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RESUMEN

En este articulo se incluye un breve repaso a la clasificacion de modelos
climaticos basados en grados de libertad, mencionando las ventajas de los que
se aplican a promedios zonales (ZACM), Concretamente, los dos modelos
que se describen, uno cuasi-geostrofico (QG) y otro mas completo de ecua-
ciones primitivas (PE), se utilizan para realizar experimentos numéricos
sobre el cambio climatico inducido par anamalias en la temperatura de la
superficie del mar (S8T) y por alteractones en las caracteristicas de los suelos.
Los experimentos relativos a anomalias en la SST consideran las situaciones
correspondientes a los conocidos fenémenos de El Nifio y La Nifia. Los
resultados muestran que durante El Nifio, tan{o la corriente en chorro sub-
tropical como la circulacion de Hadley se intensifican y la temperatura
superficial del mar aumenta en la region perturbada. En el caso de La Nifa
se observa la situacién opuesta. Por otra parte, en el experimento corres-
pondiente a alteraciones en las caracteristicas del suelo s¢ consideran los
efectos inducidos por procesos geobotanicos (deforestacion y desertificacion)
en el clima, Los resultados muestran que la alteracion en la temperatura del
suelo se debe mds al cambio en el ritmo de evapotranspiracién que en el del
albedo. :

ABSTRACT

A brief review of the classification of climate models based on degrees of
freedom 1s given. The advantages of zonally averaged climate models
(ZACM) are mentioned. Two ZACM are described, a simple guasi-
geostrophic (QG) model and a more complete pimitive equations (PE) global
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model. These are used to conduct numerical experiments regarding the
climatic change duc to sea surface temperatures (357T) anomalies and tand
surface alterations. The experiments regarding the SST anomalies consider
the situations of EI Nifio and La Nifta. The results show that in the El Nifio
situation the subtropical jet stream and the Hadley circulation are intensified
and surface temperature increased in the perturbed region. The oppositc
situation occurs in the case of La Nifia, In the experiment of surface state
modification the interaction between the geobotanic state and the climate is
considered. Experiments are conducted regarding deforestation and desertifi-
cation. The results show that the change in the evapotrdnspiration rather than
the change (n the surface albedo s the predominant effeu in regulating the
changes in the surface temperature.

1. INTRODUCTION

The earth’s climate changes. [t has changed many times in the past, it 1s
changing now and in the futurc it will continue to evolve. Climatic change
could be partly natural and partly man made. Climatic change due to
fluctuation in the earth’s orbit is an example of natural cause, Future climatic
change unitke that of the past can partly be alfected by human activity. One
human activity which has received much attention recently is the increase ol
pollution with gases such as carbon dioxide. Measurements unambiguously
show that carbon dioxide has increased by about 25 9% during the tast century.
Whether the recent increase in temperature at earth’s surface (Jones er af.,
|986a; Jones et al., 1986b; Karoly, 1987) is due the increase of carbon dioxide
is still somewhat controvertial (Idso and Mitchell, 1989: Lindzen, 19903,
Another human activity which again has important implication for chimatic
change'is the land surface alteration such as deforestation (Dickinson and
Henderson-Sellers, 1988, Dickinson, 1989; Shukla er af., 199(),

Undoubtedly it would be necessary Lo know the luture chimatic change to
get ‘preared for such a change. Future climatic change can be inferred by
means of mathematical models. Like any natural phenomenon, climate and
its change are presumably governed by physical laws, These physical laws can
be written in terms of mathematical expressions which constitute 2 modct.
Computer can be utilized to caiculate how climate will evolve in Lime in
accordance with the laws.

The complexity of climate models together with the limitations in
computational resources necessitates simplifications and assumptions. This
led to the development of a hierarchy of climate models. Climate models can
he classified on the basis of the degrees of freedom (Schneider and Dickinsaon,
1974).

