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Abstract 
Seasonal changes exhibit climate changes, so models can predict future cli-
mate change accurately only if they can reproduce seasonal cycle accurately. 
Further, seasonal changes are much larger than the changes even in long pe-
riod of centuries. Thus it is unwise to ignore large ones compared to small 
climate change. In this paper, we determine how accurately a suite of ten 
coupled general circulation models reproduce the observed seasonal cycle in 
rainfall of the tropics. The seasonal cycles in rainfall of global tropics are 
known as monsoons. We found that the models can reasonably reproduce the 
seasonal cycle in rainfall, thus are useful in climate prediction and simulation 
of global monsoons. 
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1. Introduction 

Future climate change can be due to internal and external variability [1]. In a 
recent study, [2] noted that the observed trends of climate change are very un-
likely attributed to internal variability even if the contemporary climate models 
are found to underestimate it. The future projection of climate change obtained 
by state-of-art models may be uncertain mainly because of the difficulty in the 
determination of quantitative and spatial distribution of future greenhouse gases 
and other radiatively important external parameters. Also the knowledge how 

How to cite this paper: Brahmananda 
Rao, V., Franchito, S.H., Santo, C.M.E., 
Ramakrishna, S.S.V.S. and Fernandez, J.P.R. 
(2018) How Accurately Contemporary Mod-
els Can Predict Monsoons? American Jour-
nal of Climate Change, 7, 97-113. 
https://doi.org/10.4236/ajcc.2018.71008  
 
Received: December 7, 2017 
Accepted: March 27, 2018 
Published: March 30, 2018 
 
Copyright © 2018 by authors and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/   

  
Open Access

http://www.scirp.org/journal/ajcc
https://doi.org/10.4236/ajcc.2018.71008
http://www.scirp.org
https://doi.org/10.4236/ajcc.2018.71008
http://creativecommons.org/licenses/by/4.0/


V. Brahmananda Rao et al. 
 

 

DOI: 10.4236/ajcc.2018.71008 98 American Journal of Climate Change 
 

the climate system responds to these external influences is still incomplete. To 
complicate further it is uncertain how useful can a model be for climate change 
studies if its numerous parameters are tuned to present climate [3]. Since sea-
sonal changes display climate changes, the ability of a model to reproduce the 
seasonal cycles is a positive indication that the model can also be used for the 
investigation of climate change [3]. Thus models can predict future climate ac-
curately only if they can reproduce seasonal cycles accurately. Also the seasonal 
changes for example in surface air temperature, are much larger than the 
changes in the long periods, even centuries and it is unwise to ignore large ones 
compared to small climate shifts. 

In the extra-tropics surface air temperature determines well the climate and 
climate change, while in the tropics rainfall variations are of greater significance. 
[4] determined the changes the phase and amplitude of the annual cycle of sur-
face air temperature in extra tropics and found an advance of 1.7 days in phase 
for the land area between 1954 and 2007. They also found significant changes in 
the amplitude. None of the IPCC 5 models reproduce the shift towards earlier 
seasons. However, [4] examined only the annual cycle. But the seasonal shift is 
given not only by the first harmonic of 12 months period but the other higher 
harmonics also contribute to the seasonal shift. 

Billions of people around the world in the tropics depend crucially on the 
rainfall for their survival. The seasonal cycles in precipitation of the tropics are 
known as monsoons, the most energetic part of tropical climate system. Here we 
find the veracity of IPCC models to reproduce the observed seasonal cycles in 
precipitation in the tropics, thus finding how accurately the models can predict 
climate change. For this purpose we calculated the amplitude and phase of the 
first four harmonics (not only the first) in the rainfall over land area from 10 
IPCC models: Miroc3.2 [5], CCSM3 [6], HadCM3 [7], ECHAM5 [8], Mk3.0 [9], 
CGCM2.3.2 [10], CM4 [11], BCM2.0 [12], CGCM3 [13] and CM3.0 [14]. Such 
an analysis also gives an idea how accurately the present state-of-art models re-
produce the global monsoons. We determine the accuracy with which a suite of 
ten coupled atmospheric general circulation models reproduce the observed 
seasonal cycles in rainfall. This gives an idea how well these models can predict 
climate change. 

