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Relationships on interannual and interdecadal timescales among global mean air temperature, CO, concentrations and fossil-fuel
carbon emissions in four major developed countries (the United States, the United Kingdom, France, and Germany) were ana-
lyzed. On an interannual timescale, the United States fossil-fuel carbon emissions tend to increase during cold winters and de-
crease during warm winters, which is opposite to the situation in summer. On an interdecadal timescale, cold (warm) periods both
in the United States and globally agree with high (low) periods of fossil-fuel carbon emissions, with the temperature variability
leading by 5-7 years. The leading correlation on the interdecadal timescale and the asymmetry in seasonal correlation on the in-
terannual timescale indicate that temperature variability is a possible cause of changes in fossil-fuel carbon emissions.
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The Third Assessment Report (TAR) of the Intergovern-
mental Panel on Climate Change (IPCC) [1] stated that
“most of the observed warming over the last 50 years is
likely to have been due to the increase in greenhouse gas
concentrations”. The IPCC Fourth Assessment Report
(FAR) [2] further stated that “most of the observed increase
in global average temperatures since the mid-20th century is
very likely due to the observed increase in anthropogenic
greenhouse gas concentrations.” The IPCC FAR model ex-
periments showed that warming of about 0.2°C per decade
over the next two decades is projected for a range of emis-
sion scenarios. On the other hand, Knight et al. showed that
the global mean temperature from 1999 to 2008 only in-
creased by 0.07°C, which is much lower than the warming
trend of 0.18°C per decade during the period 1979-2008
[3]. If the El Nifio effect is removed, the warming trend
during the last 10 years would be nearly zero. However, the
annual carbon dioxide concentration growth rate was higher
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during the latest 10 years than it was in the last 10 years of
the 20th century. Thus, questions have been asked, such as
“what happened to global warming?” [4] and “did global
warming pause in the last decade?” [5].

As noted by the IPCC FAR, carbon dioxide (CO,) is the
most important anthropogenic greenhouse gas, and the pri-
mary cause of the increased atmospheric concentration of
CO; since the pre-industrial period has been the use of fossil
fuels. It would be interesting to know the causality between
fossil-fuel carbon emissions and temperature variability. To
determine the cause-effect relationship, the global mean air
temperature (HadCRUT3 [6]), atmospheric CO, concentra-
tions and fossil-fuel carbon emissions were studied and
compared on interannual and interdecadal timescales in this
paper. Annual and monthly United States temperature data-
sets were downloaded from http://www.ncdc.noaa.gov/oa/
climate/research/cag3/na.html and http://www1.ncdc.noaa.
gov/pub/data/cirs/, respectively. Fossil-fuel carbon emis-
sions datasets were downloaded from the Carbon Dioxide
Information Analysis Center (CDIAC) for annual periods
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(1850-2006) in the cases of four major developed countries
(the United States, the United Kingdom, France, and Ger-
many) and monthly periods (1981-2003) in the case of the
United States alone [7]. The historical annual atmospheric
CO, concentration dataset (1850-1978) was obtained from
analyses of three ice cores [8]. Keeling began in situ meas-
urement of the CO, concentration in 1958 [9]. For the over-
lap of 21 years (1958-1978), the two datasets are compara-
ble, and a combined CO, concentration series for 1850—
2006 was thus derived to examine the trends of fossil-fuel
carbon emissions on an interdecadal timescale.

Turning points were determined from the two time series.
For each series with length of 157 years, the sliding 5-year
trends were calculated, and then the turning points were
determined employing a scanning ¢ test [10] of the sliding
trend series over 10-20-year timescales. This method is
referred to as the slope-z-test.

Empirical mode decomposition [11] and singular spec-
trum analysis [12] have been widely applied to time series
to obtain various components including long-term tenden-
cies. However, physical mechanisms cannot be explained
by the resulting components, particularly the first two com-
ponents. To separate the interannual and interdecadal sig-
nals, simple linear detrending was applied to both series in
this paper.

1 United States fossil-fuel carbon emissions and
temperature

During the 20th century, the United States was the world’s
largest emitter of fossil-fuel carbon. The United States fossil-
fuel carbon emissions have a long-term trend and interan-
nual and interdecadal variability. To clarify the interannual
relationship between fossil-fuel carbon emissions and tem-
perature in the United States, monthly datasets (1981-
2003) provided by CDIAC were used. Here we mainly fo-
cus on summer and winter seasons.

