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adiabatically. Since the relative humidity then decreases, the desert enhances its own dryness,
i.e. it feeds back upon itself! |

A bio-geophysical feedback mechanism of this kind could lead to instabilities or
metastabilities in border regions, to advances or retreats of the borders themselves, which
might conceivably be set off or maintained by anthropogenic influences. The mechanism
appears to be particularly applicable to the Sahara-Arabian-Indo-Pakistani complex of
deserts which, in summer, are not dominated by strong advective effects; and it may be
especially pertinent to drought conditions in the Sahel at the southern margin of the Sahara.
In the sequel, I shall present some recent numerical modelling results relating to this
problem.

2. THE MODEL

First, to estimate the self-inductive effect of the desert relative to that of the Hadley
circulation, I have constructed the following simple mathematical model of flow over the
Sahara. In all seasons the flow is assumed to be zonally symmetric and bounded to the south
by a fixed ITCZ at which the temperature is specified. In winter, the temperature at the
northern boundary with the Mediterranean Sea is assumed to be fixed by moist convection
over the sea or by strong zonal advection. In summer, moist convection and zonal advection
are reduced, and a more appropriate boundary condition would be continuity of pressure,
temperature and normal velocity in the presence of a discontinuity in the radiative properties
of the underlying surface. The sea itself could then be considered to extend northward to
infinity because it may be shown that the influence region of the discontinuity is of the
order of 1000km or less. (We simplify matters by employing a Cartesian co-ordinate system
with x directed eastward, y northward, z upward and assume that the Coriolis parameter f
is constant.) However, since the relevant radius of horizontal boundary influence is short,
and the primary concern is with effects near the southern boundary in summer and the
northern boundary in winter, it is permissible to fix the temperature at the northern
boundary in the summer as well. This temperature is made the same as that at the southern
boundary in order to compute the self-induced flow relative to the Hadley circulation, which
is associated with horizontal temperature gradients. The two flows are additive since the
dynamical system under consideration is linear.*

The only external heating mechanism to be considered is radiation. Although radiative
equilibrium alone gives super-adiabatic lapse-rates at low levels and a temperature dis-
continuity at the ground, the combination of descending motion with radiation stabilizes
the lapse-rate, except perhaps very near the ground in summer. The diurnal variation of
temperature and the associated daytime convection are taken into account only as a
justification for using a relatively large eddy viscosity coefficient up to a fixed convective
height, which is taken to be Skm in both summer and winter. This is not a very realistic
procedure, but a realistic treatment of diurnal convection would complicate the analysis
beyond our present intention which is merely to demonstrate that radiation and friction
produce strong sinking over the desert. |

If there were no motion, the temperature over the desert would be in radiative equili-
brium, but this would entail pressure and temperature discontinuities at the lateral bound-
aries. Meridional pressure and temperature gradients must therefore form and produce
geostrophically-balanced zonal velocities with vertical shear. These in turn produce zonal
frictional forces, which, in a linear system, can only be balanced by Coriolis forces

* A linearized model of the Hadley circulation on a sphere, driven by the observed horizontal temperature gradients and
frictionally-controlled (as outlined by Charney 1973), was presented in the Symons lecture mainly to show that a frictional mechanism
does indeed qualitatively simulate the observed motions,
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associated with a meridional circulation. The meridional circulation modifies the tempera-
ture field and causes it to depart from radiative equilibrium. The degree of departure
depending on the strength of the frictional forces and therefore on the eddy viscosity.

In linear approximation the zonal equation of motion is

_fﬁu = ng} = (ﬁvuz)z? y : - (1)

where IT is the stress and the bars denote horizontally averaged mean values. There will be
a frictional boundary layer above which the zonal flow is geostrophic:

fou = —p. . : : : (2)
Eliminating pressure from Eq. (2) with the aid of the hydrostatic equation,
0= —p, — pg, - : - (3)
gives the thermal-wind equation, which may be written approximately as
fu, = —gT/T. . : - : 4
Integration of Eq. (1) and use of the continuity equation,
(Bv), + (pw), = O, LB
then gives. ~f J: prdz = TT'(c0) — IT¥N0) = 0,

from which, since IT*® (o0) = 0, it follows that the surface zonal stress I1 (0) must vanish.
Partial integration of Eq. (1) then gives

? J1¢%) pvii, gpv T,
i = pvdz = — - = - . . 6
; Y LR ©
.. - gpv T,
and, by continuity, —, = pw = — —- - . : . (7)

Thus a non-vanishing temperature gradient at the top of the frictional boundary layer
implies a finite boundary layer transport, and a non-vanishing second derivative implies
boundary layer pumping or suction.