2. Data Sources 

For the land area of the tropics (50˚N - 50˚S) the rainfall data were obtained for 
the period 1960-1990 from the University of Delaware (1950-1999) [15]. We 
calculated the amplitude and phase of the first four harmonics in the rainfall 
over land area from 10 IPCC models  
(http://www.ipcc-data.org/ar4/gcm_data.html) (see Table 1). The first four har-
monics were obtained from 30 years mean monthly rainfall using the Fourier se-
ries. The calculation of amplitude and phase using the Fourier series ensures 
their determination by least square method [16]. 
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Table 1. Ten IPCC models used in the study. 

IPCC ID Source 

MIROC3.2 
Model for Interdisciplinary  

Research on Climate (MIROC), 
version 3.2 

Atmosphere and Ocean  
Research Institute,  

University of Tokyo, Japan 

CCSM3 
Community Climate System 

Model, version 3 
National Center for Atmospheric  

Research (NCAR), USA 

HadCM3 
Hadley Centre Coupled  

Model, version 3 
Met Office Hadley Centre, UK 

ECHAM5/MPI-OM 
European Center Hamburg  

Model, version 5 
Max Planck Institute for  

Meteorology (MPI), Germany 

Mk3.0 Mark, version 3.0 
Commonwealth Scientific and  

Industrial Research Organisation 
(CSIRO), Australia 

CGCM2.3.2 
Coupled Atmosphere–Ocean 

General Circulation  
Model, version 2.3.2 

Meteorological Research  
Institute (MRI), Japan 

CM4 
Coupled Global Climate  

Model, version 4 
Centre National de Recherches  

Meteorologiques (CNRM), France 

BCM2.0 
Bergen Climate  

Model (BCM) Version 2 
Bjerknes Centre for Climate Research 

(BCCR), Univ. of Bergen, Norway 

CGCM3 
Coupled Global  
Model, version 3 

Canadian Centre for  
Climate Modelling and  

Analysis (CCCma), Canada 

CM3.0 
Coupled Global Climate  

Model, version 3 

Institute of 
Numerical Mathematics  

(INM), Russia 

3. Results and Discussion 

The left hand side of Figure 1 shows the observed annual, January and July 
rainfall. January and July represent the typical boreal winter and summer and 
austral summer and winter months respectively. Thus the change in rainfall be-
tween these two months gives the seasonal change. The middle figure shows the 
corresponding rainfall in multi model ensemble (MME) of the 10 Models. The 
right hand side shows the standard deviation amongst the 10 models. 

In observations, (top of Figure 1) the principle regions of rainfalls the Ama-
zon basin, Congo basin and Indonesia can be seen in the annual mean. In the 
MME these three regions are reproduced well. But, there are quantitative differ-
ences both in magnitude and spatial extension, particularly over western Ama-
zon region. Top right side figure shows variations amongst the ten models, again 
over western Amazon and Indonesia, varying from 1.5 - 2.5 per day. The models 
seem to have difficulty in obtaining the correct rainfall near mountainous region 
such as Andes and Himalaya. The generally high (low) rainfall in summer (win-
ter) months of northern and southern hemispheres can be seen in the middle 
and bottom figures, thus simulating the seasonal variations. The monsoonal  
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Figure 1. Left hand side upper figure: Observed annual rainfall in mm/day; Middle figure: Observed January rainfall in mm/day; 
Lower figure: Observed July rainfall in mm/day. 

 
rainfall variations are reproduced well in January and July by MME, for example, 
the east Asian Indian and South American monsoon regions show high (low) 
rainfall in summer (winter). 