During the period 1981-2002, the winter fossil-fuel car-
bon emissions in the United States increased by 45 million
tons per decade. The winter temperature in the United States
also increased by about 0.78°C per decade. After removing
their long-term trends, the interannual winter temperature
and interannual winter carbon emissions are shown in Fig-
ure 1(a). Their correlation coefficient is —0.58 at the 99%
confidence level. The carbon emissions peaked in 1981 and
2000, at which time the winters were cold. There were rela-
tively warm winters in 1982, 1986, 1991, 1994, 1997-1998
and 2001, at which time the United States carbon emissions
were low. There are two explanations for this phenomenon.
The first explanation is that the United States winter tem-
perature affects the fossil-fuel carbon emissions. A cold
winter means that extra fossil fuel is burned for warmth.
The second explanation is that the United States fossil-fuel
carbon emissions affect the United States winter tempera-
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ture. The greater fossil-fuel carbon emissions release more
aerosols, which scatter solar radiation and reduce tempera-
tures.

Similarly, the relationship between summer temperature
and summer fossil-fuel carbon emissions in the United
States is also analyzed. After removing long-term trends (18
million tons per decade and 0.28°C per decade, respec-
tively), the interannual summer temperature and interannual
summer carbon emissions are shown in Figure 1b. In con-
trast to winter, they have significant positive correlation.
The correlation coefficient is +0.56 at the 99% confidence
level. This can be explained by the burning of fossil fuel to
generate electricity for cooling purposes in summer. The
cooling effects of aerosols do not make sense in this case.
The amplitudes of temperature and emission variations are
larger in winter, about 2-3 times those in summer. Thus, the
annual relationship between temperature and emissions was
determined by winter.

To reach a more reliable conclusion, longer datasets
(1900-2006) were used. The annual temperature and annual
fossil-fuel carbon emissions in the United States have linear
long-term trends (0.68°C per century and 1.37 billion tons
per century, respectively) as shown in Figures 2(a) and (b).
We then take the 9-year running average of the trend-re-
moved series (Figure 2(c)). The coefficient of correlation
between the two 9-year running average series peaks at
-0.45 (99% confidence level) when the United States an-
nual temperature leads carbon emissions by 7 years. How-
ever, the correlation coefficient is only —0.05 when the
United States annual carbon emissions lead the temperature
by 7 years. After removing the 9-year running average, the
interannual variability can be observed (Figure 2(d)). The
correlation coefficient peaks at —0.36 when they are syn-
chronous. If the United States temperature leads carbon
emissions by 1 or 2 years, the correlation coefficient is
-0.23 (99% confidence level) or 0.15. If carbon emissions
lead the United States temperature by 1 year, the correlation
coefficient is 0.03. These results indicate that the cold-warm
variations lead the fossil-fuel carbon emissions in the
United States winter on the interannual timescale.

2 Fossil-fuel carbon emissions in four major
developed countries and global temperature

On the interdecadal timescale, similar variability was noted
for the Northern Hemisphere and the global mean tempera-
ture series in the last century. From 1850 to 2008, the
long-term trend of the global mean temperature was about
0.44°C per century [13]. Figure 3 shows fossil-fuel carbon
emissions in four major developed countries (the United
States, the United Kingdom, France, and Germany). Since
industrialization, the total emissions of the four countries
have had an increasing trend similar to that of the United
States. However, the global mean temperature had an about
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Figure 1 Trend-removed seasonal mean temperature anomalies (solid line) and trend-removed total three-month fossil-fuel carbon emissions anomalies
(dashed line) from 1981 to 2002 (2003) in the United States. (a) In winter (DJF) and (b) summer (JJA).

0.5°C variability on interdecadal and century scales before
industrialization [14]. Limited by the length of data, we
only focused on their relationship on the interdecadal time-
scale.

