were examined. Table 1 lists the locations, elevations, and
time periods of data availability for each of these stations.

The recorded isotopic values represent composite average
monthly values encompassing contributions from one or more rain-
fall events that occurred throughout the month. Hydrogen and oxy-
gen isotope data are reported in terms of the conventional delta
notation (Coplen, 1996). For each of the individual stations in
North Africa, we report an average isotopic composition that was
extracted from all available records for all the precipitation events
as early as 1965 and as late as 2006 (Table 1 and Fig. 1). For compar-
ison, the isotopic composition of fossil aquifers across North Africa is
plotted as isolines joining locations with similar composition (Fig. 1)
(Sonntag et al., 1978).

2.2. Identifying isotopic signatures of modern rainfall events

Over 600 monthly records for isotopic compositions for precipita-
tion, collected from 10 stations distributed over 4 countries (Morocco,
Algeria, Tunisia and Egypt) in North Africa and in neighboring Jordan
(Fig. 1), were examined.

We first examined the precipitation records (IAEA) over Egypt to
identify the most isotopically depleted precipitation events. We
then used temporal satellite data to track the progression of clouds
that produced each of these events in neighboring countries. For
each of the identified events, we investigated variations in the isoto-
pic composition of precipitation as clouds moved long distances later-
ally. For comparison purposes, we applied the same approach to
identify the nature of wind regimes that produced precipitation hav-
ing intermediate to enriched isotopic compositions.

We chose to examine the precipitation records over Egypt be-
cause: (1) the Egyptian precipitation records are the most compre-
hensive (4 of 10 examined stations), and (2) modern precipitation
with isotopic affinities similar to those of fossil groundwater are the
easiest to identify in Egypt, given that they show the largest deviation
from average modern isotopic compositions (Fig. 1). The isotopic de-
pletion was not the only criterion we used in the selection of the
anomalous records. We refined the initial 165 records for the selected
four stations to include only the months in which a single precipita-
tion event accounted for the total or near-total (>80%) monthly
precipitation and/or the records where the cloud propagation di-
rections remained constant throughout the month. The latter selec-
tion criteria were designed to exclude the records in which the
monthly compositions could be related to contributions from vary-
ing cloud propagation directions throughout the selected months.
Precipitation-related data, such as the number of rainy days within
the selected month, and the date and the amount of precipitation,
were extracted from the National Oceanic and Atmospheric Admin-
istration's (NOAA's) National Climatic Data Center database (NCDC,
2010). Cloud propagation directions were investigated using tem-
poral Meteosat images over the selected monthly records as de-
scribed later.
2.3. Identifyingwind regimes producing precipitation similar in composition
to those of fossil aquifers

High Resolution Image (HRI) Data of the Meteosat First Genera-
tion (MFG) (acquired from EUMETSAT®) were used to identify the
wind regimes that precipitated the selected rainfall events for the fol-
lowing reasons: (1) availability of a long (>30 yr) and uninterrupted
(1977 to present) stream of data produced by the Meteosat system
(Meteosat 1 through 7 satellites), with adequate spatial (5 km), spec-
tral (visible: 0.5–0.9 μm; thermal infrared [TIR]: 5.7–7.1 μm and
10.5–12.5 μm), and temporal resolution (30 min) that allows for
effective and continuous monitoring of cloud propagation directions;
(2) allows for validation of inferred cloud propagation directions
using the Expanded Low-resolution Cloud Motion Winds product
(MTPLRWI1), which shows wind vectors (barbs) at various heights;
and (3) had data that could be readily downloaded from the Data
Center Online Ordering Application at no cost to users.

A total of 7803 images (~47 Gb) were acquired and analyzed to
extract cloud propagation and wind direction information for a suite
of selected months (Table 2). Two programs were utilized to read
and to decode the binary format (OpenMTP) image files and wind
vector (BUFR) files.