Figure 2 shows the variance explained by the first two (annual and semian-
nual) harmonics both in observations and MME. The lower figure shows the 
sum of the variance of the first two harmonics. It is clear from the figure that at 
least the first two harmonics are necessary to explain high percentage of variance 
of the annual variation of rainfall. Some studies of global monsoons [17] [18] in-
cluded only the annual (first) harmonic.  

Figure 3(a) and Figure 3(b) show respectively the amplitude (h1 and h2) and 
phase (φ1 and φ2) of the first and second harmonics in the observations and 
MME and the difference between the two. In the lower part of the Figure 3(a) 
(left figure) MME seem to reproduce the amplitude values reasonably well over 
subtropical regions of South America, Africa and Australia and also over the 
tropical South America and India, while there are phase differences (right figure) 
of 10 days or more over some regions. In Figure 3(b), it can be seen that the 
amplitude of the second harmonic is substantial. [19] noted the important of the 
semi-annual component over Indian monsoon region. The MME showed the 
high amplitude in semi-annual component over western Amazonia and Congo 
basin. The lower part of the Figure 3(b) shows in some specific regions there are 
some differences between the observations and MME both in amplitude and 
phase of semi-annual component. 

The root mean square (RMS) error, absolute error (ABSE) and the bias the 
models make with respect to observations in determining the amplitude and 
phase of the first four harmonics and mean annual rainfall are given Table 2, for 
the 10 models and MME. Also given are the spatial correlation coefficients (CC) 
between the observed and model amplitudes and phases. In general errors are  
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Figure 2. Observed and MME variance explained by first and second (annual and semiannual) harmonics. 

 

 
(a) 

 
(b) 

Figure 3. (a) Upper figure: Observed and MME amplitude of first (annual) harmonic; Lower fig-
ure: left hand side: the difference between the amplitude of first (annual) harmonic in MME and 
the observations; right hand side: difference in phase between the observations for the first (an-
nual) harmonic; (b) Same as the (a) except for the second harmonic. 
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Table 2. Bias, ABSE and RMSE and correlation in the spatial distribution of rainfall between the observed and the ten models. 
Last rows: grid size of models. 

 
 
relatively less and CC are higher for the MME. High CC of 0.88 is found for the 
MME with mean annual rainfall. In the case of the annual harmonic the CC is 
0.86. Even in the case of other harmonics CCs are high for MME. This shows 
that the MME is able to reproduce global monsoons well. Even in the case of 
some individual models the CCs are high. All the models seem to do well in re-

