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1. Introduction 
 
One of the main purposes of RT5 is to perform a comprehensive evaluation of the performance of 
the ENSEMBLES simulation-prediction system against observations (analyses). As a first step, we 
examined the systematic errors that characterize the climatology simulated by a group of  
ENSEMBLES models. 

Modelling systems must be evaluated for their basic performance in terms of their capability to 
correctly reproduce the features of the earth system. The ENSEMBLES prediction system will 
introduce a novel concept of a single system that will be applied across time scales to predictions 
from seasons to decades. The systematic errors are known for some of the component models and 
for some time scales, but a comprehensive and consistent evaluation of the errors is missing. 

In the past, a number of studies have analyzed the capabilities of coupled models to simulate the 
features of the observed climate mean state and seasonal cycle (e.g., Neelin et al. 1992, Mechoso et 
al. 1995, Delecluse et al. 1998, AchutaRao and Sperber 2006). However, most of these analyses 
have focused either on specific regions (e.g., tropical Pacific) or phenomena (e.g., El Niño/Southern 
Oscillation). In this work, on the other hand, our goal is to attempt to provide a global overview of 
the models’ performance. 

In order to perform a detailed and extended evaluation of the systematic errors in the ENSEMBLES 
models, the simulations of the 20th Century climate performed with three state-of-the-art coupled 
GCM have been analyzed. The models considered are INGV-SXG, UKMO-HadGEM1 and IPSL-
CM4, which are a representative sample of the ENSMEBLES multi-model system. The simulations 
analysed are part of the Stream 1 RT1 ENSEMBLES simulations (available also from the 20C3M 
IPCC dataset) and have been performed using common forcings, such as greenhouse gases and 
anthropogenic aerosolos distributions. 

The assessment of the systematic errors has been performed mainly through the evaluation of the 
models’ ability to reproduce the observed mean state, seasonal cycle and the prominent aspects of 
the relationships between basic parameters such as, for example, surface temperature and 
precipitation. The analyzed period is 1958-2000, for which both oceanic and atmospheric 
observations and (re-)analyses are available. The analysis will include an estimate of the main gross 
features of the simulated mean variability, which is assessed through the patterns of anomaly 
standard deviation. 

A complete and detailed description of the models can be found in reference papers, such as Johns 
et al. (2006), Gualdi et al. (2006) and Marti et al. (2006) (see also the web site 
http://dods.ipsl.jussieu.fr/omamce/IPSLCM4/DocIPSLCM4/HTML).  

The model results have been compared with both observations and re-analyses (which often in the 
text of this paper will also be referred to as “observations”). Specifically, we used the global 
analyses of sea surface temperature and sea-ice HadISST (Rayner et al., 2003), the observed global 
monthly precipitation dataset CMAP (Xie and Arkin, 1997), whereas the atmospheric fields have 
been compared with the European Centre for Medium-Range Weather Forecasts (ECMWF) re-
analysis ERA-40 (Uppala et al. 2005). Finally, as a reference for the ocean outputs we used the 
INGV ocean analysis (Masina et al. 2004). 

In the following we will discuss more in detail some selected fields in the time mean state, the 
sesonal cycle and the mean variability. Mode detailed coparison maps are included in the Appendix 
for reference. 
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2.  Mean State 
 
2.1 Atmospheric seasonal mean fields 
 
The mean surface temperature (TS) simulated by the models exhibits some substantial differences 
compared to the observations, both over land masses and over oceans. During northern winter 
(JFM, Figure 1a), in the tropical belt the UKMO model tends in general to be too cold, whereas 
both the INGV and IPSL models appear to be slightly too warm. In the Tropical Pacific, both the 
INGV and the UKMO models produce a too strong equatorial cold tong, whereas the IPSL and the 
INGV models tend to overestimate the temperature at the surface of the south-eastern tropical 
Pacific. Also, the UKMO and INGV models are too warm in the eastern and western northern 
Atlantic respectively. In particular, INGV-SXG (hereafter SXG) exhibits a rather large warm bias in 
the Labrador Sea. On the other hand, approximately over the same region, the IPSL model is 
characterized by a cold bias. In the tropical Atlantic, both the INGV and IPSL models overestimate 
the surface temperature in the western part of the basin. The latter shows too warm surface 
temperature also over the continental region of South America 
 

 
Figure 1a. Northern winter (January-February-March) mean of surface temperature for the period 1958-2000. Panel a): 
ERA-40; panel b): INGV-SXG model; panel c): UKMO-HadGEM1 model; panel d): IPSL-CM4 model. Contour 5°C. 
 
Over the continental areas of the Northern Hemisphere, the models are generally cooler than the 
observations, in this season (JFM). This is particularly evident in UKMO-HadGEM1 (hereafter 
HadGEM1) and IPSL-CM4 (hereafter CM4) both over North America and northern-central Asia. 
Over Sahara, the INGV model has a warm bias, whereas the IPSL model a cold one. 

During northern summer (Figure 1b, JAS), the model mean temperature errors are similar to those 
found in JFM. Specifically, in the tropical regions, HadGEM1 is slightly cooler than the 
observations, whereas the INGV and IPSL models exhibit a slight warm bias. Also in this season, 
the simulated equatorial cold tongue in the Pacific Ocean is too pronounced. Over the Northern 
Hemisphere continents, the model temperature errors are relatively small over North America, 
whereas a notable warm bias is visible over northern Asia, especially in the INGV and UKMO 
models. 
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Figure 1b. As in Figure 1a, but for northern summer (July-August-September). 
 
The seasonal means of  precipitation are shown in Figure 2a and Figure 2b for boreal winter and 
boreal summer respectively. In the tropical Pacific, all of the models are too dry over the western 
equatorial region and tend to produce a double ITCZ , with an excess of precipitation in the eastern 
sub-tropical part of the basin. This is particularly evident for the INGV and IPSL model during 
northern winter (Figure 2a). 

During this season, in the Tropical Indian Ocean, on the other hand, HadGEM1 overestimates the 
rainfall over the western part, whereas the IPSL model tends to underestimate this field over most 
of the basin. SXG exhibits a reasonably realistic distribution of precipitation, though the amplitude 
is weaker than in the re-analysis, especially in the eastern part and over Sumatra. In the tropical 
Atlantic and Nordeste region, the UKMO model is considerably close to the re-analysis, whereas 
both SXG and IPSL-CM4 exhibit a lack of rainfall in the eastern part, in the Gulf of Guinea. 

