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ABSTRACT
Equatorward-moving cold surges occur along the lee of high terrain during the cold season. Even though
the east coast of Africa features high terrain, little research exists on cold surges along the African highlands
despite the fact that these surges could have potentially large agricultural and societal effects. This paper
examines a 5-yr climatology of the most extreme African-highlands cold surges spanning the 2008–12 period.
During these years, 186 cold surges occurred to the lee of the African highlands, with 84 events extending
between 308 and 358S (type 1), 27 extending between 258 and 308S (type 2), and 75 extending equatorward of
258S (type 3) based on the 1000–850-hPa thickness pattern. This climatology reveals that extreme Africanhighlands cold surges have a climatological maximum in September. Cold surges of type 1 and type 2 tend to
occur throughout the Southern Hemisphere winter and spring, whereas surges of type 3 are generally confined
to the winter months. These cold surges can last from 2 to 8 days, with the highest frequency of events
spanning a 3-day period. A typical cold-surge event features maximum 925-hPa meridional flow of 30.0–
39.9 kt (1 kt 5 0.51 m s21) that most frequently advects cold Antarctic air to between 15.08 and 24.98S and at
times as far as the equator.

1. Introduction
Cold air is frequently advected along the lee side of
high terrain and channeled equatorward, creating a cold
surge. Cold surges are shallow regions of cold, stable
air that extend approximately 500–1000 km, or one
Rossby radius of deformation away from high terrain
(Pierrehumbert and Wyman 1985). Cold surges typically
have a coherent signature from two days up to an entire
week and are often associated with strong low-level
equatorward flow exceeding 20 m s21, decreases in
temperature of up to 208–308C, and increases in pressure
of up to 15–30-hPa over a 24-h period (Garreaud 2001).
Cold surges typically occur with both a dynamic
component and an orographic component (Lupo
et al. 2001). As a synoptic-scale anticyclone moves
into proximity of high terrain a pressure ridge (and
associated cold air) can extend along the lee side of
this terrain. The Coriolis force acts on the air along
the high terrain, turning it to the left (right) in the
Southern (Northern) Hemisphere, effectively tying the
a
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surge to the terrain (e.g., Forbes et al. 1987; Bell and
Bosart 1988; Colle and Mass 1995). This stable, cold air
cannot ascend over the high terrain and instead continues equatorward (Manins and Sawford 1982).
While some researchers have hypothesized that cold
surges act dynamically, like Kelvin, shelf, topographic
Rossby waves, and gravity currents (Schultz et al. 1997),
Colle and Mass (1995) and Garreaud (2001) have found
that cold surges are dominated by meridional advection
of both temperature and anticyclonic vorticity, similar
to a cold-air damming event along the East Coast of the
United States (Bell and Bosart 1988). A cold-air damming event is characterized by a U-shaped pressure
ridge (upside-down U in the Southern Hemisphere), and
strong meridional cold-air advection to the lee of high
terrain (Bell and Bosart 1988; Colle and Mass 1995).
Cold surges have been studied along many major
mountain chains including the Andes (e.g., Garreaud
2001; Lupo et al. 2001), Appalachians (e.g., Forbes et al.
1987; Bell and Bosart 1988), Himalayas (e.g., Sumi 1985;
Tilley 1990), and Rockies (e.g., Hartjenstein and Bleck
1991; Colle and Mass 1995). However, only recently
have initial investigations into cold surges along the
African highlands taken place. Metz et al. (2013)
compared and contrasted extreme cold events (ECEs)
along the Andes and African highlands. An ECE was
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FIG. 1. The 20-yr mean annual SSTs (1982–2001; blue shading in degrees Celsius), 25-yr mean annual SLP (1977–2001; black
dashed lines every 2 hPa), 25-yr frequency of 925-hPa temperature , 168C (1977–2001; multicolor shading in percent calculated
from 18 262 analysis times), ERA-40 surface elevation (brown–green shading in meters), and points along extreme cold event
preferential pathways (black circles and diamonds) (Metz et al. 2013).

