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ABSTRACT
This paper examines available data, develops a strategy and presents a monthly, global time series of fossil-fuel carbon

dioxide emissions for the years 1950-2006. This monthly time series was constructed from detailed study of monthly
data from the 21 countries that account for approximately 80% of global total emissions. These data were then used
in a Monte Carlo approach to proxy for all remaining countries. The proportional-proxy methodology estimates by

fuel group the fraction of annual emissions emitted in each country and month. Emissions from solid, liquid and gas
fuels are explicitly modelled by the proportional-proxy method. The primary conclusion from this study is the global
monthly time series is statistically significantly different from a uniform distribution throughout the year. Uncertainty

analysis of the data presented show that the proportional-proxy method used faithfully reproduces monthly patterns in
the data and the global monthly pattern of emissions is relatively insensitive to the exact proxy assignments used. The
data and results presented here should lead to a better understanding of global and regional carbon cycles, especially

when the mass data are combined with the stable carbon isotope data in atmospheric transport models.

1. Introduction

Carbon dioxide (CO,) released to the atmosphere from the com-
bustion of fossil fuels is a major contributor, and the major
anthropogenic contributor, to the rise of the CO, concentration
observed in the atmosphere (91% of the 9.28 Pg C released to
the atmosphere in 2009, Le Quere et al., 2009). This relation-
ship between emissions and concentration is directly supported
by at least five lines of evidence: (1) the temporal correlation
between quantities emitted and concentrations observed (Forster
et al., 2007), (2) the North—South gradient of atmospheric CO,
concentration (Denman et al., 2007), (3) the evolution of the
atmospheric signature of stable carbon isotopes (§'3C, Ciais
et al., 1995), (4) observed changes in the atmospheric signature
of radiogenic carbon (A'*C, Levin et al., 2010) and (5) ob-
served changes in atmospheric oxygen concentration (Keeling
et al., 1993). Despite the demonstrated linkage of fossil-fuel
emissions and atmospheric concentration, it is difficult to under-
stand the full details of the global carbon cycle because of the
large temporal and spatial variability in both the carbon reser-
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voirs (e.g. the biosphere, atmosphere and ocean) and the fluxes
between reservoirs (e.g. Le Quere et al., 2009).

The five lines of evidence cited earlier all rely on inventories
of fossil-fuel CO, (FFCO,) emissions—so-called ‘bottom-up’
inventories. Although national FFCO, inventories are now being
compiled by many countries, largely in response to the United
Nations Framework Convention on Climate Change (United
Nations, 1992) and its Kyoto Protocol (United Nations, 1998),
via the Intergovernmental Panel on Climate Change (IPCC)
guidelines (IPCC, 2006), global and some national FFCO, in-
ventories have been compiled for much longer time periods.
These national inventories rely on energy data assembled by
the individual countries while the global inventories rely on en-
ergy production, trade and consumption data compiled by the
United Nations (e.g. United Nations, 2008), the International
Energy Agency (e.g. International Energy Agency, 2009), the
United States Department of Energy (EIA, 2010) or on other
archived statistics (e.g. Etemad et al., 1991; BP, 2009). The
longest and most complete of these global inventories contains
annual FFCO, emissions estimates, by country, from 1751 to the
present (Marland and Rotty, 1984; Andres et al., 1999; Boden
et al., 2009). The Carbon Dioxide Information Analysis Cen-
ter (CDIAC) data used in this study compare to other global
inventories to within 5% (Macknick, 2009).
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All of the emissions inventories mentioned earlier, and the
five lines of evidence listed for linking emissions and concen-
tration, are based on inventories that are national or global in
spatial scale and annual in temporal scale. With increasing con-
cern about the climate impacts of increasing atmospheric CO,
has come increased interest in the details of the global carbon
cycle, increased interest in the details of responsibility for CO,
emissions, and increased interest in trying to limit or otherwise
control emissions. All of these lead to a need for emissions inven-
tories that have finer resolution than national and annual scales.
In response to this need, the International Energy Agency and
many countries are now producing inventories that have sectoral
details. Andres et al. (1996) and EDGAR (http://edgar.jrc.it;
Olivier et al., 2005) have produced global inventories on a spa-
tial grid, the European Union Greenhouse Gas Emission Trading
System (EU, 2009) and similar initiatives elsewhere have stim-
ulated inventories at the corporate, plant or city level (e.g. NYC,
2010), and tools are available for businesses and households
to estimate their emissions inventories. The Vulcan Project has
produced for the United States an emissions inventory at 10 km
scale for the year 2002 (Gurney et al., 2009) and initiatives in
Germany (Pregger et al., 2007) have produced similar invento-
ries for Europe. Oda and Maksyutov (2011) and Rayner et al.
(2010) have started to examine the use of night light imagery
to improve spatial resolution of emission estimates. The various
initiatives to improve spatial and temporal resolution have dif-
ferent objectives, different data needs, and are adopting different
approaches because data on fossil-fuel combustion are univer-
sally available only at national and annual scales, and even at
national and annual scales there are problems [e.g. inconsistent
state-level and national-level totals, data transcription errors,
proper gas flaring accounting, reporting fuel use in non-fuel use
applications (e.g. plastic feedstocks, . ..)] and missing data.

