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processes that allows realistic and fast climate simula-
tions that often involve large ensembles for the purpose 
of reducing uncertainty and estimation of the forced 
and internal variability of the system. The forced signal 
is typically estimated by an ensemble mean of many 
simulations, but ensembles of state-of-the-art models 
are often too small to reduce the remaining internal 
variability. The ensemble size needed to estimate the 
mean accurately depends on the signal-to-noise ratio 
for the variable and region under consideration. For 
example, the ensemble size to estimate midlatitude 
500-hPa height accurately is about 20, which is larger 
than most ensembles used in seasonal hindcast data-
sets or climate projections performed by individual 
centers. Intermediate complexity models can also be 
used efficiently to investigate the sensitivity of simu-
lated climate to changes in parameters in the physical 
parameterizations. Another application is related to 
climate change. For example, Forest et al. (2002) and 
Sokolov at al. (2009) use the MIT Integrated Global 
System Model (MIT IGSM) to investigate topics such 
as climate sensitivity, aerosol forcing, ocean heat 
uptake rate, and probabilistic projections of climate 
change. There are many intermediate complexity 
models, some of which have been developed into Earth 
system models of intermediate complexity (EMICs). 
A number of them are participating in the IPCC Fifth 
Assessment Report and can be found at http://climate 
.uvic.ca/EMICAR5 (one of which is based on a previous 
version of the model introduced here). This website 
also provides information about experiments that 
are performed with these models that range from en-
sembles of 1,000-year-long historical simulations to the 
assessment of different CO2 concentration pathways.

Here, we reemphasize the importance of interme-
diate complexity modeling and suggest that results 
from such a model are useful in the understanding 
of climate variability and change.

T he use of idealized climate models in the search for 
physical understanding of the behavior of com-
plex general circulation models (GCM) has been 

advocated before by Held, Nof, Colin de Verdiere, and 
others, but the use of a hierarchy of models to test a 
scientific question or physical phenomena is receiv-
ing little attention in the climate community. The 
expression “hierarchy” is used in a quite generic sense, 
from analytical models of single physical systems, 
such as the Madden–Julian oscillation, for example, 
to state-of-the-art GCM simulations. There are many 
examples of the use of a hierarchy of models in climate 
variability studies, and we mention here two classical 
examples. The first is the delayed oscillator model 
constructed to investigate ENSO variability that is 
still being used in the interpretation of the results 
from complex coupled models. The second example 
is the use of simple coupled models of air–sea interac-
tion to understand midlatitude SST feedbacks on the 
atmospheric circulation in complex models.

Another class in the hierarchy of models has an 
intermediate complexity representation of physical 
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Equally important is the role of intermediate 
complexity models as a tool for researchers with less 
than optimal resources, a situation that still prevails 
in many developing countries.1

Another important area where intermediate 
complexity models are widely used is in the work 
of graduate students, who gain better scientific and 
software insights permitted by a simpler model than 
might be possible with state-of-the-art GCMs. Some 
more advantages of intermediate complexity models 
are that many of them are well documented and freely 
available for download and use. They are constructed 
in a way to facilitate the experimentation with differ-
ent forcings, coupling approaches, parameterizations, 
etc., which encourages creativity in pursuing an un-
derstanding of the fundamental science.

An example of an intermediate complexity model 
is the atmospheric general circulation model (AGCM) 
developed at the Abdus Salam International Cen-
tre for Theoretical Physics—the ICTPAGCM, also 
called SPEEDY, from Simplified Parameterizations, 
primitivE-Equation DYnamics. The website http://
users.ictp.it/~kucharsk/speedy-net.html provides 
descriptions of the latest and previous model ver-
sions, an assessment of the performance of the model 
in representing the mean climate, a list of users, and 
downloading information. In the latest version (41) 
of the model, there are 8 vertical levels, and the most 
commonly used horizontal spectral truncations are 
T30 (about 3.75° × 3 75° horizontal resolution) and 
T47 (about 2.5° × 2.5° horizontal resolution). The 
model includes physically based parameterizations 
of large-scale condensation, shallow and deep con-
vection, shortwave and longwave radiation, surface 
fluxes of momentum, heat and moisture, and vertical 
diffusion. The 5-layer version of the model was origi-
nally described by Molteni in 2003, and the current 
8-layer version was described by Kucharski et al. in 
2006. The model is computationally inexpensive, 
due mainly to the simplified parameterizations, 
as well as the relatively low horizontal and verti-
cal resolution adopted. For example, the boundary 

layer in the ICTPAGCM is represented by just one 
model layer, and the shortwave radiation scheme only 
uses two spectral bands, while four are used in the 
longwave radiation scheme. A few details regarding 
the computational efficiency are given here: using 
a single core on a 2.4-GHz Xeon with a 2-MB CPU 
cache, an ICTPAGCM built with an Intel compiler 
can simulate 1 year in 6 minutes (using a standard 
application). Thus, in one day the ICTPAGCM can 
simulate 240 model years. The memory requirement 
is about 35 MB, which can be run without difficulty 
even on older desktop computers of rather low hard-
ware specifications. For comparison, on a single core, 
a state-of-the-art model run at similar horizontal 
resolution typically requires a CPU time of about 
one day to simulate one model year. This means that 
to construct large ensembles (about 100 members) 
of century-long simulations on a small cluster of 100 
cores would take about 3 months.

