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[1] Surges of cold air from the Mediterranean into northern Africa during the boreal
summer are documented, and their influence on monsoon breaks is analyzed using
Tropical Rainfall Measuring Mission rainfall estimates and reanalysis products. Between
1998 and 2006, 6–10 cold air surges occurred each summer, with low-level temperature
anomalies ranging from less than !1 K to over !6 K. Composite analysis indicates
that cold air surges over northern Africa persist for 2–10 days and travel equatorward at
approximately 5.5 m s–1, which is 0.5–1.5 m s–1 faster than the observed climatological
low-level meridional flow. Northern African cold surges have characteristics similar
to surges observed elsewhere in the world, including a hydrostatically induced ridge of
surface pressure and an amplified upper tropospheric ridge/trough pattern. The African
cold surge is preceded by the passage of a shortwave trough and an intensification
of the upper tropospheric subtropical westerly jet streak over the Mediterranean Sea.
These events are associated with increased confluence in the jet entrance region over the
central Mediterranean, an enhanced direct secondary circulation, subsidence, and
low-level ageostrophic northerly flow over northeastern Africa. Composite analysis shows
that the passage of a cold surge is associated with an enhancement in convective activity
over southern Algeria, western Niger, northern Mali, and Mauritania 2 to 5 days
before the surge reaches the eastern Sahel ("17.5!N), when northeasterly flow channeled
between the Atlas and Ahaggar Mountains strengthens and transports relatively moist air
from the western Mediterranean and eastern North Atlantic over the region and
increases moisture convergence over western Africa north of 20!N. Over the eastern Sahel
of Sudan and eastern Chad, the composite results reveal a break in convective activity
and decrease in low-level convergence when the surge arrives that persists for
about 6 days. These results offer great promise for improving the short-range prediction of
rainfall over northern Africa.

Citation: Vizy, E. K., and K. H. Cook (2009), A mechanism for African monsoon breaks: Mediterranean cold air surges, J. Geophys.
Res., 114, D01104, doi:10.1029/2008JD010654.

1. Introduction

[2] Prolonged dry periods during the northern African
summer monsoon season can lead to crop failure, food
shortages, disease outbreaks, and loss of life and property.
Effective subseasonal to interannual weather prediction
would greatly improve resource management and disaster
preparations. However, a better understanding of the mech-
anisms associated with synoptic variations in rainfall over
northern Africa must first be obtained before weather
prediction can be improved.

[3] Our current understanding of synoptic rainfall vari-
ability is limited over northern Africa. While there have
been numerous studies exploring seasonal to decadal rainfall
variability over this region [e.g., Lamb, 1978; Folland et al.,
1986; Rowell et al., 1995; Ward, 1998; Janicot et al., 2001],
and intraseasonal variability [e.g., Kiladis and Weickmann,
1997; Janicot and Sultan, 2001; Sultan et al., 2003;
Matthews, 2004; Mounier and Janicot, 2004; Mounier et
al., 2008], the mechanisms associated with synoptic fluctu-
ations in rainfall are still not fully understood. Most studies
focus on particular aspects such as mesoscale convective
systems [e.g., Laing and Fritsch, 1993; Hodges and
Thorncroft, 1997; Mathon and Laurent, 2001] and/or east-
erly wave activity [e.g., Diedhiou et al., 1999; Berry and
Thorncroft, 2005]. Bell and Lamb [2006] examined the
relationship between disturbance line variability and intra-
seasonal to interannual drought over northern Africa and
found that the predominant mode of seasonal drought
involves near–season long suppression of the seasonal
cycle of disturbance line size/organization and intensity,
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suggesting the importance of variations in the underlying
weather systems in influencing northern African drought.
[4] The purpose of this study is to better understand the

mechanisms behind African monsoon breaks to improve
prediction. In particular, we document the occurrence of
cold air surges from Mediterranean midlatitudes during
boreal summer, analyze their dynamics, and investigate
their influence on precipitation distributions over northern
Africa. While we focus on just this one mechanism of
variability, we do not imply that other factors are less
important in influencing intraseasonal variability over
northern Africa. This study is intended to serve as a first
step toward understanding monsoon breaks over northern
Africa by isolating the role of cold air surges.

2. Background

[5] Boreal summer convection over northern Africa is
modulated at the 10–25 and 25–60 day time scales,
‘‘leading to variations of more than 30% of the seasonal
signal’’ [Sultan et al., 2003]. The longer time scale modu-
lations, which are substantially weaker than those on the
shorter time scale, are likely associated with the remote
response to the intraseasonal Madden-Julian oscillation
[Matthews, 2004].
[6] On the 10–25 day time scale, two independent modes

have been identified by Mounier and Janicot [2004]. The
first mode, called the quasi-biweekly zonal dipole of con-
vection, is characterized by a stationary and uniform mod-
ulation of convection, associated with the low-level zonal
flow over the equatorial Atlantic and a zonal dipole of
convection between Africa and the north equatorial Atlantic
near South America. The mechanisms giving rise to this
mode are discussed in detail by Mounier et al. [2008].
[7] The second 10–25 day mode, or the ‘‘Sahelian

mode’’ [Mounier and Janicot, 2004; Mounier et al.,
2008], is associated with, ‘‘an oscillation between dry and
wet conditions that starts in the east and propagates west-

ward over the Sahel, with each phase lasting about 9 days’’
[Sultan et al., 2003]. ‘‘During wet (dry) phases, convection
is enhanced (weakened) and its northern boundary moves
north (south), while the African easterly jet strength
decreases (increases) and the tropical easterly jet strength
increases (decreases)’’ [Sultan et al., 2003]. Dry phases are
associated with stronger anticyclonic activity over the
Sahel, and begin with a, ‘‘slight increase in the negative
meridional Ertel potential vorticity gradient at 700 hPa
associated with a decrease in the spectral density of African
easterly waves’’ [Lavaysse et al., 2006]. Subsidence over
the Mediterranean Sea and equatorward advection from
midlatitudes may also be playing an important role in this
mode [e.g., Sultan et al., 2003], but the mechanisms behind
this mode remain unclear.
[8] Here we document the presence of cold air surges

over northern Africa, and find that they influence rainfall on
submonthly time scales. A cold air surge is a shallow dome
of cold, dry air (e.g., "2 km depth) that advances equator-
ward, accompanied by a hydrostatically induced ridge of
surface pressure and strong meridional low-level winds.
Other documented cold surge cases around the world occur
to the east of major orographic barriers, including the Rocky
Mountains, Andes, and Himalayas [e.g., Boyle, 1986; Tilley,
1990; Hartjenstein and Bleck, 1991; Schultz et al., 1998;
Garreaud, 2001]. The northern African topography, shown
in Figure 1, may not be sufficiently high and uninterrupted
in the meridional direction to force cold air surges alone.
The Atlas and Ahaggar Mountains of northwestern Africa
and the Tibesti and Ennedi Mountains of central Africa do
form a chain that tilts from northwest to southeast, and the
highest peaks in the Atlas Mountains are over 4 km in
height. But most of the orography is 2 km or less and
gaps exist between the Atlas and Ahaggar Mountains
("30!N, 0!E), the Ahaggar and Tibesti Mountains ("22!N,
10!E), and the Tibesti Mountains and the Ennedi Plateau
("18!N, 20!E).
[9] Whether generated by topography or synoptic varia-