MIROC3.2 CCSM3 HadCM3 ECHAM5 Mk3.0 CGCM2.3.2 CM4 BCM2.0 CGCM3 CM3.0 MME

Bias 0.60 0.10 0.30 0.00 -0.20 0.30 0.40 0.50 0.00 -0.10 0.30

ABSE 1.10 1.00 0.80 0.80 0.90 0.90 1.10 1.10 0.80 1.00 0.70

RMSE 1.70 1.40 1.70 1.30 1.50 1.30 1.50 1.60 1.20 1.40 1.00

Correl 0.78 0.75 0.78 0.80 0.72 0.79 0.74 0.73 0.79 0.72 0.88

Bias 0.40 0.00 0.30 -0.10 0.00 0.30 0.40 0.40 0.00 -0.20 0.00

ABSE 0.90 0.90 0.80 0.70 0.80 0.80 1.00 1.00 0.70 0.90 0.60

RMSE 1.40 1.40 1.50 1.20 1.30 1.30 1.50 1.50 1.20 1.30 0.80

Correl 0.76 0.64 0.74 0.76 0.70 0.78 0.63 0.67 0.74 0.67 0.86

Bias 0.10 0.10 0.10 0.00 0.10 0.10 0.20 0.10 0.10 0.00 0.00

ABSE 0.40 0.50 0.40 0.30 0.40 0.40 0.50 0.40 0.40 0.40 0.30

RMSE 0.70 0.70 0.70 0.60 0.70 0.70 0.80 0.70 0.60 0.60 0.50

Correl 0.59 0.44 0.60 0.63 0.54 0.59 0.40 0.49 0.60 0.55 0.69

Bias 0.10 0.10 0.10 0.00 0.10 0.10 0.10 0.10 0.10 0.10 0.00

ABSE 0.20 0.30 0.20 0.20 0.20 0.30 0.20 0.20 0.20 0.20 0.10

RMSE 0.40 0.40 0.50 0.30 0.40 0.40 0.40 0.40 0.30 0.40 0.20

Correl 0.58 0.35 0.51 0.49 0.48 0.49 0.44 0.47 0.48 0.34 0.63

Bias 0.00 0.00 0.10 0.00 0.00 0.10 0.10 0.10 0.00 0.00 0.00

ABSE 0.10 0.20 0.20 0.10 0.10 0.20 0.20 0.20 0.10 0.10 0.10

RMSE 0.20 0.20 0.30 0.20 0.20 0.20 0.30 0.30 0.20 0.20 0.10

Correl 0.49 0.39 0.47 0.55 0.50 0.48 0.33 0.45 0.44 0.43 0.60

Bias 0.00 -5.50 -0.30 -3.40 -0.40 -0.90 -1.90 -1.10 -1.90 -5.40 -1.90
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ABSE 13.00 14.60 11.90 11.60 14.20 14.90 13.90 13.90 13.40 15.20 10.40

RMSE 17.70 18.70 16.60 15.90 18.90 19.60 18.20 18.30 17.80 19.70 15.00

Correl 0.83 0.85 0.85 0.86 0.83 0.80 0.85 0.85 0.84 0.81 0.88

Bias 1.40 0.10 0.50 -1.10 1.50 1.30 2.20 2.60 1.40 1.50 1.60

ABSE 10.40 11.90 10.30 10.40 11.10 11.00 11.80 10.50 10.50 12.70 8.10
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Correl 0.79 0.72 0.79 0.79 0.76 0.79 0.78 0.79 0.78 0.75 0.84
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Correl 0.76 0.72 0.77 0.75 0.76 0.74 0.73 0.73 0.72 0.75 0.75

long o 1.125 1.40 1.825 1.825 1.825 2.81 2.81 2.81 3.75 5.00 3.75

lat o 1.120 1.40 1.250 1.860 1.860 2.81 2.81 2.81 3.75 4.00 3.75
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producing mean annual rainfall. Although the models have some difficulty in 
reproducing the amplitude of the four harmonics, they seem to do well in re-
producing phases. Note that the CCs are high for the phases. This means that all 
the models and MME do well in reproducing the phase of global monsoons such 
as onset and withdrawal. 

Now we examine how these models and MME perform for the regional mon-
soons over India and South America. 

3.1. India Monsoon 

Figure 4 is similar to Figure 1. A comparison of top left hand side and middle  
 

 
Figure 4. Same as Figure 1, but for the Indian monsoon. 
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figures shows that the MME is able represent the general patterns of variations 
of annual rainfall, although there are regional differences. The Western Penin-
sular maximum is reproduced well. But the MME over estimates rainfall in sou-
theastern peninsula. Top right hand side figure shows that there are variations in 
the models with maximum variations around 30˚N around 90˚E. 

Middle figure shows that the MME has some difficulty in reproducing the 
January rainfall quantitatively although there is qualitative agreement. Except 
over the Gujarat state and around the standard deviation amongst the models is 
small. 

The lower figure shows that in the principal summer monsoon month, July 
there is over all agreement between the observations and the MME in the rainfall 
although there are some regional differences. The lower right hand side figure 
shows that in central India there are large differences amongst the models. 

Figure 5 shows the variance explained by the first and second harmonics for  
 

 
Figure 5. Same as Figure 2, but for the Indian monsoon. 
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the annual rainfall. It is very clear from the figure that in the observations the 
second harmonic explains large variance. Note that the lower figure shows the 
sum of the variance explained by first and second harmonics. Right hand side 
figure shows that the model is able to capture the importance of the second 
harmonic over the Indian monsoon region. Earlier studies, [17] [18] did not in-
clude the second harmonic. 

