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Abstract. A global two-layer statistical-dynamical
primitive equations model is developed to simulate the
mean annual conditions and the annual cycle of some
zonally averaged atmospheric variables. The model is
also used to conduct climatic change experiments re-
lated to surface boundary conditions like the sea sur-
face temperature anomalies. The results show that the
mean annual conditions and the annual cycle of the
zonally averaged atmosphere are reasonably well-sim-
ulated. The response of sea surface temperature
anomalies for the cases of El Nifio, La Nifia and the
dipole mechanism involving the centers of positive and
negatives anomalies is studied. In the case of El Nifio
there is an increase in the 500 mb temperature and the
jet at 250 mb is intensified in both hemispheres. There
is also an intensification of the Hadley cell and an
increase of the precipitation in the tropical region. The
opposite occurs in the case of La Nifia. In the experi-
ment considering the dipole case the rising motion in
the Hadley cell increases in the northern hemisphere
and decreases in the southern hemisphere, and the
precipitation is enhanced in the tropical region of the
northern hemisphere and reduced in the southern
hemisphere.

1 Introduction

Recently a great deal of effort has been devoted to exper-
iments related to climatic change due to land surface al-
terations (e.g. Dickinson and Henderson-Sellers, 1988§;
Shukla et al., 1990; Nobre et al., 1991). Although the Gen-
eral Circulation Models (GCMs) are commonly used for
climatic change studies, an efficient way of obtaining
some preliminary ideas is employing simplified climate
models. Such a mode! is useful in experiments related to
long-term climatic changes, particularly when a large
number of experiments is realized. Also, it is doubtful
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that the GCMs currently in use for climatic change exper-
iments are in fact superior to simpler models used for
simulating the global-scale climate feedbacks and the
temperature changes (Stone and Risbey, 1990).

Despite the usefulness of simple models only a few tests
concerning climatic change have been conducted, partic-
ularly regarding the effects of boundary condition modifi-
cations, like sea surface temperature (SST) anomalies. For
example, Wiin-Nielsen (1986) simulated the simple situa-
tion of “El Nifio” using a hemispheric statistical-dynami-
cal (SD) quasi-geostrophic model.

Since the earth’s climate undergoes significant and
grossly predictable seasonal changes, a useful test of the
validity of a climate model is its ability to simulate the
annual cycle. So, the simplest climatic change experiment
is the simulation of the annual cycle. Sela and Wiin-
Nielsen (1971) and Wiin-Nielsen (1972) simulated the an-
nual variation of some atmospheric variables using a
hemispheric SD quasi-geostrophic model. In the present
study, we propose to simulate the annual cycle of the
zonally averaged atmosphere using a global SD primitive
equations model. We also propose to conduct a series of
experiments to investigate the influence on climate caused
by SST anomalies. The following cases are considered: a)
“El Nifio” situation; b) “La Nifia™ situation; and ¢) the
effects of the dipole mechanism involving the centers of
positive and negative anomalies studied by Moura and
Shukla (1981), which are known to be related to the oc-
currence of droughts in northeast Brazil.

2 The model

The model developed is a two-layer SD primitive equa-
tions mode! in sigma-coordinates, similar to that used by
Taylor (1980). The model includes parameterizations of
friction, diabatic heating and large-scale eddies. However,
improvements were made to permit the inclusion of some
important climatic processes not previously considered
by Taylor (1980) and the model is extended to the south-
ern hemisphere. The effects of latent heat of condensation,
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evaporative cooling and subsurface conduction are in-
cluded. These processes are important in the surface and
atmospheric heat balance. The heat fluxes due to surface
evaporation and subsurface conduction are parameter-
ized according to Saltzman (1968). The latent heat flux is
parameterized following the method of Gutman et al.
{1984). The other components of atmospheric and surface
heating, like the heat fluxes due to shortwave and long-
wave radiation, and the small-scale convection have func-
tional forms similar to those proposed by Saltzman (1968)
and adpated for a two-layer model by Taylor (1980). The
parameterization of the diabatic heating is given in
Table 1. The meaning of the symbols is the same as in
Saltzman (1968) and is indicated in Appendix 1.

