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Abstract 

The object of the present study is to develop statistical models for predicting the carbon 

dioxide emissions and the atmosphere in the United States. We used monthly emissions 

data from 1981 to 2003 that was collected by the Carbon Dioxide Information Analysis 

Center. For the carbon dioxide in the atmosphere, we used the data that was collected in 

Mauna Loa from 1965 to 2004 by the Scripps Institution of Oceanography. The 

developed statistical models take into consideration trends and seasonal effects. The 

quality of the prediction process is illustrated using the actual data. 
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1. INTRODUCTION 

 

Global Warming is one of the most compelling and difficult problems facing our 

society. It is well understood that carbon dioxide, CO2, along with temperature are the 

primary causes of global warming. The present study is concerned with developing 

analytical statistical models to predict CO2. Jim Verhulst, Perspective Editor, St. 

Petersburg Times, writes, “Carbon dioxide is invisible- no color, no odor, no taste. It puts 

out fires, puts the fizz in seltzer, and is to plants what oxygen is to us. It is hard to think 

of it as a poison.” (Verhulst 2007). The United States is emitting approximately 5.91221 
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billion metric tons of carbon dioxide in the atmosphere, which makes us one of the World 

leaders. In addition to CO2 in the atmosphere, we have CO2 emissions that are related to 

gas, liquid, and solid fuels along with gas flares and cement production.    

The aim of the present study is to develop two different statistical models for the 

carbon emissions and atmospheric carbon dioxide in the United States using historical 

data from the subject matter.  

The CO2 emissions data set that we used to develop the proposed model contains 

the monthly emissions data from 1981 to 2003. It was published by Carbon Dioxide 

Information Analysis Center (CDIAC), which is supported by the United States 

Department of Energy. The CDIAC is a well known organization, which responds to data 

and information requests from users worldwide investigating the greenhouse effect and 

global climate change. For detailed information, see (United States Environmental 

Protection Agency (EPA), 2004; Marland et al., 2003). A graphical presentation of the 

emissions data is given by Figure 1.1. 
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Figure 1.1 Time Series Plot on CO2 Emission 1981-2003 

 

The data set that we used to develop our second proposed model consists of 

monthly CO2 concentrations in the atmosphere from 1958 to 2004. The data was 

collected in Mauna Loa by Carbon Dioxide Research Group, Scripps Institution of 

Oceanography, University of California. A map of geographical location of Mauna Loa is 

provided by Figure 1.2. At the earlier stage of our model building process, we spot 

several missing values in the early 1960s. To address this problem, we decided to use the 

http://sio.ucsd.edu/
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data from 1965 to 2004, which is a period which contains no missing values. For 

additional information concerning the data set on CO2 concentrations in the atmosphere, 

see (Bacastow, 1979; Bacastow & Keeling, 1981; Bacastow et al., 1980; Bacastow et al., 

1985; Keeling, 1960; Keeling, 1984; Keeling, 1998; Keeling et al., 1976; Keeling et al., 

1982; Keeling et al., 1989; Keeling et al., 1996; Keeling et al., 1995; Pales & Keeling, 

1965; Keeling et al., 2002; Whorf & Keeling, 1998).  

 
Figure 1.2 Geographical Location of Mauna Loa 

 

A plot of the actual CO2 concentration in the atmosphere is given by Figure 1.3. provides 

a visual presentation of the time series plot of CO2 concentrations in the atmosphere. 
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Figure 1.3 Time Series Plot for Monthly CO2 in the Atmosphere 1965-2004 



2. ANALYTICAL PROCEDURE 

 

The multiplicative seasonal autoregressive integrated moving average, ARIMA 

model is defined by 
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where p is the order of the autoregressive process, d is the order of regular differencing, q 

is the order of the moving average process, P is the order of the seasonal autoregressive 

process, D is the order of the seasonal differencing, Q is the order of the seasonal moving 

average process, and the subindex s refers to the seasonal period. We shall denote the 

subject model by ARIMA sQDPqdp ),,(),,( × , and  defined 

as follows: 
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The order of the multiplicative ARIMA model determines the structure of the 

model, and it is essential to have a good methodology in terms of developing the 

forecasting model. In the present study, we start with addressing the issue of the seasonal 

subindex s. After we examine the original data sets, shown by Figure 1.1 and 1.3, we note 

that both the monthly CO2 emissions and the atmospheric CO2 behave as a periodic 

function with a cycle of 12 months. Hence, we let the seasonal subindex . 12=s

In time series analysis, one cannot proceed with a model building procedure 

without confirming the stationarity of a given stochastic realization. Thus, we test the 

overall stationarity of the series by using the method introduced by Kwiatkowski, D., 

Phillips, P. C. B., Schmidt, P., and Shin, Y in 1992, (Kwiatkowski et al., 1992). 