It is also now becoming apparent that international efforts
to limit CO, emissions or to trade emission permits will likely
require some approach to monitoring and verification of emis-
sions inventories. This is necessary to assure that countries are
meeting their commitments and that those who buy emissions
permits or emissions offsets are indeed receiving what they pur-
chased. Although self-reported emissions inventories can serve
many purposes, some independent verification (e.g. a potential
for falsification) of these inventories can be supplied with atmo-
spheric or remotely sensed data. Corroboration of atmospheric
and remotely sensed data (top down) with self-reported inven-
tories (bottom up) will be facilitated if the spatial and temporal
resolutions of these bottom up inventories are improved (see,
e.g. IPCC, 2010; NRC, 2010). Recent analyses show that the
highest priority for improving the utility of emissions invento-
ries for atmospheric modelling is to improve representation of
the annual cycle of emissions (Gurney et al., 2005; Corbin et al.,
2010).

There is thus both scientific and public policy motivation for
improving both the spatial and temporal resolution of FFCO,

inventories. This paper summarizes the data available, describes
the development of a data set and presents a description of
monthly, global, FFCO, emissions from 1950 to 2006. Data are
presented in terms of the mass of emissions, their latitudinal
and longitudinal distribution, and their §'3C signatures. These
estimates are based on the finest-resolution data on energy con-
sumption that are available over a significant fraction of global
FFCO, consumption. Still, considerable extrapolation and data
processing have been necessary to arrive at estimates of global,
monthly FFCO, emissions.

2. Methodology and data used

Although international energy statistics are generally compiled
at the level of countries and years, some countries do com-
pile some data on energy consumption at the level of months,
and some larger countries compile such data at the level of
states or provinces. The focus here is on describing the an-
nual cycle of emissions and is thus on monthly data. To esti-
mate emissions at finer temporal scales may require modelling
the temporal variability of energy consumption (e.g. Vulcan).
For a given country, monthly data are often available for only
some fuel commodities, some fuel-use sectors and/or for some
limited time interval. The focus here is using publicly avail-
able data to approximate the global and regional emissions
of FFCO, emissions on a monthly basis. The work presented
here builds on monthly national/regional studies already pub-
lished for The United States (Gregg and Andres, 2008), China
(Gregg et al., 2008), Brazil (Losey et al., 2006) and North
America (Gregg et al., 2009). The approach for using data
that are available to approximate the distribution where com-
plete data are not available is described in Gregg and Andres
(2008).

The monthly, global, FFCO, emissions data set presented here
is the result of a proportional-proxy method. The method has
five basic steps: (1) compile available data on the monthly fossil
fuel consumption in each country; (2) calculate the fraction of
fuel consumed in each month in each country for each fuel; (3)
pair all countries with a proxy country that has known monthly
data; (4) for country-year pairs with no monthly data, deter-
mine monthly fractions via proxy assignments and Monte Carlo
methods and (5) calculate monthly FFCO, emissions by multi-
plying monthly fractions by annual FFCO, emission estimates.
The method is proportional because for the 21 countries listed in
Table 1, the proportional methodology presented in Gregg and
Andres (2008) was used to determine monthly national emis-
sions. This methodology parses the annual FFCO, emissions
into monthly emissions by using the available monthly data for
each country. The method is proxy because the monthly pat-
terns observed in these 21 countries were used as surrogates for
years and countries where monthly data are lacking. The proxy
methodology is the primary new methodology presented in this

paper.
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Table 1. Ranking of countries according to total FFCO, emissions for
2006