Figure 6(a) and Figure 6(b) show that the MME is able to capture very well 
the amplitude of first and second harmonics. There are some differences only in 
the northern part. In the case of phase there are differences only in the east and 
west side with good agreement in the middle. 

The RMS and ABSE and bias the models make with respect to observations in 
determining the amplitude and phase of first four harmonics and mean annual 
rainfall for the Indian monsoon are given in Table 3. Also given are the spatial 
CCs between the observed and model amplitudes and phases. The CCs are high 
for MME and in many cases they are more than 0.8. High CC of 0.92 is found for 
the amplitude of first harmonic. All the models and MME seem to have same 
difficulty in reproducing higher harmonics. Just like in the case of global mon-
soons, the CCs for the phases are high in individual models and MME. This 
shows models and MME do well in representing the phase of the Indian mon-
soon such the onset and withdrawal. 

3.2. South American Monsoon 

Figure 7 is again similar to Figure 1. A comparison of top left hand side and 
middle figures shows that the MME is able to reproduce well the general distri-
bution of rainfall. It is interesting to note that the northeast semi-arid region is 
reproduced well although there are quantitative differences. The northwestern 
maximum rainfall over northeast Amazonia is not reproduced. Top right hand 
side figure show there are large variations amongst the models are over western 
South America and also over the Sao Paulo, Rio de Janeiro states. 

The middle figure shows that the rainfall in the principal summer monsoon 
month January is reproduced well but there are quantitative differences. The 
MME has difficulty in reproducing the high rainfall over northwest region of 
South America. Further it falsely produces a dry region over northern region. 
The dry region over northeast Brazil is also not reproduced well. The right hand 
side figure in the middle shows that the all the models falsely reproduce the dry 
region. There are large differences amongst the models over western South 
America. 

The lower figure shows very good agreement between MME and the observa-
tions. The right hand side figure shows all the models perform well in reproduc-
ing July rainfall in austral winter. The maximum rainfall noted in the observa-
tions over south Brazil is not reproduced in MME. 

Figure 8 shows the variance explained by the first harmonic and the total va-
riance explained by the first two harmonics. In the observations one can note the  
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(a) 

 
(a) 

Figure 6. Same as Figure 3(a) and Figure 3(b), but for the Indian 
monsoon. 
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Figure 7. Same as Figure 1, but for the South American monsoon. 
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Figure 8. Same as Figure 2, but for the South American monsoon. 
 
importance for the second harmonic. MME is able to reproduce the variance ex-
plained by the first two harmonic except over the northwest and southeast South 
America. 

Figure 9(a) and Figure 9(b) show that the MME able to capture the impor-
tance of the first harmonic in central Brazil. There are large differences in the 
MME and observations in middle of South America. But the differences are very 
less over northern and southern parts in the annual component. In the 
semi-annual component also the differences are large over eastern and western 
South America. Regarding the phase except over the region of Mato Grosso and 
Minas Gerais states the differences are less for the annual harmonic. The differ-
ences are very low over northeast Brazil. The differences are large over Argenti-
na for the annual harmonic but the differences are low in the semi-annual  
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(a)                                                  (b) 

Figure 9. Same as Figure 3(a) and Figure 3(b), but for the South American monsoon. 
 

harmonic. 
Table 4 gives similar to Table 2 and Table 3, the ABSE, RMSE, bias and the 

correlation. The CCs are small for the amplitudes unlike those of Table 1 and 
Table 2. But the CCs are very large for the phases just as in the case of global and 
Indian monsoons. This shows that the MME and individual models are able to 
capture the phase of South American monsoon such as the onset and with-
drawal. 

In the above we have seen that the individual models and MME reproduced 
reasonably well the global monsoons and Indian and South American mon-
soons. That is they reproduce well the seasonal cycles in rainfall there by sug-
gesting that they are useful in prediction of future climate change and the miti-
gation adverse climate change. 