Animation files were generated using David Taylor's GeoSatSignal
(GSS) software to examine the cloud propagation directions across
North Africa, using large numbers of scenes (up to 600) acquired
throughout each of the selected months. The Cloud Motion Wind



Fig. 2. δ2H Vs δ18O plot for: (1) monthly composite records of modern precipitation
(1978 to 2003) collected from the Sidi Barrani, Cairo, El-Arish, and Rafah IAEA stations
in Egypt. Samples were grouped into two main groups: Group I encompasses precipi-
tation form northerly and northwesterly wind regimes showing enriched to intermedi-
ate compositions, and group II samples from westerly wind regimes showing depleted
isotopic compositions similar to those of the Nubian fossil groundwaters fromWestern
and Eastern Deserts of Egypt (Sultan et al., 1997, 2007, 2011). Also shown is the Global
Meteoric Water Line (δ2H=8 δ18O+10) of Craig (1961).
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(CMW) products were decoded and read using David Taylor's BUFR
viewer software.

For each of the selected precipitation events, moisture source re-
gions were identified using Back Trajectory Models (BTM) that esti-
mate the most likely central parcel of air path over geographic areas
at a specific time from meteorological data. Specifically, we utilized
the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT) model developed by NOAA's Air Resources Laboratory (ARL).

Initial findings pertaining to cloud propagation directions
extracted from the animations files for the selected events and source
regions extracted from BTM analyses were further examined, validat-
ed, and refined through spatial correlations of relevant data sets in a
GIS environment. For each of the selected events, the following tem-
poral products were imported and analyzed: (1) 8-hourly TIR raster
images showing cloud distribution, (2) 8-hourly shape files that dis-
play polygons representing digitized cloud boundaries extracted
from individual infrared scenes, (3) 8-hourly CMW raster images
showing wind direction vectors, (4) 72-hour Back Trajectory Model
for each investigated precipitation event to track the moisture
source region; (5) daily precipitation amounts, and (6) monthly
isotopic compositions for precipitation. The imported temporal data
covered the time period during which the clouds were observed to
travel across the entire African continent and surroundings.

All images were set to a common projection (Geographic Projec-
tion – Datum: WGS84) and scale (1:50,000,000). The images were
georeferenced to the global MODIS file of Africa (NASA, 2005) as a
base scene using ESRI's ArcGIS 9.3 commercial software.

3. Analysis of data

Examination of Fig. 1 shows that the composition of fossil water in
each of the investigated countries is depleted compared to modern pre-
cipitation. Fromwest to east, the δDvalues in fossil water (F) andmodern
precipitation (M) are:Morocco: (M): –25.8‰, F: –20‰ to –40‰; Algeria:
(M): –21.3‰, F: –30‰ to –70‰; Tunisia: (M): –20.6‰, F: –60‰ to–70‰;
Libya: (M): –17.7‰, F: –70‰ to –80‰; and Egypt: (M): –11.7‰, F: –80‰
to –83‰. Such depletions are expected if the groundwater residing in the
fossil aquifers of North Africa resulted from precipitation during (1) cool-
er glacial periods (2) different airmass history thanwhat is normal today.

Examination of the isotopic compositions of modern precipitation
(Bowen and Revenaugh, 2003; WISER/IAEA, 2010) and fossil ground-
water (Sonntag et al., 1978; Sultan et al., 1997) in North Africa
showed that the fossil water, but not the modern precipitation, ex-
hibits progressive isotopic depletion from west to east (Fig. 1). This
comparison suggests that precipitation during previous wet climatic
periods (450,000–10,000 yr B.P.) resulted from wind regimes differ-
ent from those prevailing in the present day. However, we found
that a small number of the investigated modern rainfall events have
isotopic compositions similar to those of the fossil groundwaters of
North Africa. By identifying these precipitation events and decipher-
ing the wind patterns that gave rise to these events, we sought to
gain insight into the prevailing wind regimes during the recharge of
the fossil aquifers of North Africa.

