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SIM ULA TION OF THE ANNUAL CYCLE OF CL/MA TE WITH 
A THERMODYNAMIC NUMERICAL MODEL 
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Se presenta un modelo hemisferico numerico termodinamico en el que el ciclo anual del albedo 
de supe~ficie se genera internamente, junto con la temperatura troposferica media, la tempera­
tura en la superficie de los continentes, y la radiaci6n de onda corta y larga. El modelo tambien 
incluye como variables las anomalias de la temperatura de la superficie de los oceanos, la evapo­
raci6n en la superficie, el calor sensible cedido por la superficie a la atm6sfera, el calor de con­
densaci6n de vapor de agua en las nubes, la extension horizontal de la nubosidad y la compo­
nente horizontal del viento. 

Los valores calculados del ciclo anual del albedo de superficie, de la temperatura a los 700 mb 
y de las componentes de la radiaci6n muestran, en general, buena concordancia con los valores 
observados. 

ABSTRACT 

A hemispheric thermodynamic numerical model which includes parameterized dynamics is pre­
sented, in which the annual cycle of the surface albedo is generated internally, together with 
mid-tropospheric temperature, continental ground temperature, and short and long wave radia­
tion. The model also includes as variables the anomalies of the following: surface ocean tem­
perature, evaporation at the surface, sensible heat given off from the surface to the atmosphere, 
heat of condensation of water vapor in the clouds, the horizontal extent of cloudiness and the 
horizontal wind. 

The computed values of the annual cycle of surface albedo, 700-mb temperatures and com­
ponents of the radiation budget, show a generally good agreement with observed values. 
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INTRODUCTION 

During the last two decades a climate thermodynamic model with a resolution in­
termediate between general circulation models and Budyko-Sellers type model has 
been developed (Adem, 1962, I 963, 1964a, b, 1965a, b, l 970a, b, 1979a, b, 1981 
a, b ). The model is hemispheric and has been applied with some success to long­
range weather prediction, ocean temperature prediction and climate studies. 

The variables and the equations of the model are time-averaged and iterated over 
intervals of a month. In previous papers (Adem, 1979a, b ), the observed monthly 
surface albedo values were initially prescribed in each time step and then adjusted 
to be consistent with the computed temperatures (see next section). 

In this paper the surface albedo is prescribed only at the first time step of the 
experiment and computed for the other time steps. Therefore, an attempt is made 
to simulate the annual cycle of the snow and ice conditions, together with the tem­
perature and other climate variables. 

August (when the extent of snow and ice is minimum) is taken as the initial 
month i,n the computations. 

THE TEMPERATURE-SNOW AND ICE FEEDBACK 

The presence of snow and ice on the ground increases the surface albedo and has 
the effect of decreasing the temperature. The decreased temperature, in turn, will 
maintain the snow and ice on the ground. Therefore, changes in the snow and ice 
cover due to seasonal changes of insolation should be included in a model that at­
tempts to simulate the annual cycle of climate. 

As in previous papers (Adem, 1981a, b) the snow and ice boundary is computed 
in the model by assuming that it coincides with the computed o0 c surface isotherm. 
The model selects the surface albedo value at each point from two values, one cor­
responding to snow and/or ice on the ground for a surface temperature smaller than 
or equ·aI to o0c and one corresponding, except for permanent snow and ice, to no 
snow or ice on the ground for surface temperature larger than o0 c. Therefore, two 
fields of surface albedo are used: one with only permanent snow and/or ice on the 
ground, which for the present day climate is taken as the normal value for August; 
and another with snow and/or ice everywhere which is taken as the normal value 
for January at points where there is snow or ice in that month and eql;lal to 45 per­
cent where there is no snow or ice in the same month. 
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To simulate the annual cycle, we start the computations in August by assuming 
the initial normal values of surface albedo for that month as given by Posey and 
Clapp (1964). The prescribed August surface albedo, together with other initial 
conditions described below, allows us to compute the surface temperature, together 
with the mid-tropospheric temperature, and other variables mentioned in the next 
section . The computed o0 c surface isotherm is then used to compute the surface 
albedo. The internally generated surface albedo and other parameters computed in 
the first step are again used to compute the surface temperature (as well as the other 
variables). This adjustment process is repeated until the difference between the com­
puted temperatures ·for two consecutive computations is smaller than 0.1 °c. This 
condition is usually satisfied after four or five iterations and implies that in the so­
lution the internally generated snow (and ice) boundary, coupled to the o0 c com­
puted surface isotherm has also reached a stable location. 

