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Abstract

The cause-effect relationship is not always possible to trace in GCMs because of the simultaneous
inclusion of several highly complex physical processes. Furthermore, the inter-GCM differences
are large and there is no simple way to reconcile them. So, simple climate models, like statistical-
dynamical models (SDMs), appear to be useful in this context. This kind of models is essentially
mechanistic, being directed towards understanding the dependence of a particular mechanism on
the other parameters of the problem. In this paper, the utility of SDMs for studies of climate
change is discussed in some detail. We show that these models are an indispensable part of hierar-
chy of climate models.
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1. Introduction

Although the ideal tool for the numerical simulation of climate change would be a fully-resolved three-dimen-
sional model, General Circulation Models (GCMs) are not yet able to represent adequately the physical proc-
esses of climate and climate change and consequently there are uncertainties for climate change sensitivity. Thus,
there is need for the spectrum of models of differing levels of complexity to investigate the climate behaviour,
each being optimum for answering specific questions [1]. In this context, simpler climate models are useful to
understand large-scale processes and feedbacks acting within the climate system. In addition, simple models are
computationally more economical than GCMs and it is relatively easy to analyze and diagnose their behaviour.
They can be employed as tools to emulate and understand GCM results.

The simplest climate models are the one-dimensional radiative-convective models (RCMs) [2]. The RCMs
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usually incorporate relatively detailed treatment of radiative processes and permit for example investigation of
the consequences of global scale changes in atmospheric composition. Normally RCMs give only the vertical
profile of global mean temperature. Within the class of one-dimension climate models lie the energy balance
models (EBMs) wherein vertical integration is done in order to treat latitudinal variation of the climate in terms
of surface temperature [3] [4].

An intermediate class of models are the zonally averaged climate models (ZACMs) in which the treatment of
radiative processes can be as sophisticated as in the GCMs but somewhat simplified from the detailed RCMs.
While the RCMs and EBMs consider only the thermodynamics of the system, ZACMs include the treatment of
dynamics usually by allowing two atmospheric layers. Although the synoptic systems are not included explicitly,
their statistical effects are included through parameterization [5]-[11]. Because of this, ZACMs are referred as
statistical dynamical climate models (SDMs), although some prefer to make a further distinction [12]. Another
advantage of SDMs in comparison with RCMs and EBMs is the inclusion of both latitudinal and vertical varia-
tion, thereby permitting more explicit treatment of many feedback mechanisms that must be simplified in the
one-dimensional models. While RCMs can treat the vertical structure of the atmosphere, SDMs can additionally
estimate the latitudinal characteristics of the response. SDMs are essentially mechanistic, being directed toward
understanding the dependence of a particular mechanism on the other parameters of the problem. This is an ad-
vantage in comparison to GCMs since the cause-effect relationship is not always possible to trace in these mod-
els due to the simultaneous inclusion of several highly complex physical processes. Furthermore, the inter-GCM
differences are large and there is no simple way to reconcile them. Since the SDMs are much more computa-
tionally efficient than GCMs they can be useful for long-term climate variation studies. In spite of their useful-
ness they have some restrictions such as the loss of regional resolution. An additional constrain is the errors and
limitations that are necessarily introduced in the attempt to parameterize eddy transports based on zonally aver-
aged quantities. Because of their intermediate position, SDMs can be helpful in the design and analysis of GCM
studies and in generalizing the results of simple EBM and RCM studies.

Thus, SDMs can be thought of as making a bridge between simpler EBMs and sophisticated GCMs. In a se-
ries of papers Franchito and Rao and their collaborators showed the feasibility of using SDMs to study climate
change [13]-[22]. In the present work a review of several studies of climate change with SDM is presented. Sec-
tion 2 shows numerical experiments: Section 2.1 presents the simulation of the annual cycle; Section 2.2 shows
the experiments of climate change due land surface alterations; Section 2.3 presents the experiments of climate
change due to global warming; and Section 3 presents the latest advances by using statistical-dynamical models;
conclusions are shown in Section 4.