We examined rainfall events that were reported over Egypt for the
period from April 1979 to March 2003 to determine the dominant
wind directions during measureable precipitation events. Fig. 2 com-
pares the isotopic compositions for all of the monthly composite pre-
cipitation samples (165 samples) collected (1978 to 2003) from the
four IAEA stations (Sidi Barrani, Cairo, Rafah, and El-Arish) in Egypt
to those of fossil groundwater from the Nubian Sandstone Aquifer
in the Western Desert of Egypt and Sinai Peninsula (Sultan et al.,
1997; JICA, 1999). Three of these stations are located along the
Mediterranean coast and the fourth is located in Cairo, about
150 km inland south of the coast.

Inspection of Fig. 2 shows that modern precipitation over Egypt is
generally isotopically enriched relative to the fossil groundwater.
Modern precipitation plots along the Global Meteoric Water Line
(GMWL) with isotopic compositions ranging from δD –56.9‰ to
+34.6‰. The five most depleted of these samples (March 1982,
December 1987, December 1991, March 2002, and April 2002) have
isotopic compositions (δD: –56.9‰ to –43.7‰) that are similar to,
yet slightly more enriched than, those of the Nubian aquifer in
Egypt (δD: –86.3‰ to –53‰; Sultan et al., 1997, 2007, 2011; JICA,
1999).

One explanation for the observed modest enrichments in the se-
lected modern precipitation records compared to the fossil ground-
water of the Nubian Aquifer in Egypt is that the Egyptian IAEA
stations are on or proximal to the Mediterranean Sea, a source of
moisture that can enrich the isotopic compositions of precipitation,
whereas the reported Nubian aquifer compositions are for samples
located hundreds of kilometers (500 to 1000 km) from the Mediterra-
nean. This suggestion is supported by the observed enrichment in the
isotopic compositions ofmodern precipitation from stations on theMed-
iterranean Sea (Rabat, Alger-Port, Carthage) compared to those reported
from stations located further inland (Beni Mellal, Assekrem, Nefta), and
to the south of the coastal stations (Morocco, Algeria, Tunisia) (Fig. 3).
The figure shows that three precipitation events, in January 2001, Febru-
ary 2002, and April 2002, reported from the coastal Rabat station in Mo-
rocco were enriched (δD: –25.64‰, –15.32‰, and –12.35‰) compared
with precipitation from the same events reported from Beni Mellal sta-
tion (δD: –43.82‰, –35.7‰, and –34.5‰), about 200 km to the south.
The figure also shows similar enrichments from other coastal stations
(Alger-Port, Carthage) compared to inland stations (Assekrem, Nefta)
(Fig. 3).

We selected a subset (12 samples) of the entire data set (165 sam-
ples) (Fig. 2) that encompasses the entire range of observed isotopic
variations, all of which were produced from a single precipitation
event or frommultiple events with a unified cloud propagation direc-
tion. Using the methodologies described in Section 2, we searched for
relationships between the observed isotopic compositions of the 12
precipitation samples and the wind regimes that produced them.
Enriched samples reported from the Cairo station in January 2001
and February 2002 (δD: 22.4‰ and 34.6‰, respectively), and samples
with intermediate compositions (δD: –39.7‰ to +34.6‰) that were
collected from the Sidi Barrani, Cairo, El-Arish, and Rafah stations in
January 1990, December 1991, March 2001, October 2001, and De-
cember 2001 were all found to have been precipitated from northerly
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Fig. 3. Comparison between the isotopic compositions of individual precipitation
events that were reported from IAEA stations on, or proximal to, the Mediterranean
coastline and from inland IAEA stations located to the south of the Mediterranean sta-
tions. (A) Rabat [A] and Beni Mellal [1] stations (Morocco); (B) Alger-Port [3] and
Assekrem [B] stations (Algeria); and (C) Carthage [4] and Nefta [C] stations (Tunisia).
Locations of all stations are plotted in Fig. 1.
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to northwesterly wind regimes (Fig. 4). The wind regimes that pro-
duced these precipitation events traveled over the Mediterranean
Sea and across varying distances of the North African continent to-
ward Egypt, in the case of the northwesterlies.