defined as the top 1% of coldest 925-hPa temperatures
at a particular latitude along the Andes or African
highlands cold-surge ‘‘pathways’’ (Fig. 1). ECEs tend
to be weaker along the African highlands likely because of the shorter terrain and the moderating influence of the Indian Ocean below (Metz et al. 2013).
Synoptic-scale composites of ECEs along both the
Andes and African highlands show that ECEs are associated with an amplified ridge–trough pattern and a
surface anticyclone that is located in the broad poleward entrance region of a strong 250-hPa jet streak
(Metz et al. 2013).
This paper will expand on the work done by Metz
et al. (2013) by examining coherent extreme coldsurge events along the African-highlands pathway
(Fig. 1) to determine their frequency and associated
characteristics. In particular, this paper will utilize a
thickness metric, similar to Lupo et al. (2001), to
identify the distribution of the most intense cold
surges, in an absolute sense, over a 5-yr climatology.
The remainder of this paper will be organized as follows. Section 2 will identify the data and methods
utilized to identify and analyze extreme cold-surge
events. Section 3 will discuss the results of a short 5-yr
climatology of cold surges along the African highlands
spanning 2008–12. Section 4 will synthesize the pertinent results and place them into the context of previous research by comparing the climatology of
African-highlands cold surges with a climatology of

Andes cold surges previously identified by Lupo
et al. (2001).

2. Data and methods
A 5-yr climatology of cold surges along the African
highlands was created using the 6-hourly 0.58 GFS analysis grids (NOAA/National Centers for Environmental
Prediction 2000). This climatology spans 2008–12 and
follows a similar methodology as Lupo et al. (2001), who
characterized cold surges along the Andes by utilizing
1000–850-hPa thickness maps. For the purposes of this
research 1000–850-hPa maps were also used for each
cold-surge event along the African highlands to facilitate
comparison, and each event was classified as type 1, 2, or
3 [similar to weak, moderate, and strong in Lupo et al.
(2001)] depending on the equatorward extent of various
thickness contours. Given that the southern extent of the
African continent is at a different latitude than South
America, some modifications to the Lupo et al. (2001) criteria were made. However, the resulting African-highlands
criteria are very similar to those used along the Andes (cf.
Lupo et al. 2001) and are robust as each case identified
using the 1000–850-hPa thickness maps that is included in
this climatology is associated with a terrain-tied cold surge.
For a cold surge along the African highlands to be classified as type 1 the 135-dam thickness contour had to cross
358S between 258 and 408E (Fig. 2; green shading). A type
2 cold surge occurred when the 135-dam contour crossed
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FIG. 2. Boxes illustrating the criteria used for determining each type of cold surge. Type 1 cold surges feature the
135-dam thickness contour that crossed 358S between 258 and 408E (green shading), type 2 cold surges feature
the 135-dam contour that crossed 308S between 308 and 408E (blue shading), and type 3 cold surges feature the
135-dam contour that crossed 258S between 308 and 458E (orange shading) or the 138-dam contour that
crossed 158S between 308 and 458E (red shading).

308S between 308 and 408E (Fig. 2; blue shading). Finally,
a type 3 cold surge occurred when the 135-dam contour crossed 258S, between 308 and 458E (Fig. 2; orange
shading), or the 138-dam contour crossed 158S, between
308 and 458E (Fig. 2; red shading).
This paper identifies the most extreme cold surges
from a low-level thickness perspective and facilitates
comparison with the work completed by Lupo et al.
(2001). These extreme cold-surge events are likely to
have the most substantial agricultural and societal impacts over the largest range of latitudes. These surges
can even approach the equator, potentially leading to
the generation of tropical waves (e.g., Liebmann et al.
2009). However, it is important to note that a cold-surge
signal can occur to the lee of the African highlands on
many days throughout the entire year, and the approach
considered herein only examines the most extreme cold
surges, which often occur in the cold season. The 135-dam
contour was chosen for the type 1 cold-surge events because this value represents 1000–850-hPa thickness
values that were approximately one standard deviation
below the annual mean 1000–850-hPa thickness at 358S.
Thickness metrics for type 2 and 3 cold surges follow from
this benchmark in a similar method to Lupo et al. (2001).