The simplest climate models are the one-dimensional radiative-convective
models (RCM) (Manabe and Wetherald, [967; Rasool and Schneider, 1971).
The RCM usually incorporate relatively detailed treatment of radiative
processes and permit for examplke investigation of the consequences of global
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scale changes in atmospheric composition. Normally RCM give only the
vertical profile of global mean temperature.

Within the class of one-dimension climate models lie the energy balance
models (EBM}) wherein vertical integration is done in order to treat
latitudinal variation of the climate in terms of surface temperature (Budyko,
1969; Sellers, 1969).

More complex climate models are the general circulation models {GCM)
which are used in the studies aimed at obtaining detailed evolution of regional
and seasonal behaviour of climate. In these models the behaviour of climate
is determined explicity. The explicit calculations of the complete synoptic
atmospheric {oceanic) behaviour can make the system being modelled as
complex as the real system which makes it difficult to analyse and
understand. Furthermore GCM require large computing facilities.

An intermediate class. of models are the zonally averaged climate models
{ZACM) in which the treatment of radiative proceses can be as sophisticated
as in the GCM but somewhat simplified from the detailed RCM. While the
RCM and EBM consider only the thermodynamics of the system, ZACM
includes the trcatment of dynamics usually by allowing two atmospheric
fayers. Although the synoptic.systems are not included explicitly, their
statistical effects are included through parameterization (Saltzman and
Vernekar, 1968; Saltzman and Vernekar, 1971: Saltzman and Vernekar, 1972;
Stone, 1974; Stone and Yao, 1987). Because of this, ZACM are sometimes
referred to as slatistical dynamical climate models, although some (eg.
Saltzman, 1978) prefer to a make a further distintion. Another advantage of
ZACM in comparison with RCM and EBM is the inclusion of both
latitudinal and vertical variation, thereby permitting more explicit treatment
of many feedback mechanisms. Some of the recent ZACM even include
oceanic coupling also {Harvey, 1988a; Harvey, -1988b}. Because of their
simplicity compared to GCM, they require far less computer time. Of course
some of the advantages are counterbalanced by loss of regional resolution
and also the errors and limitations are necessarily introduced in the process
of parameterization.

Because of their intermediate position, ZACM can be helpful in the design
and analysis of GCM studies and in generalizing the results of simple EBM
and RCM studies. Thus ZACM can be thought of as making a bridge
between simpler EBM and sophisticated GCM,

The most important simplification made in ZACM compared to GCM s
the parameterization of eddy fluxes of heat and momentum. Meridional
transport of heat is parameterized using exchange coefficient (Adem, 1962;
Saltzman, 1968; Green, 1970 and others). The parametenzation of eddy
momentum flux is much more difficult because it is up the gradient of angular
velocity and because of this a simple treatment of diffusion is not possible,
unless one contends to use negative exchange coefficients. Saltzman and
Vernekar ([968) developed a sophisticasted parameterization of momentum
transport, Wiin-Nielsen and Sela (1971) have shown using observed data that
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1t 18 possible to parameterize the momentum transport indirectly through the
use of exchange coefficient for quasi-geostrophic potential vorticity and for
heat. Sela and Wiin-Nielsen (1971), Ohring and Adler (1978) and Gutman et
al. (1984) have shown that such a parameterization can be used successfully
in ZACM. ‘

Tests of sensitivity due to changes in the boundary conditions can be
investigated using ZACM. Ohring and Adler (1978) studied the effect of
changes in the amount of carbon dioxide, in the solar constant and in the
cloud content. Potter and Cess (1984) and Jung and Bach ([987) investigated
the effect of aerosols on the distribution of zonally averaged temperature.
Another example of the study of sensitivity 1s the impact of sea surface
temperature (SST) anomalies on atmospheric circulation. The effect of SST
anomalies is studied using GCM (Shukla and Wallace, 1983; Lau and Oort,
1985; Moura and Shukla, 1981). Nevertheless, ZACM can be used to
determine the range of variations due the impact of SST anomalies, One such
example is the study of Wiin-Nielsen (1986) regarding the El Nifio situation.