Four of the five most depleted (δD: –46.4‰ to –40.8‰) samples
that were collected from Sidi Barrani, El-Arish, and Rafah stations in
March 1982, December 1991, March 2002, and April 2002 were
found to have been precipitated from westerly wind regimes that
traveled across the entire North African landscape. The fifth sample
(δD: –56.9‰), collected (December 1987) from the Cairo station, pre-
cipitated from a cyclonic event that started on December 21 and lasted
for three days centered over Cairo. Guided by these results, first-order
groupings for our precipitation samples were made on the basis of
their isotopic compositions and the wind regimes from which they
were derived: group I samples (enriched and intermediate isotopic
compositions) were precipitated by northerlies to northwesterlies,
and group II samples (depleted isotopic compositions) were precipi-
tated from westerly wind regimes. These groupings adequately
categorize the bulk of our samples; however, we realize that some
might have been mistakenly lumped into one of these two groups.
For example, as described earlier, cyclones could produce depleted
compositions similar to those of group II.

Next, we demonstrate specific examples of precipitation events
from northerly to northwesterly wind regimes and westerly regimes,
respectively, with an emphasis on the latter. For each of these events,
we examine the temporal and spatial isotopic variations for the
selected precipitation events and monitor the propagation of clouds
that produced these events (Table. 3).

3.1. Precipitation events from northerlies to northwesterlies

One example is cited in this section for precipitation events result-
ing from northerly to northwesterly wind regimes. Isotopically
enriched compositions from a rainfall event reported from the Cairo
station (5.08 mm; δD: 34.6‰), the El-Arish station (13.9 mm; δD:
28.7‰), and the Rafah station (10.3 mm; δD: 30.7‰) on February
10, 2002, in Egypt. The precipitation amounts are those reported for
the entire month, whether they resulted from a single event, as is
the case for the Cairo station, or from multiple events, as is the case
with the precipitation from Al-Arish and Rafah stations. Examination
of temporal Meteosat data (1339 scenes) showed that by February 10,
2002 (0000 UTC), clouds that originated over the Atlantic Ocean
propagated westward to cover large sectors of the European conti-
nent and northern parts of the Mediterranean Sea. By 0600 UTC,
these clouds had moved southeast, crossed the Mediterranean, and
reached the northern parts of Egypt and Libya. These patterns inten-
sified by 1200 UTC and weakened by 1800 UTC (Fig. 4 A–F).

3.2. Precipitation events from westerlies

Available isotopic compositions for March 1982 from the Carthage
station (41 mm; δD: –13.9‰) in Tunisia and the Sidi Barrani station
(6.9 mm; δD: –43.7‰) in Egypt showed progressive west-to-east de-
pletion. Multiple precipitation events were reported from both sta-
tions. Examination of temporal Meteosat data (652 scenes) and the
animations produced from such datasets indicated that the direction
of cloud propagation for these multiple events remained uniform
throughout the month. The images also showed that by March 11
(1300 UTC), clouds that originated over the Atlantic Ocean had pro-
gressed inland over western Morocco and central Algeria, and by
March 13 (0500 UTC), clouds covered areas to the west in Tunisia
and eastern Algeria. On the following day, March 14, clouds covered
most of western and central Libya by 0330 UTC, and by 2100 UTC
clouds covered most of the Egyptian landscape (Fig. 5 A–F). Available
daily precipitation data show precipitation on March 13 over the
Marsa Matruh station (1.02 mm).

