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ABSTRACT

Applying the conservation of energy principle to the incoming solar radiation and to
the long-wave radiation, a heating mechanism of the atmosphere is introduced. A
simplified emission spectrum of the atmosphere with one transparent region is used.
The surface of the earth and a cloud layer are considered as black bodies.

A simplified model of the atmosphere containing the coupling between dynamical
and thermodynamical processes is presented. The equations that give the temperature,
the excess of radiation and the mean zonal wind for each day of the year are derived.
The temperature is given by a second order differential equation that can readily be
solved. The zonal wind and the excess of radiation are explicit functions of the tem-
perature.

If in the computations we postulate that the addition of energy by processes other
than radiation is a constant, the solution agrees remarkably well with the observed
values, except in the months of May, June and July.

It is shown that using only meridional turbulent diffusion transport of heat by
large eddies, the required transport is accomplished. The theoretical solution requires
a transport with the following exchange coefficients: 5 x 101° ecm? per sec in February
and in March, 4.5 % 10° in October, 4 x 1010 in January, 3.5 x 1019 in November, 3 x 1010
in September and in December, 2 x 101° in April, 0.25 x 10% in August, and zero in
May, June and July. There are two maxima of the value of the exchange coefficient:
one in February and the other in October. The order of magnitude of the values of the
exchange coefficient of our solution is in complete agreement with the value correspond-
ing to the migratory cyclones and anticyclones of the middle latitudes, treated as tur-
bulent eddies, which is equal to 5 x 10%°,

The theoretical solution correctly gives the position and strength of the jet stream,
except in May, June and July. Therefore we can conclude that, except in these months,
the mean daily circulation is mainly a result of the transfer of energy by radiation pro-
cesses and the turbulent meridional transport of heat by the migratory cyclones and

anticyclones.

1. Introduction

The energy that maintains the atmospheric
circulation is solar radiation and, therefore, a
fundamental problem of meteorology is to
explain quantitatively how this transformation
from radiant energy into mechanical energy is
accomplished. The purpose of this paper is to
present a simplified theory by which this
coupling between thermodynamical and dyna-
mical processes takes place. An attempt is made
to give an explanation to the problem of the
maintenance of the mean state of the atmosphere,
and a quantitative theory is developed by
which the mean temperature, the mean excess
of radiation and the mean wind in the tropo-
sphere are explicitly given by simple formulas.

2. Temperature, pressure and density

Let us consider an atmosphere with a constant
lapse rate equal to f. The temperature 7'* can
therefore be expressed by

T*pyet) = —plz —Hipyt)] + T(‘Pﬂl’,t), (1)

where ¢ is the latitude, y the longitude, 2z the
height measured from the surface of the earth
and ¢ is the time. For z = H the temperature is
equal to T'. We will assume that for z > H there

1 Part of this paper was presented by the author
in the Symposium on Dynamical Processes in the
Atmosphere, in Helsinki, July 28th, 1960.

2 This research was supported in part by Instituto
Nacional de la Investigacién Cientifica. México.
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exist no absorbing substances, so that the
surface z = H is the radiating upper boundary.

Assuming hydrostatic pressure and using the
equation of a perfect gas, by integration we
obtain:

H__ 91;8;3
A z)) , 2)

* — 1+_____
S

H— o/RB-1
Bl . z)) ’ 3

e* =g(1 +

where g is the acceleration of gravity, R the gas
constant, p* the pressure, p* the density, p =
(p*);-n and ¢ =(o*),-y. We shall assume that
o is constant.

The variables p, H, T and g can be written as

p=p,+7,
H=H,+H',
, 4)
T=T,+T,
2 = Qo

where p’, H' and T’ are small departures from
the constant values p,, H, and T, respectively
and g, is a constant.

The mean temperature is given by

1 (7 ,
T, = I_ffo T*dz =Ty, + T, (5)

where T, =T, +pH,/2 and T, =T’ +H'/2.