Recently much effort has been dedicated in the study of interaction

between surface characteristics (vegetation, soil moisture, etc) and the
overlying atmosphere. A model which includes these biogeophysical feedback
(biofeedback) mechanisms can be used to test hypotheses regarding the
climate modification due to changes in the surface characteristics which can
be natural or man made. Complex parameterizations of biosphere have been
incorporated in sophisticated climate models (Mintz er af., 1983; Sellers et al.,
1986; Dickinson et af., 1986; Dickinson and Henderson Sellers, 1988; Shukia
et al., 1990)
. However, considering that these GCM involve many complex processes it is
difficult to trace the exact cause of a given effect. So simple ZACM are useful
in this context. Alsc ZACM are more economical for conducting a large
number of experiments concerning long term climatic changes.

In spite of the usefulness of ZACM only a few studies have been made
with these models regarding the climatic effects caused by surface alterations.
One of the pionering studies in this line was that of Charney et gl (1975).
Using a quast-geostrophic model without the consideration of hydrological
cycle, they showed that increase of albedo produced subsidence which
perpetuated desert conditions.Ellsaesser e af. {1976) and Potter e al. (1973)
conducted experiments of desertification and deforestation respectively.
Gutman er af. (1984) using a version of the Ohring and Adler (1978)
hemispheric quasi-geostrophic ZACM incorporated a parameterization of
biofeeback mechanism. Gutman (1984) studied the hemispheric response of
land surface alteration like deforestation, desertification and irrigation.
However Gutman er al. (1984) considered only the Northern Hemisphere
(NH).

In the present article we describe two ZACM: 1) a quasi-geostrophic
model similar to that of Sela and Wiin-Nielsen (1971} extended to the
Southern Hemisphere (SH). New exchange coefficients using the observed
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data are also determined. 2) a primitive equations model similar to that of
Taylor (1980). Taylor’s model neglected latent heating and evaporative
cooling. Another physical process not included in Taylor’s model is the
subsurface conduction in the surface heat balance. All these physical
processes in the present model in addition to biofeedback mechanism are
similar to those of Gutman et al. (1984). In section 2 the guasi-geostrophic
model together with the experiments of El Nifio and La Nifia are given. In
section 3 the primitive equations model is described together with the
experiments of deforestation and desertiflication. In section 4 the summary is
given.

2. STUDIES WITH A ZONALLY AVERAGED QUASI-GEOSTRO-
PHIC CLIMATE MODEL

In this section a brief description of a zonally averaged quasi-geostrophic
model is given. In addition the calculations of the transport of quasi-
geostrophic potential vorticity and the exchange coefficients for the NH and
SH which are necessary for the formulations of the model are given.
Numerical experiments conducted with the model regarding the climate
effects due to the anomalies of SST, particulary the cases of El Nifio and La
Niiia are also presented.

a) Quasi-geostrophic potential vorticity transport and the determination of
the exchange coefficients.

The procedure for the calculation of the meridional transport of quasi-
geostrophic potential vorticity (Qv) has been described in detail by Wiin-
Nielsen and Sela (1971). So here we only present briefly the method giving the
necessary formulae. The meridional transport of quasi-geostrophic potential
vorticity may be evaluated using the formula;

Ov= LI (wv)cos?d— "a—[foR

Tacosie 3 o a““’)]

R
where %V is the meridional eddy momentum transport; Tv, the eddy heat
transport; R, the gas constant; ¢, the latitude; p, the pressure; a, The earth’s
radius; o, the static stability parameter, and f, the Coriolis parameter at a
reference latitude, say, 45°N(S).

From equation (1) the meridional transport of quasi-geostrophic patential
vorticity can be computed using the data of the momentum transport and the
heat transport. Franchito and Rao (1991} evaluated Qv for both the
hemispheres using the data of Oort and Rasmusson (1971) for the NH and the
data from the National Meteorological Center (NMC) for the SH.