2. Numerical Experiments with SDMs
2.1. Simulation of the Annual Cycle

2.1.1. Simulation of the Annual Cycle of the Atmosphere and Sea Surface Temperature

Since the earth’s climate change undergoes significant and gross predictable seasonal changes, a useful test of
the validity of a climate model is the ability to simulate the annual cycle. [23] using a two-layer primitive equa-
tion SDM simulated the mean annual conditions and zonally averaged atmosphere. In a subsequent paper, [14]
applied the model to simulate the sea surface temperature (SST). For this purpose, they assumed that at all lati-
tudes the surface was considered to be covered only by water. The objective was to investigate how well the
surface energy balance alone determines SST since no ocean dynamics was included in the model. The results
showed that the gross characteristics of the mean annual SST and its seasonal cycle were well simulated by the
model. The results suggested that the radiative processes play a fundamental role in determining the SST pat-
terns.

2.1.2. Simulation of the Monsoon-Like Circulations

What characterizes monsoon is the annual variation. The monsoon is associated with a reversal of 180° in the
low-level winds from winter to summer. SDMs can effectively be used to study the dynamics of the monsoon.
[24]-[27] conducted a series of experiments with ZACMs where the Asiatic continent and adjacent oceans were
included. [24] considered a dry monsoon model (i.e., no hydrological cycle) allowing only the effect of a heating
differential between an interactive and evolving ocean and the land. The major result was the importance of the
east-west ocean land contrast. [25] [26] extended the model scheme to include a full hydrological cycle and
compared difference in both the mean seasonal model monsoon and the subseasonal variability of the model



S. H. Franchito, V. B. Rao

monsoon. [27] using the zonally symmetric model of [25] performed a number of experiments in which the
physical complexity of the system was successively increased. He found that only with hydrological cycle the
low frequency modulations occurred. In these studies the effects of the topography were not taken into account.

[16] used a two-layer primitive equation SDM to verify its ability to capture some monsoon-like variations
and to investigate the effects of the topography in the monsoon-like circulation. For this purpose they include
into a model a smoothed zonally averaged topography that had a form similar to that observed. The results
showed that the model was able to capture some basic characteristics of the monsoon-like circulation such as the
seasonal wind reversal (Figure 1(a) & Figure 1(b)). Also, the upper-tropospheric easterly jet in the summer
season was well simulated (Figure 1(c) & Figure 1(d)). They noted that due to the mountain the summer mon-
soon-like circulation occurred rather suddenly and penetrated farther north. It was also shown that the steepness
of the slope (and not the elevation) controls the strength of the monsoon-like circulation in the model.

Other studies have been showed the uselfulness of SDMs to simulate the monsoon circulations not only over
Asia but also over West Africa [28]-[31]. The studies regard the effects of vegetation on the monsoon, which
will be showed in the next section.

2.2. Climatic Change due to Land Surface Alterations

To our knowledge, very few numerical experiments concerning the climatic effects due to land surface altera-
tions have been performed with SDMs. In the experiments of deforestation and desertification realized respec-
tively by [32] [33] the changes in geobotanic state were simulated through the modification of the land surface
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Figure 1. Annual variation of the stream lines: (a) simulated at 925 hPa, (b) observed at 925 hPa and 80°E, (c) simulated at
250 hPa and (d) observed at 250 hPa and 80°E. The observed values are obtained from the NCEP-NCAR reanalysis data.
The observations were obtained from the NCEP-NCAR reanalysis data along 80°E, which strongly represent the monsoon.
The model winds at 925 hPa were obtained by logarithmic interpolation. (Source: Rao, V. B.; Fernandez, J. P. R.; Franchito,
S.H., 2000: Monsoon-like circulations in a zonally-averaged numerical model with topography. Mon. Wea. Rev., 128: 779-