tions (e.g., such as with the development of a cold anticy-
clone), cold air surges require the presence of a zonally
oriented ridge/trough pattern in the middle and upper
troposphere. The ridge axis will be located to the west of
the low-level surge region [e.g., Dallavalle and Bosart,
1975; Hartjenstein and Bleck, 1991; Garcia, 1996; Konrad,
1996]. Garreaud [2001] suggests that such an upper level
wave pattern can be associated with the passage of extra-
tropical disturbances (i.e., shortwave troughs).
[10] Cold air surges have a major impact on regional

climate and rainfall variability. They have profound drying
and cooling effects and are a notable sink of energy for the
tropics [Garreaud, 2001]. The initial advance of cold air
can induce a frontal boundary that is favorable for con-
vective development [e.g., Parmenter, 1976; Kousky, 1979;
Garreaud and Wallace, 1998; Liebmann et al., 1999]. For
example, Garreaud and Wallace [1998] estimate that up to
50% of the summertime precipitation over subtropical South
America is associated with frontal boundaries ahead of cold
air surges.
[11] The seasonality of cold air surges depends on the

region. Over North America, they occur mostly during the
cold season [e.g.,Murakami and Ho, 1981; Bluestein, 1993],

Figure 1. NCEP2 1979–2006 June–August climatological
mean sea level pressure (hPa; contours). Contour interval is
every 1 hPa. Shading denotes the orographic height in
meters as resolved in the NCEP2 reanalysis.
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but in other regions (e.g., South America) they occur year-
round [e.g., Kousky and Cavalcanti, 1997; Krishnamurti et
al., 1999; Garreaud, 2000, 2001].
[12] To our knowledge, the presence of cold air surges

over northern Africa has not previously been recognized,
though numerous characteristics associated with surges have
been described in the literature. For example, Raicich et al.
[2003] describe a strong equatorward low-level flow over the
eastern Mediterranean that penetrates into sub-Saharan
Africa. Also, several authors [e.g., Rodwell and Hoskins,
1996;Raicich et al., 2003; Sultan et al., 2003] associate Sahel
and monsoon rainfall with subsidence over the Mediterranean
Sea and, as in Sultan et al. [2003], strong low-level northerly
flow over northeastern Africa.
[13] Garreaud [2001] used the global distribution of the

standard deviation of 925 hPa air temperature to identify
regions prone to cold air surges. It can be inferred from his
results that northeastern Africa may be influenced by these
events to some extent in both the summer and winter
seasons [Garreaud, 2001, Figure 4]. However, his more

detailed analysis was restricted to the regions east of the
Rockies, Andes, and Himalayas, where topography is more
prominent.
[14] Xoplaki et al. [2003] relate Mediterranean summer

air temperature variations to the large-scale circulation and
Mediterranean SSTs during boreal summer using canonical
correlation analysis (CCA) of observations and the NCAR/
NCEP reanalysis. The negative phase of the second CCA
mode, which explains about 24% of the Mediterranean
summer air temperature variability, exhibits circulation
anomalies typically associated with cold air surges, includ-
ing an upper tropospheric ridge/trough amplification and
higher (lower) 850 hPa heights and warmer (cooler) low-
level air temperatures over western (eastern) Europe and the
Mediterranean Sea, suggesting that summertime conditions
over Northern Africa may be favorable for cold air surges.
[15] In the following section, summertime climatological

mean conditions over northern Africa are examined to show
that the background climate state associated with cold air
surges exists over northern Africa. The cold air surges are

Figure 2. NCEP2 1979–2006 June–August climatological mean sea level pressure (a) 850 hPa
geopotential heights (m) and winds (m s–1), (b) 850 hPa air temperature (K), (c) 850 hPa specific
humidity (g kg–1), and (d) 200 hPa geopotential heights (m) and winds (m s–1). Contour interval is every
10 m in Figure 2a, 2 K in Figure 2b, 1 g kg–1 in Figure 2c, and 60 m in Figure 2d.
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identified in section 4 and, in section 5, a composite surge is
analyzed. Results are summarized in section 6.

3. African Summertime Climatological Fields

[16] Figure 1 shows the summertime climatological (1979–
2006) mean sea level pressure from the NCEP2 reanalysis
[Kanamitsu et al., 2002], featuring relatively high values
north of the Atlas Mountains and a broad region of low
surface pressure south of the Atlas and Ahaggar Mountains
centered along 20!N that extends from theWest African coast
to the Red Sea and Arabian Peninsula. The high overlies
the western Mediterranean, which has surface temperatures
2–10 K cooler than surface temperatures over northern
Africa during the summer. The low is the thermal trough that
is associated with the warmest summer surface temperature
across the northern Sahel, Sahara, and Arabian Desert.
[17] At 850 hPa (Figure 2a), the trough is centered just

south of 20!N. High heights are centered over northern
Algeria, Tunisia, and northwestern Libya, to the south of the
position of the surface high in the summer climatology
(Figure 1), setting up a strong height gradient over north-
eastern Africa between the Atlas Mountains and the Arabian
Peninsula. Associated with this gradient, the low-level flow
is anticyclonic over much of northern Africa north of 20!N,
with strong northerly flow extending from southeastern
Europe to Egypt and Libya.
[18] Figure 2b shows the summertime climatological air

temperature field at 850 hPa. Warm temperatures associated
with the thermal low are present equatorward of the
topography of northern Africa. Between the Mediterranean
Sea and 20!N, a sharp temperature gradient follows the
topography, with isotherms dipping equatorward over Libya
and Egypt. The relatively cooler (warmer) air temperatures
over northeastern (northwestern) Africa are associated with
anticyclonic northerly (southerly) flow (Figure 2a).
[19] Strong meridional moisture gradients characterize

the Sahel climate, with specific humidity values decreasing
from over 12 g kg–1 near 10!N to less than 6 g kg–1 north
of 20!N (Figure 2c). Over the Sahara (e.g., 20–30!N) and
the central Mediterranean Sea, specific humidity values are
generally less than 6 g kg–1.
[20] The dominant upper air circulation feature over

northern Africa is a large anticyclone that is part of the
upper level outflow associated with the Indian monsoon
system seen in the 200 hPa flow in Figure 2d. South of this
anticyclone, between the equator and 20!N, is strong
easterly flow associated with the tropical easterly jet, and
to the north (30–45!N) is strong westerly flow associated
with the subtropical westerly jet. Note the jet streak extends
eastward from 30!E over Asia, with the confluent entrance
region over the central and eastern Mediterranean Sea.
Summertime climatological wind speeds approach 30 m s–1

over eastern Turkey and the Caspian Sea.
[21] In summary, the circulation characteristics often

associated with cold air surges are identifiable in the
summer climatological mean fields over northern Africa.
This includes confluent upper tropospheric flow in the jet
entrance region in the vicinity of the trough over the
Mediterranean, high surface pressure over northwestern
Africa, and strong, equatorward low-level flow over north-

eastern Africa. This suggests that the large-scale climato-
logical fields over northern Africa may be favorable for the
development of cold air surges.