In northern summer (JAS, Figure 2b), the models simulate well the ITCZ belt, covering the tropical 
oceans at around 10°N. However, they underestimate precipitation over subtropical Africa (north of 
the equator) and the western Atlantic, especially in its tropical part and over the Caribbean Sea and 
Gulf of Mexico. A lack of simulated rainfall is visible also in the eastern part of the tropical Indian 
Ocean and over the Bay of Bengal, whereas in the western part of the basin the models tend to 
overestimate this field, especially SXG and HadGEM1. The INGV model exhibits also a 
remarkable underestimation of rainfall over the South China Sea and the tropical western Pacific, 
east of the Philippines. 

In the re-analysis, during northern winter (JFM), the upper tropospheric wind (Figure 3a) exhibits a 
band of  intense westerlies, larger than 45 m/s, extending from North Africa to the western extra-
tropical Pacific. A secondary, weaker jet is located over North America and the western Atlantic. 
All of the models tend to overestimate the westerlies over the Indian subcontinent. The UKMO 
model appears to underestimate the extension of the Asian jet into the extra-tropical Pacific, 
whereas the IPSL model clearly overestimates the westerlies over the entire latitudinal band, 
producing also a too strong jet over the North American coasts. 
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Figure 2a.  As in Figure 1a, but for precipitation. Contour interval: 1 mm/day.  
  
In the Tropics, the observed upper level zonal wind during the boreal winter season is characterized 
by predominant easterlies interrupted by the intrusion of westerlies, from higher latitudes, in the 
tropical Atlantic and, especially, eastern tropical Pacific. The tropical easterlies are stronger 
between tropical Africa and Maritime continent. The UKMO and the IPSL models reproduce 
reasonably well the alternance of easterlies and westerlies in the upper tropical troposphere, 
whereas the INGV model tends to produce predominant esterlies throughout the tropical belt.  
 

 
 
Figure 2b.  As in Figure 2a, but for northern summer (July-August-September). 
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Figure 3a.  As in Figure 1a, but for 200-hPa zonal wind. Contour interval: 5 m/s 
 
In the Southern Hemisphere strong upper level winds are found between 40°S and 60°S, with a 
maximum extending from the southern Atlantic to the southern Indian Ocean. All of the models 
tend to overestimate the zonal wind in this region and especially the IPSL model (panel d). Both the 
INGV and the UKMO models (panel b and c) simulate too strong winds over the southern Pacific 
Ocean, but the latter produces wind patterns remarkably close to the re-analysis field. 
 

 
Figure 3b.  As in Figure 3a, but for northern summer (July-August-September). 
 
During northern summer (JAS, Figure 3b), the extratropical upper level zonal wind in the Northern 
Hemisphere (NH) is strongly reduced, whereas Southern Hemisphere (SH) subtropical jet has 
reinforced. The models well reproduce the seasonal change in the wind at the top of the 
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troposphere. However, also in this season, there is a tendency to overestimate the zonal wind, 
particularly pronounced in the IPSL model (panel d). In the Tropics, the easterly band is well 
reproduced by the INGV model (panel b), whereas both the UKMO and the IPSL models (panel c 
and d) have problems over the tropical Atlantic and Caribbean Sea, where they tend to simulate 
westerlies instead of the observed easterlies. In the tropical Indian Ocean, the wind obtained from 
the UKMO model is particularly close to the re-analysis, whereas the INGV and IPSL models have 
too weak easterlies. 

It is interesting to note that the model that simulates too strong 200-hPa zonal wind in the Extra-
Tropics is also the one that exhibits weak winds in the Tropics. 

 

 
Figure 4a.  As in Figure 1a, but for 850-hPa zonal wind velocity. Contour interval: 2 m/s. 
 
In Boreal winter (JFM), the low-level (850-hPa) zonal wind (Figure 4a) is characterized by 
predominant westerlies in the mid-latitudes and easterlies in the Tropics (“Trade winds”), with the 
exception of the westerlies extending from the western Indian Ocean to the Maritime Continent 
(between about 10°S and the equator) and over the subtropical Africa and South America. The 
models reproduce reasonably well these gross features, though they tend to overestimate the 
intensity of the zonal wind. In particular, over the tropical Pacific, the simulated Trade winds appear 
too intense compared to the observations. 

During northern summer (JAS, Figure 4b), the low-level westerlies have weakened in the mid-
latitude of the NH. In the Tropics, the westerlies over the Indo-Pacific region have moved north of 
the equator with a maximum in the western part of the Indian Ocean (Somali jet), covering the 
Indian subcontinent and South-east Asia. The low-level zonal circulation associated with the 
summer phase of the Asian monsoon is well reproduced by the INGV model, whereas both in the 
UKMO and IPSL models the strongest winds are shifted to the east, over the Bay of Bengal and 
South-east Asia. Also in this season the simulated Trades are too strong over the tropical Pacific. 

Interestingly, during both seasons, the models tend to produce low-level zonal winds that are in 
general more intense than in the observations. 
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Figure 4b.  As in Figure 4a, but for northern summer (July-August-September). 
 
The maxima of meridional low-level wind (Figure 5a and 5b) located off the continental western 
coasts in the Extra-Tropics are in general well captured by the models. During northern winter, the 
INGV model simulates low-level meridional wind patterns remarkably close to the observations, 
especially in the NH mid-latitudes. However, in the sub-tropics of the SH, the positive meridional 
winds located in the eastern part of the oceans, do not extend as far north as found in the 
observations.  

 
Figure 5a.  As in Figure 4a, but for meridional wind velocity. Contour interval: 1 m/s 
 
Especially in the eastern tropical Pacific and Atlantic, negative meridional winds are found south of 
the equator, suggesting that in this model the low-level convergence zone is shifted south compared 
to the observations. This problem is remarkably reduced during northern summer, when the 
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convergence zone is shifted north of the equator, in agreement with the observations (Figure 5b). 
These results are consistent with the results found for the precipitation field, where a double ITCZ, 
north and south of the equator, was clearly visible. 
The UKMO model exhibits realistic meridional wind patterns in the tropical regions, but some 
evident problem in the Extra-Tropics, especially in the NH mid-latitude over the central Pacific and 
North America. The maximum of positive meridional 850-hPa wind observed over the Gulf of 
Alaska is, in this model, shifted to the south and west of the date line. Also over the North 
American continent the negative wind are much weaker than observed. During northern summer, on 
the other hand, the model tends to overestimate the meridional component of the wind over most of 
the Tropics and of the SH. 
 