The values of the incident radiation flux (R,) are ob-
tained from the Smithsonian Meteorological Tables (List,
1971). In the model of Taylor (1980) the atmospheric ra-
diative parameters v, v,, ¥ and ¥, and the surface albedo
(r,) are fixed, but have different values in each latitude
belt. In the present model the atmospheric radiative
parameters are considered constant as in Saltzman and
Vernekar (1972} (v, =124, v,=084, y=095 and
¥=0.32), and the values of the surface albedo are depen-
dent on the type of surface. They are obtained following
the procedure described by Saltzman and Vernekar
(1972):

rs =j1 s otean + 02 +j4- +JS) rs ice and smow +j3 Vs tand» (1)

where j,, j, and j, are the fractions of the earth’s surface
covered by ocean, sea ice and land, respectively, The lati-
tudinal distribution of the ocean albedo and the albedo of
ice and snow are obtained from Budyko (1958). The land
surface albedo is assumed constant (0.2). The fraction
covered by ice and snow are divided in two categories: j,,
representing the fraction covered by transient snow, and
Js» corresponding to the part covered by permanent ice
and snow.

In the parameterization of the subsurface conduction
the factor proportional to the conductive capacity X is
considered dependent on the kind of surface, and is deter-
mined according to Saltzman and Vernekar (1972):

K‘:jl Kocean +j2 Ksea ice +j3 Kland + 04 +JS) Kice and snow? (2)

where the values of K for each kind of surface are the same
as those given by Saltzman and Vernekar (1971) (Table 2).

The valves of K* and G in Table 2 are also the same as
those given by Saltzman and Vernekar (1971). Ty, and 8,
are the zonally averaged subsurface temperature and the
potential temperature at the surface of ocean, respective-
ly. The values of Tp,,; used in the model are obtained from
Saltzman and Vernekar (1972).

The subsurface temperature (T} is calculated as in
Saltzman and Vernekar (1971):

To=j, Tou+0s+js+iatis) Toe s (3)

where T, is the zonally averaged subsurface temperature
in the lithosphere. The values of T,,, used in the model are
obtained from Qort (1983).

The latent heat flux is parameterized based on the
method proposed by Gutman et al. (1984). This method
assumes that the precipitation in the latitude beits away

Table 1. Functional forms of the diabatic heating at the surface
(H)) and in the atmosphere (&)

PH Parameterization

1 Shortwave solar radiation A-p-r){1-r,) R,
2 Longwave radiation ag(v, T3 =TH

3 Small-scale convection 8T, —T)+0)

4 Evaporation wie H,(3)+ f)

5 Subsurface conduction -K{T-T)

i H,) Parameterization

i Shortwave solar radiation 1—r}R,

2 Longwave radiation oy (T —(v, +v) TH)
3 Smail-scale convection -H.3

4 Latent heat release Guiman er af. (1984)

Table 2. The idealized values of w and k for different surface
states

ji  Surface state K(Jm~257*K™Y w

1 Ocean K*—G@# —-Tpu) 100
2 Seaice 242 0.00
3 Land 048 0.80
4  Snow and ice 0.48 0.00

from the poles depends on the surface evaporation and
the vertical velocity & (and consequently on the water
vapor flux convergence). For a latitude belt near the poles
the precipitation depends on the surface evaporation and
a correction which depends on the deviation of the
cloudiness amount at this latitude belt from its hemi-
spheric average. Considering that the latent heat (&, (4))
and the surface evaporation (H, (4)) fluxes correspond to
LP and LE, respectively, the parameterization proposed
by Gutman et ol. (1984) is given by:

LP=LE—La, , for ¢ <70°N 4)
LP=LE+g(N—-RN), for ¢>70°N

where L is the latent heat of vaporization; P and E are the
zonally averaged precipitation and evaporation rates; a,
is a constant obtained by the least square method adjust-
ing the mean annual values of @ (Oort and Rasmusson,
1971); and the values of (P — E) are obtained from Budyko
(1978). In the present work we use the ¢ data from Oort
(1983}). The value of a, obtained was 0.1 x 10”*m Pa™'.
The constant g is determined using the data (P — E) and
the deviation of the cloudiness amount at a latitude belt
(N) from the hemispheric average (N) (Sellers, 1965). The
values of g used in the model are 23897 m™2 57! for the
northern hemisphere (Ohring and Adler, 1978; Gutman
et al., 1984) and 212 Jm~ % s~! for the southern hemi-
sphete (Franchito, 1989; Franchito and Rao, 1992).
Equation (4) was proposed by Gutman et al. (1984) to
parameterize the latent heat flux in the northern hemi-
sphere. Following the same procedure and using the same
source of data, Franchito (1989) and Franchito and Rao
{1992) suggested the following parameterization for the
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southern hemisphere:
LP=LE—L(a, ®+a,), for ¢ <70°8 (5)
LP=LE+g(N-R) , for $>70°S,

where ¢,=0.17 x 10" >mPa!, and a,,=02x 10"%m s,

The computed mean global precipitation is equal to
the computed mean global evaporation (within an error
limit of 1%).