4. Identification of Summertime Cold Air Surges
Over Northern Africa

[22] Figure 3 displays Hovmüller diagrams of 850 hPa
daily cold temperature anomalies (departures from the
1979–2006 monthly mean climatologies) over northeastern
Africa averaged between 10 and 30!E for the summers of
1998–2006. (Note that the warm temperature anomalies
have been removed from Figure 3 to focus on the cold
anomalies). These summers are chosen to coincide with the
TRMM satellite-derived rainfall record [Huffman et al.,
2007], since much of the interest in cold surges derives
from their influence on rainfall (discussed below). During
each of these nine summers, occasional pools of cold air, or
cold air surges, move equatorward from the Mediterranean
Sea (30–40!N) over northeastern Africa. As listed in Table 1,
77 cold air surges are identified, with 6–10 surge events
each summer. Overall, 25 episodes occur in June, 20 in July,
18 in August, and 14 in September. For this count of cold
surge events, a cold surge is identified when cool air at
850 hPa propagates equatorward from the Mediterranean
Sea (e.g., 30!N, solid line in Figure 3) over northeastern
Africa (Figure 3), with no limitation on the propagation
speed, the magnitude of the anomaly, or how far equator-
ward the surge penetrates. More stringent criteria are devel-
oped below, to select events relevant for African rainfall.
For example, of the 77 events identified in Table 1, about
23% do not reach the eastern Sahel.
[23] There are periods of prolonged cold surge episodes

consisting of multiple intrusions (e.g., 1–26 August 2000
and 1–22 July 2006), and times with minimal or no cold air
intrusions (e.g., 1–20 July 2002, 15 July to 15 August 2005,
1–31 August 2006, 10–30 September 2006). The
anomalies propagate southward at an average speed of
4.24! latitude day–1, or 5.46 m s–1, and those that reach the
eastern Sahel do so about 4 to 5 days after cold anomalies
first appear over the Mediterranean Sea. Speeds for indi-
vidual surges range from 2.5! latitude day–1 (3.22 m s–1)
on 12–17 July 2006 to 6.8! latitude day–1 (8.76 m s–1) on
24–25 August 2004, generally faster than the area averaged
(15–30!N, 15–30!E) summertime climatological 850 hPa
meridional flow of 4 m s–1 (3.11! latitude day–1). Note the
propagation rates of the surges are calculated as the time
difference between when the maximum cooling of an
identified surge event is at 30!N and the when the maximum
cold temperature anomaly reaches 17.5!N or its southern-
most extent for surges that do not reach the eastern Sahel.

5. Composite Analysis of Summertime
Cold Air Surges
5.1. Compositing Technique

[24] Now that individual episodes of low-level cold air
intrusions over northern Africa have been identified in the
reanalysis, the next step is to verify that these episodes share
the same circulation characteristics associated with cold air
surges discussed in section 2, and investigate their influence
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Figure 3. 850 hPa June–September daily cold temperature anomalies (K) averaged between 10 and
30!E for 1998–2006. Anomalies are the daily value minus the 1979–2006 climatological monthly mean
value. Arrows denote cold air surge events identified in Table 1 that are used to form the composite.
Positive/warm temperature anomalies are not plotted/contoured.
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Table 1. Cold Air Intrusions Over Northern Africa Identified From Figure 3a

Year

Date When 850 hPa
Temperature
Anomaly
is at 30!N

Maximum 850 hPa
Temperature
Anomaly (K)

Latitude of
Maximum
Temperature
Anomaly (!N)

Latitude of
Furthest
Equatorial
Extent (!N)

Date When 850 hPa
Temperature
Anomaly

Reaches 17.5!N

Maximum
Temperature
Anomaly
at 17.5!N

1998 2 June –4.18 22.5 <15 4 June –1.74
1998 14 June –1.18 30 22.5 - -
1998 19 June –6.41 25 <15 22 June –2.36
1998 6 July –1.86 27.5 20 - -
1998 10 July –2.30 30 25 - -
1998 18 July –2.44 30 22.5 - -
1998 11 August –1.39 30 <15 15 August –0.94
1998 19 September –2.53 30 <15 21 September –0.96
1998 24 September –1.83 30 <15 26 September –0.97
1999 1 June –4.81 22.5 <15 3 June –1.93
1999 24 June –4.52 25 <15 26 June –2.70
1999 1 July –2.40 30 20 - -
1999 18 July –1.64 25 <15 20 July –0.87
1999 27 July –0.87 30 <15 29 July –0.93
1999 5 August –2.05 25 <15 6 August –1.05
1999 25 August –3.97 27.5 <15 27 August –2.31
1999 25 September –2.30 25 <15 29 September –0.46
2000 1 June –6.87 30 <15 4 June –1.41
2000 8 June !2.76 25 <15 11 June –0.78
2000 17 June –5.91 27.5 <15 22 June –2.19
2000 28 June –3.12 22.5 <15 30 June –1.91
2000 21 July –3.63 27.5 <15 24 July –1.24
2000 1 August –3.48 30 <15 4 August –1.88
2000 10 August –2.30 30 <15 13 August –1.26
2000 16 August –2.06 30 <15 19 August –1.14
2000 14 September –3.24 27.5 22.5 - -
2000 24 September –6.21 30 <15 28 September –1.04
2001 6 June –3.82 22.5 <15 9 June –3.10
2001 16 June –2.93 25 <15 19 June –2.43
2001 26 June –2.28 27.5 <15 28 June –1.32
2001 2 July –2.65 30 <15 6 July –1.05
2001 23 July –1.80 20 <15 26 July –1.54
2001 1 August –2.35 30 25 - -
2001 18 August –1.68 30 <15 21 August –0.98
2001 27 August –2.91 30 <15 30 August –2.40
2002 1 June –5.31 30 17.5 3 June –0.36
2002 11 June –4.74 30 <15 14 June –1.18
2002 17 June –3.40 27.5 <15 17 June –2.66
2002 27 June –2.14 22.5 <15 29 June –1.03
2002 22 July –2.08 25 <15 25 July –1.20
2002 15 August –1.04 27.5 <15 17 August –1.18
2002 23 August –3.05 22.5 <15 26 August –1.52
2002 20 September –1.55 27.5 25 - -
2003 7 June –3.33 30 <15 11 June –0.64
2003 13 June –1.85 30 22.5 - -
2003 10 July –2.10 30 <15 13 July –0.73
2003 17 July –1.23 25 <15 19 July –0.66
2003 22 July –2.66 30 <15 25 July –0.94
2003 29 July –1.07 25 22.5 - -
2003 7 August –3.01 30 <15 11 August –0.81
2003 23 August –1.46 27.5 20 - -
2003 6 September –3.08 25 <15 8 September –0.39
2003 21 September –5.61 30 17.5 23 September –0.38
2004 8 June –4.18 30 <15 11 June –0.94
2004 20 June –2.43 20 <15 22 June –2.16
2004 30 June –1.22 30 <15 2 July –0.75
2004 15 July –5.46 30 <15 20 July –2.17
2004 1 August –2.05 30 20 - -
2004 17 August –2.96 30 <15 22 August –2.16
2004 24 August –2.05 27.5 <15 25 August –0.08
2004 4 September –2.41 27.5 20 - -
2004 9 September –6.54 30 <15 12 September –1.73
2004 22 September –2.92 30 <15 24 September –0.20
2005 1 June –3.63 30 17.5 4 September –0.45
2005 24 June –3.51 30 <15 27 June –1.95
2005 4 July –2.77 30 27.5 - -
2005 15 July –4.22 30 <15 17 July –2.25
2005 5 August –3.17 30 27.5 - -
2005 26 August –1.99 30 27.5 - -
2005 5 September –3.33 30 <15 9 September –2.01
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on the moisture and precipitation over northern Africa. To
do so, a composite surge event is constructed.
[25] Two criteria are used to define the selection of cold