A similar event was reported from the same two stations for the
month of December 1991. A progressive west-to-east depletion can
be recognized for rainfall from the Carthage station (91 mm; δD:
–35.3‰) and from the Sidi Barrani station (73.7 mm; δD:–46.4‰).
Multiple precipitation events were recorded from the Carthage and
Sidi Barrani stations during that month, but again, examination of
temporal Meteosat data (1482 scenes) revealed that the direction of
cloud propagation remained constant throughout the month. Clouds
originated over the Atlantic Ocean and progressed inland to cover Sa-
haran Morocco and western Algeria by December 7 (2000 UTC). The
clouds moved eastward, and by December 9 they covered eastern Al-
geria, Tunisia, and western and northern Libya. By December 10
(1200 UTC), the clouds covered northern Egypt, the Levant, and
northern parts of the Arabian Peninsula (Fig. 6 A–F). Precipitation oc-
curred over the Carthage station (2.03 mm) on December 7 and over
the Marsa Matruh station (1.02 mm) on December 11.

Similar wind patterns were apparently responsible for a precipita-
tion event (March 28, 0400 UTC, to March 30, 2000 UTC) that was
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Fig. 4. Cloud distribution (extracted from Meteosat-7 infrared channel product) and vectors representing cloud motion directions (extracted from Expanded Low-resolution Cloud
Motion Winds [MTPLRWI1] product) for a precipitation event resulting from a northwesterly event reported (Feb. 10, 2002) from the Cairo station at (A) 0000 UTC, (B) 0600 UTC,
(C) 1200 UTC, and (D) 1800 UTC; (E) overlapping polygons show the spatial distribution of clouds portrayed in (A)–(D); (F) backward trajectories of the clouds calculated 72 hours
backwards in time starting from Cairo, on Feb 10, at 1800 UTC.
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reported from the Beni Mellal station (Morocco), Alger-Port station
(Algeria), Sfax station (Tunisia), and Rafah station (Egypt) for the
month of March 2002. The available isotopic composition records
showed progressive west-to-east depletion (Beni Mellal: 142.7 mm,
δD: –19.5‰; Alger-Port: 150.6 mm, δD: –27.3‰; Sfax: 110 mm, δD:
–21.9‰; and Rafah: 29.4 mm, δD: –40.8‰). Multiple precipitation
events were reported from all stations; however, examination of tem-
poral Meteosat images and animations for the entire month showed
that cloud propagation directions remained consistent throughout
the month. By March 28 (0400 UTC), clouds originating in the Atlantic
Ocean covered northwest Morocco and North Algeria. These clouds
progressed eastward and covered almost all of Tunisia and northern
Libya by March 29 (0400 UTC). By March 30 (2000 UTC), clouds
moved eastward to cover northern Egypt, the Sinai Peninsula, and
areas to the east (Fig. 7 A–F). Available daily precipitation data
show precipitation on March 28 over the Alger-Port station
(0.76 mm), and on March 29 over the Sfax station (0.76 mm) and
the El-Arish station (7.87 mm).

The last examplewe provide for a precipitation event resulting from
a westerly wind regime occurred in April 2002. It started on April 1
(0400 UTC) and ended on April 4 (0400 UTC), and was reported from
five stations (Morocco: Taza; Algeria: Alger-Port; Tunisia: Sfax; Egypt:
El-Arish; Jordan: Shoubak). As is the case with all previous examples,
a progressivewest-to-east depletion in the isotopic composition of pre-
cipitation was observed: (Taza: 154.5 mm; δD: –12.3‰; Alger-Port:
46.4 mm; δD: –32.9‰; Sfax: 42 mm; δD: –20.2‰; Shoubak: 22 mm;
δD: –58.1‰; El-Arish 2.7 mm; δD: –44.9‰). Multiple precipitation
events were reported from all stations except for the El-Arish station,
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where a single event was identified. Examination of temporal Meteosat
images (1459) and animations produced from these scenes for the en-
tire period showed that the cloud propagation direction remained con-
sistent during the entire month (Fig. 8). Clouds that originated over the
Atlantic Ocean progressed inland in a northeasterly direction, covering
areas in Morocco, western and central Algeria, and Tunisia by April 1
(0400). The clouds continued along a northeast-trending trajectory,
crossing Libya by April 3 (1600 UTC). Finally, by April 4 the clouds pro-
gressed to covermost of northern Egypt and Jordan (Fig. 8 A–F). Precip-
itation occurred on April 1 over the Taza (11.94 mm) and Sfax
(0.51 mm) stations, on April 2 over the El-Arish station (2.03 mm),
and on April 3 over the Alger-Port station (4.06 mm).

