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ABSTRACT. In the climatic model of Adem (1962, 63, 64 a), when the first law of thermodynamics is applied to
the continents, the equation is simplified considering a balance between the excess of radiant energy and the
loss of thermal encrgy — sensible and latent heat of evaporation — by vertical turbulent transport, neglecting
changes of thermal energy by conduction and storage cffects.

In this paper we have attempted to show that the continental storage of encrgy is not negligible. This finding

improves the results of continental surface temperature.

This continental temperature is a function of the temperature of the air near the ground, the cloudiness, the
albedo, the solar and terrestrial radiation, the absortion coefficients in short wave, the storage of energy and
the loss or gain of thermal energy by turbulent vertical transport of sensible and latent heat of evaporation,

1. Introduction

The thermodynamic model is used by the U.S.
Weather Bureau to forecast monthly and seasonal
climatological variables of the northern hemisphere,
(Adem & Jacob 1968, Adem 1979), being also
used in research of climatic changes (Shaw and
Donn 1971, Adem 1973). With the purpose of
verifying the use of the model on a global scale,
Buendia et al. (1975, 1978) integrated it on zonal
average basis, obtaining satisfactory results on the
temperature fields and the excess of radiation from
the ocean surface and the middle troposphere
(500 mb), with better results for the tropical zones
than that obtained by Adem (1963), who used in his
hemispheric model a null zonal wind at the equator
as a boundary condition, giving in this way con-
tamined solutions in lower latitudes, although
this is an adequate hypothesis.

For the continental surface temperatures the
calculated values were quite different from the ob-

(153)

served ones, because they were neglected in agree-
ment with Adem(1964 b), the continental energy

storage and the fluctuations of thermal energy by
conduction.

The model uses the principle of conservation
of energy (Adem 1963-73) in a tropospheric verti-
cal columm of 11 km height on one cm?* of surface,
in the oceans and continents is used per unit of
area vertical columns 100 m depth, (Adem 1968)

and 12 m in agreement with Bryson-Dittberner
(1976) respectively.

With the object to join the thermodynamic and
dynamic effect we use also the equations of con-
tinuity and movement, where this last one is sim-
plified with a geostrophic balance in the atmos-
phere, (Adem 1967), and in the oceans the horizon-
tal balance of Ekman (Adem 1968).

The integration has been done for an atmos-
phere with a constant tropospheric height H=11 km
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and a pressure p¥, density p*, temperature T%,
velocity ¥* and a lapse rate g functions of :

[)ﬂ' = P* (‘IJ, ¢e Z, f)

P* o P* (gfr, 961 I ’)

T =T*(, b,z 1)

VE=VE(, b2, 1)

B =8 e 1)

where ¢ represents the longitude, ¢ the latitude,
z the height and ¢ the time.

As the variations of thermal energy in the tro-
pospheric ocean-continent system due to changes
in the tropospheric height are negligible (Adem
1968), it is convenient to take in consideration,
(Buendia 1974) the variations of thermal energy
due to changes of lapse rate by the eddy transport
in middle and higher latitudes and by convection
in lower latitudes, which is in agreement with
Stone and Carlson (1979),

2. Equation for the troposphere-ocean-continent system

Under the hypothesis already mentioned, the
principle of conservation of energy in the tropos-
phere and the oceans after averaging them and
considering the effects of disturbances that are not
detected by the instruments or by numerical me-
thods (Miller 1951) have the nex* form respectively.

H H
[ p* g (C.T*)dz 4+ Vy* p*. Tu(C,T*) dz-+
0 0

H . H
+yp* W (G, T*)dz+§ Ty X
0 g

(e
X(p* CoV,* T*) dz +
H ~ o
+ [ @t C, T W*) dz -
0 C=
H " H
=({o*ldz+ [ o*Ldz+ | R*dz (1)
0 0 0
0
§ (7 2 (CuTom® + Vi pi* . Tt (Co Fou®)
.J'_f,a* w8$ ﬂa (Crn VTsm*)} dz ‘}-
ez
0 B o
4+ l'Vﬂ Aps* Cos VEr* T'n*) dz +
i W —
‘{"‘ = (Wu* Ps* C"s Tsmt ) dz
h 02
o — —_ y S
5§h(Qs*I + 0*+R.*) dz (2)
Here C, and C,, are the specific heats at con-

stant volume of the atmosphere and the oceans
respectively, T/ is given in spheric coordinates,

