CHAPTER 7

The Tropospheric Circulation Over Africa
and its Relation to the Global Tropospheric
Circulation

R. E. NeweLL and J. W, Kipsox

ABSTRACT

Long-term monthly mean zonal and meridional winds over Africa are presented
for levels between 1000 and 100 mb in the form of maps and cross-sections. Desert
dust transport depends on these winds in three ways: the winds control the flux
and convergence of moisture which in turn governs the rainfall and hence the
availability of dust at the surface; the surface wind strength regulates the pick-up of
dust; the mean flow pattern controls the path of dust after it leaves the source,

We attempt to explain the classical Arrhenius—Turekian haze maps in terms of
these three inter-relationships. Latitude—time sections of the monthly mean
850 mb zonal wind and rainfall along the prime meridian and along 40°E show the
most fa?nu:able latitudes a.l:u:i months for dust transport. Along the meridian
10-15°N in January, 25 ~30°N in July and 25°8 throughout the year are the most
favoured rag:mns for westward transport {aes Figure 6a). At 40°E eastward trans-
port occurs m June—August in the 5— 30°N latitude band and over much of the
year at 30— 35"S. Rainfall amounts along the prime meridian of less than 1 cm per
month are shown shaded in the Figure. The difference in character of the dust
(red-brown in summer, grey to black in winter) emerges clearly from these sections
which show a Saharan summer source and a Sahelian winter source,

The interhemispheric monsoon northerly flow examined in detail by Findlater is
VETY SITONE near 40°E in the Aprl—October period at 850 mb, with a return flow in
the upper troposphere.

The mean flow data may be used directly for dust transport calculations, with
air concentration data, as it seems likely that eddy flux contributions are small as
has been found for water vapour. Such computations need base maps of soil state
g, Season.

Examples of flow differences between a wet period, 1958—-1962, and a dry
period, 19701973, are given. It has been shown elsewhere (Kidson, 1977) that the
850 mb trough in the Sahelian region is more marked and the 200 mb flow is
stronger in wet than in dry vears. Here we try to assess the influence of these
changes on dust transport patterns. It seems evident that dust in Atlantic deep-sea
cores is poverned both by the rainfall and the wind patterns: a change in the
seasonal excursion of the Hadley cell in ice ages, for example, could influence the
observed core concentrations as much as a change in wind strength.
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The time variations of the mean winds over the past 25 years are thought to be
related to global circulation pattern changes. Some aspects of these possible changes
are illustrated using tropospheric temperature data and sea surface temperature data
from the Pacific, Atlantic and Indian oceans. Data on a much longer time scale have
also been examined and it is concluded that the exact physical cause of changes in
flow over Africa has not vet been isolated.

7.1 INTRODUCTION

The tropospheric circulation influences the transport of African desert dust in
three ways: the winds control the flux and convergence of moisture which in turn
governs the rainfall and hence the availability of dust at the surface together with
the washout; the surface wind strength regulates the pick-up of dust; the mean flow
pattern controls the path of dust after it leaves the source. In this paper the
long-term mean characteristics of the tropospheric circulation and rainfall are
discussed. Changes in the tropospheric circulation over Africa are related to changes
in the global atmospheric circulation and hypetheses to explain the changes are put
forward.

The classical books by Kendrew (1961) and Griffiths (1972) give a detailed
summary of the surface climatology of each country and the Atlas of Thompson
(1963) covers much of the free-air climatology as well as rainfall by a beautiful set
of maps. The climate of the Sahara has been thoroughly discussed by Dubief (1959,
1963). Prior work at M.LT. (Mewell er al, 1972) provided seasonal maps of the
wind components at levels between 1000 mb and 100 mb together with maps of
vertical motion deduced from the continuity equation (Newell er al., 1974).
Another source of flow pattern information, which contains examples of daily
patterns, is the Munitalp Foundation Symposium on Tropical Meteorology in
Africa (1960). Considerable fundamental work on the flow patterns has also been
carried out by Flohn and his colleagues (e.g. Flohn, 1965; Flohn and Korff, 1965;
Struning and Flohn, 1969).