The linearized first law of thermodynamics may be written

N? F g { - g
e W e IN? =2 [T 4. Z _ _
“r g - 1 [ 1 ( + Cp)], ®

where F is the net flux of terrestrial radiation and it is assumed that the atmosphere is
transparent to solar radiation. This assumption could easily be modified, but the modifica-

tion would produce no important changes in the present context.
Radiative heat transfer is treated under the following assumptions:

(a) grey-body absorption: coeflicient of absorption & = constant.
(b) -parallel beam approximation: & — 1-66 %.
(¢) the absorbing constituent is water vapour whose density p,, decreases exponentially

with depth: p, = p, .e” 7%
If 1 is the optical depth, dv = kp,dz,
and T =Tl — ™),

where T, = hkp, -
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Let U be the upward flux of terrestrial radiation, G the downward flux and B the black-body
flux, 7% Then F = U — G, and the equations of radiative transfer become

U =B-U } )
G,=G-—-B
from which we derive F.— F=2B-U)
F.+F =28 - () } (19)
F, —~ F =2B, = 8gsT"°T,, : . : (11)

where the non-differentiated 7 on the right-hand side of Eq. (11) has been replaced by a
standard 7(z) equal to temperature at the boundaries.
A second equation relating F and T is obtained by eliminating w between (7) and (8):
| N2
c,Pvh f_z T, = (1, — 1)F,. . : . (12)
The two equations (11) and (12) are solved numerically by relaxation. The boundary
conditions fix 7, and therefore, by Eq. (11), F, as functions of t or z at the southern and
northern boundaries, v = y, and y = yp,, respectively. If § is the downward lux of solar
radiation and A the albedo of the ground, then F = {1 — A)S at z = 0. At the top of the
atmosphere, z = o, 1 = 1,, we assume a residual viscosity, v = v_, and since
T — 1, = t.e " whereas g pe”¥", with H > A, Eq. (12) states that lim T,, = 0.

220

Since 7(y) is equal at the two boundaries, the boundary condition on T becomes
T(y, w) = T(y;, ) = T(y,, ) = T(y). The upper boundary condition on F is then
obtained from the second of equations (10) by setting G = 0 and linearizing as in {11).

[t is convenient to non-dimensionalize F by (1 — A)S and T by 7(c0)/41,,, where it may
be assumed that T(co) is approximately the radiative equilibrium temperature at infinity
which, by (10), satisfies F(o0) = 20T*(o0) = (I — A)S. If we define

py = PoveV's & =1/t =1 -7

2 ¢, T(c0)poveh N? _, - . . (13)
T a1 = Ayse, 2 7T
Eqgs. (11) and (12) become

T 3
Fee —15,F = (;(%) T, . . . (14)
VT, = (1 — &F, : . . (15)

where F and T are now non-dimenstonal quantities. The length 1 defined by Eq. (13) is the
Rossby radius of deformation DN/f corresponding to D = /v, the distance through
which diffusion extends in the radiative time

te = ¢, T(c0)poh/4(1 — A)St,,.

The frictional coeflicient v, is taken to be 5 x 10°cm? s~ !, and v’ is set equal to

v = 4{1 + anh[10¢, — O L + 0-1,
o
a function which equals I-1 at & = 0, decreases slowly until ¢ = &, and then drops off
rapidly to 0-1. We set £, = 0-8 to make the drop-off occur at about 5km.