The expression for the latent heat flux is applied at
level 2 (500 mb). The values of this flux for levels 1 and 3
of the present model (250 and 750 mb, respectively) are
evaluated considering that they correspond approximate-
ly to 10% and 50% of the value at level 2 (Cornejo-Gar-
rido and Stone, 1977).

The initial conditions for the time-integration are: an
isothermal atmosphere (270 K) and a state of no motion.
The model grid interval is 10° in latitude and the latitudi-
nal centered finite-difference scheme is employed. The
equations are time-integrated using an explicit scheme
where the time step is 30 min. In order to obtain stability
in the integration, the Brown and Campana (1978) and
the Asselin filter are used. The model is integrated for 2
years to obtain a stationary solution.

Further details regarding the model can be seen in
Franchito (1989).

3 Results

This section is divided into three parts; a. the simulation
of the mean annual zonally averaged climate; b. the simu-

tions (Oort, 1983)

lation of the annual cycle; and c. experiments related to
sea surface temperature anomalies,

a. Simulation of the mean annual zonally averaged climate

The results concerning the mean annual zonally averaged
climate are fundamentally the same as those shown in
Franchito and Rao (1992). However, in the present paper
we do not consider the biofeedback mechanism which
links the surface state to the atmosphere as in the previ-
ous paper. Here we are interested in the climatic changes
due to SST anomalies, so we use a simpler parameteriza-
tion of the evaporation based on Saltzman (1968), as
shown in Table 1. Despite this simplification the model
produces similar results regarding the characteristics of
mean annual zonally averaged climate. This will be
shown below.

Figures 1 -4 show the simulations of the zonally aver-
aged temperatures (surface and 500 mb), zonal wind
(250 and 750 mb), vertical velocity at 500 mb, and precip-
itation, respectively. The observed data are taken from
Oort (1983)(Figs. 1-3) and from Schutz and Gates (1971,
1972, 1973, 1974) (Fig. 4).

It can be noted in Fig, 1 that the latitudinal profiles of
the temperatures are successfully simulated. The maxi-
mum deviations of the computed temperature from the
observations occur near the poles and are of the order of
4°C. In general, the temperature deviations at the two
levels are in the same direction, so the temperature differ-
ence between the surface and 500 mb is better simulated,
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Figure 2 shows the latitudinal profiles of the zonal
wind. It can be seen that the general form of the curves is
well-simulated. The simulation is better for the case of the
250 mb zonal wind. The values simulated in the equatori-
al region are very close to the observed values and the
positions of the maxima are well-simulated, although
they are shifted slightly poleward. However, the magni-
tudes of the zonal wind are smaller than the observed

values mainly in the southern hemisphere. The latitudinal
variation of the zonal wind at 750 mb is well-simulated in
the northern hemisphere, but the peak is underestimated
in the southern hemisphere.

The latitudinal variation of the vertical velocity at
500 mb is shown in Fig. 3. The three cells of the mean
meridional circulation can be seen: the ascending and the
descending branches of the Hadley cell; the subsidence
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Fig. 5a,b. Latitudinal distribution of the annual variation of the
zonally averaged temperature at 500 mb: a simulated; and b ob-
served. (Oort, 1983). The contour interval is 10K

zone between 15°-45°N(8); the convergence zone in tem-
perature latitudes; and also a region of ascending motion
near the poles. The magnitude and position of the maxi-
mum of the ascending movement in the Hadley cell are
well-simulated, The maximum is situated at 5°N which
coincides with the mean position of the equatorial trough
(Riehl, 1954).

The general form of the latitudinal variation of the
precipitation is well-simulated (Fig. 4). The agreement be-
tween the simulation and observations is good in the
region 30°S-30°N, and the position and magnitude of the
maximum are very well-simulated. This is due to the fact
that the Hadley cell was successfully reproduced, as
shown in Fig. 3. The secondary maxima of the precipita-
tion are underestimated because the principal precipita-
tion process in these regions is related to the meridional
transport of water vapor by baroclinic eddies, which is
not included in the model,

b. Simdation of the annual cycle
In order to simulate the annual cycle, latitudinal distribu-

tions of R, and T, for each month are used. A simple
linear interpolation formula was used to obtain these val-

L ATITUDE
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Fig. 6a,b. Latitudinal distribution of the zonally averaged zonal
wind at 250 mb; a simulated; and b observed (Cort, 1983). The
contour interval is 10 m s~4

ues at 3-day intervals in the integration of the zonally
averaged equations. Since we are interested in simulating
the annual variation, the model is integrated for a period
of 3 years, where the first 2 years correspond to the period
necessary to obtain the adjustment of the variables. The
initial data is 1 Januvary and the results presented corre-
spond to the third year of integration.