The main phenomenon which characterizes the tropospheric circulation is the
intertropical convergence zone (ITCZ) and its steady seasonal migration. The
cloudiness and rainfall associated with this phenomenon mowve to the south in
northern winter and to the north in northern summer, reaching their extreme
northerly position over the Sahel in August. The main features of this zone appear
in the surface streamline and pressure patterns of Griffiths and Soliman (1972) and
the surface flow is discussed in this volume by Dubief {1979). The ITCZ runs
west—east across Africa until at about 25°E it turns southwards in winter and
becomes indistinguishable from the surface boundary between the Atlantic Ocean
westerlies and the Indian Ocean easterlies. In summer the ITCZ continues eastwards
to the Persian Gulf. To the north and south of the ITCZ there are regions of large
scale subsidence with the largest region north of the equator in winter being
associated with the extreme southern excursion of the rising motion. The zonally
averaged mass flux patterns shown in Figures 7.1 and 7.2 illustrate the subsidence
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regions and it is, of course, this aspect of the global circulation which is responsible
for the occurrence of deserts. At the northern and southern extremities of the
continent the phenomena which characterize the circulation are the middle latitude
baroclinic zones and the associated low-pressure rain-bearing transient systems,
these being closest to the equator in the winter of the appropriate season. The
description by means of the boundary layer climatology cannot be extrapolated
upwards and there are, in fact, strong longitudinal variations in the upper tropo-
sphere which are significant in the dust transport problem.

7.2 LONG-TERM MEAN PATTERNS

7.2.1 Wind velocity

As part of a recent study of African rainfall and possible causes of Sahelian
drought (Kidson, 1977) mean winds, moisture, and rainfall records have been
assembled for all available African stations. Rainfall data cover the period 1951-73
(some of these were collected as part of the previous study of this problem by
Tanaka er al., 1975). Wind and moisture data covered the two periods, May 1938 to
April 1963 and December 1969 to December 1973, data for the latter being
obtained from the monthly Climatic Data for the World upper air tape. Upper air
stations used are those shown in Figure 7.3. Rainfall stations are essentially the
same as those shown in the map by Tanaka et al (1975). Long-term mean monthly
wind components have been plotted by computer on maps at levels between
1000 mb and 100 mb and the Cressman (1959) analysis procedure has been used 1o
obtain an objective analysis on a 5° grid covering the region 33°N to 33°S and
15°W to 45°E. It was found necessary to use an anisotropic scan radius for the
zonal wind component above the surface. While the meridional component is
representative of a 5° grid square, the zonal component is representative of a 15°
longitude, 5° latitude grid region. The components rather than streamlines are
selected for illustration here as these values may be used directly in dust transport
computations.

Examples of the analysed maps for 850 mb and 200 mb for four mid-season
months are shown in Figures 7.4, 7.5, 7.6 and 7.7. The 850 mb zonal component,
henceforth denoted by u, exhibits mainly variation with latitude in January, with
easterly ‘jets” at 10°N and 20°S and westerly flow north of 25°N, south of 30°S
and in the 0—15"S zone. Maximum values occur to the north and to the south of
the Sahara. In July there are substantial variations with longitude with a reversal
from easterly to westerly winds across the Sahara. Maximum values occur at about
25°N near the prime meridian and at about 15°S. Flow from the west dominates
the equatorial zone and both regions of easterlies are further north than in January.
The 15° longitude scan radius should be borne in mind whenever appreciable
longitudinal variations appear in the actual data. In July, for example, the westerlies
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Figure 7.3  Distribution of stations used in the upper air analyses.
Open circles show those present during 1958—63, crosses for those
present during 1970—73 and solid circles for both periods

over Egypt are carried further westward by this analysis than would be the case if a
hand analysis were used.

At 200 mb the zonal wind pattern is simpler than at 850 mb, with a belt of
easterlies, centred in the summer equatorial region, embedded in a general westerly

flow. The easterly belt is weaker at the equinoxes than at the solstices. While there
are variations of speed with longitude there are no major directional changes. Maps