 
Figure 5b.  As in Figure 5a, but for northern summer (July-August-September). 
 
Also the IPSL model exhibits some substantial bias in the meridional wind over the north east 
Pacific. During both northern summer and northern winter, in fact, this model produces a large 
maximum of low-level southerlies centered over the Gulf of Alaska, much larger than observed. In 
boreal winter, the maximum extends over a large portion of the Pacific Ocean, altering substantially 
the low-level circulation over the entire region. 

Figures 6a and 6b show the seasonal means of the vertical velocity (omega) zonally averaged. In 
both seasons, the re-analysis shows the alternation of ascending and descending branches as 
signature of the merdional cells in the vertical circulation. The models reproduce the main features 
of the observed structure, though with some relevant differences. During northern winter (JFM, 
Figure 6a), the tropical rising air in the re-analysis covers a latitudinal band ranging from about 
25°S to about 10°N, with two relative maxima centred at about 800hPa and 500hPa, and it is 
flanked by the subtropical descending branches. The UKMO model reproduces well this structure, 
even if the simulated maxima appear to be stronger than observed. In the INGV model the patterns 
of zonal mean vertical circulation appear to be pretty realistic at the high latitude. In the Tropics, on 
the other hand, the ascending branch is interrupted at the equator by positive (descending) vertical 
velocity values. Thus, in this case, the two relative maxima, found also in the re-analysis, appear the 
centres of two distinct ascending branches. This result is in agreement with the tendency of SXG to 
produce a double ITCZ, especially over the tropical Pacific. 
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Figure 6a.  Vertical section of the vertical velocity (omega) zonally averaged. Northern winter (JFM) means. Panel a): 
ERA-40; panel b): INGV-SXG; panel c): UKMO-HadGEM1; panel d): IPSL-CM4. Contour interval: 0.5 hPa/hour. 
 
The CM4 exhibits some relevant differences with respect to the re-analysis both in the Tropics and 
at the high latitude. The tropical rising branch tends to be confined in the equatorial band, and its 
meridional extension, especially in the Southern Hemisphere appears to be reduced. As a 
consequence the descending branch in the Southern Hemisphere sub-tropics has its centre shifted 
equatorward compared to the observations. At the high latitude, this model fails in reproducing the 
maxima of vertical velocity observed in the lower part of the troposphere. 
 

 
Figure 6b.  As in Figure 6a but for northern summer (JAS). 
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During northern summer (JAS), there is a general slight reduction of the model errors, though CM4 
still exhibits some problems in the simulation of the vertical velocity field in the lower part of the 
troposphere in the Southern Hemisphere high latitudes. 
 

 
Figure 7a.  As in Figure 6a but for temperature. Contour interval: 5°C. 
 
 

 
Figure 7b.  As in Figure 6a but for JAS. 
 
The meridional section of the seasonal mean temperature zonally averaged is shown in Figures 7a 
and 7b. Both in JFM and JAS the models simulate lower temperatures in the upper troposphere and 
tropopause, when compared with the re-analysis, particularly at the higher latitudes. The cold bias 
of the upper troposphere and lower stratosphere is a rather common error, affecting also the 
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simulations performed with atmospheric only models. In the lower part of the atmosphere, on the 
other hand, the results differ from model to model. SXG, for example, tends to be too warm in the 
Tropics and in the Arctic region throughout the year, whereas, in the same regions, the UKMO 
model appears to be slightly too cold. In the summer Hemispheres, CM4 tends to simulate mid-
tropospheric temperature gradients to intense and shifted equatorward compared to the re-analysis. 
 

 
Figure 8a.  As in Figure 6a but for zonal wind velocity. Contour interval: 5 m/s. 
 
Figures 8a and 8b show the vertical distribution of the mean zonal flow. During both seasons, the 
basic features of the patterns of the upper tropospheric jets are reasonably well reproduced by the 
models. In the mid and lower troposphere, the stronger winds observed between 30°S and 60°S are  
 

 
Figure 8b.  As in Figure 8a but for JAS. 



 14

 
well captured by the models, especially SXG and HadGEM1. 

Consistent with the results shown in Figure 3, CM4 tends to overestimate the intensity of the jets in 
both the Hemispheres. Furthermore, in this model, the maxima of the upper troposphere westerlies 
are, in both seasons, shifted some 10-15° equatorward, in agreement with the results shown and 
discussed in the Figure 7.  

Also in contrast with the observations, the zonal mean zonal wind produced by CM4 in JFM 
(Figure 8a) shows a secondary, weak, maximum in the mid-tropospheric levels Southern 
Hemisphere high latitudes. In the lower stratosphere, the seasonality of the dominant westerlies in 
the winter Hemisphere and dominant easterlies in the summer Hemisphere is basically captured by 
the models. During JAS (Figure 8b) the INGV and, to a less extent, the UKMO models reproduce 
well the upper branch of the Walker circulation, with dominant easterlies in the tropical upper 
troposphere. In the same region, the CM4 exhibits a westerly bias in both seasons. During northern 
winter, SXG tends to overestimate the upper tropospheric easterlies and has a slight westerly bias in 
the lower levels. 

Interestingly also in this case, errors appear to be reduced during the northern summer season. 
 

 
Figure 9a.  As in Figure 8a but for meridional wind velocity. Contour interval: 0.5 m/s 
 
Figures 9a and 9b show the meridional section of the meridional wind zonally averaged for the 
northern winter and northern summer respectively. During JFM, the tropical troposphere is 
characterized by a baroclinic structure, with meridional divergent flow at the higher levels and 
convergence near the surface. In the upper troposphere, the maximum of southerlies is cantered 
slightly north of the equator, with the zero line (maximum divergence) located at about 10-15°S. 
Convergence is found at about 30°S. At the surface, the meridional convergence tends to be closer 
to the equator, the divergent flow is at about 30°N, and the negative meridional winds exhibit a 
southward tilt with height. The models, in general, reproduce well the wind patterns, though all of 
them tend to produce two regions of surface convergence, to the north and to the south of the 
equator respectively. This is consistent with the models tendency to simulate a double ITCZ, as 
discussed above. During northern summer, the meridional circulation has changed sign in the 
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tropical regions. The upper levels are characterized by dominant northerlies, with convergence in 
the subtropics of the Southern Hemisphere and divergence in the Northern Hemisphere Tropics. 