Since the atmosphere is assumed to be transparent to solar radiation, we do not
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distinguish between the net albedo and the surface albedo. A is estimated from satellite

measurement to be 0-35. S is taken to be 4-84 x 10° ergs cm™
~1 at the mean latitudes, 25°N in summer and 21°N in winter. Taking

10%ergs cm™% s

2

S

-1

in summer and 290 x

h = 35km, 7, = 2, N = 107?57 %, we obtain the following table for ¢z, D and A:

Season tn D A
Summer 324 x 10°s 4.00km 640km
Winter 541 x 10%s 5:20km 970km

The ITCZ over Africa is at about 18°N in summer and 10°N in winter. If we take the mean
latitude of the north coast to be 32°N, the desert belt may be defined to extend from 18°
to 32° in summer and from 10° to 32° in winter with its centre at 25° in summer and 21° in
winter. This is admittedly a very rough specification, especially for winter when some
vegetative cover remains between 10°N and 18°N and the principal ITCZ is in fact south
of the equator, but we recall that we are interested only in northern border conditions in
winter and that the influence radius of the southern boundary is only of the order 1. Given
the crudity of the model, the width of the belt is well enough approximated by 24 in both
summer and winter so that the non-dimensional distance 5 = y/4 goes from 0 to 2 in both
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Figure 2. Deviation of desert
temperature 7(y, z) from the
zonally-averaged mean value

T(z) in summer for albedos of
14%; and 359%,.
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atbedos of 149 and 359%,.
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3. RESULTS OF MODEL CALCULATIONS

The results of the integrations are given in Figs. 2 and 3 for summer and in Figs. 4
and 5 for winter. Figs. 2 and 4 show the deviation of 7(y, z) from the boundary temperature
T(©0, z) = T(24, 2) = T(z). This deviation represents the temperature perturbation of the
Hadley circulation due to the high-albedo, self-inductive mechanism. The left- and right-
hand sides show the fields from 0 < y € A computed for 4 = 0-14 and 4 = 033 respec-
tively. Since the flow is symmetric, the fields for 4 < y < 24 are the mirror images of the
former about y = A. Figs. 3 and 5 show the mass stream-function fields i and the maximum
descending velocities (arrows) for 4 = 0-14 and 4 = 0-35. |

The value of 0-14 for the albedo is intended to represent an average for a vegetatively
covered continent. The increase of albedo from 0-14 to 0-35 is seen to increase the maximum
sinking motion from about 2mm/s at 55 cb to 4mm/s at 60 cb in summer and from Smm/s at
65 cb to 7mm/s at 70 cb in winter. In summer, the high albedo sinking motion 1s more
than twice as great as that of the mean Hadley circulation at the same latitudes (Newell
et al. 1972), and we conclude tentatively that the self-inductive affect of the desert is indeed
strong.

We note also that the low-level inflow and rising motion up to about 80 cb in summer
is in accord with the observed summer monsoon circulation.

The temperature perturbations agree with observations best in summer. In general,
there is a temperature excess where the radiative equilibrium temperature is higher than the
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0 |A=14|A=.35
20 - — 20
E 4 3
(a9 / E
601~ \. _30 —80
BO |- / —80
O-D
_,_/4/://7_20 |
100 P e 100 ‘ |
0 y— A -y G Figure 4. Same as Fig. 2 for
T-T (°K) WINTER winter,
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Figure 5. Same as Fig, 3 for
W (10% cgs) WINTER winter.
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boundary temperature, and a defect where it is lower. In winter the observed temperature
excess near the ground is not well simulated and the air is too cold aloft. There appear to
be several reasons for these discrepancies. The omission of the diurnal convective cycle may
be responsible for the excessively low low-level temperatures in winter. Although the mean
lapse-rates are stabilized by descending motion, diurnal convection is not excluded, and
because of 1ts non-linear character it produces a net upward flow of heat which adds to the
temperature excess near the ground. Aloft, the radiative equilibrium temperatures tend to
be far lower than the lateral boundary temperatures, and there is only the frictionally
controlled sinking motion to prevent the actual temperature from falling to its equilibrium
value. Of course the calculated temperature deficiency could be made as small as desired
by increasing the viscosity, but this would be an ad hoc procedure. 1t is more likely that high-
level advection of colder air from the west, an effect which has been excluded from the model
by the postulate of zonal symmetry, is what prevents the air temperature aloft from falling
so low in winter. Although there is also low level advection in winter, the strong sinking
due to radiative cooling may nevertheless explain the paradoxical winter discontinuity in
precipitation between the Mediterranean and the Libyan and Egyptian deserts. This
discontinuity exists despite the fact that winter storms invade these desert regions. The
radiative time constant may be estimated from the time-dependent forms of Eq. (8) and
(11). In a strongly absorbing atmosphere, radiation becomes diffusive and has a time

pe Th 72
constant of the order of e lﬁ : I

1 1s small and does, in fact, become comparable with the advective time constant. Thus the
radiative cooling may indeed be capable of producing sufficient sinking motion to prevent
the air from attaining saturation in cyclonic systems.