Figure 5 shows the simulated and observed annual
variation of the 500-mb zonally averaged temperature. As
can be noted, there is a good agreement between the
simulated and observed values. The position and the
magnitude of the maxima are well-simulated, although
the maximum occurs earlier in the simulation compared
to the observations in the northern hemisphere, The am-
plitude of the annual cycle is closer to the observations
than the results obtained by Sela and Wiin-Nielsen (1971).
They found a large annual variation of most quantities,
probably due to the simplicity of the thermal forcing,

In Fig. 6, the simulated and observed annual variation
of the zonally averaged zonal wind at 250 mb is present-
ed. Again, a good agreement is noted between the simula-
tion and observations, The positions of the maxima are
well-simulated in both hemispheres, although the magni-
tudes are somewhat lower than the observed values. It is
also seen that the region of easterlies near the equator is
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well-simulated, but the winds are stronger than the obser-
vations. The annual variation of the 250-mb zonal wind
at higher latitudes is better simulated in our model than
by Sela and Wiin-Nielsen (1971), where a region of easter-
lies (not observed) occurred in the northern hemisphere
summer.

Figure 7 shows the simulated and observed annual
variation of the zonally averaged zonal wind at 750 mb.
The regions of the maximum are well-simulated in the
northern hemisphere. The latitude belt containing the
stronger winds is shifted poleward in the southern hemi-
sphere. The region of easterlies in the tropics is relatively
well-simulated, although there is a small region of wester-
lies (not observed) in the northern hemisphere summer,
Our results for the amplitude of the annual variation of
the 750-mb zonal winds agree better with observations
than those of Sela and Wiin-Nielsen (1971). Also, we do
not find a region of easterlies in the high latitudes which
appears in their results.

The annual cycle of the vertical velocity (@) is shown
in Fig. 8. As can be seen, there is a good agreement be-
tween the simulation and the observations: the Hadley
cell is strongerin winter and it penetrates into the summer
hemisphere. This ceil is weaker in the summer hemisphere
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Table 3. Anomalies of SST used in the “El Nifio", “La Nifia”,
and “dipole” experiments

Latitude “El Niiio™ “La Nifia” Dipole
Tou (K) Tpy (K) Tou (K)

25°N 0.3
15°N 0.5 1.0 20

N 20 —4,0 1.5

5°8 4.0 —-40 —-1.0
15°8 20 1.0 -20
25°8 —15 —1.0

and it is situated in a region away from the equator. The
annual variation of the other cells is also reasonably well-
simujated.

¢. The response to sea surface temperature anomalies

The experiments cartied out considering the case of SST
anomalies are: a} “El Nifio” situation (Experiment 1}; b)
“La Niiia” situation (Experiment 2); and ¢} dipole case
(Experiment 3). The SST anomalies used in the three ex-
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periments were obtained from the Oceanographic
Monthly Summary (1983) and are given in Table 3. The
results are given in terms of a perturbed minus control
case (simulation of the mean annual zonally averaged
atmosphere).

The principal results of Experiments 1 and 2, regard-
ing the zonally averaged characteristics, such as the

500 mb temperature, zonal wind at 250 mb, vertical ve-
locity, evaporation and precipitation, are presented in
Figs. 9—-13, respectively. The most notable deviations oc-
cur in the perturbed areas. In Experiment 1, there is an
increase in the S00-mb temperature, with the largest vari-
ation occurring in the region where the source of anoma-
fies is strongest (Fig. 9). As a consequence of the thermal
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wind balance, the zonal wind is intensified in both hemi-
spheres with the largest variation occurring in the latitude
belts immediately to the north (south) from the perturbed
area in the northern (southern) hemisphere (Fig. 10).
There is an intensification of the Hadley cell and an in-
crease in evaporation (Figs. 11 and 12, respectively) and
consequently there is an increase in the precipitation in
the tropical region (Fig. 13). The opposite is observed in
Experiment 2: there is a decrease in the intensity of the
zonal wind at 250 mb and in the 500-mb temperature in
the perturbed zone. The Hadley cell is weak and the evap-

oration decreases, and so the precipitation is reduced in
the equatorial region.