Figures [ and 2 show the computed values of Qv for the NH and SH,
respectively. It can be seen that the transport of quasi-geostrophic potential
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Figure 1.—~Annual mean meridional transport of quasi-geostrophic potential vorticity as
funtion of latitude and pressure for the NH calculated from the data of Oort and
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Figure 2.—Annual mean meridional transport of quasi-geostrophic potential vorticity as
a function of latitude and pressure for the SH calculated from the NMC data (units 104
m §-23,
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vorticity is qualitatively similar in both the hemispheres. The transport is
negative over most of the atmosphere except over a thin layer near the surface
where it is positive, The characteristic of Qv shown in these figures have
interesting implications for dynamics of baroclinic waves. The change of
direction of Qv due to a thin region of positive transport near the surface
satisfies the requirement for barociinic instability to occur in the troposphere
(Charney and Stern, 1962; Scheneider and Dickinson, 1974). Furthermore,
the regions of negative Qv in the free atmosphere are the regions of
convergence of Eliassen and Palm (lux (Edmon er a/., 1980) and the thin
region of positive Qv near the surface is equivalent to this divergence. This
agrees well with the characteristics of baroclinic waves discussed by Edmon et
al. (1980) and Randel and Stanford (1985).

The transport of potential vorticity can be parameterized in terms of an
exchange coefficient and gradient of mean potential vorticity (Green, 1970,
Wiin-Nielsen and Sela, 1971):

— 30
Qv=— Kol 2]

and

d@ 20cos¢ 1 JI[ 1 ducosgp] 9 (fi du 3

add __a @ 3 |cosp 3 pl\o 9 L
where Q is the zonally averaged quasi-geostrophic potential vorticity; {1, the
earth’s angular velocity, and @, the zonal wind.

Using the values of Qv given in figures | and 2 the data of &7 given by Oort
and Rasmusson (1971) for the NH and the NMC data for the SH, Franchito
and Rao (1991} determined the values of K, for both the hemispheres, which
are shown in figure 3 and figure 4. These values are used in the simple climate
model described in the following.

b} Description of the model

The climate mobel is similar to that developed by Sela and Wiin-Nielsen
(1971), which considers the zonally averaged form of the quasi-geostrophic
potential vorticity equation. However, the parameterizations proposed by
Saltzman (1986} rather than the Newtonian form of approximation are used
for the diabatic heating. So, physical processes like shortwave solar radiation,
longwave radiation, small-scale convection, evaporation and condensation,
latent heat release, and subsurface conduction are incorporated in the model.

The prognostic equations are:

2

Jor 1 a0t ¢’R

d _ _
9 = mazc_osqb EJ(KQ[COS(;&E) - __2_1,’.&’ T) H,—2AL, {4]
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I l J JQ
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where the overbar represents the zonal average and @, and O are the quasi-
geostrophic potential vorticity at 250 and 750 mb, respectively; H,, the
atmospheric diabatic heating; Ky and KQL the exchange coefficients of Q,
and ), respectively; g2, A and e, are constants, given by Wii-Nielsen {1972),

and Z, and I, are given by
Zr:@l —@;)/2+q2$r (6]

L=(Qi+ Q)2 f 7]
The equation for the zonally averaged stream function g is
9N, 00
o0 V7] VT= ) (5]

The zonally averaged temperature at 500 mb (73) is obtained using the
relation:

1 d

a’ cosgh £ ( cos

_ _ RT,
Uit o 9]

The zonally averaged surface temperature is obtained at each time step
through the surface heat balance:

SH =0 [10]

where F, is the surface diabatic heating and M is the number of physical
processes considered at surface.