H
§ p* _g.' (C, T*) dz isthe local change in ther-
0
H—
mal energy perunitarea § p*V,*. Vg (C, T*) dz
0

is the change in thermal energy by advection due
H

to geostrophic wind, { w* p* —ﬂaz- (C, T*) dz is
0 C

the variation per unit area of thermal energy due
H — e
to convection, §| Tg.(p* C, V,* T*)dz is the

- 0 -
change in thermal energy per unit area of horizontal
turbulent transport of sensible heat due to migratory

P H ————
anticyclones and cyclones, § Eji(p*C,,T*'W*’)rl:
00Z

is the variation in thermal energy per unit area
Ey vertical turbulent transport of sensible heat,

§ @*! dz is the variation in thermal energy per
0. . H
unit area due excess of radiation, | Q* d:

T . 0
the gain in energy by condensation of water
"

vapour and { R* dz is the change of thermal

0
energy due to the work by or on the system, which is
negligible for intervals of a month or a season.

The first term on the left hand side of the equa-
tion of conservation of energy in the oceans (Eqn.
2), is the storage of energy of the ocean per unit
area, the second term represents the change in
enerpy due to advection of the ocean currents,
the third is the variation in thermal energy due to
upwellings, the fourth term represents the change
of thermal-energy per unit arca due (o horizontal
turbulent transport by migratory vortex and the
last term is the variation in thermal energy by
turbulent vertical transport of sensible heat. The
first term on the right hand side is the change
thermal energy due to excess of radiation, the
second term is the variation in thermal energy due
to the loss of latent heat of evaporation from the
surface, and the third term is the change of thermal
energy due to the work done by or on the system,
being neglegible for the oceans.

The first law of thermodynamics on the conti-
nents (Adem 1965), after considering the storage

of continental energy, in this study, takes the
form :

0 _ ? B 0 .
f’ PC* ot ' (Cﬂ' T~c*) dz = S i Q('*l dz +

O MLy C HA8dr (3)
+ szr' Ldz + 1} 0.* dz
—HhC —hne
where p,* represents the density of the conti-
nent, C, the specific heat capacity of the conti-
nent at constant volume, 7,* the temperature of
the continental surface, 4, is the depth of the
0 ]
continental layer, j’ P - (Coe Toe*) dz s
—nc ¢
the continental storage of thermal energy. The
three terms on the right hand side of the Eqn.
(3), represent the change in the thermal energy per
unit area by the excess of radiation, the loss of
thermal energy from the ground by latent heat of
evaporation and the loss of thermal energy by
sensible heat, respectively.

Making scale analysis to the equation of conti-
nental energy conservation (Eqn. 3), as done by
Charney (1948) to the movement equation, we find
that the continental energy storage is of the same
order of magnitude as the excess of radiant energy
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on the continental surface and the loss of thermal
energy from the surface by turbulent vertical trans-
port by sensible and latent heats of evaporation,
which is in agreement with :
p: = 2g ecm—* ~ 10° (Bryson and Dittberner
1976)
he = 1200cm ~ 103 (Bryson and Dittberner
1976)
Cpe = 1.04%107 erg g—1 °Kk—1 ~ 107 (Bryson
and Dittberner 1976)
AT, = 10° K ~ 10' (Adem 1967)
At = 2.65%108 seg ~ 108

OR: N . 10 10%% 107 % 10°
S_,,c Pt*ﬁ" (Che To*) dz = 108

~ 1085

0

!_h 0> dz = E, = 1.0465 X 10° erg/seg/cm®
~ 108 (Buendia-Morales-Camissasa 1980)

D - —

., (0X +0#S)dz = Gy + Gy

e
= 0.15 cal min—! cm—* ~ 105 (Sellers 1975)
In the thermal energy equation of the tropos-
phere, considering first approximation, the lapse
rate B in the atmosphere is given by :
B = dT*|dz 4)
Then the temperature 7*, the pressure p*, and
the density p* of the atmosphere to the height z,
are given by :