 
Figure 9b.  As in Figure 8a but for JAS. 
 
In general, in both seasons, HadGEM1 tends to simulate too strong meridional circulation, whereas 
CM4 exhibits a similar tendency only at the lower levels of the troposphere. The latter model shows 
also some remarkable problem in simulating the meridional wind in the polar regions, throughout 
the atmospheric column. 
Noteworthy also in this case, for all models the systematic error of the seasonal mean meridional 
wind zonally averaged seems to be smaller during the boreal summer than winter season. 
 
2.2 Oceanic seasonal mean fields 
 
In the present section, the major climatological features of the oceanic thermal and flow fields, with 
specific emphasis on the equatorial area, will be described for the SXG and CM4 models. The 
MOM-based INGV ocean analysis (Masina et al. 2004) will be used as an observational reference. 

The surface zonal mean flow from SXG and CM4 models is compared to the INGV ocean analysis 
in Figure 10a and Figure 10b for JFM and JAS, respectively. Overall, the largest model biases are 
found during the boreal winter in the Pacific and Atlantic sectors, while in JAS the analyzed models 
perform relatively well, particularly in the tropics.  

In particular, both SXG and CM4 severely overestimate the strength of the westward flowing South 
Equatorial Current (SEC) in JFM, showing almost no north-south branching (as in the ocean 
analysis). Moreover, the core of the eastward North  Equatorial Counter Current (NECC) around 7N 
is westward-shifted in the models during the boreal winter. The seasonal changes associated with 
the monsoon system in the tropical Indian Ocean are fairly well reproduced by both models. In 
particular the seasonal reversal of the coastal current off the Somali coast, and the onset of the 
south-west monsoon current around the southern tip of  India in JAS, are skilfully captured by the 
models. The eastward flowing Antarctic Circumpolar Current (ACC), dominating the zonal large-
scale transport in the extratropical Southern Hemisphere, is particularly well reproduced by the 
SXG model in the Indo-Pacific sector, while the Pacific branch of the ACC in CM4 is considerably 
weaker than in the analysis. 
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Figure 10a. Mean surface zonal  current (in cm/s)  for JFM  from (a) INGV ocean analysis, (b)  SXG and  (c) CM4. 
 

 
Figure 10b. Mean surface zonal  current (in cm/s) for JAS  from (a) INGV ocean analysis, (b)  SXG and  (c) CM4. 
 
The zonally averaged temperature climatology (shown in Figure 11) reveals the typical bowl-
shaped thermocline structure for both models. The spreading and outcropping of the isotherms in 
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the subtropical region is largely consistent with the analysis in CM4, whereas in SXG the layers in 
the upper subtropical gyre are anomalously warm.   

The mixed layer  appears to be better resolved in CM4 than in SXG during the Northern 
Hemisphere winter, while both models generate a realistic upper boundary layer during JAS in the 
Southern Hemisphere. The extent of the 28 degrees pool in the surface equatorial waters is sensibly 
oversized in CM4 during both seasons.  

The largest discrepancies between models and analysis are detected in the layers below the 
thermocline, where the SXG and CM4 models exhibit a cold and warm bias respectively. 

The upwelling of anomalously cold deep waters at the equator, affects the vertical stratification of 
the SXG model by locally enhancing the vertical temperature gradient. Since the deep ocean 
stratification is mostly determined by non-local advective processes, the SXG cold bias may be 
associated with the equatorward flow of dense waters which have been convectively generated  at 
subpolar latitudes. The fairly strong meridional overturning featured by this model (not shown) is a 
plausible candidate for the SXG deep ocean cold anomaly.   

On the other hand, the CM4 model reveals a rather homogeneous warming of the water column 
below approximately 200 meters, with up to 2 degrees  warmer temperatures, compared to the 
analysis. 

 

              
Figure 11.  Zonal mean ocean temperature climatology for JFM (left column) and JAS (right column) from INGV 
ocean analysis (top), SXG (middle) and CM4 (bottom). Contour interval: 2°C 
 
The vertical structure of the equatorial ocean mean thermal field is portrayed in figure 12. In the 
Pacific region, the CM4 reproduces fairly well the major features of the thermal field climatology, 
while the SXG model exhibits a cold tongue which penetrates far too west, henceforth determining 
a reduced zonal extent for the warm pool in the western part of the basin. Moreover, the vertcal 
thermal gradients in the SXG model are spuriously enhanced due to above mentioned cold bias 
affecting the layers below the thermocline in all basins. Finally, both models fail in correctly 
describing the upwelling both off the western African coast in the Atlantic basin,  and along the 
western boundary of the Indian sector during the boreal summer season.  
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The gross features of the equatorial ocean circulation system are reasonably well represented by the 
models, when compared  to the INGV analysis , as shown in Figure 13. 

 

               
Figure 12.  Mean equatorial ocean temperature for JFM (left column) and JAS (right column) from INGV ocean 
analysis (top), SXG (middle) and CM4 (bottom). Contour interval: 2°C. 
 
 

                 
Figure 13. Zonal mean zonal current climatology for JFM (left column) and JAS (right column) from INGV ocean 
analysis (top), SXG (middle) and CM4 (bottom). 1cm/s. 
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The largest discrepancies appear in the vertical scale of the zonal flow. In general, the models 
exhibit a mostly surface intensified circulation system, with a rather sluggish motion below 200 
meters. In particular, the core of the eastward flowing equatorial undercurrent (EUC) shows a larger 
vertical extent in the INGV analysis, compared to both SXG and CM4 models. A similar 
consideration applies to the southern branch of the South Equatorial Current, which appears to be 
severely underestimated in the IPSL model during the boreal summer. On the other hand, both 
models skilfully reproduce both the spatial structure and the seasonal variability of the North 
Equatorial Counter Current and the North Equatorial Current. 

The description of the equatorial current system is complemented by Figure 14, showing longitude-
depth sections of the mean zonal flow at the equator. The tilt and amplitude of the modelled 
equatorial undercurrent fit well with the ocean analysis in the Pacific sector, although the peak of 
the EUC is shifted to the east in CM4, particularly during the boreal winter. 