794. © Copyright [2000] American Meteorological Society. Used with permission).
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albedo. However, in these experiments changes in geobotanic state were not considered outside the perturbed
region. [34] using a version of [35], incorporated a parameterization of the biofeedback mechanism for the
Northern Hemisphere (NH) in which the changes in geobotanic state could also be considered outside the per-
turbed zone. In this model they considered that a land fraction in each latitude belt was only covered by the pre-
dominant type of vegetation. [36] using this SDM, studied the hemispheric response of land surface alterations
like deforestation and desertification. The results indicated that the change in evapotranspiration rather than in
surface albedo was the predominant effect in regulating the surface temperatures. This is in agreement with that
was found by [37] using a GCM.

Although quasi-geostrophic SDMs are adequate for the treatment of the dynamics of the atmosphere in the
extratropical region when the interactions between the tropics and higher latitudes are considered the use of the
primitive equations is more appropriate. [13] developed a global primitive equation SDM including a biofeed-
back mechanism based on the parameterizations of [34]. They showed that the global distribution of the
geobotanic zones were well simulated by the model (Figure 2). They applied the model to study the climate ef-
fects due to deforestation and desertification. The main results in the two experiments were: in both the hemi-
spheres there was a decrease in the surface net radiation, evapotranspiration and precipitation and an increase of
the surface temperature in the perturbed areas showing that the decrease in the evaporative cooling overcomes
the effect of the increase of the land surface albedo. These results were similar to those obtained by [36]. How-
ever, in [13] the changes were obtained in both the hemispheres.

The treatment of the interaction between the surface processes and the atmosphere is very simple in [13]. [15]
incorporated a biosphere model based on BATS [38] in that model. Although well-described complex biosphere
models such as BATS have been developed for GCMs, their coupling to simpler SDMs is also relevant for the
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Figure 2. Global distribution of the geobotanic zones simulated by the model
(right) and observed (left). (Source: Franchito S. H.; Rao, V. B., 1992: Cli-
matic change due to land surface alterations. Clim. Change, 22, 1-34. ©
Copyright [1992] Springer. Used with permission).
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study of the interactions between vegetation and climate because SDMs greatly simplify analysis and aid the
identification of biogeophysical mechanisms. The energy fluxes were computed separately for the land fraction
and the remaining part (covered by ocean-ice-snow) of the latitudinal belt. The parameterizations of the bio-
sphere model based on BATS were used for the land fraction of the latitude belt. The biosphere model contained
four domains: the subsurface layer, the foliage layer, the air foliage layer and two atmospheric layers (from the
surface to 500 hPa and from 500 hPa to the top of the atmosphere). The model involved parameterizations of the
energy balance of the Earth’s surface, the energy and moisture balances of the foliage air layer and the energy
balance of the foliage. The model was applied to study the climate impact due to deforestation and desertifica-
tion. In the deforestation experiment, the evergreen broadleaf tree in the Amazonian region was substituted by
short grass (Figure 3(a)). In the desertification experiment the climatic impact of an anthropogenic degradation
of the vegetation situated southward of the Sahara desert was simulated. The land surface modification consisted
in the substitution of semi-desert by desert, and tall grass and deciduous shrubs by desert and semi-desert, re-
spectively, in the African continent from 0° to 20°N (Figure 3(b)). The model results were consistent with those
obtained from other SDMs, which used parameterization of the biofeedback mechanisms much simpler than
BATS [13] [36]. However, in the earlier studies the perturbation was imposed in the entire land fraction of the
latitude belt, whereas in [15] the effects of a land surface modification in a determined region of a latitude belt,
such as Amazonian deforestation and land degradation southward Sahara desert, can be investigated. The results
regarding the changes in the temperature and in the energy fluxes were also in agreement with those of earlier
experiments carried out with sophisticated GCMs, which shows the usefulness of this kind of simple model.
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Figure 3. Change in the biomes in: (a) the deforestation experiment and (b) the desertification experiment. (Source: Varejdo-
Silva, M. A.; Franchito, S. H.; Rao, V. B., 1998: A coupled biosphere-atmosphere climate model suitable for use in climatic
studies due to land surface alterations. J. Climate, 11, 1749-1767. © Copyright [1998] American Meteorological Society.