The longitudes for each classification were chosen after a
thorough examination of synoptic maps to determine the
typical horizontal extent of these surges and follow the
African-highlands extreme cold event pathway identified
in Metz et al. (2013; Fig. 1). If a cold surge featured days
that fell under multiple classifications, the surge was
classified based on its maximum equatorward extent.
For each of the cold surges identified, the duration,
maximum total and north–south (y) component of the
925-hPa wind speed, and maximum latitudinal extent of
925-hPa cold advection were quantified. A cold surge
began at the first GFS analysis period when there was
925-hPa cold advection along the lee of the African
highlands (shaded region in Fig. 2) and ended when there
was no longer cold advection along this African-highlands
pathway. Each cold surge considered in this study was
required to last for longer than a 24-h period. After cold
advection ended, 925-hPa temperatures tended to modify
very quickly given the low latitudes of this cold air. The
cold-surge duration (in days) reflects the total length of a
cold surge, where, for example, a two-day surge is longer
than 24 h and no longer than 48 h. All other variables
mentioned above were also calculated within the shaded
region of Fig. 2.
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FIG. 3. (a) The monthly frequency of cold surges along the African highlands, and (b) the seasonal distribution of cold surges along the
African highlands. Type 1, 2, and 3 cold surges are indicated by green, blue, and red, respectively. The percentage of cases in each bin is
indicated on the top of each bar. Note that the y axes in (a) and (b) have different scales.

3. Climatological results
The 2008–12 climatology features a total of 186 coldsurge cases spanning all months of the year. Of these 186
cases, 84 are type 1, 27 are type 2, and 75 are type 3 cold
surges. Furthermore, 145 of these 186 cases are canonical cold-surge events where an anticyclone tracks
around the southern extent of the African continent
advecting cold Antarctic air equatorward. The other 41
events feature a cyclone of varying intensities located to
the east of Africa near the southwest coast of Madagascar. The western side of the cyclonic circulation aids
in cold advection initially associated with an anticyclone
to the lee of the African highlands.

with a few more in spring because of the abundance of
type 1 and 2 surges (Fig. 3b). The large number of type
1 and 2 cold surges in the spring may be due to the fact
that a majority of the African-highlands pathway is

a. Monthly and seasonal frequency
The frequency of cold-surge events peaks in September when 19% (35 events) of events occur followed
closely by August when 14% (26 events) of events
occur (Fig. 3a). Although September contains the most
cold-surge events, the type 3 events are confined to the
Southern Hemisphere winter of June, July, and August. Of the 72 events during these three months 83%
(60 events) of them are type 3 (Fig. 3a). This seasonal
lag in type 1 and 2 events is similar to what was found in
Metz et al. (2013) for ECEs along the African highlands. Approximately 81% (151 events) of all coldsurge events occur in the winter and spring seasons,

FIG. 4. The distribution of cold-surge duration along the African
highlands. Type 1, 2, and 3 cold surges are indicated by green, blue,
and red, respectively The percentage of cases in each bin is indicated on the top of each bar.
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FIG. 5. (a) The distribution of maximum 925-hPa wind speed associated with cold surges along the African highlands, and (b) the
distribution of the maximum 925-hPa y component of the wind associated with cold surges along the African highlands. Type 1, 2, and 3
cold surges are indicated by green, blue, and red, respectively. The percentage of cases in each bin is indicated on the top of each bar.

over water. The thermal modification of the air by the
Indian Ocean below could lengthen the cold-surge
season. This seasonal lag is also seen in Appalachian coldair damming events that maximize in March and occur
near the Atlantic Ocean (Bell and Bosart 1988). However, the most type 3 cold surges (greatest equatorward
extent) occur in June, July, and August when the source
of Antarctic air is coldest.