. This 1s seen to be small near the ground where

4. DROUGHT IN THE SAHFL

In the above dynamical model the ITCZ is regarded as fixed. To my knowledge we do
not yet have an explanation for the location of the ITCZ over the African continent, nor
do we understand the nature of its interaction with the desert circulation. However, it does
follow from scale considerations (or analytic solutions of the mode] equations with the
semi-transparent radiative approximation)* that the influence region of a boundary, and
therefore on a boundary, has the characteristic scale 4 ~ 1000km. I have therefore con-
Jectured that an albedo change in the vicinity of the ITCZ extending over an appreciable
fraction of this distance could have an appreciable influence on the location of the ITCZ
itself. If, for example, a strip of several degrees of latitude in width were to be denuded of
vegetation by overgrazing - and this may have occurred in the Sahel -~ the consequent
enhancement of the sinking motion could push the ITCZ southward and thus reduce the
rainfall. This type of interaction seems to be of greatest relevance in the southern Sahara
in summer, where the large size of the areas involved and the weakness of advective effects
permit the desert-monsoon interaction to be more self-contained than a similar circulation
of smaller scale or at higher latitudes. In particular, the present drought in the Sahel may
have been, at least in part, caused by overgrazing.

APPENDIX I: (GENERAL CIRCULATION MODEL SIMULATIONS
To test this hypothesis I suggested to Drs. M. Halem and R. Jastrow at NASA’s

* In this case Eq. (11) reduces to F, = 80TT, where primes denote differences from radiative equitibrium values, and Eq. (IS}

: oy . .
becomes v'T), = (I — £) (%) T, from which it follows that A is the radius of influence.
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Africa for albedos of 14% and 359, and 35%.

Goddard Institute for Space Studies that they conduct a simulation experiment with their
general circulation model (Somerville er a/. 1974), containing clouds, precipitation and evap-
oration, in which they would change the albedo in the region of the Sahel and observe the
results. Such experiments have now been carried out by Drs. P. Stone and W. Quirk and appear
to confirm my hypothesis. A long control integration had already been performed with a
surface albedo over the entire Sahara of 0-14. The albedo north of 18°N was then increased
to 035 and a six-week run from the last week in June to the second week in August was
made. The precipitation over the Sahara north of 18° is shown in Fig. 6. From the first
week on a drop in precipitation of about 409, occurred north of 18° and persisted with
small fluctuations in weekly averages for the entire six-week period. There was a corre-
sponding decrease of about 409, in the convective cloud cover. Fig. 7 shows the latitudinal
distribution of precipitation over North Africa averaged for July for both the control run
and the increased albedo run. The mean position of the ITCZ is seen to be shifted some 4°
or more to the south. This is also shown on the mean July surface pressure and wind charts.
A second experiment was performed by increasing the albedo only at 18°. Since the grid
interval is 4° of latitude, this is equivalent to increasing the albedo for a 4° strip centred at
18°. Only the results for the first two weeks are presently available and, even though the first
week is an adjustment period, a decrease of cloud and precipitation of about 70%, occurred
in both weeks.

CONCLUSIONS

These results are certainly not conclusive ~ obviously more experimentation must
be done and with different models — but they are very suggestive. Droughts in the Sahel are
recurrent with a mean period of about 30 years. One can speculate about bio-meteorological
feedback cycles, but one needs more numerical experimentation and, above all, more
data on physical changes in the region during pluvial and drought periods. Observations
from satellites and aircraft will be important. Also hydrological information and data
on evapo-transpiration in plants will be needed for refining the hydrological aspects
of the climatic circulation models. Given the desperate situation in the Sahel and in other
regions stricken by drought, and given the intrinsic scientific interest of bio-geophysical



202 J. G. CHARNEY

feedback mechanisms for climate, further research in this area would seem to be
indicated.
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