012 K 16 18 20

Fig. 1. (a) is the emission spectrum model used in

this paper and (b) is the observed spectrum at sea
level, for T =300 K.
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3. Atmospheric radiation

To compute the outgoing terrestrial radiation,
SiMpsoN (1928) considered as a working hypo-
thesis that a layer of the atmosphere, containing
0.3 mm of precipitable water and 0.08 grams of
CO, per 8q cm, emits as a black body for wave-
lengths from 5.5 4 to 7 x4 and from 14 u to the
end of the spectrum, being transparent for
wave-lengths from 8.5 u to 11 u. He assumed
besides that the radiation is partially emitted
for wave-lengths from 7 u to 8.5 x4 and from
11 u to 14 u.

We shall take a simplification of the already
simplified Simpson’s model and consider that
the atmosphere emits as a black body from 0 to
8 u and from 13 u to oo, while being transparent
in the region from 8 ux to 13 u, as shown in
Fig. 1a. The observed spectrum at sea level for
T =300 K is shown in Fig. 1b (JoHNSON, 1954,
p. 128).

In order to compute the radiation emitted by
this simplified model of the atmosphere, we
need to find the value of the area 4 B C D of
Fig. 1a. To obtain it we integrate the black
body spectral curve between the limits 1, =8 u
and 43 =13 u:

2
F(T*,}uly 3.2) = J-l 011—56-C./11-.d1

1

—~8/mn*
= [cle‘c"’”'()'—og‘ + b (8)
2

+

Ck [o;: Cs

Y A A Y
5]

Therefore, within the framework of our model
E(T*) =oT*—F(T* 8 u, 13 u) (7)

is the energy in calories per min, per cms3,
emitted by a horizontal boundary of an atmos-
pheric layer. The temperature T'* is given in
Kelvin degrees, C, =(5538) 102 cal u* min-!
em—%, C; =14350 u K, and o =(8215) 10-4 cal
em~? K-4 min~!, ¢7*¢ is the energy emitted
by a black body and F(T'*, 8 u, 13 u) is given by
(6) for 4, =8 pand 1, =13 u.

We can linearize this function if we consider
a basic constant temperature T*, and small
departures T'*” from it. We take T'* =T*,+ T'%
and expand in a Taylor’s series. Therefore, for
small T'*" we can use the linear formula
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* ®ry * d_E' ®7
ETy+T )_E(T°)+(dt)T:T . (8)

Let us take T*,=260 K and 7* =15 K. If
we use (8) instead of the complete series
expansion, the error is less than 1.5 per cent.
If we take T'*’ =30 K the error is about 4.5 per
cent.

4. The solar radiation

The solar radiation received by the earth
has been studied by MirankoviTcs (1920) who
gives the expression

I, . .
1=E2 [sin @ sin 0 + cos @ cos b cos (wy + )], (9)
1

where I is the insolation or solar energy received
in the absence of an atmosphere per unit of
time on a unit area of the earth’s surface; I, is
the solar constant, which is defined as the total
solar energy received per unit of time on a unit
of surface and at the mean distance from the
Sun to the earth in the absence of an atmos-
phere; ¢ and y are the latitude and longitude
of the considered place; R, is the ratio of the
distance from the earth to the sun at a given
instant and the mean distance from the earth
to the sun; w, is the value of the sun’s hour
angle at a zero meridian from which we measure
the longitude (from west to east), and & is the
declination of the sun. The parameters R,, 6
and w, are known functions of time that can

JULIAN ADEM

periods of time. For example, the insolation
received during one day is given by

I
Id=Ekg(wlsin(psin6+sinwlcostpcosd), (10)
Ly

where , is obtained from equation cosw, = —
tang tand and 7 is the duration of the solar day.
For the case of the polar regions, where no
night exists during a period longer than one day,
W, =m.

5. The albedo of the earth

We can consider that the total albedo has
three parts. The solar radiation returned from
the top of the clouds, that returned from the
gases of the atmosphere, and that returned
from the surface of the earth.

Using the estimates of Lonpon (1959) and
HoucrToN, Jounson (1954) considers that the
albedo is 34 per cent for an atmosphere with
50 per cent cloud cover. The values presented in
Table 1 are based on Johnson’s data and on
the assumption that absorption of solar radia-
tion by the atmosphere above the cloud cover is
negligible.