4. Conclusions 

To our knowledge, a systematic attempt has not yet been made to assess quanti-
tatively the capability of models in reproduction seasonal cycles in tropical  
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Table 3. Same as Table 1, but for the Indian monsoon. 

 
 
precipitation. Since seasonal cycles exhibit climate change, models can predict 
climate change accurately only when they reproduce seasonal cycles accurately. 
Seasonal cycles in tropical precipitation are known as monsoons. 

In this paper, we use a suite of 10 state-of-art models and observations to eva-
luate how accurately the models reproduce seasonal cycles in tropical precipita-
tion or monsoons. Earlier studies of monsoons use only the first harmonic of  

MIROC3.2 CCSM3 HadCM3 ECHAM5 Mk3.0 CGCM2.3.2 CM4 BCM2.0 CGCM3 CM3.0 MME

Bias 0.50 0.20 0.10 -0.10 -0.60 0.40 0.70 0.30 -0.20 -0.10 0.20

ABSE 1.10 1.10 1.20 1.20 1.10 1.00 1.80 1.30 0.90 1.10 0.70

RMSE 1.60 1.60 1.70 1.80 1.60 1.30 2.30 1.90 1.20 1.40 0.90

Correl 0.78 0.73 0.78 0.69 0.80 0.83 0.42 0.63 0.78 0.71 0.89

Bias 0.20 -0.60 -0.10 -0.50 -0.80 0.00 -0.10 -0.40 -0.50 -0.80 -0.40

ABSE 1.30 1.40 1.50 1.40 1.40 1.10 1.90 1.50 1.10 1.40 0.90

RMSE 2.10 2.40 2.40 2.30 2.30 1.60 2.60 2.20 1.60 2.00 1.30

Correl 0.75 0.63 0.69 0.68 0.73 0.81 0.39 0.61 0.80 0.69 0.92

Bias -0.10 -0.30 0.00 -0.30 -0.20 -0.10 0.00 -0.20 -0.20 -0.10 -0.30

ABSE 0.70 0.80 0.80 0.70 0.80 0.70 0.90 0.80 0.60 0.80 0.50

RMSE 1.20 1.30 1.40 1.20 1.30 0.90 1.30 1.10 0.80 1.10 0.80

Correl 0.58 0.46 0.51 0.54 0.48 0.63 0.16 0.48 0.64 0.44 0.77

Bias 0.10 -0.10 0.20 -0.10 0.00 0.10 0.20 0.10 0.00 0.00 -0.10

ABSE 0.40 0.40 0.50 0.30 0.30 0.40 0.50 0.40 0.30 0.40 0.20

RMSE 0.70 0.60 0.80 0.50 0.50 0.50 0.60 0.60 0.50 0.60 0.40

Correl 0.46 0.33 0.32 0.50 0.52 0.52 0.24 0.31 0.18 0.18 0.66

Bias 0.10 0.00 0.10 0.00 0.00 0.20 0.20 0.10 0.00 0.00 -0.10

ABSE 0.30 0.20 0.30 0.20 0.20 0.30 0.30 0.20 0.10 0.20 0.10

RMSE 0.40 0.30 0.50 0.30 0.30 0.40 0.40 0.30 0.30 0.30 0.20

Correl 0.45 0.46 0.29 0.65 0.50 0.47 0.12 0.42 0.39 0.37 0.47

Bias -3.00 -4.40 2.30 -4.60 4.90 -1.00 6.20 3.10 1.90 -1.60 2.70