The computed surface albedo for August is now used as the initial value for Sep­
tember and by repeating the processes described above for August, a computed sur­
face albedo for September is obtained, and so on. The iterative computations are 
continued for several annual cycles until a negligible difference is obtained between 
each of the twelve months of the latest year and of the previous one. This is usual­
ly achieved after a run of 4 or 5 years. 

The use of a o0 c isotherm as the boundary of the snow-ice cap is supported by 
present day observations. Kukla (1975) has shown that the boundary is between 
2°c and o0 c, while Clapp (1967) places it between -2.8°C and -3.3oc. The ooc 
isotherm, which is an intermediate value, is used in this paper. 

DESCRIPTION OF THE MODEL'S EQUATIONS AND OF THE METHOD OF 
SOLUTION 

The model consists of an atmospheric layer about 10 km high which includes a 
cloud layer, an oceanic layer of 100 to 50 meters in depth and a continental layer 
of negligible depth. The basic prognostic equations are those of conservation of 
thermal energy applied to this atmosphere-ocean-continent system. 

The vertically integrated equation of thermal energy for the atmospheric layer 
is (Adem, 1965a): 

aT' 
Cy00 at + AD1 + TU 1 = Er + G5 + G2 (1) 

where T:n is the deviation of the mean atmospheric absolute temperature from a 
constant value Tm 0, Tm

0 
>> T:n; Cv is the specific heat of air at constant volume; 

H 
and Ma = J p~v~dz , 

0 
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where H is the constant height of the model atmosphere and p* is the density given 
by 

p* = p(l +{3(H-z)/(Tm -{3H/2))(g/Rl3)-l 

Tm = Tm 
O 
+ T~, p is a fixed constant density at z = H, {3 is the constant lapse rate 

used in the atmospheric layer, g is the acceleration of gravity, R is the gas constant, 
v8 is the horizontal component of the wind, and p; is the value of p* obtained by 
replacing~ by Tm

0
• 

In (1), ET is the rate at which energy is added by radiation, G2 is the rate at 
which heat is added by vertical turbulent transport from the surface, and Gs is the 
rate at which heat is added by condensation of water vapor in the clouds. The local 
rate of change of thermal energy is Cya0 aT~/at, the advection of thermal energy 
by the mean wind is AD 1 and the horizontal transport of heat by transient eddies is 
TU 1 • 

The equation used for the ocean layer (Adem, l 970a) is 

a Ts 
hpsCsat = Es-G2 -G3 (2) 

where T; = Ts- TSo is the departure of the surface ocean absolute temperature Ts 
from a constant value TSo. TSo >> T~ ? Psis a constant density and Cs is the specif­
ic heat; h is the depth of the layer; Es is the rate at which energy is added by radia­
tion; G2 is the rate at which sensible heat is lost to the atmosphere by vertical tur­
bulent transport; and G3 is the rate at which the heat is lost by evaporation. 

Over continents, (2) reduces to 

0 = Es-G2 -G3 

If we use parameterizations for ET, Es, G2 , Gs, G3 , AD 1 and TU, then the dif­
ferent components that appear in (1) and (2) are expressed as linear functions of T: 
and T:nor of their first and second derivative with respect to the map coordinates x 
andy. 