of the 850 mb meridional component, denoted by v, show a structure which is
much more patchy than that of u. Over the Sahara flow is towards the equator in
the east and towards the pole in the west. There is a substantial cross-equatorial
drift which is into the Southern Hemisphere in January and into the Northern
Hemisphere in July. At 200 mb in January there is fairly strong northward flow
from 0° to 20°N and also to the east of the ITCZ in southern Africa. In July the
flow is southward from about 5°N to 30°S and generally northward further north.
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The pattemns at other levels may be viewed from a similar set of maps, but the
portrayal of the vertical coherence cross-sections of the componenis is shown in
Figures 7.8 and 7.9. The prime meridian is included, even though data is absent in
the Southern Hemisphere, becanse it is representative of the western Sahara. The
figures capture the essence of the basic mechanics namely that the Coriolis torque,
acting on the meridional flow, governs the zonal wind field. Polewards motion in
both hemispheres gives rise to westerly winds, as is very evident in the upper
troposphere; fikewise equatorwards flow is associated with eastedy winds. The
patiems of the zonal wind maps of Figures 7.4 to 7.7 can also be accounted for
with this principle. The sections also show that poleward flow in the upper
troposphere is accompanied by equatorward flow in the lower troposphere. Figure
7.10 is a cross-section along the equator and beside longitudinal variations this also
illusirates the compensation betwean the upper and lower troposphere.

It seems necessary to consider variations on a month-to-month basis for the dust
transport problem and Figures 7.11, 7.12, 7.13, and 7.14 show values of & and v at
three longitudes for 850 mb and two longitudes for 200 mb. The main interest here
is the Sahara and it is recognized that data is poor south of the equator for 0°
longitude. The problem is not so serious for the u-component as for the
rcomponent because of the anisotropic influence radius. In the western Sahara
strongest easterly winds at 850 mb occur at 10—15°N in the winter and at 25°N in
the late summer. At 40°E there are westerlies from the equator northwards in the
summer.

The strong flow at 850 mb from the southern to the northern hemisphere at
40°E, 5°S in summer is worth noting. The low level jet in this region discovered by
Findlater (19692 1972) is 2 Httle underestimated in strength by the analysis
technique; in fact, Findlater reports a mean of 1Smsec™ (cp. 8msec™ here)
with some occasions reaching 25 msec ™.

7.2.2 The mean flow and dust

Dust pick-up was widely debated at the workshop. A desiccated surface favours
pick-up and a critical pick-up speed which varies from point to point, is required.
Dryness is represented in Figure 7.14 by the shaded regions which correspond to
rainfall values of less than one centimetre per month. Over the Sahara highest wind
speeds from Figure 7.14 occur at 10—15°N in winter, 20°N in spring and 25°N in
late summer. Concomitantly the dry region moves north with season. On these two
counts then maximum pick-up is expected to vary seasonally. To show the geogra-
phical variation the distribution of mean wind kinetic energy at 850 mb is shown
in Figure 7.15. ldeally a better parameter to represent pick-up might be the square
of the instantaneous wind speed but this was not available. There is a maximum on
each side of the Sahara in January with the largest values south of the Sahars and in
West Africa. In July the maximum is in the Northwest Sahara with high values also
in the Northeast. The frequency of haze over the ocean is a measure of air-bome
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Figure 74  Monthly mean wind component U/ at 850 mb for January, April, July, and October
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Monthly mean wind component V¥ at 850 mb for January, April, July, and October
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dust, and data compiled in the 1930s are shown in Figure 7.16. In northern winter
considerable dust blows westward from the southern Sahara. Kalu (1979) presented
evidence that the alluvian plain of Bilma (Niger)/Faya Largeau (Chad) is a major
source in winter. In summer the peak haze frequency lies further north and in
addition there is a massive transport towards the east, as might be anticipated from
the occurrence of dry westerlies at 40°E longitude in that season (Figure 7.11). In
southern Africa there is a correspondence between dry easterlies at 20—25°S
throughout the year, and the occurrence of marine haze. The use of 850 mb seems
appropriate as much of the dust is confined to the lowest 3 km (Prospero and
Carlson, 1972). In general terms then the mean wind kinetic energy pattemn, the
mean flow pattern and the rainfall can be said to give a first order explanation of
the marine visibility maps., but more cannot be said without knowledge of the
detailed distribution of the sources and, as Kalu stressed, detailed distribution of
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the surface wind. Insofar as the mean flow pattern represents the sum of the
passage of transient eddies then it can be used to represent the dust transport, but
for pick-up it was stressed at the meeting that power law values of the instan-
taneous surface wind speed may be involved (e.g. Gillatte, 1979). which would not
be adequately represented by mean values.

7.2.3 Moisture

There is a substantial variation with ssason in moisture over the desert as shown
in Figure 7.17. Lowest values occur in association with the largest sinking motion
(cf. Figure 1) as might be expected.