The most evident model shortcomings regard the Atlantic and Indian Ocean EUCs, which  are 
largely underestimated in both CM4 and SXG. While a hint of the Atlantic EUC is visible in SXG 
and CM4 (but with a much reduced strength compared to the analysis), both models are unable to 
reproduce a realistic subsurface circulation in the Indian basin. However, the monsoon driven 
seasonal reversal of the surface current system along the Somali coast (the western boundary of the 
Indian Ocean) is well represented in the models.  
 

            
Figure 14. Mean equatorial zonal current for JFM (left column) and JAS (right column) from INGV ocean analysis 
(top), SXG (middle) and CM4 (bottom).  Contour interval: 3 cm/s. 
 
 
2.3 Sea-ice seasonal mean fields 
 
Figures 15 and Figures 16 show the seasonal means of the sea-ice concentration for the Northern 
and the Southern Hemisphere respectively. The simulated fields are compared with the sea-ice 
concentration as obtained from the HadISST data set. Both observed and simulated seasonal means 
are computed for the period 1958-2000. 
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During JFM, in the Northern Hemisphere the sea-ice (Figure 15a) covers the entire Arctic region, 
Baffin Bay and Hudson Bay, extending over the Labrador Sea, the Bering Sea and the Okhotsk Sea. 
In the Southern Hemispehre (Figure 16a), the sea-ice cover and extension reaches its minimum, 
with high values of concentration confined into the Weddell Sea. 
 

 
Figure 15a.  Sea-Ice concentration. Northern winter (JFM) means. Panel a): means obtained from the HadISST data 
set; panel b): INGV-SXG model; panel c): UKMO-HadGEM1 model; panel d): ipsl-CM4 model. Contour interval: 10% 
 

 
Figure 15b.  As in Figure 15a, but for the Northern Hemisphere summer (JAS). 
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In general, the models reproduce quite well the JFM sea-ice distribution. In particular, HadGEM1 
appears to be pretty close to the observations, though it tends to overestimate the concentration of 
sea-ice in the Bering Sea and in the Antarctic region. SXG, on the other hand, seems to 
overestimate the sea-ice extension, especially in the Arctic and in the Bering Sea, and, at the same 
time, it exhibits an overall tendency to underestimate the sea-ice concentration. 
 

 
Figure 16a.  As in Figure 15a, but for the Southern Hemisphere. 
 
 

 
Figure 16b.  As in Figure 15a, but for the Southern Hemisphere winter (JAS). 
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During JAS (Figure 15b and Figure 16b), the models well reproduce the reduction (growth) of sea-
ice in the Arctic (Antarctic) region, consistent with the northern summer (southern winter) phase of 
the annual cycle. In this season, the INGV model simulate a reasonably realistic extension of the 
sea-ice, but continues to underestimate the concentration in the regions where the sea-ice is present. 

 
3. Seasonal cycle in the tropical regions 

 

In this Section we discuss the seasonal cycle along three latitudes that reflects the characteristics of 
the tropical climate, the equator, 30°N and 30°S. In this comparison we consider sea surface 
temperature (SST), precipitation, out-going longwave radiation at the top of the atmosphere (OLR) 
and the 850 hPa wind component that provides lots of information on the underlying atmospheric 
circulation. For each section we only highlight common model biases (if any), and the major 
systematic differences between the different models and observations.   

 

3.1 Seasonal cycle of the equatorial SST 
 

 
Figure 17. Seasonal cycle of the equatorial SST (°C) averaged between 2.5°S-2.5°N. Time is along the y-axis, two 
annual cycles (24 months) are shown. Along x-axis is longitude. Upper panels: left HadISST, right INGV-SXG. Lower 
panels: left UKMO-HadGM1, right IPSL-CM4. 

 

The prominent feature of the evolution of the SST seasonal cycle along the equator (Figure 17) is 
the development of the equatorial upwelling in the East Pacific and East Atlantic. In these regions 
temperature of 24 °C develops from June to January. In the Atlantic, the length of the upwelling 
season is reduced from July to about December. In the western part of the basin surface waters 
exceed 28°C in the warm pool region. The transition between the warm pool and the region further 
east is located around the date line (180° of longitude) and is characterised by the 27,5°C isotherm. 
Temperature is also high in the Indian Ocean. Note that in this ocean a seasonal upwelling develops 
along the coast of Somali during northern summer. This feature is associated to the reversal of the 
wind between winter and summer when the summer Indian monsoon develops. 
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The three models reproduce the overall features. Both the SXG and HadGEM1 experiments exhibit 
too cold water in the East Pacific, whereas CM4 clearly underestimate the upwelling in this region. 
The three models also produce an equatorial upwelling in the Atlantic, but located too far west. The 
INGV and IPSL simulations, also, have warmer than observed SSTs in the Indian Ocean, but with 
realistic seasonal evolution. In Had-GEM1, on the other hand, the equatorial Indian Ocean SST is 
too cold and this model tends also to overestimate the SST cooling observed between January and 
March in the western part of the basin. In the equatorial Pacific, both SXG and HadGEM1 are too 
cold and appear to produce a semi-annual cycle of the SST. 

 

3.2 Seasonal cycle of the equatorial precipitation 

 

 
Figure 18.  As in Figure 17 but for precipitation. Contour interval is 1mm/day 

 
Precipitation along the equator (Figure18) is characterised by heavy precipitation over the Maritime 
continent (120°E), and well marked rainfall over the American and African continents. These 
precipitations peak in October-January over Africa and from January to May over South America. 
Also the western equatorial Pacific, between 140°W and the date line, is characterized by heavy 
rains from November to August. The eastern part of the Pacific and Atlantic, on the other hand, tend 
to be dry throughout the year, which corresponds to subsiding regions over the cold upwelling 
waters.  

There are several substantial systematic differences between the three simulations and observations. 
As also discussed in Figure 2, all of the models, and especially HadGEM1, underestimate 
precipitation over the western equatorial Pacific. In the models, the maximum of precipitation is 
shifted some 30° west compared to the observations. Furthermore, SXG tends to produce maximum 
rainfall during northern summer, which is in contrast with the observed field. 

Over the continents, HadGEM1 and CM4 simulate too higher precipitation rates, whereas SGX 
shows more noisy structures, however, with the core precipitation located at the right places. The 
IPSL model shows deficit precipitation over South America and too much rain over the Andes. 
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Both the SXG and HadGEM1 simulations produce too weak precipitation in the central-eastern 
Pacific and too much rain in the western part of the Indian Ocean, which is a common bias of model 
simulations in this region.  

A good feature for all three model is the substantially good phasing of the seasonal cycle in the 
different regions, with the exception of the Indo-Pacific region.  