The ICTPAGCM model is very f lexible in the 
sense that it can be easily modified to address a wide 
range of problems. In many aspects, the ICTPAGCM 
achieves capability that is on par with state-of-the-art 
models in simulating the climatic mean and vari-
ability. This is especially true for large-scale features. 
In certain types of studies, the performance of state-
of-the-art models can even be exceeded, because it is 
easy to modify the experimental set-up to optimize 
performance (e.g., in “pacemaker’’ experiments 
for Indian Monsoon simulations, as discussed by 
Kucharski et al. in a 2007 Journal of Climate article).

Scientific research using the ICTPAGCM in re-
cent years covers a broad range of topics in climate 
variability—for example, modes of extratropical 
planetary-scale variability (Molteni et al. 2011); extra-
tropical circulation trends and decadal changes (e.g., 
Kucharski et al. 2006); tropical–extratropical telecon-
nections, monsoon climate, and its variability; ENSO–
monsoon relationships and their decadal changes; 
tropical teleconnection patterns (e.g., Kucharski 
et al. 2007; Kucharski et al. 2012; Barimalala et al. 
2011); and ENSO teleconnection changes in global 
warming scenarios (e.g., Herzeg-Bulic et al. 2012). 
In some studies, the ICTPAGCM has been coupled 
to full or simplified ocean models. For a list of pub-
lications with ICTP involvement, see http://users 
.ictp.it/~kucharsk/speedy-doc.html. The ICTPAGCM 
is constantly evolving and being improved, and much 
effort has recently been devoted to the inclusion of 
new subcomponents of the climate system. In a col-
laborative project with the University of Maryland, 

1	This paper was motivated by the Workshop on Hierarchical 
Modeling of Climate (http://cdsagenda5.ictp.it/full_display 
.php?ida=a10154), held at the Abdus Salam International 
Centre for Theoretical Physics (ICTP) in Trieste, Italy, on 
18–22 July 2011. The mission of ICTP is to foster research in 
developing countries. More than 100 researchers from devel-
oping and developed countries participated in this conference.
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the ICTPAGCM coupled to the VEGAS land surface 
and interactive vegetation model is being tested for a 
future coupling to a human population model.

Here we provide two examples of applications of 
the latest version (41) of the ICTPAGCM. The first is 
the investigation of the origin of African and Indian 
monsoon megadroughts, a topic of particular interest 
for the developing countries affected by the drought. 
Feudale and Kucharski (2012), hereafter referred to 
as FK12, have identified that the Sahelian and Indian 
monsoon rainfall in observations and simulations 
with the ICTPAGCM show a common multidecadal 
variability with maximum values in the 1950s to early 
1960s and minimum values in the 1980s to early 1990s. 
Figure 1 (top) shows the June–September (JJAS) rain-
fall change for the period 1980–94 relative to 1950–64, 
using the rainfall data from the Climatic Research Unit 
(CRU). The Sahel and Indian monsoon experienced a 
significant tendency toward drought conditions from 
the 1950–64 period to the 1980–94 period. It is impor-
tant to understand the mechanisms for such changes, 
as extremely vulnerable societies are affected. FK12 
pointed to a global SST pattern as the forcing for this 
Sahel/Indian megadrought phenomenon. ICTPAGCM 
forced with monthly-varying observed SSTs was able 
to reproduce the decadal temporal behavior of the 
observed rainfall in both monsoon regions (no other 
forcing has been included; for example, CO2 is fixed at 
the value of 1990). Figure 1 (bottom) shows the simu-
lated rainfall 1980–94 minus 1950–64 JJAS difference 
of an ensemble mean of 20 simulations with the ICT-
PAGCM that cover the period 1949–2008. Different 
ensemble members have been constructed by small 
perturbations in the initial conditions and a one-year 
spin-up period. The model reproduces the broad fea-
tures of the observed changes, namely the drying in the 
Sahelian and Indian region, although 
the responses are shifted slightly to the 
south in both regions and are weaker 
in the Sahel region.

The SST pattern [derived from the 
Hadley Centre HadISST; Rayner et al. 
(2003)] associated with the drought 
pattern is shown in Fig. 2. A strong 
warming appears in all tropical re-
gions and a cooling is visible in the ex-
tratropical North Pacific and Atlantic. 
The Pacific/Indian Ocean SST pattern 
is similar to the interdecadal Pacific 
oscillation (IPO), whereas the north-
ern Atlantic cooling could be related 

to the negative phase of the Atlantic multidecadal 
oscillation (AMO). Both patterns have been identified 
as causing Indian and Sahel droughts. Furthermore, a 
warm tropical Atlantic may also contribute to a dry-
ing of both monsoon systems. The combined effect 
of the global SST forcing shown in Fig. 2 is an upper-
level high pressure in the equatorial region and, at 
low levels, higher pressure in the Saharan and Indian 
region, which is favorable for low-level divergence 

Fig. 1. JJAS rainfall difference 1980–94 minus 1950–64: 
(top) CRU observations; (bottom) ICTPAGCM. Units 
are mm day-1.