Once the order of the differencing is identified, it is common for one 

ARIMA  model that we have several sets of  that are all 

adequately representing a given set of time series. Akaike’s information criterion, AIC, 

(Akaike, 1974), is used to select the appropriate model. That is, we select the model of 

the,  , that produces the smallest AIC. 
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Another important aspect of the model selection process is to determine the 

seasonal differencing, D, that results in minimum AIC. For convenience, given below a 

brief summary of step-by-step procedure that we follow to develop the subject models: 

• Determine the seasonal period s. 

• Check for stationarity of the given time series  by determining the order of 

differencing d, where 

}{ tx

,...2,1,0=d  according to KPSS test, until we achieve 

stationarity. 

• Deciding the order m  of the process, for our case, we let  where 

. 
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• For each set of , estimates the parameters for each model, that is, ),,,( QPqp

QPqp ΓΓΓΦΦΦ ,...,,,,...,,,,...,,,,...,, 21212121 θθθφφφ . 

• Compute the AIC for each model, and choose the one with smallest AIC. 

• After ( ) is selected, we determine the seasonal differencing filter by 

selecting the smaller AIC between the model with 

QPqdp ,,,,

0=D  and . 1=D

• Our final model will have identified the order of ( ). QDPqdp ,,,,,

In order to evaluate the quality of the models we use several criteria. The 

residuals of the model, , where  and  are the actual value and predicted 

value, respectively. Mean of the residuals, 
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3. DEVELOPMENT OF THE FORECASTING MODELS 

 



CO2 emissions data that is shown by Figure 1.1, contains a small upward trend, 

and the data repeats its pattern every 12 months. Thus, we let the seasonal subindex 

. Follow by the step-by-step procedure as we described above, we found the model 

that best characterizes the monthly emissions of the United States is an 

ARIMA(1,1,2) (1,1,1)12  process, analytically given by 

12=S
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On the other hand, the CO2 in the atmosphere data has a more obvious upward 

trend, and the shape of its pattern is almost identical every year, as shown by Figure 1.3. 

Thus, we also set the seasonal period 12=S . We have identified that the model that best 

described the monthly CO2 concentrations in the atmosphere is an 

ARIMA(2,1,0) (2,1,1)12  process, analytically given by ×
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The actual statistical estimated models for (3.1) and (3.2) with the appropriate estimate of 

the weights are given by 
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for emissions, , and atmosphere, , respectively. We shall proceed to evaluate 

these models and illustrate the quality of both models in the next section. 

∧

E
CO2

∧

A
CO2

 

4. EVALUATION OF THE PROPOSED MODELS 

 

The proposed statistical model, (3.3), for CO2 emissions in the United States is 

used to forecast the last one hundred recordings. A graphical comparison of the actual 

CO2 and the predicted are given by Figure 4.1. 
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Figure 4.1 Monthly CO2 Emissions VS. Forecast Values for the Last 100 Observations 

 

As can be observed, the overall quality of the model is good. We proceed to 

calculate the residuals estimates, , and the results are graphically presented 

below by Figure 4.2 
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Figure 4.2 Residuals Plot for CO2 Emissions 

 

We observe that the residuals are quite small and isolating around the zero axis as 

expected. Thus, the proposed model is capable of forecasting the CO2 emissions 

accurately in the United States.  



The mean of the residuals, r , the variance, , the standard deviation, , 

standard error, SE, and the mean square error, MSE, are presented below by Table 4.1. 

2
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Table 4.1 CO2 Emissions 

r  2
rS  rS  SE  MSE  

0.2339641 8.055668 2.838251 0.1708426 8.08122 

 

We observe that all evaluation criteria support the quality of the proposed 

forecasting model for CO2 emissions.  