Emissions
Rank Country Mass (Tg C)  Cumulative (%)
1 China (mainland) 1665 21
2 United States of America 1569 41
3 Russian Federation 427 47
4 India 412 52
5 Japan 353 57
6 Germany 220 59
7 United Kingdom 155 61
8 Canada 149 63
9 Republic of Korea 130 65
10 Italy (including San Marino) 129 67
11 Islamic Republic of Iran 127 68
12 Mexico 119 70
13 South Africa 113 71
14 France (including Monaco) 104 72
15 Saudi Arabia 104 74
16 Australia 101 75
17 Brazil 96 76
18 Spain 96 78
19 Indonesia 91 79
20 Ukraine 87 80
21 Poland 87 81
All  Total for all 212 countries 7828 100

Table adapted from CDIAC data reported in Boden et al. (2009).

2.1. Proportional methodology

The countries specifically listed in Table 1 were the largest mass
FFCO, emitting countries in the world as of 2006 (the latest
available data when this paper was being written). The 1998
list (not shown) contains the same countries, but in a different
order. The year 1998 was the most recent year for which data
were available when the task of searching for and evaluating
monthly data commenced. The countries on both lists collec-
tively accounted for 80% of global FFCO, emissions. Table 1
emphasizes that the majority of emissions are dominated by a
small number of countries. Because of their vast majority pro-
portion of the global total, these countries largely define the
global pattern of FFCO, emissions.

Figure 1 shows the countries, fuels and years for which signif-
icant monthly data were located. The time series are of different
lengths because the underlying statistics used for the propor-
tional methodology began and ended at different times for dif-
ferent countries and even for different fuels within one country.
Some of the underlying statistics are now available online but
many others are not and involved a time-consuming process of
making/maintaining personal contacts and even of travelling to
national and international statistical agencies to get data. See
Appendix S1 for the data sources used. This listing of sources

Tellus 63B (2011), 3

is given so that future users of this data can easily identify the
underlying data used to make the monthly time series and thus
extend the time series if they desire.

The result of the data collection described earlier is 62 separate
time series of monthly fractions for solid, liquid and gaseous
fuels (individually) covering the 21 countries. These monthly
fractions represent the proportion of solid, liquid or gaseous
fuel consumed in each month of a given year and their sum
over a given year equals 1.000. Thus, monthly emissions for a
given country and fuel could be calculated by multiplying the
monthly fractions by the well-accepted CDIAC solid, liquid or
gaseous FFCO, emission estimates for the same country, fuel
and year (Boden et al., 2009). The use of monthly fractions
makes individual solid, liquid and gas totals consistent with the
CDIAC-reported annual, national totals. Figure 2 compares the
relationship between the data with a known monthly distribution
(i.e. for the 21 chosen countries) and the data with an unknown
monthly distribution (i.e. the remaining countries) for the years
1950-2006. As seen in Fig. 1, for years 1956-1970, monthly
data are available for only Australian coal, but at its peak, the
data for the known countries and fuels explicitly account for
77% of total global FFCO, emissions (Fig. 2); thus, leaving
only 23% to be inferred by the proportional-proxy method for
that year.

2.2. Proxy methodology

After completion of the proportional methodology for 21 coun-
tries, a mapping table was constructed to complete the proxy
methodology. This table mapped the monthly fraction patterns
for all countries by assigning each country without monthly data
to a proxy based on one country of the 21-country sample with
monthly data. The mapping was based upon similarities in cli-
mates and economies. Climate similarities included grouping
countries into northern, equatorial or southern latitudes so that
the phasing of winter/summer would be correct. Economic sim-
ilarities included considerations such as capitalistic versus cen-
trally planned economies. For the few countries where these two
considerations were insufficient to determine the proxy country,
geographic closeness was used to determine the proxy country.
See Appendix S2 for the mapping table. Although one could
quibble over exact proxy assignments, as discussed in Sections
4.2 and 4.3, these assignments have little effect on the global
FFCO, emission pattern. For example, although Indonesia con-
tributes 1% of global FFCO, emissions (Table 1), it is the proxy
for 44 additional countries on three continents. These 44 coun-
tries contribute less than 2% of global FFCO, emissions. Thus,
although the absolute number of countries is large, its relative
effect on emissions is small.