The parameterizations of the heating and transport components require the use 
of physical laws and conservation principles supplemented by observed data, so that 
the formulas used are semi-empirical (Clapp et al., 1965). The same parameteriza­
tions as in previous papers will be used (Adem, 1965b, 1970a, b), which for the 
sake of completeness are given in an appendix. 

Eqs. (1) and (2) are solved together with the equations for the parameterizations 
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((4), (7), (8), (9), (10), (11), (12a), (12b), (13) and (14) of the appendix) as a si­
multaneous system of equations containing 12 unknowns: T:n, T;, ET, Es, G2 , G3 , 

Gs, AD,, TU 1 , u8, v~ and e (cloud cover). 

The surface albedo, a, is also generated internally, as described in the previous 
section. 

In (I), aT:U/at is replaced by (T:n- T~P)/llt, where Tinpis the value of T~ in 
the previous month and lit is the time interval, taken as a month. Similarly, aT~at 
in (2) is replaced by (Ts'- T~)/ lit where T~ is the value of T; in the previous month. 

Using these backward finite differences and substituting the parameterizations 
of the heating and transport terms ((7), (8), (9), (10), (11 ), (12a), (12b ), (13) and 
(14) of the appendix) in (1) and (2), the problem is reduced to solving two equa­
tions with two unknowns i;.:i and Ts'. Eq. (2) can be combined with (I) to yield a 
single second order elliptic differential equation in i;.:i : 

aT' aT' 
K172 T' + F ______!!! + F m + F T' F 

V m I ax 2 ~ 3 m = 4 (3) 

where F, , F2 , F3 and F4 are functions of the map coordinates and a; and F4 is also 
a function of Tr:ip and T~. Substituting the computed i;.:i in other equations yields 
the other variables. 

We first compute the normal case, using normal initial and boundary conditions; 
and then the abnormal case, using the abnormal initial and boundary conditions 
and the computed normal fields on which (according to eqs. (7), (11), (12a), (l 2b ), 
(13) and (14) of the appendix), the abnormal case depends, namely T;N, T~ N' EsN' 
aTn'iN/ax and aT~N/ay. The subscript N denotes normal values. 

Due to the form of the parameterizations, for the normal case, (3) is reduced to 
an equation of the same type but with coefficients F, N, F2N, F3N and F4N which are 
different from F1, F2 , F3 and F4 respectively. Furthermore, in the normal cases, G3, 
G2 , Gs, e and v* are prescribed as the observed normal values G3N, G2 N, GsN, eN 
and vN b and therefore the model computes only the anomalies of these varia-

o , 
bles. For the normal and abnormal cases ~, Ts; Es, ET, AD1 , TU, and a are gener-
ated as full variables. 

The boundary condition for (3) is T~ = T~ob + Ci;.:iB - T~NB) where T~ob is 
the normal observed temperature at the middle of the model's atmospheric layer; 
and Tn'iB and T~NB are the abnormal and the normal solutions of (3) when the 
horizontal transport terms are neglected (i.e. T~B = F4 /F3 and T~NB =. F4N/F3N)· 
Therefore, a variable boundary condition, which includes a computed anomaly, is 
used instead of a fixed one with a zero anomaly. 
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To solve (3) we need to prescribe, besides the boundary conditions, the surface 
ocean and mid-tropospheric temp.eratures in the previous interval (T;P and Tr:iJ and 
the initial surface albedo (a). 

We start the computations in August. In the normal case, we use as initial condi­
tions the observed July normal values of the surface ocean temperatures and the 
700 rob temperatures (T8' and Tr:i ) and the surface albedo in August (a); the ini­
tial conditions for the abriormal cafe depend on the particular application. 

For the i month (i> 1) we use for Tr:i and a the mid-tropospheric temperature 
and the surface albedo computed in the 1-1 month; and for T~: (TsNob\.1 +[(TJi-1 
- (T8N )i· l] where (T~t'f ob)i- l is the normal observed surface ocean temperature in 
the i-1 month and (TsJi-land (T8N)i_ 1are the normal and the abnormal ocean tem­
peratures computed in the previous month, respectively. In the normal case (TJi-l 
= (T8N)i· l · 

The data, coefficients, region of integration and grid points used in the compu­
tations are described in previous papers (Adem, 1964a, b, 1965b, 1970a, b). Eq. 
(3) is solved as a finite difference equation by the Liebmann relaxation method de­
scribed by Thompson (1961). 