From 1850 to 1918, fossil-fuel carbon emissions in the
four countries together increased to a first peak in the
1910s, but the global mean temperature entered the first
relatively cold period in the beginning of the 20th century.
Around the 1930s, the increasing trend of fossil-fuel carbon
emissions slowed, but the global mean temperature entered
a relatively warm period in the 1940s. Around the 1970s,
emissions increased rapidly, but the global mean tempera-
ture did not increase. Carbon emissions in Japan and Can-
ada also peaked in the 1970s (data not shown) [15]. For the
period of 1980-20006, the carbon emissions slowed again
and corresponded to the warmest global mean temperature
since the beginning of the 20th century.

It is noticeable from Figure 3 that carbon emissions in-
creased linearly from 1850 to 1899 in response to industri-
alization, although the interdecadal variability of the global
mean temperature was pronounced. This implies that the
carbon emissions in the 19th century did not depend upon
the global mean temperature or requirements for human
comfort (e.g. cooling and heating of living spaces) and was
only driven by industrialization. Since the beginning of the
20th century, the long-term trend of the carbon emissions
continues to be driven by industrial development. However,

variations in the carbon emissions were caused by tempera-
ture oscillations that affected human activity.

Fossil-fuel carbon emissions in the four countries and
global mean temperature since 1900 were considered in this
study. Figure 4 shows their interdecadal relationship after
long-term trends were removed. On this timescale, there
were high (low) emissions in cold (warm) years. The corre-
lation coefficient peaks at —0.48 (99% confidence level)
when the annual temperature leads carbon emissions by 5
years. If carbon emissions lead the annual temperature by 5
years, the correlation coefficient is —0.32. After calculating
the 9-year running average, the correlation coefficient peaks
at —0.68 (99% confidence level) when the annual tempera-
ture leads carbon emissions by 6 years. If carbon emissions
lead the annual temperature by 6 years, the correlation coef-
ficient is —0.35. This leading phase indicates that global
mean temperature variations could affect the total fossil-fuel
carbon emissions of the four countries on the interdecadal
timescale.

3 Human-induced changes in atmospheric CO;
concentrations

Marland et al. [16] pointed out that the rates of global fos-
sil-fuel CO, emissions can be divided into four periods—
1850-1907, 1907-1949, 1949-1972, and 1972-2005—with
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Figure 2 Time series of the annual temperature and fossil-fuel carbon emissions in the United States. (a) Annual temperature anomaly (curve) and its linear

trend (straight line); (b) annual fossil-fuel carbon emissions (curve) and its linear trend (straight line); (c) trend-removed temperature anomaly (thin solid line)
and its 9-year running average (thick solid line), trend-removed fossil-fuel carbon emissions (thin dashed line) and its 9-year running average (thick dashed

line); (d) annual temperature variability (solid line) and annual fossil-fuel carbon emissions variability (dashed line).

the increasing rates of 4.4%, 1.3%, 4.3% and 1.2%, respec-
tively. The first period was dominated by coal burning, and
thus, CO, emission increased rapidly. During the second
period, the use of oil and natural gas reduced the rate of
increase by 70%. In the third period, the massive use of oil
and natural gas meant that the rate of increase was on a par

with that of the first period. During the last period, the rate
of increase declined again, possibly owing to the use of nu-
clear energy.

Using the slope-z-test, the turning points of total emissions
in the four developed countries, atmospheric CO, concentra-
tion and global mean temperature series were determined.
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Figure 3 Annual fossil-fuel carbon emissions of four major developed
countries (the United States (US), the United Kingdom (UK), France, and
Germany) and their sum for the period 1850-2006.

Before 1912, the total emissions in the four countries in-
creased by 9.3 x 10° tons per year. During 1912-1947, the
rate of increase in the total emissions declined to 6.2x10°
tons per year. The rate of increase increased to 35.0x10°
tons per year during 1947-1972 and declined to 6.6x10°
tons per year during 1972-2005. The emissions in the
United Kingdom, Germany and France declined during the
two world wars. In addition, the increasing and declining
periods of emissions in the four countries agree with the
variations in total global emission.