Observational studies (Kayano et al,, 1989) indicate
that the El Nifio/La Nifia events change the Walker circu-
lation. With the present model these cannot be studied.
However, important changes do also occur in the zonally
averaged parameters which are well-simulated by the
model, as shown above,

The principal results of Experiment 3 regarding the
zonally averaged variables — 500-mb temperature, zonal
wind at 250 mb, vertical velocity, evaporation and precip-
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itation — are shown in Figs. 14—18, respectively. The
500 mb temperature increases (decreases) northward
{southward) from 10°S, with the largest variation occur-
ring in the area where the source is strongest (Fig. 14). As
can be noted in Fig. 15, the zonal wind at 250 mb increas-
es northward from the maximum of the source in the
northern hemisphere. In the southern hemisphere the

largest increase also occurs northward of the region
where the source is more intense. The rising motion in the
Hadley cell increases in the northern hemisphere and de-
creases in the southern hemisphere (Fig. 16), and the same
oceurs with the evaporation (Fig. 17). This means that
there is an enhancement in the precipitation in the tropi-
cal region of the northern hemisphere and a reduction in
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the southern hemisphere (Fig. 18). These results agree
with those given by Moura and Shukla (1981), which are
obtained using a sophisticated GCM model.

4 Conclusion

In this paper the usefulness of simple models in climatic
change experiments is investigated. A two-layer statisti-
cal-dynamical model is developed with the twofold pur-
pose of simulating the annual mean and the annual vari-
ation of some zonally averaged atmosphere characteris-
tics, and studying the climatic response to surface
boundary conditions modifications, particulary the re-
sponse to sea surface temperature anomalies (“E! Nifio”,
“La Niiia”, and dipole cases).

The results show that the model simulates reasonably
well the mean annual and the annual variations of some
characteristics of the zonally averaged atmosphere, such
as the 500 mb temperature, the zonal winds at 250 and
750 mb, and the mean meridional circulation. The pur-
pose of simulating the annual cycle is to consider the
simplest case of climate change. In the experiments relat-
ed to the response to sea surface temperature anomalies,
the model simulates accurately some of the climatic ef-
fects that are observed in those situations. In the case of
“El Nifio” experiment there is an intensification of the
zonal wind at 250 mb and of the Hadley cell, and the
precipitation increases in the tropical region. The oppo-
site situation occurs in the “La Nifia” experiment. In the
dipole case the ascending branch of the Hadley cell is
intensified in the northern hemisphere and weakened in
the southern hemisphere; the evaporation and the precip-
itation increase {(decrease) in the tropical zone of the
northern (southern) hemisphere.

Thus the simple climate model developed here is a
useful tool in performing experiments rejated to climatic
change, mainly for obtaining the preliminary and qualita-
tive ideas regarding the effects such as “El Niiio”, “La
Nifia”, and dipole. Also, several studies of climatic change
could be undertaken with this simple model in future. For
example, the model might be useful for conducting nu-
merical experiments considering the climatic effects due
to land surface alterations, modifications in the radiative

averaged precipitation

parameters, alterations in the amount of ice in a latitude
belt and many others.
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Appendix 1. List of symbols

ag constant in equation: 0.1 x 10" *m Pa~"! (HN) and 0.17
x 10~ * m Pa~! {HS)
a0 constant in equation: 0.2 x 10 ¥ ms™?!

b,c.e,f.g empirical constants independent of the latitude

E zonally avéraged evaporation

diabatic heating of the atmosphere

heat transfer at the surface _

index indicating the physical process in H, (i) and A, ({)in

Table 1.

K factor proportional to the conductive capacity of surface

mediuvm.

value of K for the ocean

latent heat of vaporization

cloudiness amount at a latitude belt

hemispheric average of the cloudiness amount

zonally avéraged precipitation

albedo of the atmosphere

surface atbedo

subsurface temperature

subsurface temperature of ocean

subsurface temperature in lithosphere

surface temperature

temperature at 500 mb

walter availability parameter

latitude

longwave absorptivity of atmosphere

opacity of the atmosphere to solar radiation

1V factors for downward and upward effective blackbody
longwave radiation

H,m
2.
i

*

st W

£

AR BT T X
5]

o et 2

Op the Stefan-Boltzman constant

@ vertical velocity

7, zonally averaged potential temnperature at the surface
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