The outgoing longwave radiation (OLR) at the top of the atmosphere (not shown) follows quite well 
the structure of the precipitation field. OLR is maximum in clear sky regions, that is in the eastern 
border of the Pacific and Atlantic oceans, and minimum in regions of deep convection over the 
warm pool, or the continents. This field is however less noisy and of larger scale than precipitation. 
In particular the SGX exhibits larger scale feature than for precipitation.  

A common feature to all models is that they have a tendency to overestimate the OLR minima in 
regions of deep convection. This is the case over the Pacific warm pool, and over the continents of 
equatorial Africa and South America. For the latter, all of the models exhibit a westward shift of the 
OLR minimum with respect to observations, which reflects the lack of precipitation over the 
Amazonian basin and the excessive precipitation along the western coast. This might be related to 
an overestimation of the orographic effects of the Andes. The seasonal phasing, however, is in 
general satisfactorily represented, as it is, for example, the eastward propagation over the Maritime 
continent.  

 

3.3 Seasonal cycle of the equatorial 850-hPa zonal wind component 
 

 
Figure 19.  As in Figure 17 but for 850-hPa zonal component of the wind velocity. Contour interval is 1 m/s. The zero 
line has been highlighted with a dashed black curve. 

 

The 850-hPa zonal wind field (Figure 19) reflects the structure of the large scale walker circulation. 
Trade winds converge over the warm pool regions both in the Pacific and the Atlantic. In the Indian 
Ocean, the wind converges over the Maritime continent, which explains the eastward direction over 
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this basin. Note that in the west Pacific there is a semi annual structure of the wind, with excursion 
of eastward wind as far as 140 °E in the western part of the Pacific.  

All three models show larger that observed trade winds in the equatorial Pacific. This is well 
correlated with the colder than observed waters in the upwelling region, the slight shift of the core 
of the equatorial upwelling to the west and the substantial lack of precipitation in the western 
equatorial Pacific. In particular, the simulated low-level easterlies appear to penetrate too far west 
into the western Pacific and Indonesian region during northern spring and summer, whereas the 
surface westerlies are too much confined into the Indonesian region during northern autumn and 
winter, showing a too weak penetration into the western and central Pacific. 

Furthermore, the models exhibit a too weak seasonal modulation of the low-level zonal wind in the 
Indo-Pacific region compared to the observations. 

 

3.4 Seasonal cycle of the equatorial 850-hPa meridional wind component 

 

 
Figure 20.  As in Figure 19 but for 850-hPa meridional component of the wind velocity. Contour interval is 1 m/s. The 
zero line has been highlighted with a dashed black curve. 

 

The meridional wind speed along the equator clearly show the reversal of the wind from summer to 
winter between land and ocean. This is associated with the monsoon flow. Over the east Atlantic 
and Pacific on the other hand the wind is directed to the north along the coast from May to 
November which is an important feature for the development of the equatorial upwelling. From 
December to February, the southward direction of the wind reflects the southward penetration of the 
easterlies in this region.  

All three models reproduce rather successfully these patterns. However, the IPSL model tends to 
underestimate the magnitude of the wind over the ocean and in particular the northward component 
in boreal summer in the eastern part of the basins. SXG better reproduce the wind strength there, 
but overestimate the reversal in boreal winter.  
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The HadGEM1 simulation show too much westward propagation across the Pacific basin and the 
semi annual variation in the west Pacific is also too large. Even though the details are different 
between the models, none of them show a correct equilibrium between the two sides of the different 
basins.  

 

3.5 Seasonal cycle of precipitation along 22.5°N 
Figure 21 shows the seasonal cycle of rainfall averaged around the Tropics of Cancer. In this region 
precipitation is characterised by the seasonal evolution of the monsoon over India and west Asia. 
Heavy precipitation occurs thus along the foot hill of Himalaya from July to September. 
Precipitation are however larger around 120°E in winter.  

Precipitation also exhibits an eastward propagation in the Pacific and Atlantic Ocean associated 
with the intensification of the storm track activity in winter in these regions.  
 

 
Figure 21. Seasonal cycle of the precipitation (1 mm/day) averaged between 20°N-25°N. Time is along the y-axis; two 
annual cycles (24 months) are shown. Along x-axis is longitude. Upper panels: left observations (Xie-Arkin), right 
INGV-SXG. Lower panels: left UKMO-HadGM1, right IPSL-CM4. 

 

Overall, the models, and especially SXG and HadGEM1, reproduce reasonably well the seasonal 
modulation of rainfall over this region, whereas the IPSL model shows very weak precipitation over 
the Asian monsoon region and Gulf of Mexico and Caribbean Sea in summer. 

 

3.5 Seasonal cycle of precipitation along 22.5°S 
As for 22.5°N, IPSL-CM4 underestimates the amount of precipitation at this latitude. Over Africa, 
both HadGEM1 and SXG well reproduce the seasonal modulation of rainfall, though the INGV 
model overestimates its intensity. In the Indian Ocean all of the models capture the eastward 
propagation of precipitation. SXG also appears to overestimate precipitation over north Australia 
and western tropical Pacific during the Austral winter. 
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In contrast with the observations, the INGV model simulates an eastward migration of intense 
precipitation from the western tropical Pacific to the central eastern Pacific. These features are 
consistent with the tendency of this model to produce a double ITCZ, as discussed above. 

 

 
Figure 22.  As in Figure 21, but averaged between 25°S-20°S. 
 
 
 

4. Mean Variability 
 
A first assessment of the ability of the models to simulate the gross features of climate variability 
can be given in terms of  patterns of standard deviation. In particular, here we focus on the 
variability of SST, precipitation, low-level zonal wind and equatorial ocean temperature in the 
upper 500 metres to describe the main characteristics of the large scale variability in the 
observations and model simulations. 

Figure 23a and Figure 23b show the standard deviation of SST. In the observations the largest 
variability is found in the tropical Pacific during both seasons. This variability of the SST is clearly 
related to the El Niño/Southern Oscillation (ENSO) activity. In northern winter (Figure 23a) the 
maximum appears to be along the equator in the Central Pacific, whereas during northern summer 
(Figure 23b) the largest variability is shifted eastward, closer and along coast of South America.  