3.3. Precipitation events from cyclones

The most depleted (δD=–56.9‰) of all the examined isotopic re-
cords in Egypt was reported from the Cairo station for the month of
December 1987. Only two rainy days (December 20: 2.03 mm;
December 23: 5.08 mm) were recorded from the Cairo station during
that month. Examination of temporal Meteosat images revealed the
presence of a low atmospheric pressure cyclone centered over Cairo
starting on December 20, 1987, and ending on December 23, 1987
(Fig. 9 A–F).

4. Discussion and findings

Comparisons of the isotopic composition of fossil water to modern
precipitation showed that modern precipitation across the entire
North African region is enriched compared to the fossil waters in
these areas. Such depletions in the fossil water isotopic compositions
are expected if the groundwater residing in these fossil aquifers
resulted from precipitation during cooler glacial periods and are in-
consistent with precipitation during interglacial warm periods. Such
depleted values, compared to modern precipitation, suggest that the
air mass history of precipitation recharging the fossil aquifers was dif-
ferent from what is normally the case today.

These suggestions are further supported by low recharge temper-
atures extracted from the concentration of dissolved noble gases in
the Saharan fossil groundwater and the 14C ages of the groundwater.
Recharge temperatures for the Northwestern Sahara Aquifer through-
out a major recharge period that occurred 45,000 to 23,000 yr ago
were estimated to be 2–3 °C lower than the MAAT (Guendouz et al.,
1997). The Iullemeden Aquifer System was recharged between
28,000 and 23,200 yr ago and the recharge temperatures were at
least 5–6 °C lower than MAAT (Edmunds et al., 1999). Age dating
and noble gas analyses for groundwater from the Nubian Aquifer in
Sinai indicated the aquifer was recharged 31,000 to 26,000 yr ago
and the recharge temperatures were 3 °C lower than MAAT
(Abouelmagd et al., 2011). The groundwater ages cited earlier corre-
spond to glacial periods identified from North Atlantic marine record
(Bond et al., 1993) and the extracted recharge temperatures are gen-
erally lower than MAAT in the investigated areas by 2–7 °C. Such
lower temperatures are to be expected if the recharge was from pre-
cipitation during cool glacial periods.

A progressivewest-to-east isotopic depletion of the fossil aquifers of
North Africa can be argued to be due to an enhanced “continental ef-
fect”. In this explanation, the observed isotopic patterns are best
explained by the classical Rayleigh type rain out process associated
with water vapor from wet oceanic air masses travelling across wide
stretches of the continent (Dansgaard, 1964). As described earlier gla-
cial models call on southward migration and intensification of paleo-
westerly regimes bringing moisture over North Africa (Sonntag et al.,
1978; Bradley, 1999). The observed west-to-east pattern of isotopic de-
pletion in the composition of the fossil groundwater in North Africa is
similar to that observed in modern precipitation over southern
Europe; this suggests that similar wind regimes might have extended



Fig. 5. Cloud distribution (extracted from Meteosat-2 infrared channel product) for a precipitation event resulting from a westerly event reported (March 11–14, 1982) from the
Sidi Barrani and Carthage stations on (A) March 11 at 1300 UTC, (B) March 13 at 0500 UTC, (C) March 14 at 0330 UTC, and (D) March 14 at 2100 UTC; (E) overlapping polygons
show the spatial distribution of clouds portrayed in (A)–(D); (F) backward trajectories of the clouds calculated 72 hours backwards in time, starting from Cairo, on March 14, at
2100 UTC.
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as far south as the northern parts of Saharan Africa in previous wet cli-
matic periods (Sonntag et al., 1978).