In the early studies of water vapour transport problems by the Planetary
Circulations Project directed by the late Professor Victor P. Starr, transport over
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Africa was treated as a part of the hemispheric or global problem (e.g. see Peixoto,
1973). A few works have focused on Africa, for example, those by Flohn et al.
(1965) and Peixoto and Obasi (1965). A general finding was that, as for other
tropical regions, mean motions contributed most to the total flux, as opposed to
day-to-day eddy motions, so that monthly mean winds could be used in association
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with monthly mean moisture contents to compute the mean flux. The transport
components are:
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where ¢ and A are latitude and longitude and g is the monthly mean specific
humidity (in gm/kg). The streamlines of the vertically integrated flux computed by
Kidson (1977) are shown in Figure 7.18. These streamlines represent the non-
divergent part of the flow; the divergent part, V - Q. is also shown. In the early part
of the year the moisture over the Northern Sahara originates from the Atlantic
while in summer the origin is the Mediterranean area. Moisture over the Sahel also
travels from the Mediterranean in the beginning of the rainy season, but later the
Indian ocean region becomes a source. The pattern is quite different from that
which would be inferred from the surface streamlines.

In general dust, like water vapour, will be concentrated in the lower troposphere
and it seems reasonable to assume that the transport is also mainly by the mean
winds. The climatological data presented here could therefore be used in the
assessment of station sites.

Mean rainfall patterns are shown in a number of climatological texts (e.g
Thompson, 1965; see also Kidson, 1977). These give a guide to regions which are
vulnerable to surface pick-up and they also represent a measure of a major sink,
washout. In the lower rainfall periods of 1972—73 more dust could be picked up
because of dry surfaces and less dust would be removed by rainfall, than in the
wetter years in the early 1960,

Examples of the time vardations of rainfall are shown in Figure 7.19 in a form
that may be usad in wash-out computations.



-

\)Z

L
(=]
2,
=
A,
10
=
20
A0

L. 'l . v i i L]
Jd F M A Mg A S O NTD
MOMTH
Figure 7.13 E'jmu Iutllud? sections of mean meridional wind at the 850 mb level at 07, Eﬂnﬁ, and 40°E longitude (Units: m

sec ') Left: 0°. Centre : 20°E. Right: 40°E

DAL 420() WouBmMadL) auaydsodod] ayf

EST



154 Saharan Dust

P LR W ¥ LS 1
30- 3p-0 VML ‘I,é;'lr y
L BT
i pE i &
20 a0k : 1] s e
’ J _5; ] rE.ﬁ\ S0
wic i e
o !
= L
=
= O
=
4
10
8

o I T G
MONTH

Figure 7.14  Time latitude sections of mean meridional wind at the 200 mb level
at 0% and 40°E (Units: m sec™!) Left: 0°, Right: 40°F

7.3 YEAR-TO-YEAR CHANGES

7.3.1 Wind velocity

The details of the monthly mean tropospheric flow patterns vary from year to
year. The interest here is between predominantly wet and dry years, the latter with
more potential for dust pick-up. Elsewhere Kidson (1977) has presented streamlines
for 850 and 200 mb for August 1959 and 1961 (wet vears) and August 1972 and
1973 (dry vears) (Figure 7.20) and has pointed out that the 850 mb trough
normally present at about 8°N in the wet years was absent in the dry years. The
easterlies at 200 mb are also a good deal weaker in the dry years as may be seen also
from the individual year equatorial cross-sections of Figure 7.21. The meridional
flow which produces these easterlies is also a litile weaker in 1973.

7.3.2 Moisture

Rainfall variations between wet and dry vears of the recent period have been
discussed by several authors (e.g. Winstanley, 1973; Sircoulan, 1974; Tanaka et al.,
1965; Bunting et al., 1976; Kidson, 1977). The main rain region over West Africa
moves north and south in a regular fashion reaching its northernmost position in
August. The centre of gravity of this part of the rainbelt (15°W to 257E) is shown
in Figure 7.22. The dashed line shows the long term mean northemmost position in
August. The belt was even further north in 1952, 1956, 1958 (for two months) and
1959 and was south of average in 1966 and 1968, But clearly there has not been a
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systematic drift southwards and it may be rather that it is the overall intensity of
the Hadley cell circulation that is weaker in yvears of low rainfall.