The SXG model well reproduces the patterns, the amplitude and the seasonal eastward displacement 
of the SST variability associated with ENSO (Figures 23a and 23b, panels b). In HadGEM1 the 
equatorial ENSO signal is remarkably weak in both seasons, whereas CM4 tends to overestimate 
the SST variance 

Besides, SXG and HadGEM1 overestimate the SST variability in the eastern equatorial Indian 
Ocean, off Sumatra, during boreal summer (Figure 23b, panels b and c). The excess of summer SST 
variance in this region might be related to an overestimation of the interannual variability in this 
basin. In particular, the too strong variability might be induced by an excessively active Indian 
Ocean Dipole Mode (IODM) 
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In the extra-tropics, both HadGEM1 and CM4 exhibit a SST variability substantially stronger than 
observed, especially in the North Atlantic. 

 
Figure 23a.  Standard deviation of the sea-surface temperature (SST) during boreal winter (JFM), as obtained from the 
observations (upper left panel), the INGV-SXG model (upper right panel), the UKMO-HadGEM1 model (lower left 
panel) and the IPSL-CM$ model (lower right panel). Shaded contour interval is 0.2 °C. 
 
 
 
 

.  
 

Figure 23b.  Same as in Figure 23a, but for northern summer (JAS). 
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Figure 24a.  Same as in Figure 23a, but for precipitation. Shaded contour interval is 0.5 mm/day. 
 
The seasonal variability of precipitation is shown in Figure 24. During northern winter (Figure 24a), 
consistently with the variability associated with the ENSO activity and detected in the SST field, the 
larger variance of the observed rainfall is found in the tropical Pacific, with a maximum in the 
central equatorial part of the basin. All of the models, exhibit problems in reproducing this feature 
of the observed variability. In particular, the simulated variance has a minimum in the equatorial 
Pacific, which is in contrast with the observations. 
 
 

 
Figure 24b.  Same as in Figure 24a, but for northern summer (JAS). 
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During northern summer (Figure 24b) the variability of the observed precipitation is reduced over 
the tropical Pacific and enhanced over the tropical Indian Ocean, Indian subcontinent and South-
East Asia. The SXG simulates too large variability in the eastern part of the Indian Ocean, whereas 
CM4 tends to underestimate the variance in the whole basin. However, overall, the model results 
appear to be improved compared o the winter case. 
 
4.1 Subsurface temperature variability at the Equator 
 
The variability pattern of the subsurface temperature around the Equator (shown in Figure 25a and 
Figure 25b, for JFM and JAS respectively) is consistent with changes involving the upper boundary 
layer, and the vertical migration of the thermocline, for both the ocean analysis and models.  

The variability in the eastern Pacific sector, mostly influenced by  the upwelling signature off the 
Peruvian coast, is well reproduced by the CM4 model during both seasons, although with a reduced 
amplitude compared to the analysis. 

The  Pacific subsurface variance in the SXG model is grossly consistent with the analysis,  but the 
core of the JFM variability in the eastern part of the basin is not bound to the coast, as in the 
analysis,  suggesting that  the major changes are driven by the lateral displacement of vertically well 
mixed upper layers, rather than by the vertical uplift of cold coastal waters in a narrow region 
adjacent to the South American continent.  

Similar thermocline dynamics seem to concur to the subsurface thermal variability in the eastern 
Indian Ocean, which is reasonably well captured by  CM4 and SXG models. On the other hand, 
both the amplitude and pattern of the Atlantic subsurface temperature variance are far from being 
realistically reproduced by the analysed coupled models. 
 

 
 
Figure 25a. Vertical-zonal section of  ocean temperature standard deviation (in oC) at the Equator  for JFM  from (a) 
INGV ocean analysis, (b)  SXG and  (c) CM4. 
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Figure 25b. Vertical zonal section of ocean temperature standard deviation (in oC) at the Equator  for JAS  from (a) 
INGV ocean analysis, (b)  SXG and  (c) CM4. 
 
 
4.2 Temporal correlation between surface temperature and precipitation 
 

Figure 26 shows the patterns of local correlation between the time series of seasonal anomalies of 
surface temperature and precipitation  for the period 1958-2000. 

 
 

Figure 26a.  Local temporal correlation between seasonal anomalies of surface temperature and precipitation during 
northern winter (JFM). The plotted values satisfy a 95% significance level test. Panel a: correlation between ERA-40 
surface temperature and CMAP precipitation (Xie and Arkin, 1997); panel b: INGV-SXG model;  panel c: UKMO-
HadGEM1 model; panel d: IPSL-CM4 model. 
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These correlation patterns, therefore, give information about the characteristics of the relationship 
between surface temperature and rainfall. During northern winter (Figure 26a), for example, the 
results obtained from the observations (panel a) indicate that in the tropical central and eastern 
Pacific warm anomalies of SSTs are associated with increased precipitation, which is consistent 
with the change in SST and rainfall distribution in this region during ENSO occurrences. Positive 
correlation are found also over the tropical Atlantic, eastern Asia (China) and northern Pacific. 

Negative correlations, on the other hand, appear over most of the Indian Ocean, Indonesian region 
and Maritime Continent, Southern Africa  abd tropical South America. In these regions warm 
surface temperature anomalies are associated with weaker precipitation. 

 

 
 

Figure 26b.  As in Figure 26a, but for the northern summer (JAS) season. 
 
During northern summer (Figure 26b, panel a), the negative correlation values in the Indo-western 
Pacific region, Africa and America have moved to the north of the equator, whereas the positive 
correlation in the tropical Atlantic and in the eastern part of the Pacific Ocean has extended to the 
subtropical and mid-latitudes both in the Northern and Southern Hemispheres. In the Indian Ocean, 
negative correlations are found in the central part to the north of the equator, whereas positive 
correlations are located on the eastern and western areas of the basin. 

Overall, the models reproduce the positive correlation over the tropical Atlantic and eastern Pacific, 
and the negative correlations over the Souther Africa, Australia and Southern America during 
northern winter. However, none of them is able to reproduce the negative correlation over the 
Indonesian region and Maritime Continent. Also during northern summer the simulations clearly 
fail in reproducing the observed relathionship between surface temperature and rainfall in the 
wetern Pacific and Indonesian region. Furthermore, during northern winter, all of the models are 
characterized by a large positive correlation over norther Asia, Siberia and western North America, 
which are in contrast with the observations. These results suggest that at least some of the 
mechanisms underpinning the coupled feedbacks between precipitation and surface temperature are 
still elusive in this formulation of the model. 
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5. Conclusions 
 
The assessment of the main characteristics of the systematic errors that characterize the global 
coupled models of the ENSEMBLES multi-model system is presented here. We have analyzed the 
mean climate simulated with three “state of the art” coupled GCMs, fairly representative of the 
models composing the ENSEMBLES multi-model system. The results obtained from the 
simulations have been compared with the observations (re-analyses) for the period 1958-2000.  