The grid interval is 10° latitude. The initial state is an isothermal
atmosphere (270 K} at rest. The equations are integrated using an implicit
temporal scheme. The method of the tridiagenal matrix of Richtmeyer (1957)
is used in the integration of equations (4), (5) and (8). The boundary
conditions are;

d — _ _
%(QI, O:. o0=0, »=0"90"N(8) - [11]

The 7ondlly averaged vertical velocity o is calculated using the thermody-
namic equation applied at 500 mb:

_@[i— : C9('K i—_d:i‘_)_ R ﬁ] [12]
@ f(} u:f'f' a’ LOSQ’) a(}b i C’OS¢ d) - o

()(p
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Figure 3. —Exchange coefficients for the transport of quasi-geostrophic potential vorticity
as function of latitude for the levels 200, 300, 500 and 700 mb, calculated from mean
annual data of OQort and Rasmusson (1971) for the NH (units 10 m2 s-).

Figure 4. —Exchange coefficients for the transport of quasi-geostrophic poteutial vorticity
as function of latitude for the levels 200, 300, 500 and 700 mb for the SH calculated from
the NMC data (units [0-6 m2 s1).
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where p; =500 mb and K, is the exchange coefficient for the heat transport.
K, is calculated for both the NH and SH following the procedure given in
Wiin-Nielsen and Sefa (1971). The data used for this purpose are the same as
mentioned carlier.

The functional forms of the diabatic heating are given in Table 1, where
Ry 1s the intensity of solar radiation at the top of atmosphere; r,, the albedo
of atmosphere; r,, the surface albedo; x, the opacity of the atmosphere to
solar radiation: v, and v, the factors for downward and upward elfective
blackbody longwave radiation, respectively; o, the Stefan-Bolizman constant;
w. the water availability parameter; &, the factor proportional to the
conductive capacity ol surface medium: y the longwave absorpivity of
almosphere; T, the subsurface temperature: and A, ¢, ¢, and F are empirical
constants given by Saltzman (1968),

Yable 1. Functional forms for the diabatic heating.

i H, (1) parameterization

I shortwave solar radiation (I =x}(t=r)(1=r,) Ry
2 longware radiation oply; T =TH

3 small scale convection ~h((T,-Ty+0)

4 evaporation and condensation WieH (3)+F)

5 subsurface conduction — k(T =Ty

i H, (i) parameterization

I shortwave solar radiation x(1=r) Ry

2 longwave radiation a(vT A —(v, + o) o
3 small-scale convection -H. (3

4 release of latent heat - —lagw

The formulation of #,(4) in Table | is similar to that given by Gutman ¢/
al. {1984). This parameterization suggests that the precipitation is dependent
on the evaporation and w. L is the latent heat of vaporization and a4 is an
empirical constant.

In addition, the values of the water availability paramcter (w). the surlace
atbedo (r,) and subsurface temperature (7,,) are obtained following the
procedure given by Saltzman and Vernckar (1971, 1972):

W= l'-l Woceum +!’1 Wien e +/1 Wind + (/4 +-’i) Wiand e l] 3]
Fy :_I;Ir,\ accin + (/2 +l4 +/5) Feice +h Fy land [ l4]

To=h Tou+t(atiati i)t {15]
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where j;, /> and j; are the fraction of ocean, sea ice and land; j, is the fraction
of land covered by transient snow; js is the fraction of land covered by
permanent ice and snow; 7, and T;,, are the subsurfaces temperatures in
ocean and lithosphere, respectively.

¢} Numerical experiments

The experiments presented here consider the case of anomalies of SST. in
particular the situations of El Nifio and La Nifia. In these experiments the
model is applied separately to both the hemispheres. The values and the
localizations of the anomalies of SST are given in Table 2.

Table 2. Values and localizations of the anomalies of SST in the
experimenis of El Nifio and La Nifia.

El Nifio l.a Nifia
AT(K) AT (K)
15 N 0.5 159 N 1.0
59 N 2.0 59 N -4.0
58 4.0 50§ -4.0
152§ 2.0 152 5 (.0
25° § -1.5

Fhe principal results (perturbed minus controtb) regarding the zonally
averaged quantities: surface and 50 mb temperatures, zonal wind at 250 mb,
vertical velocity at 500 mb, evaporation and precipitation are shown n
figures 5-10, respectively. The experiment of El Nifio is represented by full
tines and the experiments of La Nifia by dashed lines.