The specific humidity pattern shows evidence of slightly lower values in 1973
than 1959 (Figure 7.23) in maximum regions, near the strongest rising motion, and
at 25°N near the northern hemisphere sinking motion.

Relationships with sea surface temperature in the adjoining Atlantic and the
Indian Ocean were also sought but there were no strong correlations, although our
data sample spanned only the period 194969, so we did not have a good sample
of sea temperature for the dry years.

7.3.3 Dust

According to the presentation of Prospero (1979) there have been changes in the
summer dust content of air over the Atlantic. The summer dust appears to originate
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from the central and northern Sahara according to Section 7.2.2 above and may
therefore be expected to be of the red type (Rapp, 1974). While changes in the
sammer are not so likely to be related to the Sahel they mav be governed by
circulation changes which we find over all of Africa north of the equator.

7.3.4 Relationship between drought and global temperature

It was pointed out elsewhere that surface temperature near 15°N increased
during the drought years and it was suggested that this was due to planetary albedo
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changes (Tanaka er al., 1975}, Possible relationships with free air temperature have
also been examined. Monthly mean temperature data from 150 upper air stations
tor the period 1958—74 have been subjected to an empirical orthogonal function
analysis to bring out the patterns of the non-seasonal changss. Only stations with at
least 80% of the data present were included in the analysis which was performed for
levels of 850 mb, 500 mb, and 200 mb. This analysis is to be described elsewhere
(Weare, Kidson, Navato, and Newell, Unpublished Ms., 1977). The first ten func-
tions at each level were incorporated in a screening regression procedure to examine
their relationship to changes in July to September rainfall in Africa. The patterns
most strongly related to the rainfall changes are obtained by combining the EOF
patterns with weights given by the screening regression procedure and are shown in
Figures 7.24 and 7.25 (after Kidson, 1977).

The 850 mb temperature pattern implies that free air temperature is lower over
Afrdea in the wet years as was found for the surface. In the dry wyears soil
desiccation would be favoured at the higher temperatures. The 200 mb pattern
shows evidence of stronger meridional temperature gradients in both hemispheres in
wei years. This is consistent with the suggestion of Section 7.3.2 that it is the
overall frensity of the Hadley cell circulation that is weaker in years of low
rainfall.

The source of the enhanced tropospheric temperature gradients is still a mystery.
Modulation of sea surface temperature is a possibility, but, as noted, data sub-
sequent to 1969 for the Atlantic and Indian oceans is not yet available.

7.4 CONCLUDING REMARKS

The mean flow patterns over Africa have been presented in horizontal and
vertical sections. The broad-scale features of the patterns of dust over the sea can be
artributed to the mean flow although the actual pick-up may be more closely
related to the transient circulations.

Beiween the moist regime in the Sahel in the late 1950°s and the dry regime of
the early 1970°s there are significant changes in the flow patterns. There are related
changes in the rainfall patterns which seem best described in terms of a reduction in
the Hadley cell circulation intensity. Temperature patterns show evidence of high
values at the surface and at 850 mb in dry years. The meridional temperature
gradients at 200 mb are weaker in both hemispheres in dry vears which is consistent
with an observed reduction in intensity. We do not know the reason for these
gradient changes.

Eolian transport of African dust and its variability in deep sea cores has been
used by Parkin and Shackleton (1973) to assess the ‘vigour’ of the circulation
during ice ages. For Atlantic core V23100 (21°N, 23°W) they deduce stronger
trade winds during the cold periods. It has been argued that latitudinal temperature
gradients were also greater during cold periods (Newell, 1973). However, from the
present findings, it must be borne in mind that trajectory changes could equally
well be to blame for the observed dust changes.
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According to the work of Street and Grove (1975) who have made a careful
study of lake-level fluctuations, all of Africa between the equator and 30°N was
very wet in the 1000-year period starting at about 9000 B.P. and the dust in ocean
cores for that period could be examined as a separate verification. They postulate
that sea surface temperature was high at that time. Maley (1976) has also made
some pollen analyses which give evidence of the translation of the Hadley cell
circulation and even if the intensity change argument is used for the recent period it
cannot be extrapolated backwards in time — it is quite possible that the translation
argument holds on the 10 000-year time scale.
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