This analysis shows that several important features of the systematic error of the models. Briefly 
summarized, they are: 

• Tthe mean state is generally realistic and, interestingly, in several parameters the systematic 
errors appear to be reduced during boreal summer (JAS). Some serious problem is found in the 
tropical Pacific (cold and dry equatorial western Pacific, double ITCZ and too strong “Trade 
Winds” ), tropical Indian Ocean (western part of the basin too wet) 

• The models simulations of the annual cycle of SST and precipitation along the equator, 22.5°N 
and 22.5°S are, in general, still rather unsatisfactory. In these regions, models fail to reproduce 
the seasonal evolution of these parameters both in terms of phase and location of the observed 
maxima. 

• The wind in the equatorial Pacific is stronger than observed and the seasonal evolution of the 
meridional low-level wind in the east Pacific is poorly represented. This has a direct impact on 
the westward shift of the equatorial upwelling and its misrepresentation in the eastern part of the 
basin. In general, the balance between the eastern part and the western part of the different 
basins in not well reproduced. 

• The  main features of  the equatorial  ocean circulation is reasonably well reproduced in the 
Pacific sector. The monsoon-driven surface circulation in the equatorial Indian Ocean is also 
captured. The major model deficiencies concern the subsurface circulation in the Atlantic and 
Indian sector. In particular, the modeled Atlantic EUC present a considerably reduced strength, 
while the Indian EUC is completely missing from the models solution. 

• A cold (warm) bias characterizes the subsurface mean temperature field in SXG (CM4). The 
mixed layer seasonal shoaling in the subtropics is well resolved in CM4, while it is poorly 
defined in SXG during the Northern Hemisphere winter. 

In summary, in the light of the results presented here, it is reasonable to state that the most serious 
model systematic error probably concerns the misrepresentation of the SST and precipitation fields 
in the Indo-Pacific region. All of the models exhibit a marked tendency to produce a too intense,  
westward extending cold tongue, with reduced precipitation in the equatorial western Pacific and a 
double ITCZ in the central and eastern Pacific. These errors in the simulated mean state are known 
to have a substantial impact on the ability of the models to reproduce a variety of important 
phenomena, such as, for example, ENSO and the Asian Monsoon, which, in turn, affects the global 
circulation. Interestingly, these were also the most troublesome and widespread systematic errors 
pointed out by Mechoso et al. (1995) in their coupled model intercomparison study. This suggests 
that after more than 10 years the representation of the air-sea coupled processes involved in the 
feedbacks between convection, precipitation and surface temperature are still problematic in the 
models . 
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Appendix 
 

 
Figure 27a.  Winter mean (JFM) outgoing long-wave radiation (OLR). Panel a: ERA-40; panel b INGV-SXG model; 
panel c: UK-HadGEM1 model; panel d: IPSL-CM4 model. Contour interval is 20 W/m2 
 
 

 
 
Figure 27b.  Same as in Figure 27a, but for northern summer (JAS). 
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Figure 28a.  Winter mean (JFM) outgoing spedific humidity. Panel a: ERA-40; panel b INGV-SXG model; panel c: 
UK-HadGEM1 model; panel d: IPSL-CM4 model. Contour interval is 0.5 g/Kg. 
 
 
 

 
Figure 28b.  Same as in Figure 28a, but for northern summer (JAS). 
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Figure 29a.  Winter mean (JFM) eddy 200-hPa geopotential height, in the Northern Hemisphere. Panel a: ERA-40; 
panel b INGV-SXG model; panel c: UK-HadGEM1 model; panel d: IPSL-CM4 model. Contour interval is 20 m. 

 
 

 

 
Figure 29b.  Same as in Figure 29a, but for northern summer (JAS). 
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Figure 30a.  Same as in Figure 29a, but for the Southern Hemispehre. 
 
 

 
Figure 30b.  Same as in Figure 30a, but for southern winter (JAS). 
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Figure 31a.  Northern winter (JFM) 850-hPa zonal velocity standard deviation. Panel a: ERA-40; panel b INGV-SXG 
model; panel c: UK-HadGEM1 model; panel d: IPSL-CM4 model. Contour interval is 0.5 m/s 
 
 
 
 

 
 
Figure 31b.  Same as in Figure 31a, but for northern summer (JAS). 
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Figure 32a.  Northern winter (JFM) 850-hPa meridional velocity standard deviation. Panel a: ERA-40; panel b INGV-
SXG model; panel c: UK-HadGEM1 model; panel d: IPSL-CM4 model. Contour interval is 0.5 m/s 
 
 
 

 
Figure 32b.  Same as in Figure 32a, but for northern summer (JAS). 
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Figure 33a.  Scatter plot of precipitation (y-axis) and surface temperature (x-axis) spatially averaged over the NINO-3 
region (5°S-5°N, 150W°-90W°) for the noerthern winter seasona (JFM). Panel a: observations (CMAP precipitation 
and ERA-40 surface temperature); panel b INGV-SXG model; panel c: UK-HadGEM1 model; panel d: IPSL-CM4 
model. Contour interval is 0.5 m/s 

 

 
Figure 33b.  Same as in Figure 33a, but for northern summer (JAS). 
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Figure 34a.  Same as in Figure 33a, but for NINO-4 region (5°S-5°N, 150E°-150W°) 
 

 
 
Figure 34b.  Same as in Figure 34a, but for northern summer (JAS) 
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Figure 35a.  Same as in Figure 33a, but for Tropical Atlantic (5°S-5°N, 35W°-10W°) 
 

 
Figure 35b.  Same as in Figure 35a, but for northern summer (JAS) 
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Figure 36a.  Same as in Figure 33a, but for the eastern tropical Indian Ocean (10°S-10°N, 70E°-95E°) 
 

 
Figure 36b.  Same as in Figure 36a, but for northern summer (JAS) 
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Figure 37a.  Same as in Figure 33a, but for the western tropical Indian Ocean (10°S-10°N, 50E°-70E°) 
 
 
 

 
Figure 37b.  Same as in Figure 37a, but for northern summer (JAS) 
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