air surge events for the composite. First, only cases in
Figure 3 in which the 850 hPa cold temperature anomalies
moving equatorward from 30!N (solid black line in Figure 3)
that reach 17.5!N are included. 59 of the 77 events listed in
Table 1 meet this criterion. Second, relatively strong events
are selected, i.e., those with temperature anomalies of !2!C
or greater at 17.5!N. This temperature threshold is selected
because it corresponds to approximately 1.5 standard devi-
ations away from the climatological monthly mean at 17.5!,
while this threshold approach is adopted to keep the analysis
objective. Note that by doing so, some potential case events
that could be relevant may be excluded. Of the 59 remain-
ing events, about 25% or 15 events meet this criterion.
These events used in the composite are denoted in Table 1
by bold type in the last two columns and the black arrows
in Figure 3.
[26] The selected strong cold surge case studies are

aligned with day 0 corresponding to the date when the
850 hPa maximum temperature anomaly reaches 17.5!N.
The sixth column in Table 1 lists these dates.

5.2. Composite Results

5.2.1. Low-Level Results
[27] Figure 4 shows the evolution of the 850 hPa tem-

perature and temperature anomaly fields of the composited
cold air surge averaged between 10 and 30!E. The temper-
ature anomalies are calculated as the difference from the
appropriate climatological monthly mean value to decrease
the influence of seasonality. The calculated composited

Year

Date When 850 hPa
Temperature
Anomaly
is at 30!N

Maximum 850 hPa
Temperature
Anomaly (K)

Latitude of
Maximum
Temperature
Anomaly (!N)

Latitude of
Furthest
Equatorial
Extent (!N)

Date When 850 hPa
Temperature
Anomaly

Reaches 17.5!N

Maximum
Temperature
Anomaly
at 17.5!N

2006 16 September –1.94 30 25 - -
2006 8 June –2.89 30 <15 11 June –0.19
2006 14 June –4.71 25 <15 17 June –2.48
2006 6 July –4.51 27.5 <15 8 July –1.67
2006 12 July –4.55 30 <15 17 July –1.62
2006 20 July –4.32 30 20 - -
2006 2 September –4.38 30 <15 6 September –2.26

aBold typing denotes events used to formulate the composite.

Figure 5. Composite 850 hPa (a) temperature (K) and
winds (m s–1) and (b) temperature and wind anomalies for
day 0. Wind and wind anomaly arrows locally significant at
the 95% are bold, while temperature anomalies locally
significant at the 95% level in Figure 5b are stippled.

Figure 4. Composite 850 hPa temperature (K; shaded),
and temperature anomaly (K; black contoured) averaged
between 10 and 30!E for the 15 cold air surge case studies
listed in Table 1. Horizontal axis denotes time in days from
the composite center. Temperature anomalies significant at
the 95% level are stippled.

Table 1. (continued)
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propagation speed from the Mediterranean Sea ("30!N) to
the Sahel ("15!N) is 3.75! latitude day–1, or 4.81 m s–1,
approximately 20% stronger than the climatological sum-
mertime 850 hPa meridional flow. Interpreting the prop-
agation speed from Figure 4 yields rates ranging from
3.75! latitude day–1 to 7.50! latitude day–1 depending on
which contour is utilized. Note that even though there is
some uncertainty in the rate calculation, all of the rates are
larger than the climatological meridional flow rate by at
least 20%. From day !6 to day 0, 850 hPa temperatures
over northeastern Africa drop 1–4.5 K. The cooler air
temperatures persist approximately 4 days over the eastern
Sahel (10–20!N) and are generally confined below 650 hPa,
with the coldest anomalies close to the surface. Over the
Mediterranean Sea (30–40!N) temperatures warm by 2.5 K
between day 0 and day +4 immediately following the surge
of cold air. Values significant at the 95% level are stip-

pled (see Appendix A for details of how significance is
determined).
[28] Figures 5a and 5b show the day 0 composite 850 hPa

temperature and wind fields and their anomalies, respec-
tively. Compared to the summer climatology (Figure 2),
850 hPa air temperatures are more than 3 K cooler over
northeastern Africa and 2 K warmer over the western
Mediterranean Sea at this time. This amplified isotherm
pattern (Figure 5a) is associated with a stronger anticyclone
over northern Algeria, Tunisia, and western Libya with
anomalously northerly (southerly) flow advecting relatively
cooler (warmer) air equatorward (poleward) over the
eastern Mediterranean Sea and northeastern Africa (western
Mediterranean Sea and northern Algeria).
[29] Figures 6a–6c show the 850 hPa temperature and

wind anomalies that precede the arrival of the surge at
17.5!N. Six days earlier (day !6; Figure 6a) a cold

Figure 6. Composite 850 hPa daily temperature (K) and winds (m s–1) anomalies for (a) day !6,
(b) day !4, (c) day !2, and (d) day +2. Contour interval is every 1 K. Wind and wind anomaly arrows
locally significant at the 95% are bold, while temperature anomalies locally significant at the 95% level
are stippled.
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Figure 7. Composite mean sea level pressure (contours) and mean sea level pressure anomalies
(shading) for (a) day !6, (b) day !4, (c) day !2, (d) day 0, (e) day +2, and (f) day +4. Contour interval is
every 1 hPa. Shading is in hPa according to the scale at the bottom. Anomalies locally significant at the
95% level are stippled.
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temperature anomaly of over !2 K is situated just north of
the Algerian/Tunisian coast in association with anomalous
northerly flow over the western Mediterranean Sea and
northern Algeria. An anticyclonic anomaly is located over
Spain (not shown), to the northwest of the climatological
anticyclone over western Algeria (Figure 2a). The statisti-
cally significant anomalous northerly flow is the eastern
flank of the anticyclone, which is advecting cooler air
equatorward. The low-level flow shifts and becomes north-
erly over the Atlas Mountains at this time (not shown),
which is a reversal of the summer climatological wind
direction (see Figure 2a).
[30] By day !4 (Figure 6b) the cool air anomaly has

advanced to the south and east, with cold anomalies over
!2 K extending from the central Mediterranean Sea to
northwestern Libya, Tunisia, and southeastern Algeria asso-
ciated with anomalous northerly/northeasterly flow. The gap
between the Atlas and Ahaggar Mountains seems to channel
flow into southern and central Algeria. Low-level wind
speeds double, advecting colder air associated with the
surge southwestward over southern Algeria. Over Spain,
warm temperature anomalies over +2.5 K are associated
with anomalous southerly flow in the wake of the low-level
anticyclone.
[31] By day !2 (Figure 6c), the cold temperature anoma-

lies and anomalous northerly flow are located over Libya
and Egypt, extending equatorward to the Ahaggar and
Tibesti Mountain ranges at approximately 22!N (Figure 1).
Anomalous northerly flow remains strong over Libya instead
of shifting eastward. Anomalous warming continues over
the western Mediterranean Sea, and is associated with an
enhanced southerly flow around the western flank of the
low-level anticyclone.
[32] As discussed earlier, the pool of cold air associated