Let us assume that the fractional cloud cover
is equal to ¢. Let «,, o, and o be the percentages
of solar radiation absorbed by the surface of the
earth, the gases of the atmosphere and the
cloud cover, respectively; then o« + oy +ag3=
100 —albedo. From Table 1 we can obtain «,
&y, oty and the albedo as functions of e, as fol-
lows:

be given numerically. o =48 — 2¢,
The solar constant computed by the Smith-
. e . o, =34(1 —¢),
sonian Institution is equal to 1.946 gram- (11)
calories per cm?, per min. oy = 4,
By integration, we can compute from equa-
tion (9) the insolation received in different albedo = 18 + 32¢.
TasLE 1.
Absorption of energy
Albedo By Slirface By
atmos- By
Cloud From Through
cover From atmos- From Through atmos- Total phere  clouds
£ surface phere clouds Total Direct clouds phere o, oy [N Total
1.00 0 0 50 50 0 46 0 46 0 4 50
0.50 2 7 25 34 19 23 5 47 17 2 686
0 4 14 0 18 38 0 10 48 34 0 82
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Fig. 2. Schematic representation of the balance of radiation in the troposphere, with & fractional cloud
cover equal to e.

6. The excess of radiation

Within the framework of the model discussed
in Section 3, the flux emitted from an atmos-
pheric surface is a function of only the tempera-
ture and is given by (7).

We assume that the atmosphere has a frac-
tional cloud layer equal to e. The lower boundary
of this layer is at z = H, and the upper boundary
at 2 =H,.

Let T, be the temperature of the cloud cover
and 7', the temperature at the surface of the
earth.

Fig. 2 shows the balance of radiation schema-
tically.

Per cm? the atmosphere absorbs solar radia-
tion equal to «, I and long-wave radiation from
the surface of the earth and the cloud cover
equal to E(T,)+2¢E(T,). Besides, it emits
energy equal to E(T)+E(BH +T) +eE(f(H —
H,)+T)+eE(B(H -H,) +T). Therefore, the
excess of radiation E, is given by the following
equation:

E,=-E(T)-E(H+T)+E(T,) +2¢E(T,)
~eE(B(H —H,) +T) —sE(B(H —H,) + T)
+0.34(1 —e)l, (12)

where E(T), E(BH +T), E(T,), E(T,), E(B(H —
H,) +T) and E(B(H —H,) + T) are given by (7),
I is given by (9) and where we have made use

Tellus XIV (1962), 1

of the second of equations (11) to evaluate the
coefficient of I.

Similarly, for the excess of radiation E, at
the surface of the earth, we can write the follow-
ing equation:

E,= —oT: +E(BH + T) +¢&(oT,* - E(T,))

+(0.48-0.02 &)1, (13)

where the coefficient of I has been evaluated
using the first of equations (11).

Finally, the excess of radiation E_, at the
cloud layer is given by:

E,=¢{E(B(H -H,) +T) + E(B(H —H,) +T)

+0T,\ - E(T,) — 20T +0.04 I}, (14)

where we have made use of the third of equations
(11) to compute the coefficient of I.

T,=T,0+T;,,

, (15)
T, =T+ Te,

where T; and Té are small compared with the
values of Ty and T

Substituting (4) and (15) in (12), (13) and
(14) and using (5), we obtain the following
equations:

E4 = (Ag +eA5) Ty + ATy +A,T:
+[dg +PAy/2 +e(As +BAz/2)}H

+Ag +e4,+0.34(1 —¢)1. (16)
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Es = BTy + BTy +¢B,T. +(Bg +BB,/2)H’
+eB, +(0.48-0.02 ¢)I. (1

Ec = &(DyTh, + DyTy + D, Te. +(Dy + BDy)H’
+ Dy +0.041).

4=~ (iz),.. ()
2 dT/)r.7, \dT/r_pu+1,’
-
? aT T=f(H,~Hp+T, arT’ T=f(H,- H)+ To,

adE dFE
A== 4,=2(%= :
s (dT)T=T..,’ ¢ (dT)T=Tu

Ay = —p(%
s aT) r-pu,+ 1,

Af=PAs, Ag=E(Ty) — E(T,) — E(BH, + T,),

(18)

where

A, =2E(T) — E(f(Hy— H,) + T)
—E(B(Hy— Hy) + Ty),

B, =0T — (2£
1 TL co a7 T=T¢.,,

Bg=B,, By= E(BH,+ T,) — 6T,

B,= GT:O — E(Tco), Dg = - A;,

D, =4¢T% — B
3 04's0 4ar T=T,,,

D, = — 80T, Dg=pD,,
Dg= — 20T+ E(B(Hy— Hy) + T)
+ E(B(Hy — Hy) + Ty) + 0T — E(Ty,).