As can be seen in figures 5-10 the most notable deviations oceur in the
perturbed arcas, In the case of El Nifio there 18 an increase in the surface and
500 mb temperatures as can be seen in {igures 5 and 6. respectively. The
largest variations of the temperatures oceur in the regions where the sources
of anomalies are strongest. As a consequence of the thermal wind balance the
ronal wind is intensified as can be seen in figure 7. The highest deviations
occur in the latitude belts inmediately situated northward (southward) Irom
the perturbed areas in the NH (SH). Also the Hadiey cell is intensified and the
evaporation increases in the perturbed zones as is shown in figures 8 and 9.
respectively. As a consequence there is an increase in the precipitation in the
tropical region (fig. 10), An interesting aspect 1s that the variations are greater
in the SH. This can be related to the {act that the greastest anomalie of 88T
is imposed in the latitude bels centered in 5°8 as is indicated in Table 2 and
also because the transports are also less in the SH.
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Figure 6.—Same as figure 5 but for the temperature at 500 mb level.

In the experiment of La Nifia the deviations are opposite to those of the
El Nifio case: there is a decrease in the intensity of the zonal wind and in the
surface and 500 mb temperatures; the Hadley ceil 1s weak and the evaporation
decreases so that the precipitation s reduced in the equatorial region.
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3. CLIMATE STUDIES WITH THE PRIMITIVE EQUATIONS
MODEL

Although quasi-geostrophic models are adequate for the treatment of the
dynamics of the atmosphete in the extratropical region, to simulate the mean
meridional ¢irculation boundary conditions in the tropical zone are necessary.
When the interactions between the tropics and higher latitudes are considered
the use of primitive equations is more appropriate. Moreover, a primitive
equations mode! 1s better suited to conduct experiments on land surface
alterations that occur in tropical and subtropical regions.

a) Description of the model

The climate model is a two-layer zonally averaged primitive equations in
sigma-coordinate, similar to that used by Taylor (1980). The model includes
parameterizations of friction, diabatic heating and large-scale eddies.
However improvements have been made to permit the inclusion of some
important climatic processes. Taylor's model is hemispheric (only the NH 1s
considered) and has limitations, as regards the physical processes are
considered. The present model is extended to the SH also, so that it is
possible to study simultaneously the climatological features of both the
hemispheres, Another advantage of the global model is the mare realistic
simulation of the Hadley cell because there is no boundary condition at the
equator.

The zonally averaged primitive equations in the mode! are:

g{—(p*ﬁ)-% e a%(p*awosqb)i2p*52a2—p*_/v—p*av tﬂ}"b =
p* R~ acos¢a% (p* 10V cos) T 2p* 6, us+pr v tar;cb (16)
%—p*ﬁ)+ : CLqué%_ {p* F3cos¢)i2p*_62§2 +p* futpriul La:(b =

- I;——j—:j— - a’;—f“i%k—er*?é— aclos¢a% = (p*vicosd) T
;Zp*a;—vzwp*?? :qb (17}

J . g - - Pow
1)+ *v T +2p*g, T — =
gr_(] ) acoseo 6?]7 VTcos@)yE2pren I Cp
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¢, T acos o dd (7 v Tcose e

- 1 9

kN o i — DY
PO Cos & ad [ (v —vi)/ 2] (19)

1 | B :

b= + 5—/7* oy toat E—(." G PRI (PRI G— p R (20)
op* 1 a
L T (7, V) 2] = I
ar 4 cos ¢ [P (vt 2)/2]=0 : ()

In these equations the deviation of the zonal average is indicated by a
prime. The equations (16), (17) and (18) are applied at levels 1 (250 mb) and
3 {750 mb) so the subscripts 1 and 3 are omitied. When a equation is applied
at a particular level the appropriate subscripts are attached. Further, the
positive and negative sings in cquations (16)-(21) refer to the two levels, the
upper sign (or level 1 and the lower sign lor level 3.