with the cold air surge reaches the eastern Sahel on day 0
(Figure 5b), and by day +2 (Figure 6d) the cold air remains
in place over eastern North Africa, but in a weakened state
with temperature anomalies approximately 1 K smaller.
Anomalous northerly flow has also weakened considerably
over northeastern Africa, with the strongest anomalies
located over western Sudan, due east of the Ennedi Moun-
tains. Over theMediterranean, warm anomalies from the west
are advected eastward by the westerly flow along the north-
ern flank of the low-level anticyclone (Figure 2a), resulting in
low-level warming over the eastern Mediterranean follow-
ing the passage of the cold air surge (see Figure 4). The
anomalous cooling over northeastern Africa continues to
weaken over the next 3–4 days (not shown), as conditions
return to normal (Figure 2).
[33] Figure 7 depicts the evolution of the sea level surface

pressure field and its anomalies during the composited cold
air surge. On day !6 (Figure 7a), a surface ridge is centered
at approximately 40!N and 0!E, with sea level pressure
anomalies of more than 3 hPa. To the south, the thermal low
extends across the continent between 15 and 22!N, with
anomalies of !1 to !2 hPa over northern Chad and Sudan.
The stronger thermal trough over eastern Africa is accom-
panied by anomalous westerly/southwesterly flow on its
southern boundary over central Chad and Sudan (Figure 6a).
[34] On day !4 (Figure 7b), the anticyclone has moved to

just east of the Atlas Mountains, centered over Tunisia with
a maximum pressure of 1018 hPa, and anomalies of 3–4 hPa.

Sea level pressure has risen over northwestern Libya and
much of Algeria. The thermal low remains anomalously
strong, while the thermal low over the Arabian Peninsula
and Middle East deepens by 1 to 2 hPa. The surface
pressure gradient strengthens over northeastern Africa
between the anticyclone over the western Mediterranean
Sea region and the thermal low to the south over the Sahara
and to the east over the Arabian Peninsula. The thermal low
begins to weaken over Chad, but surface pressure anomalies
still remain significant over Sudan, with strong anomalous
westerly flow along its southern boundary (Figure 6b).
[35] By day !2 (Figure 7c), the anticyclone has expanded

over the western and central Mediterranean Sea and north-
western Africa, with pressure rises of 1–2 hPa reaching the
Ahaggar and Tibesti Mountains. The center of the anticy-
clone remains anchored over the Mediterranean Sea, where
water surface temperatures are cooler than the adjacent land
surface temperatures by 2 to 8 K. While the thermal trough
over continental Africa and the thermal low over the
Arabian Peninsula remain 1–2 hPa stronger than the cli-
matological average, maintaining the strong surface pres-
sure gradient over northeastern Africa, the anomalies are no
longer statistically significant over Chad and Sudan.
[36] On day 0 (Figure 7d), the anticyclone is centered just

north of the Libyan coast, with mean sea level pressure over
much of northern Africa anomalously high. This includes
the central African thermal trough region between 5 and
30!E, where mean sea level pressure anomalies are from
0.2 to 1.2 hPa. To the east, the thermal low over the Arabian
Peninsula and, thereby, the pressure gradient over eastern
Libya and Egypt remain strong.
[37] By day +2 (Figure 7e) the high-pressure system has

retreated to the north and west, and it is located over the
western Mediterranean Sea by day +4 (Figure 7f). The
thermal trough remains weaker than normal through day +4.
[38] The results from Figures 4–7 indicate that tempera-

ture drops of 3–4 K, and pressure rises of 1–2 hPa are
associated with northern African cold air surges. While
these values are much smaller than those associated with
wintertime cold air surges elsewhere [e.g., Colle and Mass,
1995; Schultz et al., 1998; Garreaud, 1999], they are
comparable to the South American summertime surge
anomalies of !4 K, with 2 hPa pressure rises [Garreaud
and Wallace, 1998].
5.2.2. Precipitation
[39] Of great importance is the ability of African cold air

surges to trigger monsoon breaks, so TRMM rainfall rates
are examined. Figure 8a shows composited daily TRMM
rainfall rates along with 850 hPa wind anomalies for day
!6. On day !6, rainfall is widespread across the continent
between 5 and 15!N. North of 15!N over the northern Sahel
and southern Sahara, there are sporadic clusters of convec-
tive activity from Mauritania in the west to Chad in the east.
[40] Figure 8b shows the 850 hPa specific humidity

anomalies from the composite on day !6. Low-level
moisture values over Algeria, northern Niger, and Mali
are 0.5–1 g kg–1 above the climatological mean, represent-
ing a 5–15% increase in the low-level moisture content
over this relatively dry region (Figure 2c). Over the eastern
Sahel, in Chad and Sudan, the low-level moisture anomaly
is also positive, with specific humidity anomalies exceeding
1 g kg–1. The increase in low-level moisture over the
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eastern Sahel is associated with a stronger African monsoon
trough (Figure 7a) positioned a few degrees of latitude
further north than normal (Figure 1) and anomalous
westerly/southwesterly flow with enhanced (weaker) low-
level convergence over northern (southern) Chad and Sudan
(not shown, but interpreted from Figures 2a and 7a). 850 hPa
moisture convergence over northern Sudan is approximately
double the climatological mean value at this time and is
reduced by 80–110% over southern Sudan (not shown). In
contrast, the increase in moisture over the western Sahara is
associated with both a northward shift of the monsoon
trough as well as an increase in the low-level moisture
associated with the anomalous northerly flow from the
western Mediterranean and southwestern Europe. Low-level
moisture convergence also increases by 50–75% over
southern Algeria (not shown), just ahead of the anomalous
northerly cold air surge boundary (i.e., at the southern
boundary of the significant wind anomaly vectors over
Algeria in Figure 8a).

[41] By day !4 convective activity over southern Algeria,
northern Niger, and northern Mali intensifies (Figure 8c) as
anomalous northerly/northeasterly flow associated with the
cold air surge is channeled through the gap in the topogra-
phy between the Atlas and Ahaggar Mountains of Algeria.
The low-level moisture content of the atmosphere increases
by 25–35% over southern Algeria at this time (Figure 8d),
associated with the doubling in strength of the channeled
flow between the orography over Algeria and the continued
anomalous northward shift of the summer monsoon trough
across continental Africa. Low-level moisture convergence
also doubles over southeastern Algeria at this time (not
shown), in the region where the anomalous northerly/
northeasterly flow begins to weaken (Figure 8c). Note that
the cold air surge only extends to approximately 20!N over
the western Sahara, approximately 5! to 10! of latitude
north of the primary summertime land-based convergence
zone over West Africa, suggesting that the cold air surges
may not have a strong interaction with this convergence