Since industrialization, the atmospheric CO, concentration
has increased at different rates during different periods. Dur-
ing the period of 1850-1900, the atmospheric CO, concentra-
tion increased by 2.9 parts per million by volume (ppmv) per
decade, and the rate of increase was 3.2 ppmv per decade
during the period 1900-1952. The rate of increase was 8.4
ppmv per decade during 1952-1976 and 15.8 ppmv per dec-
ade during 1976-2005. These four periods of increasing at-
mospheric CO, concentration reflect the accumulation of
fossil-fuel carbon emissions (Table 1). Oscillations in global
mean temperature had phases opposite to those of fossil-fuel
carbon emissions on an interdecadal timescale.
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The Keeling curve is a graph showing a steady increase
in the mean atmospheric CO, concentration since 1958 [9].
This increase in atmospheric CO, concentration is consid-
ered to be largely due to the combustion of fossil fuels, and
has been accelerating in recent years. In the last 10 years
(2000-2009), the atmospheric CO, concentration increased
2.04 ppmv per year, compared with a rate of increase of
about 1.46 ppmv per year over the last 50 years. The rapid
increase of the atmospheric CO, concentration over the last
decade was inconsistent with the global mean temperature
in the same period.

4 Conclusion and discussion

The relationships among fossil-fuel carbon emissions,
global mean temperature and atmospheric CO, concentra-
tions were analyzed in this paper on interannual and inter-
decadal timescales.

(1) The increase of the atmospheric CO, concentration is
an accumulation of fossil-fuel carbon emissions. During the
last 150 years, there were four distinct periods of the in-
creasing rate of fossil-fuel carbon emissions, characterized
by a ‘“high-low-high-low” oscillation, leading to different
increasing rates of the atmospheric CO, concentration in each
period. The long-term increasing trend of fossil-fuel carbon
emissions illustrates the acceleration of industrialization. The
oscillations of carbon emissions were affected by temperature
fluctuations on interannual and interdecadal timescales. Be-
cause of data length limitations, the cause of the long-term
trend on the century scale was not discussed in this paper.

(2) On an interannual time scale, the temperature affects
the level of fossil-fuel carbon emission. During the winter, a
1.5°C warmer temperature reduces emissions by 10-20 mil-
lion tons and a 2°C colder temperature increases emissions
by 16.4 million tons in the United States. On the contrary,
the fossil-fuel carbon emissions and air temperature have
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Figure 4 Trend-removed global mean temperature anomaly (thin solid line) and its 9-year running average (thick solid line), trend-removed fossil-fuel
carbon emissions in four major developed countries (thin dashed line) and its 9-year running average (thick dashed line).
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Table 1 Comparison among global fossil-fuel CO, emissions [16], total carbon emissions of four major developed countries, rate of increase in the atmos-

pheric CO, concentration and global warming rate based on the “slope-z-test”

Period 1 2 3 4
Global emission Years 1850-1907 1907-1949 1949-1972 1972-2005
increasing rate Rates 4.4% (high) 1.3% (low) 4.3% (high) 1.2% (low)
o . Years 1850-1912 1912-1947 1947-1972 1972-2005
Emissions of four countries 6 . .
10°tC/a 9.3 (high) 6.2 (low) 35.0 (high) 6.6 (low)
. . Years 1850-1900 1900-1952 1952-1976 1976-2005
Atmospheric CO, concentration
ppmv/10a 2.9 3.2 8.4 15.8
. Years 1878-1911 1911-1944 1944-1976 1976-1998
Global warming
°C/10a -0.088 0.160 0.003 0.175

significant positive correlation in summer. During 1912—
1954 and 1973-2000, the United States annual temperature
had large interannual variability, as did fossil-fuel carbon
emissions. There are significant negative correlations when
the United States annual temperature leads carbon emis-
sions by 0—1 years on an interannual timescale.

(3) On an interdecadal timescale, total fossil-fuel carbon
emissions in four developed countries were high (low) dur-
ing the relatively cool (warm) periods. The temperature
change leads carbon emissions by about 5 years, which may
indicate that human activities have a lag time in response to
the climate changes. Therefore, temperature variability
could be a cause of changes in fossil-fuel carbon emissions
on the interdecadal timescale .
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seasonal and interannual analysis in this paper. Thanks are due also to Dr.
Deng Y. for his suggestion of adding the study of the United States tempera-
ture and the United States seasonal emission. We appreciate meaningful
suggestions made by the reviewers and guest editor.
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