To better understand the nature of the wind regimes that produce
the west-to-east isotopic depletions, we searched for modern ana-
logs. We selected precipitation events that cover the entire range of
isotopic variations that were observed in modern precipitation
recorded from the IAEA stations over Egypt and monitored the prop-
agation of clouds that produced these events using temporal satellite
imagery. Our analysis indicates that the overwhelming majority of
modern rain events over Egypt were precipitated from northerly to
northwesterly wind regimes and that these regimes produce precipi-
tation with intermediate to enriched isotopic compositions (–39.7‰
to +34.6‰). However, we documented rare precipitation events
(5 of 165 events) that produced depleted isotopic compositions
(δD: –56.9‰ to –43.7‰) approaching those of the fossil Nubian
Aquifer groundwater (δD: –86‰ to –53‰). Four of the five isotopi-
cally depleted precipitation events were found to be related to
clouds that were generated over the Atlantic Ocean, and then trav-
eled inland in an eastward direction, across the North African Saha-
ran Desert, starting from Morocco, and crossing Algeria, Tunisia,
and Libya, and finally reaching Egypt. We speculate that similar
westerly wind regimes could have been themain source of precipita-
tion during wet climatic periods that led to the recharge of the North
African fossil groundwater aquifers during the glacial humid periods
in the Pleistocene and early Holocene. We acknowledge the differ-
ences in vegetative cover, temperature, solar insolation, and source
composition between present and glacial periods, yet maintain that
such differences are unlikely to obscure the west to east isotopic

image of Fig.�5


Fig. 6. Cloud distribution (extracted from Meteosat-4 infrared channel product) and vectors representing cloud motion directions (extracted from Expanded Low-resolution Cloud
Motion Winds [MTPLRWI1] product) for a precipitation event resulting from a westerly event reported (Dec. 7–10, 1991) from the Sidi Barrani and Carthage stations on (A) Dec. 7
at 2000 UTC, (B) Dec. 8 at 1200 UTC, (C) Dec. 9 at 1200 UTC, and (D) Dec. 10 at 1200 UTC; (E) overlapping polygons show the spatial distribution of clouds portrayed in (A)–(D); (F)
backward trajectories of the clouds calculated 72 hours backwards in time starting from Cairo, on Dec 10, at 1200 UTC.
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trend described earlier. The suggested Atlantic source region was
perhaps enriched by 1–1.5‰ in oxygen and correspondingly in hy-
drogen at maximum glacial conditions due to lowering of the sea
level during glacial times (Fairbanks, 1989). This will not have any
impact on the continental effect proposed here although it may af-
fect the deuterium excess values at the source (Pfahl and Wernli,
2008). It is also likely that there was extensive vegetation cover
over land along the air mass transport regions during glacial times.
This again will only have a modifying effect on the Rayleigh process
(Rozanski et al, 1982; Krishnamurthy and Bhattacharya, 1991).

In search for potential modern analogs, we describe the North At-
lantic Oscillation (NAO), that controls the temperature, moisture
flux, and the wind patterns across North Africa and discuss their po-
tential relevance to glacial periods. The NAO is the fluctuation in
relative air pressure differences between a persistent low-pressure
region centered around Iceland and a persistent high-pressure re-
gion centered around the Azores Islands in the subtropical Atlantic
Ocean. This fluctuation controls wind strengths and wind directions,
across the North Atlantic (Barnston and Livezey, 1987; Hurrell, 1995;
Hurrell et al., 2003). When the pressure difference is relatively high
(i.e., positive NAO index), westerly winds are strong and bring mild
temperatures and moist weather to central Europe; when the pres-
sure difference is relatively low (i.e., negative NAO index), central
and northern Europe remain cold and westerly winds shift south-
ward to bring mild and wet winter weather to the Mediterranean
and North Africa.