Another improvement introduced in the present model in relation to
Taylor's model is the incorporation of the physical processes not included in
his model, namely the heat fluxes due to the release of latent heat,
cvaporation and subsurlace conduction. The funtional form of the subsurlace
heat (lux is taken from Saltzman (1986). The surlace evaporation and the
diabatic heating duc to the release of latent heat are parametenized in a form
similar 1o that given by Gutman ¢r al. (1984). The other component of
atmospheric and surface heating like the shortware and longwave radiation
and small-scale convection have the functional forms similar to those
proposed by Saltman (1986) adopted lor a two-layer model by Taylar (1980).
The lunctional forms of the diabatic heating are similar to those given in
Table | with exception ol surface cvaporation fux which will be discussed
latter in this section,

The model alse includes the parameterization of the  biofeedback
mechanisms which link the surfuce state to the atmosphene processes, so that
it is possible to study the interactions between the geobotanic state and
climate. The method adopted is that given by Gutman ef ol (19%4). In
Gutman ¢r af. the geobotanic state, characterized by the land surface albedo
and water availability parameter, ts dependent on the radiative index ol
dryness defined as the ratio between the annual radiation balance and the
annual precipitation. The parametenizations suggested by Gutman ¢f of,
consider only the NH. In the present modei new parameterizations for the SH
ar¢ included.

According to Gutman ¢r af. mcthod ol parameterization the zonally
averaged evapotranspiration is given by:

~H AN = (R way (1 =) Vogu). R>0 122)
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here R is the surface net radiation and «, @, and w, are constants
independent of the latitude. When R=0, the evapotranspiration is taken as
7e10.

The water availability parameter and the surface albedo have different
parameterization for the NH (Gutman er af., 1984) and SH (Franchito and
Rao, 1990b):

Northern Hemisphere

w=123 (tanh D)/ D-0.33, D>0 (233
0.074+0.06 D . D=1

Fytand = 0.2-0.002 a» R , 0D [24]
values rom Setiers (1973} . D=0

Southern Hemisphere

W=0.6658—~0.6980 D+ 1.95D2— 1.676 D+ 0.4208 1» [25]
0.0685940.05622 D . D=

Fotnd == 0.22840-0.00138 4, R . 0D (26]
values from Sellers (1973) . D=0

where ) is the radiative index ol dryness given by:
D=(RJLPY ay (21 =)3) 43) [27]

where P is the 7onally averaged precipitation and a, is a constant in NH,
However, a; varies with the latitude in the SH and it is given by:

a=05+08 D (28]

I'he model grid interval is 10° latitude and the initial state is an isothermal
atmosphere {270 K) at rest. The cquations are time integrated using an
explicit scheme. The boundary conditions are:

G=0 al o=0,1
T=n=0al ¢$=90° N (S)

b) Numerical experiments

The experiments careied out using the primitive equations model consider
the climatic effects caused by land surface alterations, particulary the cases of
deforestation and  desertification.  Deforestation and  desertification are
considered as the destruction of vegetation by overgrazing and excessive
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cultivation of land 1n tropical and scmiarid regions, respectively. In each
experiment a perturbation in the land surface albedo and in the water
availability parameter {a diferent perturbation is specified in each case) is
tmposed in the latitude belts centered at 3°N (S) (deforestation case) and at
[5°N 8(S) (desertification case). The extention of each latitude belt is 10°,

In the case of deforestation the following changes have been made: the
land surface albedo changes from 0.12 at 5°S and 0.1 at 5°N to 0.14 and w
changes from .66 at 5°S to 0.61 and {rom 0.75 at 5°N to 0.52. This
correponds to a change of tropical {orest to savana.

In the case of desertification the land surface albedo changes from .13 at
15°5 and 0.08 at [5°N to (.17 and W changes [rom 0.65 at 15°S 10 0.37 and
from 0.64 at 15°N to 0.31. This corresponds to a change of grassland to
desert.