T* (¢, 2, 1) = T 6. 1) — B4, 6, 1) {z—H}

r* =;[ 1 +p(ﬁ;j) ]81'33
Pt =" [ (1+3‘£—;:) ]EfRﬁ—l ®

Using the Eqns. (4) and (5) in the principle of
conservation of energy applied to the troposphere,
(Eqn. 1), we obtain :

F, %{ + Fy §f+ Fs. Vg T+Fy Vg § —KF.V&T
'—KF2VH’ T_KFT- vH’E"" KF&- VH’ .é
- E’P +E=+Gs

where Fy, Fy, Fys Fy» Fos Fiy K, Ep, G, and G are
given by the following expressions :

H H
F,=C,{3*dz, Fs=C,§ p* Vydz
0 0
H H
F-|=Cu‘ VHP*dst5=CU‘(H_Z)F’*dz
0 0
H
Fo=Cy§ (H—z)p*Vy* dz
F,=C, | (H—2)Vpp*dz

ok O R TR
- ST ot o

—_ H — H —

Ep = § Of 1dz | Gy xe § Q*Ldz
1 =" ¢ 0

Ga = (CJ P* W T*’)Z=0

Developing Eqn. (6) according to Buendia et al.
(1979), we obtain :

Fg* ( m—i@; )[J(f,?:)]+
1 )[J(‘r,a)]—s-

ry* cos ¢

RAT 4
of

+ 5 (

1 L
Foo* (m, - 4) U G B — K (Fu* Vab+

+FlaVHT +F|3VHF)- Ve T—
—K(Fs]p VuP+ Fu* VaT+ Fis VarE) -

VuE +F —%fa —REKVT—FKV'F

=Fr +Ga+ s 0

where the coefficients Fy, F5, Fg* Fo* ,F ¥, F*11,F0,
Fi3, F,,* and Fy;, are the same as given by Buendia-

Del Valle (1979), Fg-% and F; a‘a%- represent

the tropospheric energy storage,

1 {FS*J(T,E)-I'F?J(?" g+
ry® cos ¢

+ Fa* I (5B )}

is the variation in thermal energy by advection
due to the geostrophic wind in the troposphere,

-—K(Fu*VH P + FlﬂVHT"!"FISVEE)'
VHi_'K(FEI-j;V'HF'!" Fl-!*VH?-{-
FsVn B)Vaf— P KN'T,—F;KV%8,

represent the change of thermal energy by hori-
zontal turbulent transport.

Each of the principle of conservation of energy
in the troposphere, oceans and continents is applied
the operator

t+r 2n

ZalrfJ‘ J‘()d:d',‘
t 0

to study the thermal energy variations in intervals
of a month or a season in a zonally averged form.
The technique used to solve the equations, are the
perturbations method (Adem 1962). The tempera-
ture, pressure, lapse rate and density of these are

given by :

F=T+T
p=pro+p
F=PR+F
7-".=-'Pn
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Neglecting the second order terms, the equation of

tropospheric energy conservation (Eqn. 7) takes the
form :

:\T’ ~ ’

(Fz)u LE'—{N 5 (Fs)'i _'Cg‘ — (Fa

aor

Kd* T'

dé?
Kd* - -
— (F3)e d qﬁ’.zg =Eq -+ G: + Gy (8)

The lapse rate is obtained from Egn. (4). which is
given by :

B o=

where,

2 (T:J' = Tm') .
- H )

Tm=

H
] * i | il
HJ. T t’L = T:Jm i :r"‘
0

Taking the excess of radiation in the troposphere
Er given by Buendia-Del Valle (1979) and Egn.
(9) in the Eqn. (8), we obtain finally :

(F5) 2 d* T
k(o) =) G+

4 [2i5 T +2 [ @

—(F),
#" ]

o (F!)u ]

o Tw - (F5), a7,
L — 2 8Jo) ¥ “n
a TK [(Ff)" H] gt
=(_r‘_g-:—G—_e,‘{-F,;-f—G(F,,'—‘;—b:;])—l‘-a:I—}—

+Ts' (Ftu + € FHI’)"I' (Fl: = -Fu) Ta’ (IU)

Here the coefficients F; and F;’ are given by Buendia
Del Valle (1979), representing € the cloudiness
given by Landsberg (1945), &, and by are absortion
coefficients of radiant energy in short wave for the
troposphere and the cloudiness respectively given
by London (1957), / is the insolation at the top of
the troposphere, given by Sellers (1975), g. the
gain of thermal energy by turbulent vertical trans-
port given by Budyko (1963), . the gain of thermal
energy by condensation of water vapour given by
Jacobs (1951)and T,/ theair temperature near the
ground isalso a known value given by Stephen, G.
and Stephen, H. (1979).