ABSE 9.70 16.90 12.50 12.50 16.70 10.10 14.00 10.90 10.60 25.50 8.40

RMSE 17.70 27.30 19.60 21.80 22.30 18.00 24.20 21.50 18.40 35.50 16.10

Correl 0.86 0.72 0.85 0.82 0.79 0.84 0.68 0.78 0.87 0.68 0.87

Bias 1.50 0.80 2.10 -4.40 7.00 1.30 2.50 1.40 1.00 3.80 3.70

ABSE 13.10 14.10 12.30 9.60 16.00 11.50 11.90 11.40 11.20 19.70 7.90

RMSE 18.00 19.30 17.30 14.50 20.20 16.50 17.30 16.60 15.70 24.80 13.20

Correl 0.79 0.76 0.84 0.85 0.73 0.78 0.83 0.85 0.81 0.63 0.89

Bias 0.90 -1.30 2.90 -4.40 2.50 1.10 5.20 3.00 3.40 7.00 5.10

ABSE 8.60 13.60 10.00 11.00 11.50 8.50 13.50 11.60 9.80 14.30 8.20

RMSE 11.80 16.40 13.20 13.50 14.20 10.70 16.70 14.80 12.80 16.90 11.50

Correl 0.72 0.74 0.75 0.66 0.73 0.76 0.48 0.65 0.55 0.69 0.63

Bias 1.00 1.20 0.90 -4.00 5.30 0.40 2.20 -0.80 0.60 5.90 3.70

ABSE 9.50 12.00 8.50 9.70 10.50 8.50 10.50 9.20 10.70 11.60 8.60

RMSE 11.60 13.70 10.10 11.50 12.30 10.30 12.50 11.70 13.00 13.00 10.60

Correl 0.81 0.68 0.88 0.85 0.81 0.86 0.85 0.82 0.81 0.80 0.87

long o 1.125 1.40 1.825 1.825 1.825 2.81 2.81 2.81 3.75 5.00 3.75

lat o 1.120 1.40 1.250 1.860 1.860 2.81 2.81 2.81 3.75 4.00 3.75

am
p_

h2
  

(m
m

/d
ay

)
am

p_
h3

  
(m

m
/d

ay
)

am
p_

h4
  

(m
m

/d
ay

)
ph

as
e_

h1
   

  
(d

ay
s)

ph
as

e_
h2

   
  

(d
ay

s)
ph

as
e_

h3
   

  
(d

ay
s)

ph
as

e_
h4

   
  

(d
ay

s)

grid 
size

am
p_

h1
  

(m
m

/d
ay

)

Model

am
p_

h0
  

(m
m

/d
ay

)

https://doi.org/10.4236/ajcc.2018.71008


V. Brahmananda Rao et al. 
 

 

DOI: 10.4236/ajcc.2018.71008 111 American Journal of Climate Change 
 

Table 4. Same as Table 1, but for the South American monsoon. 

 
 
yearly (12 months) rainfall. Seasonal cycles can be reproduced only with at least 
first two harmonics. We calculated the root mean square error, absolute error 
and bias the models make with respect to observations in reproducing first four 
harmonics of 12 months cycle. We find that the individual models and also the 
multi model ensemble reproduce reasonably well the seasonal cycles in rainfall 
thus suggesting their utility in climate prediction and simulation of global and 