Figure 8. Composite daily (a) rainfall rate (mm day–1) and 850 hPa wind anomalies (m s–1) and
(b) 850 hPa specific humidity (g kg–1) anomalies for day !6. Composite daily (c) rainfall rate and
850 hPa wind anomalies and (d) 850 hPa specific humidity anomalies for day !4. Contour interval is
every 0.5 g kg–1 in Figures 8b and 8d. Wind anomaly arrows locally significant at the 95% level are bold,
while specific humidity anomalies locally significant at the 95% level are stippled.
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zone over the western Sahara. This enhancement of con-
vective activity north of 20!N is short lived, as by day !2
rainfall rates and the positive low-level specific humidity
anomalies decrease in magnitude (not shown).
[42] The influence of the cold air surge on rainfall over

the eastern Sahel is opposite to the response over the
Western Sahara, with a 4–6 day break in rainfall over
Sudan and Chad beginning on day 0. Figure 9a shows the
composited daily TRMM rainfall rates and 850 hPa wind
anomalies for day 0. Convective activity that extended to
19!N over Sudan and Chad four days earlier has retreated
equatorward and is now south of 15!N. This retreat is
associated with anomalous low-level northwesterly flow
over northern Chad and Sudan, as cooler, drier air from
the north is transported equatorward around the topography
of the Tibesti and Ennedi Mountains.
[43] Figure 9b shows the 850 hPa specific humidity

anomaly for day 0. The strong positive low-level moisture
anomaly over Sudan on day !4 (Figure 8d) has weakened
and retreated equatorward, replaced by weak negative

moisture anomalies generally less than 0.5 g kg–1 over
northern Sudan. This change in the moisture anomaly
indicates an equatorward retreat of the meridional moisture
gradient over the eastern Sahel (Figure 2c). Large positive
moisture anomalies persist over Chad, northern Nigeria, and
Niger in regions to the south and west of the main
topography features (Figure 1), suggesting that orography
may shield Central Africa from strong dry air intrusions to
some degree, and/or the influence of the low-level south-
westerly flow associated with the West African monsoon
may play a dominant role in transporting moisture into this
region. These moisture anomalies could also be a conse-
quence of strong moisture convergence prior to day 0. It is
unclear from this analysis what role the cold air surge may
be having in the increase in low-level moisture and con-
vective activity over the central Sahel.
[44] By day +2 (Figure 9c), rainfall rates continue to

decrease over the eastern Sahel (Sudan and eastern Chad),
with convective activity weakening as far south as 10!N.
This break/weakening of convective activity is associated

Figure 9. Composite daily (a) rainfall rate (mm day–1) and 850 hPa wind anomalies (m s–1) and
(b) 850 hPa specific humidity (g kg–1) anomalies for day 0. Composite daily (c) rainfall rate and 850 hPa
wind anomalies and (d) 850 hPa specific humidity anomalies for day +2. Contour interval is every 0.5 g
kg–1 in Figures 9b and 9d. Wind anomaly arrows locally significant at the 95% level are bold, while
specific humidity anomalies locally significant at the 95% level are stippled.
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with anomalous northerly flow east of the Ennedi Moun-
tains of eastern Chad. To the west, convective activity
remains strong south of 15!N over southern Chad, Niger,
Nigeria, and Cameroon.
[45] Figure 9d shows the 850 hPa specific humidity

anomaly for day +2. Drying over the eastern Sahel of Sudan
has increased, with specific humidity anomalies of!2 g kg–1

or greater, a 20–30% reduction compared with the clima-
tological mean. To the west, specific humidity ratios increase
by 2 g kg–1 over Niger, and are associated with increased
convective activity and anomalous southwesterly low-level
flow (Figure 9c). This anomalous low-level moisture pattern
remains in place until day +6 (not shown), but with
magnitudes gradually weakening from their peak at day +2.
Similarly, rainfall remains below normal over central Sudan
and eastern Chad through day +6 (not shown).
[46] Over eastern Africa the cold air surge extends to

10!N, about 10! of latitude further south than the surge
reached over western Africa. In doing so, the surge extends
south of the driest part of eastern Sahara desert (Figure 2c).
The anomalous northerly flow shown in Figure 9 over the
eastern Sahel is associated with the advection of relatively
drier air from the eastern Sahara and weaker convergence
over the eastern Sahel.

[47] Note TRMM rainfall rates involve a complex algo-
rithm that blends satellite and ground-based observational
rainfall estimates to formulate an end product rainfall rate,
and that there are relative errors involved in the algorithm
process. Results discussed above may be dependent upon
the use of the TRMM rainfall rates.
5.2.3. Upper Level Conditions Associated
With the Cold Air Surge
[48] Figure 10 shows the composite height and height

anomalies at 200 hPa. A ridge/trough pattern is discernable
at this level on day !6 (Figure 10a) with confluent flow
implied by the strengthening of the geopotential gradients
east of the ridge axis over the central Mediterranean Sea.
The composited results for day !7 (not shown) indicate that
the development of the trough at 200 hPa east of the ridge
axis precedes the development of a trough at 500 hPa by
1 day, indicating that the development of the 500 hPa trough
and cold air surges may be forced from upper tropospheric
changes.
[49] By day !4 (Figure 10b) the ridge and trough axes

have moved eastward by approximately 10!. Heights asso-
ciated with the ridge (trough) axis at 0!E (30!E) are 60–80 m
above (below) normal and are at their greatest magnitudes in
the composite. Associated with this amplified pattern is

Figure 10. Composite 200 hPa geopotential heights (contours) and geopotential height anomalies from
weighted climatology (shading) for (a) day !6, (b) day !4, (c) day !2, and (d) day +0. Contour interval
is every 60 m. Shading is in meters according to the scale at the bottom. Height anomalies locally
significant at the 95% level are stippled.

D01104 VIZY AND COOK: MECHANISM FOR AFRICAN MONSOON BREAKS

13 of 19

D01104



Figure 11. Composite 200 hPa daily isotachs (m s–1; contoured), temperature (K; shaded), and wind
vectors (m s–1) for (a) day !6, (b) day !4, (c) day !2, (d) day +0, (e) day +2, and (f) day +4. Contour
interval is every 4 m s–1. Isotachs locally significant at the 95% level are stippled. The box in Figure 11a
denotes the averaging region over the Mediterranean used in Figure 12.
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strong confluence over the central and eastern Mediterranean
Sea.
[50] The trough begins to weaken by day!2 (Figure 10c),

while the ridge axis remains 60–80 m stronger than average
until day 0 (Figure 10d), after which it weakens. By day +2
(not shown), the 200 hPa height field resembles the sum-
mertime climatology (Figure 2d).
[51] The development of the upper tropospheric amplified

ridge/trough pattern and strengthening of the confluence
over the Mediterranean Sea is associated with an intensifi-
cation of the subtropical westerly jet. Figure 11 shows the
composited isotachs, wind vectors, and temperature at
200 hPa. Awesterly jet streak with a maximum of 30 m s–1

is present over the eastern Mediterranean Sea, Turkey, and
western Asia on day !6 (Figure 11a) with the jet entrance
region positioned over the central Mediterranean Sea. The
jet streak intensifies to over 36 m s–1 as the 200 hPa
shortwave trough deepens over the eastern Mediterranean
Sea on day !4 (Figure 11b). The jet core remains strong
(e.g., greater than 36 m s–1) on day !2 (Figure 11c) and
begins to move northeastward on day 0 (Figure 11d),
associated with the passage of the upper level shortwave
trough. The jet streak remains over western Asia on day +2
and day +4 (Figures 11e and 11f), with maximum wind
speeds dropping below 36 m s–1.