Fig. 2. JJAS sea surface temperature difference (using the Hadley 
Centre HadISST data) 1980–94 minus 1950–64. Units are K.
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and reduced rainfall in the Sahel and Indian region. 
The ability of AGCMs—particularly the ones with 
intermediate complexity—to reproduce the decadal 
behavior of large parts of the Northern Hemispheric 
monsoon systems is encouraging and indicates a po-
tential predictability if decadal SST variations could 
be predicted with sufficient skill.

The second example highlights the use of the 
ICTPAGCM as an educational tool and demon-
strates its ability to reproduce the response to an 
important phenomenon in climate variability. Here, 
the well-documented ENSO response is analyzed by 
showing composites based on regression maps of 
several fields onto the December–February (DJF) 
Niño-3.4 index (here defined as the mean SST in the 
region 190°E to 240°E, 5°S to 5°N) for a 51-yr period 
(1950–2000). The regression maps are calculated 

from the covariance of the normal-
ized Niño-3.4 index with the anoma-
lies of the respective field. Figure 3 
(top) shows the regression map for 
observed rainfall (CMAP; Xie and 
Arkin 1997; avai lable only from 
1979) and NCEP–NCAR reanalysis 
925-hPa winds, while in Fig. 3 (bot-
tom), the modeled counterpart is 
shown, using the ensemble also used 
in the f irst example. Overall, the 
model is able to reproduce the direct 
rainfall response to the ENSO forc-
ing with increased rainfall of about 
5 mm day-1 in the central equatorial 
Pacific. The direct 925-hPa wind re-
sponse is also well reproduced over-
all with convergence and westerly 
anomalies also located in the central 
equatorial Pacif ic, providing the 
positive atmospheric feedback to the 
ENSO phenomenon. Interestingly, a 
number of teleconnected responses 
are also reproduced reasonably well 
by the model. For example, there is 
a drying surrounding the equatorial 
positive rainfall response as well as 
in equatorial Central America. A 
positive rainfall and cyclonic cir-
culation response is seen near the 
California coast and Aleutian region 
as well as in the Gulf of Mexico and 
Florida region, extending further 
into the western Atlantic. Other 

features are not so well reproduced, such as the 
observed drying in the Indonesian Archipelago, 
where the model rainfall response is weak.

The model’s performance in reproducing several 
ENSO teleconnections has been documented in the 
scientific literature. The aforementioned telecon-
nection to the Pacific/North American region can 
be understood as related to the extratropical wave 
train induced by ENSO. A way to better identify 
this wave train is to analyze the regression map for 
the 200-hPa height. Figure 4 (top) and Fig. 4 (bot-
tom) show the 200-hPa height ENSO regression 
maps for observations (NCEP–NCAR reanalysis) 
and the model, respectively. The wave train in 
the observations in the northern hemisphere 
is clearly visible, with alternating positive and 
negative 200-hPa height anomalies in the Pacific 

Fig. 3. Regression of anomalies of precipitation and 925-hPa winds 
onto the DJF Niño-3.4 index: (top) CMAP rainfall and NCEP–NCAR 
reanalysis winds; (bottom) ICTPAGCM. For rainfall, all anomalies 
shown are 95% statistically significant. Units are mm day-1 for rainfall 
and m s-1 for wind.
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region and extending into North 
America. Again, this ENSO-induced 
wave train is well reproduced by the 
model, with slightly reduced ampli-
tude in the Pacific region. We can 
also infer from comparing Figs. 3 
and 4 that the North Pacific/North 
American responses are nearly baro-
tropic (e.g., the Aleutian low is pres-
ent also at 200 hPa). Extratropical 
rainfall responses may be explained 
by the position of the wave response 
over the region under consideration. 
For example, the increased rainfall 
close to the California coast may 
be explained by rising motion in-
duced on the eastward side of the 
Aleutian low, whereas the rainfall 
increases in the Gulf of Mexico and 
Florida region may be explained by 
the rising motion induced on the 
southeastern side of the low pres-
sure located over North America 
at about 35°N, and by the low-level 
convergence induced by the low it-
self. In tropical regions, widespread 
increased heights can be seen in the 
observations and the model. The 
reason is that the ENSO-induced 
heating is distributed effectively in 
the zonal direction by fast equato-
rial wave propagation, leading to 
a hydrostatically induced positive 
height perturbation.

The Earth System Physics Section at ICTP, to-
gether with the external authors on this report, is 
working toward a flexible Earth-system model based 
on the ICTPAGCM and the modular ocean model 
(MOM). The aim is to provide a modeling system 
that can still be run on commonly used personal 
computers and that allows efficient investigations 
of a broad range of research questions arising in the 
field of Earth-system science. We believe that such an 
Earth-system model will fit well into the ensemble of 
already existing EMICs (e.g., listed at http://climate.
uvic.ca/EMICAR5).
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