African-highlands cold surges most typically last 3
days, as 33% (62 events) of all cold surges exhibit this
duration (Fig. 4). Type 1 and 2 cold-surge events most
frequently last between 2 and 4 days, while cold surges
that extend farther equatorward are generally associated with longer durations as 66% (25 out of 38) of all
cold surges lasting 5–8 days are type 3 (Fig. 4). Generally, as event duration increases the number of total cold
surges decreases, indicating that cold surges along the
African highlands typically feature a relatively short
event duration (Fig. 4).

between 35.0 and 44.9 kt (Fig. 5a). Higher maximum
wind speeds do not seem to be preferentially associated
with events that move farther equatorward, as only 44%
(31 of 70) of events associated with maximum wind
speeds greater than or equal to 45.0 kt are type 3,
whereas 38% (44 of 116) of events associated with
maximum wind speeds less than or equal to 44.9 kt are
also type 3 (Fig. 5a). The Somali jet is located off the
eastern coast of Africa, particularly equatorward of
15.08S. This jet can contribute to strong winds along the
lee of the African highlands regardless of cold-surge
classification (Findlater 1969a,b).
As with the distribution of 925-hPa total wind speed,
the maximum y component of the 925-hPa wind exhibits
the greatest frequency of events between 35.0 and
39.9 kt (62 events). A majority (99 events) of events were
associated with maximum y-component wind speeds between 30.0 and 39.9 kt (Fig. 5b). When compared with the
925-hPa total wind speed distribution, the y-component
distribution is narrower and shifts toward slightly smaller
values (Fig. 5).

c. Maximum 925-hPa wind speed

d. Maximum latitudinal extent

The most frequent maximum total wind speed associated with African-highlands cold surges is 35.0–39.9 kt
(1 kt 5 0.51 m s21; 41 events), and 42% (79 events) of
events exhibit a maximum 925-hPa total wind speed

Cold surge events most frequently extend between 15.08
and 24.98S (114 events). Of the 186 cold-surge events,
35 (19%) featured 925-hPa cold advection that progressed
to within 4.98S of the equator, and 91% (32 of 35) of these

b. Duration of cold surge
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FIG. 6. The distribution of the maximum equatorward extent of cold
surges along the African highlands. Type 1, 2, and 3 cold surges are
indicated by green, blue, and red, respectively. The percentage of cases
in each bin is indicated on the top of each bar.

events are classified as type 3 (Fig. 6). While previous research has shown that cold surges along the Andes can reach
and even cross the equator (e.g., Parmenter 1976; Liebmann
et al. 2009), the African highlands only maximize at a height
approximately half that of the Andes. Thus, it is surprising
that so many African-highlands cold surges extend to near
the equator. There are two possible reasons for the relatively
large number of surges that approach the equator. First, the
shape of the eastern coastline of Africa is such that it projects
eastward at about 15.08S. North of this feature, the coast is
oriented in a general north–south fashion. Thus, if the cold
advection can progress equatorward of 15.08S, then it may be
able to move more easily toward the equator. Second, the
Somali jet is positioned immediately off the eastern coast of
Africa north of 15.08S (Findlater 1969a,b) and reaches its
most western extent from June to September (Krishnamurti
et al. 1976). Thus, if cold air can progress equatorward of
15.08S, it can intersect with the climatological position of the
Somali jet, and this jet can aid in the transport of this cold air
toward the equator. The presence of the Somali jet may
inhibit cold surges from having their maximum latitudinal
extent between 5.08 and 14.98S (Fig. 6).