[52] The passage of a shortwave trough in the upper
tropospheric flow has been associated with cold air surges
in other regions [e.g., Chang and Lau, 1980; Lau et al.,
1983; Chu and Park, 1984; Boyle, 1986; Schultz et al.,
1997, 1998]. Similar to other jet entrance regions, the
confluent upper tropospheric jet entrance region over the
Mediterranean Sea is associated with a direct secondary
circulation that favors upper level wind convergence and
subsidence, and increased ageostrophic southerly (northerly)
flow in the upper (lower) levels over the central and eastern
Mediterranean Sea and northern Africa [Beebe and Bates,
1955; Uccellini and Johnson, 1979]. As the shortwave
trough deepens by day !4, the upper level confluence and
subsidence increase and the direct secondary circulation
intensifies.
[53] Figure 12a shows the 200 hPa composited wind

convergence in the left entrance region of the subtropical
westerly jet (10–30!E, 35–45!N). On day !6, the upper
level wind convergence is below the climatological summer
average of 2.4# 10!6 s!1, but increases abruptly on day !4
to about 4.0 # 10!6 s!1 and remains high through day +1.
This represents a 70–90% increase in wind convergence in
the left entrance region of the upper level westerly jet.
[54] Figure 12b shows the 500 hPa composited vertical

p velocity averaged over the same region. Associated with
the marked increase of the upper level wind convergence on
day !4 is an intensification in the subsidence at 500 hPa.
Between day !4 and day +1, vertical p velocities are greater
than 0.075 Pa s, which is at least 0.025 Pa s greater than the
climatological summertime average of 0.05 Pa s!1. This is a
50–90% increase in the strength of the subsidence over this
region.
[55] Figure 13 illustrates the direct secondary circulation

over the eastern Mediterranean Sea and northeastern Africa
when the upper level amplification is strong on day !4
(Figure 13a) and when the upper level pattern has relaxed
on day +2 (Figure 13b). Compared with day +2, subsidence
is stronger over the Mediterranean Sea (32–40!N), while
rising vertical motions between 900 hPa and 300 hPa over
the southern Sahara and Sahel (15–25!N) are 0.01–0.02 Pa s
stronger on day !4. The subsidence over the Mediterranean
Sea constitutes the down branch of the direct secondary
circulation, while the rising vertical motions over the south-
ern Sahel and Sahara may form the up branch. Note that
rising motion over the Sahel is not purely due to the direct
secondary circulation, as the monsoon circulation to the
south also strongly influences vertical motions during the
summer [Zhang et al., 2006]. Idealized modeling work
beyond the scope of this study is needed to determine the
relative contribution of rising motions over the eastern Sahel
owing to the indirect circulation as opposed to upward
motions associated with the African monsoon system or
other forcing mechanisms. The ageostrophic meridional
winds in the upper troposphere between 100–200 hPa are
southerly, with magnitudes approximately 40% stronger on
day !4 and covering a greater area, from 5–45!N than on
day +2. Completing the direct secondary circulation is
ageostrophic northerly flow at low levels. Over the Sahara
(20–30!N) low-level ageostrophic northerly flow is stronger
and deeper on day !4, compared to day +2. It is this
intensification of the low-level northerly flow that is asso-

Figure 12. Composite (a) 200 hPa wind convergence
(# 106 s!1), and (b) 500 hPa vertical p velocity (Pa s) area
averaged between 10 and 30!E and 35 and 45!N. Horizontal
axis denotes time in days from the composite center (0).
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ciated with the equatorward movement of the cold air surge
over northeastern Africa (e.g., Figure 3).
[56] The position of the direct circulation’s subsidence

center on day !4 (Figure 13a) is on the cyclonic shear side
of the jet close to the jet core axis, and the rising branch is well
south of the jet axis at between 10 and 15!N (Figure 11b).
This differs from classical straight jet streak theory [e.g.,
Keyser and Shapiro, 1986] which suggests that these
regions should straddle the jet-core axis. As inferred from
the composite temperature and wind vector fields in
Figure 11b, the relative equatorward positioning of the
direct circulation in the jet entrance region on day !4 is
associated with both along jet cold air advection over the
central Mediterranean Sea and thermal ridging associated
with curvature effects related to the upper level anticyclone
over the Middle East and South Asia (Figure 2d).

6. Conclusions

[57] Analysis of the NCEP Reanalysis 2 and TRMM
rainfall data for the summers of 1998–2006 shows that

low-level cold air surges occur over northern Africa during
the boreal summer. There are 6–10 cold air surge outbreaks
per summer, with nearly 75% of the events reaching the
northern Sahel over eastern Africa at 17.5!N and lasting 2 to
10 days. The temperature anomalies move equatorward
from the Mediterranean Sea into northern Africa at an
average speed of 5.46 m s–1, which is about 1.5 m s–1

faster than the summer climatological meridional flow.
[58] While the lower-tropospheric temperature and sea

level pressure anomalies associated with the summertime
African cold air surges are generally smaller in magnitude
than anomalies associated with cold season surges in other
regions of the world [e.g., Boyle, 1986; Marengo et al.,
1997; Schultz et al., 1998; Garreaud, 1999], they are
comparable to the South American summertime cold air
surge estimates of a 4 K temperature drop and a 2 hPa
pressure drop [e.g., Garreaud and Wallace, 1998]. For
individual cases the temperature change can range from
less than !1 K to over !6 K with the coldest temperatures
confined to northern Libya and Egypt. There is also a
seasonal dependence, with the strongest cold air surges
occurring earlier in the summer (June). Twice as many cold
air surge events reach the eastern Sahel ("17.5!N) in
June than in July, August, or September (Figure 3).
[59] The dynamics of cold air surges over northern Africa

are similar to surges in other parts of the world, with an
amplified upper tropospheric ridge/trough pattern with the
ridge (trough) axis centered over northwestern Africa (over
the eastern Mediterranean Sea), a hydrostatically induced
ridge of surface pressure, and strong meridional low-level
flow. In a northern African surge event, the amplification of
the upper level flow pattern over the Mediterranean Sea is
associated with the passage of an upper level shortwave
trough, a tightening of the height gradient, and an increase
in upper level confluence. This is significant because the
central/eastern Mediterranean Sea region coincides with the
location of the jet entrance region for the upper tropospheric
westerly jet streak. Associated with the stronger height
gradient and confluence, the jet streak intensifies over the
eastern Mediterranean Sea and western Asia, accompanied
by an intensification of the direct secondary circulation in
the jet entrance region (Figure 13), which is associated with
an increase in upper level wind convergence and subsidence
over the central and eastern Mediterranean Sea, stronger
low-level (upper level) ageostrophic northerly (southerly)
flow over northeastern Africa including Libya and Egypt,
and stronger rising motion over the eastern Sahel on the
northern flank of the continental land-based convergence
zone. It is this intensification of the low-level northerly flow
(called the Etesian winds) combined with the low-level
summer climatological northerly flow over northeastern
Africa that advects in the cooler air over northeastern
Africa, while the northwest to southeast axis tilt of the
northern African topography (Figure 1a) aids in the chan-
neling of the cold air predominantly toward eastern Africa
and the eastern Sahel (Figure 6).
[60] Since the topography is not an unbroken chain, there

are gaps through which leakages of cold air can be observed,
including over central Algeria between the Atlas and
Ahaggar Mountains, and over Chad between the Tibesti
and Ennedi Mountains. The low-level flow is accelerated
through these gaps during cold air surge events. Leakages are