With completion of the proportional methodology for 21
countries and completion of the mapping table, a global FFCO,
emissions monthly time series could be completed. Monte Carlo
simulations were used to apply monthly fractions from fuels and



312 R.J. ANDRES ET AL.

SPAIN llquld

N solid

FRICA gas

S.
S. AFRICA Ilqll]d

S. AF
SAUDI ARABIA Ilquld

SAUDI ARABl , sol l

RUSSIA, g:
RUSSIA (USSR pre—19921) Ilqllld

solid

I) gas

POLAND llqu1d

POLAND, solid
0,2

MEXIC
MEXICO llqmd

MEXIC , solid
S. K

OREA, gas
S, KOREA. llqu1d

S. KOREA, solid
JAPAN,

A gas
JAPAN. llquld

JA AN soll

ITALY llqund

I( soll

IRAN llquld

N solid

0
INDONESIA liquid
NESIA sohd

INDIA llquld

A solid

GERMANY (FRG only pre-1991) gas

GERMANY FI&G only pre-1991), Ilqllld
GERMANY (FRG only pre -1991), solid

RCE ot

FRANCE Ilqllld

FRANCE, solid
C

HINA, gas
CHINA llqu1d

CHINA, solid
A, gas

CANAD.
CANADA. llqmd

CANAD solld

BRAZ
BRAZIL llqu1d

L solid

AUSTRALIA llqund

USTRALIA, solid - ]

1950 1960

1970

1980

Year

1990 2000 2010

Fig. 1. Grey bands indicate the 21 countries, fuels and years for which monthly data exist. The annual jumps in the curves that occur in Fig. 2 are

partially due to the existence of monthly data.

years with monthly data to the same fuel and additional years
without monthly data. As a within-country example, for solid
fuels in India (one of the 21 countries), a randomly selected
solid-fuel monthly fraction pattern from one of the 32 known
India solid-fuel annual patterns (years 1976-2007 inclusive) was
applied to the year 1950 solid fuels and another randomly se-
lected solid-fuel monthly fraction pattern was selected for each
of the remaining years without explicit solid-fuel monthly data.
As a cross-country example, for liquid fuels in Pakistan (not one
of the 21 countries, but mapped to the India monthly patterns),
a randomly selected liquid-fuel monthly fraction pattern from
one of the seven known India liquid-fuel annual patterns (years
1995-2001 inclusive) was applied to the year 1950 liquid fu-
els and another randomly selected liquid-fuel monthly fraction
pattern was selected for each of the remaining years without
explicit liquid-fuel monthly data. Note that solid, liquid and
gaseous fuels each have a randomly selected monthly fraction

pattern selected independently from each other; thus if a 1975
solid fuel monthly fraction pattern is selected to represent the
1955 solid fuel emission pattern, that does not imply that the
1955 liquid fuel emission pattern will be represented by the
1975 liquid fuel monthly fraction pattern.

The use of the Monte Carlo approach preserves a more re-
alistic amplitude for the annual cycle for years and countries
in which monthly data are lacking. The use of an average of
known monthly data tends to flatten the annual cycle. Thus,
the real effect of the Monte Carlo approach is to preserve a
more realistic seasonal cycle in each country. Its effect disap-
pears as data are aggregated across space and/or time. For any
method chosen to extrapolate from the known monthly data
to unknown spatial and temporal domains, it becomes impor-
tant to distinguish between real trends from those that are im-
posed through the extrapolation process. Thus, specific local
(i.e. national) trends are suspect whereas global trends are more

Tellus 63B (2011), 3
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Fig. 2. The mass of global FFCO, emissions for which there is monthly data versus the mass of global FFCO, emissions for which there is no
monthly data. The data of known monthly distribution show the annual cycle of emissions. The data of unknown monthly distribution appear in flat
monotonic steps because emissions are assumed in this plot to be uniform over the year (equal to 1/12 of the annual total in each month). Data of
known monthly distribution were calculated separately for solid, liquid and gaseous fuels. The sum of those three fuels is displayed in this graph.
Note that emissions from gas flaring and cement are not included in this graph as monthly data for these two categories are limited to only a few

countries. The pink line was calculated from the mass of emissions represented by the green line divided by the sum of the mass of emissions

represented by the green and red lines.

robust due to statistical averaging processes. Uncertainties asso-
ciated with this Monte Carlo approach are addressed later in this

paper.