We now proceed to further evaluate model (3.3) hiding the last 12 months of the 

CO2 recordings and re-estimating the coefficients of the model (3.3). Having restructured 

the model (3.3) we proceed to estimate the hidden recordings. For example, we used the 

first 264 observations  to forecast . Then we use the observations 

 to forecast , and continue this process until we obtain the forecasting 

values of the last 12 observations, that is, . Table 4.2, gives the actual, 

forecasting and residual data for the subject 12 months. 
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Table 4.2 CO2 Emissions Forecast 
 Original Values Forecast Values Residuals 

January 2003 147.6298 145.2361 2.3937 

February 2003 134.1716 132.6554 1.5162 

March 2003 133.6979 137.3912 -3.6933 

April 2003 121.0047 124.5518 -3.5471 

May 2003 120.4789 122.4091 -1.9302 

June 2003 120.7394 123.101 -2.3616 

July 2003 132.4187 129.3481 3.0706 

August 2003 135.1314 132.787 2.3444 

September 2003 121.7753 123.8295 -2.0542 

October 2003 125.2487 125.9811 -0.7324 



November 2003 126.2127 126.812 -0.5993 

December 2003 143.1509 141.1834 1.9675 

 

Note the closeness between the original and forecast values. A graphical 

presentation of the results given in Table 4.2 is given below by Figure 4.3. 
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Figure 4.3 Monthly CO2 Emission VS. Forecast Values for the Last 12 Observations 

 
It can be observed that the forecasting values generated by our proposed model 

follows the pattern of the original series and attests to the accuracy of the model. Similar 

evaluation for model (3.4) for the atmospheric CO2 is shown by Figure 4.4, that compares 

the actual recordings with those that are being estimated. 
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Figure 4.4 Monthly Atmospheric CO2 VS. Forecast Values for the Last 100 Observations 



 

Obviously, this graphical presentation attests to show the quality of the proposed model. 

A plot of the residuals is given by Figure 4.5 below. 
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Figure 4.5 Residuals Plot for Atmospheric CO2

 

The residuals of our proposed model are very small and isolating around the zero axis. It 

illustrated the quality of the model. The following Table 4.3 gives a basic evaluation 

statistics of the proposed model. 

 

Table 4.3 CO2 in the Atmosphere 

r  2
rS  rS  SE  MSE  

0.01140137 0.08460756 0.2908738 0.01327651 0.08456128 

 

These results also confirm the effectiveness of the proposed model for forecasting CO2 in 

the atmosphere. 

We shall use the same technique as we used in the previous application to 

illustrate the quality of our proposed model in terms of forecasting values in the future. 

Again, we hide the last 12 months of atmospheric CO2 recordings, and try to predict them 

only using the information from the past. Table 4.4 gives the numerical comparison 

between the original series and the forecasting. 

 



Table 4.4 CO2 in the Atmosphere Forecast 
 Original Values Forecast Values Residuals 

January 2004 376.79 376.7963 -0.0063 

February 2004 377.37 377.609 -0.239 

March 2004 378.41 378.1837 0.2263 

April 2004 380.52 379.6653 0.8547 

May 2004 380.63 380.8268 -0.1968 

June 2004 379.57 380.2339 -0.6639 

July 2004 377.79 378.3489 -0.5589 

August 2004 375.86 375.837 0.023 

September 2004 374.06 374.1871 -0.1271 

October 2004 374.24 374.1482 0.0918 

November 2004 375.86 375.6897 0.1703 

December 2004 377.48 377.2186 0.2614 

 

The residuals that were calculated are shown by Table 4.4 are all very small, and a 

graphical presentation of the results is given below by Figure 4.6. 
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Figure 4.6 Monthly CO2 in the Atmosphere VS. Our Predicted Values for the Last 12 

Observations 
 

Thus, we can conclude that the proposed model, (3.4), forecasts very well on the future 

behavior of CO2  in the atmosphere. 



 

5. CONCLUSION 

 

We have developed two non-stationary time series models with trend and seasonal effects 

to predict future estimates of carbon dioxide emissions and that in the atmosphere. We 

use actual CO2 recordings in both situations to develop the subject statistical models. The 

developed processes were evaluated to attest the degree of quality by using various 

statistical criteria. Finally, we tested the accuracy of the proposed models by predicting 

and analyzing the CO2 emission and atmosphere for 12 months. The results are very 

encouraging. 
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