Used with permission).
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Since soil moisture content affects atmospheric conditions by influencing not only the soil albedo, but also the
evaporation and hence the energy balance at the surface, it is important to incorporate hydrological processes at
the surface. [17] incorporated a soil hydrology model based on BATS and the diurnal cycle in [15]. They inves-
tigated the physical feedback of the change in surface characteristics associated with precipitation, evaporation,
radiation budget and temperature caused by Amazonian deforestation. They showed that the reduction in tran-
spiration was responsible for the most part of the decrease in total evapotranspiration (63%). The reduction in
precipitation was larger than the decrease in evapotranspiration so that runoff was reduced.

Although the SDMs of [15] and [17] were designed to calculate zonal means and not regional features of the
Amazonian climate, they allow us to obtain separate simulations for the continental portion of a latitude belt. In
South America, most of the continental area of the tropical region is covered by Amazonian forest. Therefore,
the effects of Amazonian deforestation on regional climate were analyzed taking into account the model simula-
tions for the land fraction of the tropical region. The simulations must be interpreted as an overall behaviour of
climate in the tropical continental region. In general, the changes in temperature and energy fluxes were in good
agreement with GCM experiments, showing that the SDMs are able to simulate the characteristics of the tropical
climate that are associated with the substitution of forest by pasture areas.

There have been some studies that investigate the role of change in vegetation on the subtropical Africa. The
pioneering work of [39] used an analytical zonally symmetric model to study the qualitative effect of increasing
surface albedo on Sahelian rainfall. [40] investigated the impact of sub-Saharan desertification on West African
rainfall using a zonally averaged model of the West African monsoon. Their justification for using a two-di-
mensional model is based on the fact that West Africa has a zonally uniform distribution of rainfall, vegetation,
and other meteorological quantities. [28] reported some preliminary results regarding the relative importance of
tropical deforestation and sub-Saharan desertification. In a subsequent paper, [29] presented a more detailed and
complete analysis of the problem. They found that changes in vegetation cover along the border between the
Sahara desert and West Africa (desertification) may have a minor impact on the simulated monsoon circulation.
However, coastal deforestation may cause the collapse of the monsoon circulation and have a dramatic impact
on the regional rainfall. [30] developed a zonally symmetric coupled biosphere-atmosphere model including
ecosystem dynamics, and applied this model to study biosphere-atmosphere interactions in the region of West
Africa. Using this model, they investigated the role of biosphere-atmosphere interactions in the climate variabil-
ity over West Africa [31]. They demonstrated that the natural response to local grass ecosystem to the dry con-
ditions of the late 1960s played a critical role in maintaining the drought to the following decades in the Sahel
region. In a subsequent paper, they suggested that the vegetation dynamics was a significant process in shaping
the natural variability of the Sahel rainfall [41].

2.3. Climate Change Due to Global Warming

Because of significant uncertainty in the behavior of the climate system, evaluations of the impact of an increase
in greenhouse gas concentrations in the atmosphere require a large number of long-term climate simulations. In
this sense, SDMs can effectively be useful due to their computational efficience. [42] described a 2-D zonally
averaged model coupled with a difuse ocean model developed for use in the integrated framework of the Mas-
sachusetts Institute of Technology (MIT) Joint Program on the Science and Policy of Global Change (MIT 2-D).
The atmospheric model was derived from the Goddard Institute for Space Studies (GISS) Model Il GCM [43]
and used parameterizations of the eddy transports of momentum, heat and moisture by baroclinic eddies [9] [10].
The results showed that globally averaged values and zonal distributions of equilibrium changes in the different
climate variables, such as temperature, precipitation, evaporation, and radiation balance at the surface, as pro-
duced by different versions of the 2-D model in response to a doubling of the atmospheric CO,, were similar to
those obtained in simulations with different GCMs. This model was used in various studies regarding the uncer-
tainties of future climate change due to global warming, such as [44]-[47].