7. The energy equation

The equation of conservation of energy can
be written as

g‘gt(cq'* + W)=V-"KV(T*" + W)

+E,+E,+ E;+ E; (19)

The first member of (19) is the rate of change
of energy per unit volume, where ¢ is the specific
heat at constant volume of the atmosphere,
¢T* is the thermal energy per unit mass and
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W the latent heat energy per unit mass. The
first term of the second member is the transport
by turbulent diffusion, where K is the exchange
coefficient of the turbulent transport. E, is
the rate at which thermal energy is added by
radiation; E, is the rate at which thermal energy
is added by conduction; E, is the rate at which
latent-heat energy is added and E, is the mole-
cular transformation function (MiLLER, 1951).

Integrating from zero to H,, substituting the
values of T*, o* and T, given by (1), (3) and
(5), considering that

H, H,
f Edz— ef Edz=E,,
0 H,

and neglecting the terms of the turbulent
transport that contain the product (sg’/a¢)
(3T’ /a¢) we obtain the following equation:

(A—i—A')B T'+IS—F£ +
0T ELIp\T T

4 ’ a ’ H’
(4, —Ap) —&(41— Ao)]gt(Tm + /32 )

pH’

where
G= “ Wt N LW,
B 09 Dt Zve ng Dt z
Hc
+f (V- 0"KVW + Ey+ E; + E, + W)dz
1]

H,

—¢| (V- o'KVW+E,+ Ey+ E,+ W)dz,
H,

and

_20{ R

=— S0 z—0 — DTl — PoHo ( »
0 gH, g+Rﬂ[(P0 0)z=0 Po o] Potig

2¢ R
A’ = =l *T* _ _ *T* .
0 gHo{g-I-Rﬂ[(po 0)z=1, — (P0T0)z-H,]

+ Hl(?S)z:H, - Hz(P(?)".:H, }:
C o x
A, =-[(po)z-0— Pols
g
r_C % *
4,= ;[(Po )e=#, — (Po)z-n,)s
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where T and p(',' are given by (1) and (2) when
H =H, and T =T,. The first member of equa-
tion (20) contains the rate of change of thermal
energy and the rate of change of thermal energy
due to addition of energy by radiation and
turbulent transport. The second member is the
function G that globally represents the terms of
rate of change of latent heat energy, the conduc-
tion of sensible heat and the molecular trans-
formation function. The material derivative
D/DT that appears in (20) contains the hori-
zontal mean velocity.

8. The mean caily circulation in the tropo-
sphere

The equations that describe the mean daily
conditions in the troposphere can be obtained
by averaging with respect to ¢ in the interval
7 corresponding to each day and with respect
to y in the interval from zero to 2x.

We define the mean daily temperature as

_, 1 t+r 21 ,
Typ=— dt Tpdy,
" 27!Tf: fo may

and in a similar way define the other mean
daily variables.
Applying the a.vera.ging operator

2n
— dt dy, 21
Py [ ldy (21
to equation (20) we obtain:
A, —edis A\ d2T,,
i b 1K(1+ﬂ ) "= B,+G, (22)
70 doy

where we have assumed that eKd2T,,,/d(p
‘8Kd2.’l’,,./d<p and that

-D ’ ’ g ’ ’
DTt BH[2) and  —(To+BH'[2)

are negligible.

If we assume that Ty ~elm, eTs—cl
Te=¢T, and el =¢I,, the averaging leaves
equatzons (18), (17) and (18) unchanged,
except thaet instead of I we must put Id 88
given by (10), and instead of &, E’s, Ec, T,,,, T,
and TC we must put e E, E,, T,,., T, and
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T, respectively. If we give the value of & we
can solve the resulting system of equatlons
simultaneously with respect to T,., T, and Tc,
obtaining a solution of the type

Tm=cotely+eyl +eyBy+c By +egB,y  (23)

Ty =by +b Iy +by A’ +by B, +b, B, +b.E,  (24)

T; ~dy+d I, +dyH’ +d, B, +d B, +dE,. (25)
The components of the mean horizontal wind
are given by

(26)

where u* and v* are tue components of the
wind in the direction of parallels and meridians,
respectively.