THE ANNUAL CYCLE OF CLIMATE FOR PRESENT CONDITIONS 

The modeled normal snow-ice boundary for January is shown by the continuous 
line in Fig. 1. The dotted line shows the satellite-measured boundary determined 
recently by Roback (1980). The dashed line shows the 50% probability of snow 
in the ground for January 31 determined mainly by ground observations by Dick­
son and Posey (1967). Comparison of the computed boundary with the ones esti­
mated by satellite and ground observations shows good agreement. 

Fig. 2 shows the normal computed snow-ice boundary for October and April. 
For October the computed boundary has a fair agreement with the observed one; 
however, for April the computed boundary of snow is in general too much to the 
north of the observed one. 

A comparative study for the 12 months of the year shows that, starting in August 
with a minimum of snow and ice, the model realistically builds up the snow-ice cov­
er to reach the maximum extent in winter and then starts the melting in spring. The 
modeled melting in April and May is larger than that observed, and in Summer the 
model returns to the minimum (permanent) snow-ice condition. 
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JANUARY 

Fig. 1. The normal snow-ice boundary for January. Computed by the model: continuous line; 
estimated by Robock (1980): dotted line; the SO°!o probability of snow in the groung. for Jan­
uary 31 estimated by Dickson and Posey (1967): dashed line. 
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Fig. 2. The normal snow-ice boundary for October (A) and April (B). Computed by the model: 
continuous line; estimated by Robock (1980): dotted line; the SO°k, probability of snow in the 
ground the last day of the corresponding month, estimated by Dickson and Posey (196 7): dashed 
line. 



J. Adem 237 

Fig. 3 shows the zonally averaged values of the computed surface albedo for Jan­
uary, April, July and October. Values of surface albedo estimated by Ro bock ( 1980); 
Curran et al. (1979); Kukla and Robinson (1979); and Schutz and Gates (1970) are 
also shown in the same figure. Comparison of the computed values with those of 
these authors shows good agreement. 
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Fig. 3. Zonally averaged values of the surface albedo for January, April, July and October. 
Computed by the model: large dots. Estimated by Robock (1980), Currant et al. (1979), Ku­
kla and Robinson (1979) and Schutz and Gates (1972): continuous line, small dots line, dashed­
dotted line and dashed line, respectively. 
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Figs. 4, 5, 6 and 7 show the 700 mb temperatures for January, April, July and 
October. Parts A show the computed values and parts B the observed ones. The 
agreement between observed and computed values is in general very good and shows 
that the model is capable of simulating the annual cycle of the tropospheric temper­
atqres in a realistic way. 

A comparison of the computed values of the outgoing long-wave radiation, the 
absorbed solar radiation, the net radiation and the planetary albedo, with the cor­
responding values estimated by Winston et al. (1979) for satellite observations is 
published elsewhere (Adem and Donn, 1980) and shows also a general good agree­
ment, with the largest discrepancies in Spring. 

ln conclusion, it can be stated that the model is capable of simulating reasonably 
well the annual cycle of climate for present conditions. This version of the model 
has also been applied to simulate the annual cycle of climate during the ice ages 
(Adem, 1981b). Improvements in the results could possibly be obtained by.using a 
more refined method for the snow-ice temperature feedback mechanism. A more 
advanced model is now being developed which includes also revised parameteriza­
tions of the dynamic and heating components, and which hopefully will improve 
the results presented in this paper. 