The surface temperature 7, is obtained from
the principle of conservation of thermal energy
applied to the ocean and continent [Eqgns. (2) and
3)), where this is given by ;

T.-a' =L T.wu' + (!' L) fhc' (I ”

Here L represents the ratio of ocean in each
circle of latitude with respect to itself, T, —T -
+Tom’ With T’ << Typoand Ty, = T, + Ty
with Ty, << T,

To obtain the surface temperature of the ocean
T.»', the equation of energy conservation for this
fluid is developed in a similar way, like that for the
troposphere, with the (Eqn. 1), in such a way that
if we neglect the thermal energy changes due to

the advection of oceanic currents, to the horizon-
tal turbulent transport, to the vertical transport
by upwellings and vertical turbulent of sensible
heat to the depth /i of the thermocline because these
changes are one order of magnitude smaller than
the changes in thermal energy by storage, by ver-
tical turbulent transport of sensible heat and latent
heat of evaporation from the surface, in the same
way as the changes produce by solar and terrestrial
radiation. Some of the not-considered terms which
have only a local importance, have been neglected
and, considered in integrations when not zonally
averaged.

In this way, the energy conservation equation
of the oceans is reduced to :

0
P* Cos §

where,
‘It‘-m* = Th 'I' (l + :',-'il) (T'«‘m T TA) (12)

1% is a constant [(Buendia-Del Valle (1979), Del
Valle (1978)).

Ey = f‘;gf“ dz = (Q+q% [1—(1 —p)e]

(1 — a) + Fig' + F.* + F3* . + Fi.
’l“Fu’ 'l" Fn T\m’

(L
Gs=1§ oMdz

-t
C‘_‘ == (C.':s P-i$ T.;n;’ Ws;i)z=(\ (13)

The coefficients F;’ and F;* are given by Buendia-
Del Valle (1979). (Q-¢q), represents the possible
radiation received rom the ocean surface, given by
Budyko (1974), u is a coefficient of regression given
also by Budyko (1974) and « is the albedo of
the ocean given by Possey and Clapp (1964).

Using the excess ol radiation on the ocean sur-
face, Eqn. (13) and Eqn. (12) in the principle of
cnergy conservation of the ocean, Eqn. (11), we
obtain :

Tom' = [Ds (Ton')i + Fro* -l-'e Fi)' —G2—G3 +
"}_Flﬂ‘ +F11‘ +F1:i* T-rl 'Jf“ ([ H"a)(Q_i—QJD
{0 —U—u) 9}/ Fs' (14)
Here (7.."); is the ocean surface temperature of

a month before the calculated temperature. The

observed ocean surface temperature is given by

U.S. Navy (1969) and

Cosp* h

D= "3 A

From the equation of conservation of energy in the

continents [Eqn. (3)] is obtained.

T — [de (T )i —(1 —a) {1 —(1 —p)e}
(Q+q)—Fp* —e Fia' ++ Fig + F, —

3
Fi3 T)) — G2. — Ga | (dy — Fyy) (15)

Flﬁ’ e D.,-—‘Fu

where (7,"); is the surface continental tempera-
ture of'a month before the calculated temperature
and d, = Cy p* h.[2At, the continental
surface temperature as given by Haurwitz and
Austin (1944).
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Fig. 1. The dotted line represents the calculated tropospheric temperature for winter in the Northern Hemisphers and summer
in the Southern Hemisphere (1a), and for the summer in the Northern Hemisphere & winter in the Southern (1 b). The
conlinuous line is the observed tropospheric temp. in 500 mb and the broken line is the calculated tropospheric temp.
without the storage energy of the continents and Ty =T4'.

3. Results and conclusions

The solution of the equation of thermal energy
conservation in the troposphere, using a frontier
condition a null zonal wind in the poles, where

dr,’ dr,’
a4 :rﬁ F 5 0, as wused by
4 g

2

A_dem (1963) and Buendia-Del Valle (1979), is
given in Eqn. (10).