4. Summary and discussion
In this study, a 5-yr climatology of the most extreme
cold-surge events along the African highlands was
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completed. These extreme cold-surge events are likely
to have the largest agricultural and societal impacts
over a wide range of latitudes. Cold surges along the
African highlands occur most frequently in the month of
September, with type 3 surges (extending farthest
equatorward) being confined to the winter months of
June, July, and August. Of the 186 cold-surge events
identified, 84 are type 1, 27 are type 2, and 75 are type 3.
The relatively small number of type 2 cold surges could
be a result of the cold-surge definition provided herein.
However, this definition was chosen for consistency with
the Lupo et al. (2001) study. Other results of this study
show that cold surges most frequently last for three days,
with type 3 cold surges typically lasting longer. The
maximum magnitude of the 925-hPa wind speed associated with a cold surge does not predict its equatorward
extent. Furthermore, extreme cold surges along the
African highlands most frequently extend to between
15.08 and 24.98S, with 19% of all cold-surge events progressing to within 4.98S of the equator.
When comparing the distribution of African highlands cold surges with that found by Lupo et al. (2001)
for cold surges along the Andes Mountains (both studies
utilized a 5-yr climatology and followed a similar
methodology), it is seen that the African-highlands coldsurge season peaks in September whereas the Andes
season peaks in July (Fig. 7a). This difference may be
due to the influence of the Indian Ocean on Africanhighlands cold surges. It is important to note that the
cold-surge climatology presented herein for Africanhighlands cold surges spans a different 5-yr period
than the Lupo et al. (2001) climatology. However, these
differences in cold-season peaks between Africanhighlands and Andes cold surges are similar to differences in the distributions of ECEs along these two
pathways shown by Metz et al. (2013). When comparing
the distribution of all Andes cold surges with the distribution of only type 3 surges along the African highlands, it is seen that the shapes of the distributions are
very similar, with an approximate normal distribution
from May through September (Fig. 7b).
Lupo et al. (2001) found that there were 256 total coldsurge events along the Andes, whereas this study found
186 cold-surge events along the African highlands (a
27% reduction). This decreased frequency could result
from a few possible reasons. First, the Andes are approximately 2 times as high as the African highlands.
The higher altitude of the Andes allows the mountains
to be more effective at blocking cold, stable air that can
subsequently be transported equatorward. Second, the
southernmost point of continental South America is
approximately 208 of latitude closer to the South Pole
than the southernmost point of continental Africa. This
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FIG. 7. (a) The distribution of the total number of Andes cold surges from a 5-yr climatology [from Lupo et al. (2001), n 5 256, blue bars]
compared with the total number of African-highlands cold surges from this 5-yr climatology (n 5 186, orange bars), and (b) the distribution of the total number of Andes cold surges from a 5-yr climatology [from Lupo et al. (2001), n 5 256, blue bars] compared with the
type 3 African-highlands cold surges from this 5-yr climatology (n 5 75, red bars).

difference in southern extent allows for anticyclones to advect cold air from Antarctica into proximity of the Andes
with potentially less modification by the water below. Third,
a majority of the African-highlands cold-surge pathway is
located over water, whereas the Andes cold-surge pathway is strictly over land. The moderating influence of the
ocean likely plays a role in the reduced cold-surge frequency along the African highlands (Fig. 7a).
Future work on African-highlands cold surges will involve creating composites of cold-surge environments for
both the canonical cold surges events and those that
feature a cyclone off the southwest coast of Madagascar
(see section 3). Representative case-study events from
each composite will be identified to more clearly examine
the synoptic-scale characteristics associated with typical
African-highlands cold surges. Finally, this work utilizes a
thickness metric to identify the distribution of the most
extreme cold surges over the 5-yr period considered and
enables comparison with Lupo et al. (2001). This absolute
thickness metric identifies the months of June–November
as the period of most extreme cold surges. An alternate
perspective on this issue might be to construct a standardized anomaly metric to examine the distribution of
cold surges throughout the entire year, many of which are
likely to be less intense (from a thickness perspective)
than those experienced in during the cold-season months.
This alternative perspective would likely result in the

identification of additional cold-surge events and might
change the monthly distribution of cold surges identified
in this paper given that weaker events would also be
considered.
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