We speculate that recharge of the Nubian Aquifer fossil waters
may have been favored by a predominance of negative NAO index
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Fig. 7. Cloud distribution (extracted from Meteosat-7 infrared channel product) and vectors representing cloud motion directions (extracted from Expanded Low-resolution Cloud
Motion Winds [MTPLRWI1] product) for a precipitation event resulting from a westerly event reported (March 28–30, 2002) from the Rafah, Sfax, Alger-Port, and Beni Mellal sta-
tions on (A) March 28 at 0400 UTC, (B) March 29 at 0400 UTC, (C) March 30 at 0400 UTC, and (D) March 30 at 2000 UTC; (E) overlapping polygons show the spatial distribution of
clouds portrayed in (A)–(D); (F) backward trajectories of the clouds calculated 72 hours backwards in time starting from Rafah, on March 30, at 2000 UTC.
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conditions for extended periods during recharge events that may
have lasted for thousands of years. The decadal-scale synchronicity
of the NAO index and climate variability in the Eastern Mediterra-
nean and Ethiopian Highlands has been discussed recently in terms
of the mechanism of teleconnection and its implications for climate
prediction (Feliks et al., 2010). The hydrogeological impact of such
climate variability persisting over longer time scales has been con-
sidered by several authors (e.g., Schroder and Rosbjerg, 2004;
Holman et al., 2009). Further investigations are recommended to in-
vestigate the nature and the potential role of NAO throughout glacial
periods.
On the basis of our findings and those of others reported in this
manuscript we advocate the following: (1) during glacial periods
paleo-westerly wind regimes intensified and migrated southward
bringing moisture to North Africa, perhaps during periods of pro-
longed negative NAO; inter-tropical convergence zone (ITCZ)
moved southward preventing moisture-bearing winds from the
Gulf of Guinea from reaching southern Sahara (Sonntag et al., 1978;
Sultan et al., 1997; Bradley, 1999; Brookes, 2003; Smith et al.,
2004); (2) during interglacial periods, the ITCZ migrated northward
increasing monsoonal precipitation in central and southern Africa
(e.g., Rossignol-Strick, 1983; Prell and Kutzbach, 1987; Yan and
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Fig. 8. Cloud distribution (extracted from Meteosat-7 infrared channel product) and vectors representing cloud motion directions (extracted from Expanded Low-resolution Cloud
Motion Winds [MTPLRWI1] product) for a precipitation event resulting from a westerly event reported (April 1–4, 2002) from the Shoubak, El-Arish, Sfax, Alger-Port, and Taza sta-
tions on (A) April 1 at 0400 UTC, (B) April 2 at 0400 UTC, (C) April 3 at 1600 UTC, and (D) April 4 at 0400 UTC; (E) overlapping polygons show the spatial distribution of clouds
portrayed in (A)–(D); (F) backward trajectories of the clouds calculated 72 hours backwards in time starting at El-Arish, on April 4, at 0400 UTC .
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Petit-Maire, 1994; Osmond and Dabous, 2004), however, the north-
ward extent of the ITCZ during pluvial phases remain uncertain
(Kieniewicz and Smith, 2009); and (3) while there is hardly any
doubt that the intensification of the precessionally-forced tropical
and subtropical monsoon circulation is largely responsible for
paleo-wet periods over large segments of Africa, it is unlikely that
these regimes could have advanced during these periods as far
north as the recharge areas of the North African fossil aquifers.
More likely, it is the intensified paleo-westerly wind regimes during
glacial periods that brought about the wet periods to these areas and
recharged its aquifers.
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Fig. 9. Cloud distribution (extracted from Meteosat-2 infrared channel product) for a precipitation event resulting from a cyclonic event reported (Dec. 21–24, 1987) from Cairo
station on (A) Dec. 21 at 1000 UTC, (B) Dec. 21 at 2200 UTC, (C) Dec. 23 at 1000 UTC, and (D) Dec. 24 at 1000 UTC; (E) overlapping polygons show the spatial distribution of clouds
portrayed in (A)–(D); (F) backward trajectories of the clouds calculated 72 hours backwards in time starting at Cairo, on Dec 24, at 1000 UTC.
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publication.
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