Several studies have examined the impacts of biomass burning in Amazonia on the radiative balance and cli-
mate. However, the relative importance of the changes and mechanisms involved has not been investigated. [18]
incorporated a detailed radiation model [48] [49] in [15] to study the relative contributions of the changes in the
radiation budget and climate caused by smoke aerosols, greenhouse gases and alteration of the land surface
characteristics due to biomass burning in the Amazonian forest. To our knowledge, for the first time in that
study the effects of the degradation of the surface and smoke aerosols due to biomass burning in Amazonia were
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investigated together. In general, the greater changes in the radiative balance and climate were due mainly to the
changes in the land surface characteristics, followed by those caused by the large amounts of smoke aerosols re-
leased in the atmosphere. The changes due to the greenhouse gases were small. The degradation of the surface
was responsible for the greatest changes in the net thermal infrared radiation (—14.1%) and net radiation
(—17.5%) fluxes at the surface while smoke aerosols seemed to play the main role in controlling the changes in
the absorbed solar radiation at the surface (—9.7%). The increase of the air surface temperature was 2°C and
0.7°C in the cases of the degradation of the surface and smoke aerosols, respectively.

[19] used the same model of [18] to evaluate separately each of the four major greenhouse gases (CO,, Os,
CH,, and N,O) in order to quantify their contribution to the future climate change. Such a study had not been
done earlier. In the control experiment the actual concentration of the greenhouse gases used in the radiation
models was obtained from the IPCC TAR [50] while the concentration of the four major anthropogenic green-
house gases was those of the more drastic IPCC SRES scenario for 2100 (A1FI-2100). They found that the mean
global planetary absorbed solar radiation increased in response to the predicted conditions according to the sce-
nario A1FI for year 2100. This was due to the effect of O3 absorptions. These increases led to a decrease in the
mean global planetary net thermal infrared radiation emitted to space by the earth-atmosphere system to space
and to an increase in mean global planetary net radiation. These changes were controlled mainly by the increase
in CO, concentration (Figure 4). The changes in the radiation budget due to N,O and CH, were small. The
change in the air surface temperature response to the predicted conditions for AL1FI scenario was mainly con-
trolled by CO, concentration (Figure 5).

The future biomes distribution can be modified over the entire globe due to global warming, as projected by
IPCC AR4 [51]. Because of the importance of the vegetation-climate interactions in the climate system and their
social and economic consequences, more studies using several models of different complexity are needed to im-
prove the knowledge of the impact of global warming on the distribution of the biomes over the globe. [20] used
a version of [13] for investigating the impact of the increase of CO, concentration on the future global distribu-
tion of geobotanic zones. They included a detailed formulation of the radiative transfer models [52] which is
suitable for use in ZACMs [53]. The future climate scenarios were obtained from the IPCC AR4 (2007). The
results showed that the geobotanic zones over the entire earth can be modified in future due to global warming.
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Expansion of subtropical desert and semi-desert zones in the NH and SH, retreat of glaciers and sea-ice, with the
Aurctic region being particularly affected and a reduction of the tropical rainforest and boreal forest can occur
due to the increase of the greenhouse gases concentration (see Figure 27 of [20]). The effects were more pro-
nounced in the A1FI and A2 scenarios compared with the B1 scenario. The SDM results confired the IPCC AR4
projections of future climate and were consistent with simulations of more complex GCMs, reinforcing the ne-
cessity of the mitigation of climate change associated to global warming.