-
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Fig. 4. 700 mb temperatures, oc, for January. Computed by the model (A); and observed (B). 
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Fig. 5. 700 mb temperatures, oc, for April. Computed by the model (A); and observed (B). 
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Fig. 6 .. 700 mb temperatures, oc, for July. Computed by the model (A); and observed (B). 
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Fig. 7. 700 mb temperatures, <>c, for October. Computed by the model (A); and observed (B). 
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APPENDIX 

Parameterizations 

For the horizontal wind the following fonnula is used (Adem, 1970b): 

*- * +(* *) VH - VNob v -vN 
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(4) 

where v~
0 

is the observed geostrophic wind and v!... v~ is the computed anomaly 
of the win~ in which the two components of v* are computed from the fonnulas 

R L aT'm 
u* = - ff (To +(H-z)(/3- R )) ayt 

aT' 
v* = _..R_(T + H-z)(/3- _g_)) --1!! ff O R ax 1 

(5) 

(6) 

where u* and v* are the components along the x 1 and y 1 axes, the x 1 axis points 
to the east, the y 1 axis to the north, and the z axis upward;g is the acceleration of 
gravity, R the gas constant and f the Coriolis parameter; T0 = Tm

0 
- (jH/2 where (j 

is the constant lapse rate used in the model. 

To compute the components of the nonnal horizontal wind v~, fonnulas (5) 
and (6) are used with the nonnal value T~N instead of~. 

The advection by mean wind (ADi) is given by (Adem, 1970b): 

where (F8 ) 0 , (F~')0 and (F~)0 are constants; and 

T Nob = - (j(H- H7 Nob) + T7 Nob 

g/R(J 
PNob = P7Nob (TNob/T7 Nob) 

where H7N ob is the normal observed 700 mb height, T7N ob the nonnal observed 
700 mb temperature and p7N ob the 700 mb pressure. . 

The horizontal turbulent transport is: 

Tu.= -cy00 KV2 T:U (8) 
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where "i/2 is the two-dimensional horizontal Laplacian operator and K is the aus­
tausch coefficient, which will be taken as a constant equal to 3 x l06m2 s-1 . This 
value of K is of the same order of magnitude of that corresponding to the migratory 
cyclones and anticyclones of the middle latitudes considered as turbulent eddies 
(Defant, 1921; Clapp, 1970). 

The parameterization of the rate at which energy is added by radiation in the at· 
mosphere (ET) and at the surface (Es) is carried out assuming that the cloud layer 
and the surface of the Earth radiate as black bodies and that the clear atmosphere 
has a window for wave lengths between 8 and 13 microns (Adem, 1962). The Savino· 
Angstrom formula is used for the absorption of short wave radiation in the surface 
of the earth. The resultant formulas, linearized with respect to ~ and l's: are of the 
type 

(9) 

(10) 

where A'.;, A3, A6, 03, D~, s;, B3, B6, B7 are constants given in (Adem, 1962); e 
is the cloud cover; a2 and b3 functions of latitude and season; (Q+q)0 is the total 
radiation received by the surface with clear sky; k is a function of latitude; I is the 
insolation and a the surface albedo (Adem, 1962, 1964a, 1964b). 

For G2 and G3 over the oceans, we use the linearized approximate formulas de­
duced by Clapp et al. (1965): 

(11) 

(12a) 

where G3N, G2 N, T~ and Tdi are the normal values of G3 , G2 , T; and ~ respective­
ly; K3 and K4 are constants; fjN is the normal value of the surface relative humidity; 
and tVaN I is the normal surface wind speed. 

Over the continents we compute G2 from a formula similar to (11); and for G3 

we use 

(12b) 

where d 7 is a function of the map coordinates and the season; and E8N is the nor­
mal value of Es (Clapp et al., 1965). 
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G5 is computed from the empirical formula (Clapp et al., 1965): 

(13) 

where G5N is the normal seasonal value, and b, d" and c" are functions of x and y 
and season. 

The cloud cover is given by: 

e = eN+D2 (G5 -GsN) (14) 

where e is the cloud cover, eN the normal observed cloud cover and D2 is an empir­
ical constant (Clapp et al., 1965). 
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