The wind field can be computed using the
geostrophic relations combined with the equa-
tion of state:

, (27)
R _om,

=rocos(p oy !

where we have assumed that

These last conditions are equivalent to assuming

(00" [0@): - 1,2 = (0" [OW)z = y2 = O,
and are satisfied if

H = ATy, (28)

where A = 2H,/(4T, +BH,).

Applying the averaging operator (21) to
equations (27) we obtain:

_RéT,
o 0@’

0. (30)

fa= (29)

7
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Equation (29) allows us to compute the mean
zonal wind and (30) implies that the mean daily
meridional component of the wind is zero. This
does not mean that we are dealing with a zonal
wind, in fact v must be different from zero to
have turbulent transport.

Let w* be the vertical component of the
wind which is assumed to be small compared
with the horizontal components. If we integrate

the continuity equation between zero and H,
H,

. [(De*/Dt)/

0*]dz, we obtain the non-divergent continuity
equation V * v =0, where v = (u,v). Applying the
averaging operator (21) to this equation and
using (30) we see that the resulting equation is
identically satisfied by our solution.

From (22) and (23) we obtain

H,
and neglect f (ow* /a2)dz and
o

T,
C’KE;FM —egTm= —cilg—cy+J, (31)
where ¢, = —cy(A, —eA)(1 +BA/2)/ra
and cg =1—A(cy, +5/2).
The function J is given by
J =cyG —c,E, —c;E,. (32)

Solving equation (31) we can obtain the mean
daily temperature distribution. To get the
solution, we need to know the function J. In
these preliminary computations we shall in-
corporate J in a rough way assuming that it is
equal to a constant such that the computed
temperature is equal to the observed tem-
perature at ¢ =m/4. _

When K +0, since cg/c,K >0, the solution
of (31) is the following:

m’ c — -

cot+J —e c
FOT 4 Koo+ Ky,
cie; K 1 2

(33)

where cg = (cs/c.,I?)*.

To determine K, and K, in this solution we
shall assume that the gradient of temperature
is equal to zero at the equator and at the poles.
‘We shall therefore take

JULIAN ADEM
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Fig. 3. Mean daily insolation in the absence of an
atmosphere, in 10-2 cal min-! em-3,

()= (5)
dp /e-0 d@ ] p=niz

When K =0 the solution of (31) is

0. (34)

mir C cog J
Tn=2I,+2-=.
Cg Cg Cg

(33)

The function I, that enters in solution (33) is
the mean daily insolation which is given by (10)
and shown in Fig. 3.

We shall compute the solution corresponding
to the average conditions of cloudiness and will
therefore take ¢=0.5. Furthermore, in the
computations we shall use the following nu-
merical values:

7o =6.36 x108 cm

Q =7.292 x10-8

R =0.287 x 107 cm? seg-? (°K)-?
B =6.5x10-% (°K) em!

g =980 cm seg-?

Hy, =11 x10% ¢m

T, =216.5°K

T, = 288°K

T, = 263.5°K

¢ =0.717 x 107 cm? seg—% (°K)-1
e =05

Po = 0.226 x 108 g cm-1 gec-!
H, =3 x105¢cm

H, =4.5x105cm

gg =0.364gcm3 103,

Tellus XIV (1962), 1
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Fig. 4. Theoretical temperature for January, February, March and April corresponding to different values
of the exchange coefficient K. The dashed line is the observed temperature.

Tellus XIV (1962), 1
8 -62173371



MAY
a

JULIAN ADEM

24 JUNE
b

8 L 1 I L
12 20 30 40 50 60 70 80 k]

Latitude

L 1 1 ! 1 1 1
30

40 50 70 a0 ¢
Latitude

Fig. 5. Theoretical temperature for May, June, July and August corresponding to different values of the
exchange coefficient K. The dashed line is the observed temperature.