[21] used the same SDM of [20] to investigate the impact of global warming on the savannization of the
tropical land region and the relative roles of the impact of the increase of greenhouse concentration and future
changes in land cover on the regional climate. Their results showed that the climate change due to deforestation
was important relative to greenhouse gases at the regional level. The warming due to deforestation corresponded
to around 60% of the warming in the tropical region when the increase of CO, concentration was included to-
gether. However, the global warming due to deforestation was negligible. On the other hand, with the increase
of CO, concentration projected for 2100 the warming was largely enhanced. The impact of the increase of CO,
concentration on a deforestation scenario was to increase the reduction of the areas covered by tropical forest
(and a corresponding increase in the areas covered by savanna) which may reach 7.5% in future compared with
the present climate. Compared with the case with only deforestation, drying may increase by 66.7%. This cor-
roborates with the hypothesis that the process of savannization of the tropical forest can be accelerated in future
due to global warming.

More recently, [22] investigated the relative importance of the impact of the land change due to tropical de-
forestation and global warming on the regional energy balance and climate. The results showed that the higher
impact on the energy balance was due to the degradation of land. The percentage of the warming due to defor-
estation relative to the warming when the increase of greenhouse gas concentration was included together was
higher than 60% in the tropical region. This was in agreement with [21] and with other previous studies which
suggested that the warming due to deforestation may be important in a regional scale [54]-[56]. On the other
hand, with the increase of greenhouse gases concentration an enhancement of the surface temperature occurred.
At 5°N the increase relative to deforestation was higher than 50% for the surface temperature and higher than
90% for the foliage and air foliage temperature.

3. Latest Advances by Using Statistical-Dynamical Models

More recently SDMs makes an important part of Earth System Models of Intermediate Complexity (EMICs).
EMICs are complex enough to capture essential climate processes and feedbacks while compromising on the
complexity of one or more climate model component. The main characteristic of EMICs is that they describe
most of the processes implicit in comprehensive models, albeit in a more reduced (i.e., more parametrized) form.
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They also explicitly simulate the interactions among several components of the climate system including bio-
geochemical cycles. On the other hand, EMICs are computationally efficient enough to allow for long-term cli-
mate simulations over several tens of thousands of years or a broad range of sensitivity experiments over several
millennia. Currently, there are several EMICs in operation such as: two-dimensional, zonally averaged ocean
models coupled to a simple atmospheric module [57] [58] or geostrophic two-dimensional [59] or statistical-
dynamical [60] atmospheric modules; three-dimensional models with a statistical-dynamical atmospheric and
oceanic modules [61]; reduced-form comprehensive models [62] and those that involve an energy-moisture bal-
ance model coupled to an OGCM and a sea-ice model [63]. Results from experiments that were part of the con-
tribution of several EMICs to the 5th Assessment Report of IPCC Working Group 1 are described in [64] [65].

4. Conclusions

Manifold physical processes which govern the climate system can be studied using a hierarchy of models. In this
paper, a brief discussion of the classification of climate models was given. The advantages of the SDMs were
mentioned. Because of their intermediate position in the hierarchy of climate models, SDMs are useful both in
the planning of more detailed GCMs and generalizing much simpler 1-D models. For many of the processes
where special parameterizations must be developed for a SDM, the questions that force such development are
similar to those arising in attempting to treat the subgrid-scale processes needed to improve regional simulations
with a GCM. Thus, SDM can and should play an important role in improving understanding of climate system
behaviour [66]. Also, SDMs are policy-relevant because they are simpler, faster, and can be used to test specific
mechanisms. In this paper, a review of SDMs is presented showing the feasibility of their use to study climate
change.

The review presented show that the SDMs are capable of simulating monsoonlike circulations and are useful
to study the climate impact due to land surface alterations such as deforestation of tropical Amazonia and deser-
tification of subtropical regions like Sahara as well as the impact of vegetation on the West African monsoon.
The SDMs are also useful for studies of the climate effects caused by global warming such as biomass burning
in Amazonia and increase of greenhouse gases concentration in future.
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