MIROC3.2 CCSM3 HadCM3 ECHAM5 Mk3.0 CGCM2.3.2 CM4 BCM2.0 CGCM3 CM3.0 MME

Bias 0.10 -0.50 0.90 -0.60 -1.10 -0.50 0.10 0.00 -0.70 -1.10 -0.20

ABSE 1.60 1.60 1.70 1.40 1.90 1.60 1.70 1.90 1.60 1.80 1.30

RMSE 2.40 2.10 3.00 2.00 2.60 2.10 2.30 2.60 2.20 2.10 1.70

Correl 0.50 0.55 0.52 0.59 0.34 0.47 0.44 0.30 0.43 0.57 0.61

Bias 0.80 0.30 1.00 -0.20 0.20 0.80 0.50 0.60 -0.20 -0.10 0.20

ABSE 1.30 1.40 1.50 1.20 1.40 1.20 1.60 1.50 1.00 1.10 1.00

RMSE 2.00 1.90 2.40 1.60 1.90 1.70 2.10 2.10 1.40 1.50 1.30

Correl 0.57 0.44 0.59 0.52 0.42 0.69 0.46 0.45 0.61 0.52 0.67

Bias 0.50 0.30 0.30 0.30 0.30 0.50 0.40 0.70 0.20 0.20 0.20

ABSE 0.70 0.60 0.60 0.50 0.70 0.70 0.70 0.80 0.50 0.40 0.50

RMSE 1.10 0.80 1.00 0.70 1.00 1.10 1.10 1.20 0.70 0.50 0.60

Correl 0.49 0.34 0.39 0.51 0.27 0.43 0.24 0.41 0.35 0.66 0.48

Bias 0.20 0.30 0.20 0.10 0.20 0.40 0.20 0.30 0.10 0.20 0.10

ABSE 0.30 0.40 0.30 0.30 0.40 0.50 0.30 0.40 0.30 0.30 0.20

RMSE 0.50 0.60 0.50 0.40 0.50 0.60 0.40 0.50 0.40 0.40 0.30

Correl 0.31 0.28 0.38 0.18 0.26 0.13 0.19 0.28 0.19 0.23 0.29

Bias 0.10 0.00 0.10 0.00 0.10 0.20 0.00 0.10 0.00 0.00 -0.10

ABSE 0.20 0.20 0.20 0.20 0.20 0.30 0.20 0.20 0.10 0.10 0.10

RMSE 0.30 0.30 0.30 0.20 0.30 0.40 0.30 0.30 0.20 0.20 0.20

Correl 0.30 0.21 0.28 0.27 0.22 0.27 0.16 0.26 0.18 0.17 0.21

Bias -1.30 1.00 1.30 -1.90 2.40 -2.60 -0.90 0.50 -2.40 -2.80 -1.40

ABSE 9.50 15.70 11.60 15.90 12.30 11.90 12.60 12.60 17.10 10.90 9.10

RMSE 16.20 25.30 19.00 25.00 19.90 19.00 21.50 20.10 26.30 15.50 17.30

Correl 0.97 0.94 0.96 0.94 0.95 0.96 0.95 0.96 0.93 0.97 0.97

Bias -0.10 2.30 2.70 1.50 2.90 1.90 2.00 0.70 6.20 1.80 4.60

ABSE 14.50 20.20 12.40 16.30 15.40 14.80 17.10 17.40 17.90 12.10 13.90

RMSE 19.00 23.80 16.70 19.80 19.90 18.50 22.10 22.00 21.90 16.20 18.00

Correl 0.79 0.79 0.86 0.77 0.79 0.78 0.73 0.73 0.79 0.80 0.82

Bias -0.80 0.30 1.50 -2.20 1.30 -3.00 3.00 2.20 3.60 0.00 0.00

ABSE 9.10 11.40 9.70 10.30 9.40 9.10 10.30 10.70 12.40 9.00 7.00

RMSE 11.80 14.10 12.50 13.00 11.60 11.30 13.00 13.40 14.90 11.30 9.10

Correl 0.77 0.72 0.79 0.73 0.76 0.78 0.78 0.76 0.75 0.83 0.86

Bias -0.70 -1.40 1.60 -1.60 -0.10 -2.00 1.50 2.70 -0.70 1.50 -0.80

ABSE 9.20 11.30 10.40 9.50 10.10 10.20 12.50 10.30 10.00 10.70 9.10

RMSE 11.00 13.10 12.30 11.30 11.80 11.90 13.80 12.00 11.80 12.50 10.60

Correl 0.73 0.69 0.69 0.70 0.74 0.68 0.69 0.75 0.63 0.76 0.73

long o 1.125 1.40 1.825 1.825 1.825 2.81 2.81 2.81 3.75 5.00 3.75

lat o 1.120 1.40 1.250 1.860 1.860 2.81 2.81 2.81 3.75 4.00 3.75
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regional monsoons. 
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