The computed values of the coefficients of
equations (23), (24) and (25) are:

co = — 59.353, ¢, = 125.818, ¢, = — 30.944 x 10-6,

s = —232.2, ¢, = —176.2, ¢5 = — 176.5,
bo = —59.96, b, = 153.746, b, — 24.662 x 105,
by = —168.2, b, = —259.8, by = — 152.3,
dy = —54.88, d, = 119.784, d, = 27.182 x 10,

dy = —185.6, d, = —174.4, dy = —313.4.

These coefficients correspond to the case in
which the units of T, 7, and T. are Kelvin
degrees, those of I;, £, E, and E, are cal em-2
seg~! and those of H’ are cms.

The computed value of the coefficients that
enter in the other equations are the following:
A =2.347 x 103, A, =5.755 x10°, A =9.0538

x 108, Cg=4.61x105 K-t (,-4.688 x10-12
and Cg ~=0.996, where we have used cms, grams,
seg and °K as units.

Solution (33) has been computed for the 15th
of every month and for different values of the
exchange coefficient K. The results for all the
months are shown in Figs. 4, 5 and 6. The
dashed curve is the observed mean monthly
temperature taken from the 700 mb mean
charts prepared by the U.S. WEATHER BUREAU
(1952) and the others are the computed tem-
peratures labeled with the corresponding ex-
change coefficient K (in 101° cm? per sec). The
solution that best agrees with the observed
values is drawn with a thicker line.

Using (29) and the computed values of T
we can obtain the mean zonal wind. The results

Tellus XIV (1962), 1
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Fig. 6. Theoretical temperature for September, October, November and December, corresponding to
different values of the exchange coefficient K. The dashed line is the observed temperature,
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Fig. 7. Theoretical mean zonal wind at 500 milibars.

for all the months of the year are shown in
Fig. 7.

From (23) and (28) we can obtain the follow-
ing expression for the excess of radiation in the
troposphere:

1 1 R
EA = - _(clld + CO) + _-(1 - CRA)TM
‘3 3

— l(q,Ea +cgl2,). (35)
C3

The last term of the second member of (35)
is a linear function of the excess of radia-
tion in the oceans, continents and clouds and
enters in the solution combined linearly with
the function & as shown by (32). Since we have
postulated that .J is a constant, we do not need
to know the values of E,, E,and @ to obtain
the solution for T, and u.

Fig. 8a shows the net radiation excess in
the troposphere, as given by London. Figure 8b
sho\ws the theoretical radiation excess computed
from formula (35) when we take ¢, B, +cz £, ~0.

Formula (35) can be used to obtain an esti-
mate of the term —(l/cg) (c B, +czE,) by
substituting instead of £, the net radiation
excess given by London. The result is obtained
by subtracting 85 from 8a and is shown in
Fig. 8c. Fig. 8d represents the function J.
From (32) we can compute the function & that

represents the addition of latent heat energy and
of thermal energy by conduction. The function
@ is represented in Fig. 8e. Finally, in formula
(35) the term E, = —(1/c;s) (¢,]4 +¢,) represents
the excess of radiation in the troposphere
assuming that the mean temperature in the
troposphere is a constant equal to T, and
that the temperatures at the cloud layer and
at the surface of the earth are also constant and
equal to T, and T, respectively. The function
E, is shown in Fig. 8f.

Discussion of the results and conclusions

With the exception of the months of May,
June and July, the above computations show a
remarkable agreement between the theoretical
and the observed values of the temperature, the
zonal wind and excess of radiation in the tropo-
sphere.

The failure of the solution in the months of
May, June and July is apparently due to the
fact that at that time of the year the gradient
with respect to the latitude of the excess of
radiation is small and of the same order of
magnitude than that of the energy different
from radiation (latent heat energy, vertical
conduction of sensible heat, etc.). We therefore
need to specify this energy, during these
months, with more precision, and the error has
arisen from having postulated that the function

Tellus XIV (1962), 1
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Fig. 8. The net excess of radiation in the troposphere: 8a is the distribution given by London and 8b the
theoretical one; 8¢ is the difference between 8a and 8b; 8d is the function J; 8¢ is the function G; 8f
is the net excess of radiation, assuming a mean temperature, constant with latitude.