Figure 13. Composite vertical p velocity (shaded) and
ageostrophic meridional wind component (contoured) aver-
aged between 10 and 30!E for (a) day !4 and (b) day +2.
Contour interval is every 0.5 m s–1, while shading interval is
every 0.02 Pa s. Hatched (stippled) regions denote where the
vertical p velocity (ageostrophic meridional wind) is
significant at the 95% level.
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not uncommon elsewhere in the world. For example,
Schultz et al. [1997] discussed the importance of gaps in
the Central American mountains during winter cold air
surge outbreaks.
[61] The Froude number and the Rossby radius of defor-

mation for the Atlas Mountains are estimated to be 0.10 and
250 km, respectively. These estimates indicate that the
topography is playing a role, though perhaps not a dominant
role in the cold air surge dynamics. Future work is needed to
better understand the role of the topography for cold air
surge development over northern Africa.
[62] A composite is constructed from 15 summertime

surge events to investigate the timing of circulation charac-
teristics associated with northern Africa cold air surges. The
200 hPa flow amplifies into a ridge/trough pattern over the
western Mediterranean Sea one week (e.g., on day !7)
before the cold air reaches the eastern Sahel ("17.5!N) in
association with the development and passage of an upper
level shortwave trough. The 200 hPa ridge/trough pattern
achieves maximum amplification over the Mediterranean
Sea on day !4, when the 200 hPa westerly jet streak and the
confluence in the jet entrance region over the Mediterranean
Sea are strongest. This amplified pattern breaks down first
in the upper troposphere between day !2 and day 0, and
then in the midtroposphere between day 0 and day +2.
[63] At low levels, the cold air surge begins to propagate

equatorward over northern Africa, in particular western
Libya and eastern Algeria, by day !4, coinciding with the
maximum amplification of the upper tropospheric pattern
and the strongest subsidence over the central Mediterranean
Sea. The cold air moves southward and eastward over the
next 4 days. Conditions remain cooler than normal over
northeastern Africa 4 days after the surge reaches the
eastern Sahel (17.5!N).
[64] The composites demonstrate that cold air surges

influence the summertime synoptic variability of rainfall
over northern Africa, especially over the western Sahara
(20–25!N, 15!W–10!E) and the eastern Sahel (12–20!N,
15–35!E). Convective activity is enhanced over the western
Sahara 2 to 5 days before the surge reaches the eastern
Sahel, when northeasterly flow channeled in the gap be-
tween the Atlas and Ahaggar Mountains strengthens and
transports relatively moist air from the western Mediterranean
and eastern North Atlantic (Figure 9). Over the eastern
Sahel, the composite results reveal a break in convective
activity when the surge arrives that persists for about 6 days.
The difference in the rainfall responses over the western
Sahara and eastern Sahel due to cold air surges is related to
the differences in the low-level moisture field in these two
regions (Figure 2c) and the latitudinal extent that the cold air
surge extends. The western Sahara is so dry that any change
in the circulation, including those associated with a cold air
surge, will be likely to increase the low-level moisture and
convective instability in the region. Furthermore, the cold
air surge penetrates only to 20!N over this region. Over the
eastern Sahel, the cold air surge reaches 10!N. Low-level
moisture values are greater owing to the moist, southwest-
erly flow of the African monsoon system, so increased
northerly flow is associated with a decrease in moisture, and
a more stable environment that favors a break in the rainfall.

[65] These results offer promise for improving short-
range prediction of rainfall breaks over the eastern Sahel
during boreal summer through the use of the circulation
characteristics associated with cold air surges. Additional
work is needed to address the relevance of the circulation
mechanisms identified in this work for weaker surge events
and their relationship to rainfall variability, as well as to
characterize the robustness of these results in other obser-
vational data and reanalyzed data products (i.e., verify that
they are not just unique to the data sets selected for this
analysis). Additionally, there is evidence that the frequency
of cold air surges over northern Africa may vary on monthly
time scales (e.g., Figure 3), but a longer time series is
needed to solidify this result. Connections between cold air
surge events and the ‘‘Sahel mode’’ of intraseasonal vari-
ability identified by Mounier and Janicot [2004] and other
mechanisms that are found to influence intraseasonal vari-
ability (e.g., easterly wave activity from the Indian Ocean,
West African monsoon variability) also need to be explored
in greater depth. In particular, the day !6 composite of the
low-level wind and moisture anomalies (Figures 8a and 8b)
is similar to the t0 –6 composite for the Sahel mode (see top
right of Figure 2 from Mounier and Janicot [2004]).
Fluctuations in the low-level northerly flow, not only those
associated with cold air surges, may be playing an important
role in this particular mode of intraseasonal variability and
need to be better understood.
[66] Finally, the decrease in frequency of strong cold air

surges over northern Africa after June coincides with the
decline from the June peak in the dust season for the
hyperarid desert regions of North Africa [e.g., N’tchayi
Mbourou et al., 1997; Engelstaedter and Washington,
2007], suggesting a potential connection between cold air
surges and dust outbreaks. Inspection of the individual cases
for the summer of 2006 identified in Table 1 compared with
satellite derived dust estimates from Meteosat satellite
images confirms a relationship between cold air surges
and dust outbreaks over northern Africa. In particular,
satellite imagery suggests that cold air surges may act as a
synoptic catalyst to promote dust outbreaks over the two
main source regions over northern Africa, namely the
Bodélé depression of Chad and the Western Saharan region
of southern Algeria, Mali, and Mauritania [e.g., Washington
et al., 2003]. Enhanced low-level flow associated with cold
air surges channels through the gaps in the topography over
Algeria and northern Chad, increasing the low-level wind
speeds over these dust source regions (Figure 6). Satellite
imagery from the summer of 2006 confirms that there was
an increase in dust activity coinciding with the increase in
low-level flow through the gap between the Atlas and
Ahaggar Mountains, and between the Tibesti and Ennedi
Mountains. Our results are consistent with Knippertz et al.
[2008]. In their field campaign in southern Morocco during
May and June 2006, they found significant dust events over
northwestern Africa were associated with cold air surge
events, the channeling of low-level flow between the Atlas
and Ahaggar Mountains, and particular synoptic conditions
including the passage of an upper level wave. Further work
is needed to investigate the role of cold air surges in forcing
northern African dust outbreaks not just during the summer,
but for outbreaks in other seasons. Thus, there may also be
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some predictability of dust events based on a better under-
standing of cold air surge outbreaks.

Appendix A: Calculation of Statistical
Significance for the Composites

[67] To calculate the significance for a given day of the
composite, a Student’s t test is employed defined by the
equation below:

t ¼ !x! moð Þ
S
ffiffiffi

n
p

" # ðA1Þ

[68] In equation A1, n is the sample size, in this case the
15 cold air surge events, while !x is the composite mean value
of the variable being tested. S is the standard deviation for
the 15 events that formulate the composite. Finally, mo is the
weighted monthly climatological value of the field. The
daily mean values from the NCEP2 reanalysis between
1979 and 2006 are used to calculate climatological monthly
mean values. A weighting technique is then utilized to
represent mo and reduce effects of seasonality. In this
approach, for each of the given 15 days/events that make
up the composite field, !x, the month is noted and used to
weight mo. For example, if the 15 events that make up the
composite for a given time included 7 days in June, 4 in
July, 3 in August, and 1 in September, then mo would be
defined as

mo ¼
7

15
ClimJune þ

4

15
ClimJuly þ

3

15
ClimAug þ

1

15
ClimSep ðA2Þ

where ClimJune, ClimJuly, ClimAug, and ClimSep are the
climatological (1979–2006) monthly NCEP2 values of the
field for June, July, August, and September, respectively.
The degrees of freedom are n – 1, or in this case 14.
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