The principal results (perturbed minus control) regarding the latitudinal
variation of the surface net radiation, evapotranspiration. vertical velocity,
precipitation and surface temperature are presented in figures [1-15,
respectively, In these figures the results of the deforestation test are indicated
by full line and the results of the desertification test by dashed line. The
results of both the experiments are presented together because they are, in
general, similar,

As can be scen in figure 11 there is a decrease in the surface net radiation
in the perturbed arcas in both the hemispheres, This is due to the increase of
the land surface albedo and consequent reduction of the absorbed radiation
flux,
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Figure 11 Change (experiment with perturbation minus ¢ontrol) in the net radiation for

the deforestation (continuous hine) and desertilication (hroken line) experiments.
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Figure 12.—Same as figure 11 but for evapotranspiration.

Figure 12 shows that there 15 a decrease in the evapotranspiration in the
zones where the perturbations are imposed due to a decrease in the surface
net radiation and in the water availability,

As can be noted in figure 13 the ascending branch of the Hadley cell is
weaker in the deforestation case and the downward movement increases near
15N (8). This can be interpretated as a weaking of the Hadley cell in the
deforestation experiment. An intensification of the Hadley cell is obtained in
the desertification experiment.

As a consequence of the increase of subsidence and the reduction of
evapotranspiration in the perturbed regions there is a decrease in the
precipitation in these areas as can be seen in figure 14,

Figure 15 shows that there is an increase of the surface temperature in the
perturbed zomnes. This is due 1o the fact that the evapotranspiration decreases
{because the decrease of the surface net radiation) in these regions. The effect
of the decrease in the evaporative cooling overcomes that of the land surface
albedo and consequently the surface temperature increases.

It can be seen also in figures 11-15 that the changes are greater in the
perturbed areas in both the hemispheres. This agrees with Potter er af. (1979)
and Gutman (1984). Another interesting aspect is that the changes are smaller
in the SH. This can be justilied by the smaller land [raction in this
hemisphere.
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4. SUMMARY

Manifold physical processes which govern the climate system can be
studied using a hierarchy of models. A brief review of the classification of
climate models is given. The advantages of 7ronally averaged climate models
{(ZACM) are mentioned. Because of their inlermediate posistion in the
hierarchy of climate models, ZACM are useful both in the planing of more
detailed general circulation models and generalizing much simpler one
dimensional models. Furthermore ZACM have the advantage of consuming
less computational time. Two ZACM are described, a simple quasigeostrophic
(QG) model and a more complete primitive equations (PE) global model.
Although QG model is adeguate for the treatment of mid-latitude processes.
a4 PE model is necessary for the study of the interaction between the tropics
and higher latitudes.

One important quantity needed in the formulation of a QG model is the
exchange coefficient for the QG potential vorticity. These exchange
coefficients are determined by Franchito and Rao (1991) and the methoed for
their determination 1s given,

The PE model developed is similar to the hemispheric model of Taylor
(1980). However the model used here is a global mode! and includes
additional physical processes not included by Taylor such as the evaporation
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cooling. rebase of latent heating ol condensation and conduction of
subsurface heating.

Annual mean conditions are simulated by both QG and PE models and
these represent the control experiment. The experiments related to sea surface
temperature anomalies consider EI Nifio and L.a Nifia situations. The results
show that in the casc of E1 Nifio the subtropical jet stream intensified, surlace
temperature, 500 mb temperature, cvapotranspivation and precipitation
increased n the perturbed region and the Hadley cell intensified. In the case
of La Nifia opposite situation occurred.

The PE model includes the parameterization of a biofeedback mechanism
which links the surface state to the atmospheric processes, Thus, itis possible
1o study the interaction between the geobotanic state and the climate. For the
NH parameterization of Gutman et af. (1984) are used and for the SH new
parameterizations are derived.

Two experiments are conducted regarding the effect of surface state
alterations on climate: 1) deforestation and 2) desertification. The results
show that the change in the evapotranspiration rather than the change in the
surface albedo is the predominant ¢ffect in regulating the change in the
surface temperature.
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