The Fig. | shows the calculated tropospheric
temperatures 7., (dotted line) for winter in the
Northern Hemisphere and summer in the Southern
Hemisphere (Fig. l1a) and for the summer in the
Northern Hemisphere and winter in the Southern
(Fig. 1b). The continuous line represents the ob-
served tropospheric temperatures for the 500 mb
and the broken'line represents the result by Buendia-
Del Valle (1979) with no considerations of con-
tinental energy storage and making the surface
temperature equal to the air temperature near the
surface (z=0).

For the winter hemispheres the theoretical re-
sults for the tropospheric middle temperature are
slightly less than those obtained by Buendia-Del
Valle (1979), because in the winter the continental
energy storage as well as the transport of thermal

energy from the continental to the atmosphere,
is diminished for the summer hemispheres, the
opposite situation is observed, with the exception
for high latitudes of the Southern Hemisphere,
where low response of the energy storage to the
solar radiation is observed.

Fig. 2 represents the ocean surface temperature
calculated from Eqn. (15), (broken line), and the
observed temperature is represented by a continu-
ous line. It can be observed as in some other papers
Adem (1964a), Buendia (1974) and Buendia del
Valle (1979), that the oceanic storage of energy is
predominant, getting very close to the values ob-
served.

Fig. 3 shows the observed continental surface
temperature (dotted line), the calculated tempera-
ture considering the continental energy storage in
the principle of energy conservation, (Eqn. 16) with
a different limiting air temperature 7,’ to the con-
tinental surface temperature T, (discontinuous)
line), the dotted and dashed line represents the
continental surface temperature without the en-
ergy storage and with T,,/#T,/, the line of crosses
is the continental temperature calculated without
energy storage and 7y =T," following the Adem
(1968) hypothesis. A notable difference is observed
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Fig. 2. The broken line represents the calculated ocean surface temperatures, the continous line is the observed ocean surface

temperatures for the same periods of figure 1

between the last result and the observed tempera-
tures, because when 7, '=T,', the same amount of
radiant energy is emitted by the atmosphere to the
surface than emitted by the surface to the atmo-
sphere less the emitted by the surface to the atmos-
phere through the atmospheric window, suffering
the surface a heating in lower latitudes for the
summer hemisphere, decreasing the heating in the
rest of the winter hemisphere. With the considera-
tion T,/ #T," we have a normal energy interchange
with losses of thermal energy from the surface by
turbulent vertical transport of latent heat of eva-
poration and sensible heat, a prescribed variables
in this paper, observing that the solution (dotted
and dashed line), gets colder and closer to the ob-
served temperatures (dotted line) because when
T,/ >T, the continental surface lose more energy.

The energy storage is a function of the heat re-
ceived one month before the season in the same
way to the oceanic energy storage Adem (1963)
the calculated temperature, gets colder and closer
to the observed in lower latitudes and the summer
hemisphere. For the winter hemisphere is observed
a continental energy storage smaller and practically
could be considered a balance between the excess
of radiant energy and the loss of thermal energy
from the surface by turbulent vertical transport

of sensible and latent heat of evaporation, but
Adem’s hypothesis is not valid for all the seasons.

For this reason, in the climatic models the con-
tinental energy storage has to be considered, In
this way the eugation of thermal energy conserva-
tion applied to the continents is a forecasting equa-
tion, and also is in balance between the continental
energy storage and the loss of thermal energy by
vertical turbulent transport of sensible and latent
heat of evaporation, the excess of radiation in the
surface and the variations of thermal energy by
downward or upward conduction of the lower boun-
dary of the continental layer. This energy change
will be parameterized in future paper.

Another advantage of this result is the empirical
parameterisation of the loss of thermal energy
by turbulent vertical transport of scnsible and
latent heats of evaporation and the albedo which
are function, with some other variables like the
continental temperature calculated for average
climatological conditions. It will be more sensitive
to the changes of thermal energy in the tropo-
sphere-ocean-continent system, because the re-
gression coefficients used by Adem (1968) do not
respond in a convenient way to the changes of
thermal energy due to the big differences found
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between the observed and calculated temperatures.
when the continental energy storage is not con-
sidered.

That’s why some failures are observed in the
accurate forecasting of temperatures by the wea-
ther bureau and Adem y Jacobs (1968).
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