J is a constant. This can be seen from a com-
parison of the net excess of radiation (Fig. 8a)
and the function @ that contains the addition of
energy by processes different from radiation
(Fig. 8¢). We see that except in the months of
May, June and July, the function @, compared
with the excess of radiation, is approximately
a constant with latitude and ¢ B, +cz &, =0.
Therefore, the computations have shown that,
except in these months, the radiation processes
are the dominant ones, and all other processes
appear globally as a constant.

The computations have also shown that the
main mechanism of meridional transport is
turbulent diffusion transport of heat through

Tellus XIV (1962), 1

the larger eddies (migratory cyclones and anti-
cylones of middle latitudes). The exchange
coefficient of our solution is equal to 5 x 101
em? per sec in February and in March, 4.5 x 1010
in October, 4 x 10 in January, 3.5 x101 in
November, 3 x 10'® in September and in Decem-
ber, 2 x 10 in April, 0.25 x 10!® in August, and
zero in May, June and July. This is in complete
agreement with the order of magnitude of the K
corresponding to the migratory eyclones and
anticyclones of the middle latitudes, treated as
turbulent eddies, which is equal to 5 x 101
(STEWART, 1945, p. 468). This mechanism of
meridional transport of heat has been used
already by DEFANT (1021), and LETTAU (1939).



114

We obtain two maxima in the values of K ,
one in October and another in February; and
the value of K goes to zero when we approach
the summer.

The value of K is a measure of the transport
required in the different months of the year.
In Figs. 4, 5 and 6 the curves labeled with zero
correspond to the case in which there is no
transport. We see that the transport is maxi-
mum in October and in February; and it is
almost zero in August. In May, June and July
it is zero, but a deficiency of energy exists due
to the wrong specification, as a constant, of the
function J. As was pointed out by FsortorT
(1960), in winter the transport reduces the
gradient of temperature almost to a half.

The theoretical solution predicts the position
and strength of the jet stream, as shown in
Fig. 7. The accuracy is very good except in
May, June and July. Therefore, with the excep-
tion of these months, the mean daily circula-
tion is mainly a result of the radiation processes
and the turbulent transport of heat by the
migratory cyclones and anticyclones.

Since we are using the geostrophic relations,
the zonal wind becomes unrealistic as we
approach to the equator.

It is worth mentioning that, since 7", T; and
T, are small compared with T, Ty and Ty,
respectively, the solution is correct and inde-
pendent of the arbitrary choice of the basic
temperatures Ty, Ty, and T

The contribution from the cloud layer to the
radiation balance depends on its temperature:
T, =T+ T.. Since To<< T, and we have taken
T, =263.5°K, our cloud layer hypothesis is in
substantial agreement with the one used by
Simpson (1928) who in his computations took
a cloud temperature of 261°K. A detailed study
on the effect of the cloud cover on the general
circulation will be given elsewhere.

9. Dynamic model of the troposphere,
containing radiation processes

Instead of the geostrophic relations (27) we
can use the general equations of horizontal

JULIAN ADEM

motion, including the frictional terms, and
combine them with the continuity equation and
equations (18), (17), (18) and (20) to obtain a
model, containing, in a simplified way, the
coupling between the dynamical and the ther-
modynamical processes in the atmosphere. The
variables are: the mean temperature (T:,,), the
mean horizontal components in the velocity
(» and v), the excess of radiation in the tropo-
sphere (E,), the height of the upper radiating
boundary of the troposphere (H’), the temper-
ature of the cloud layer (T.) and the tem-
perature of the surface of the earth (T;). 1t is
a system of seven equations and seven un-
knowns.

The equations contain the following para-
meters: insolation (I), cloudiness (e), the
Coriolis parameter (f), the skin friction coef-
ficient, the exchange coefficient of turbulent
difusion (K), the specific heat at constant
volume at the surface of the earth (C,), the
density at the surface of the earth (g,), the
excess of radiation at the cloud layer (E,), the
excess of radiation at the surface of the earth
(E;) and the function G.

We can add to the system two more equa-
tions: one of conservation of energy at the layer
below the surface of the earth (continents and
oceans) and another of conservation of energy
at the cloud layer. In this case we take K, and
E, as variables.

The function G, that contains the latent
heat energy and the conduction of sensible heat,
can be incorporated as a function of T, and
other variables, instead of as a known parameter.
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