2.3. FFCO, emissions from gas flaring and cement

Finally, the complete CDIAC FFCO, emissions time series
contains emissions from gas flaring and cement production
(e.g. Boden et al., 2009). At this time, these two categories
which compose 2-5% of the global total do not have reliable
monthly statistics with which to subdivide their emissions into
monthly fractions for most countries of the world. Thus, the
monthly, global, FFCO, time series presented here contains
these emissions, but they are distributed uniformly throughout
the year (Fig. 3). This 1/12 distribution does not change the
shape of the monthly curve when the curve is examined in an-
nual increments. However, this 1/12 distribution does offset the
curve up or down depending on the magnitude of the gas flaring
plus cement emissions. The inclusion of gas flaring and cement
production makes the national and global totals presented here
directly comparable to and consistent with the CDIAC-reported
national and global annual totals.

2.4. Mass spatial distributions

With estimates of FFCO, emissions by month for all countries
it is possible to derive estimates of the spatial distribution of
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emissions by month. Figures 4 and 5 show, for example, the
latitudinal (Fig. 4) and longitudinal (Fig. 5) distribution of emis-
sions in December and the data set permits similar constructs
for all other months. These distributions are based on the 1
degree x 1 degree latitude—longitude distribution described by
Andres et al. (1996) and on a within-country distribution based
on population density. Figures 4 and 5 are from a single Monte
Carlo simulation as described earlier. Other FFCO, distribution
methodologies exist in the literature. Each methodology has its
own strengths and weaknesses.

2.5. Stable carbon isotope spatial distributions

With estimates of FFCO, emissions by month and fuel for all
countries it is also possible to derive estimates of the stable
carbon isotope signature of emissions by month using the sta-
ble carbon isotope signatures presented in Andres et al. (2000).
The signatures presented here are mass-weighted, reflecting the
amount of a particular fuel consumed multiplied by its signature.
These mass-weighted signatures can help differentiate FFCO,
processes from biologic and oceanic processes. Figure 6 shows
the time series of §'*C for global FFCO, emissions by month.
These emissions can be distributed spatially as done for the mass
of emissions earlier. Figures 7 and 8 show, for example, the lat-
itudinal (Fig. 7) and longitudinal (Fig. 8) signature of emissions
in December and the data set permits similar constructs for all
other months.
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Fig. 3. The monthly distribution of the mass of global FFCO, emissions based on one Monte Carlo simulation. The curve shown represents the
FFCO; emissions from solid fuels, liquid fuels, gas fuels, gas flaring and cement production.
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all months. In the background is a one-degree map of the world so the emission curves can be matched to geography. The grey band around

Antarctica is the Antarctic Fisheries.

3. Results and discussion

3.1. Mass results and discussion

3.1.1. Two basic results. Figure 3 shows two major attributes of
the monthly emissions time series that are of particular interest
here. The first attribute is the general increase with time of
FFCO, emissions. This is in accord with the annual data that
form the foundation of the monthly data.

The second attribute observed in Fig. 3 is the apparent growth
in the amplitude of the annual cycle with time, where the am-
plitude of the annual cycle is defined as the difference between
the maximum and minimum monthly emission estimates in any

given year. Figure 9 explicitly shows growth in the amplitude of
the annual cycle over the 56 years of the time series.

3.1.2. Is growth in seasonal cycle real or an artefact? The
growth in amplitude of the annual cycle could be explained as
the result of a changing mix of FFCO, emissions from various
countries with different annual patterns. Figure 4 shows that
the latitudinal distribution of FFCO, emissions is changing with
time, including the ratio of Northern Hemisphere and Southern
Hemisphere emissions which tend to peak about one half year
apart. This increase in emissions coupled with a changing mix
of emissions from various countries could contribute to annual
cycle amplitude growth.

Tellus 63B (2011), 3
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Fig. 6. The monthly distribution of the stable carbon isotopic signature of global FFCO, emissions based on one Monte Carlo simulation.

Alternatively, the growth in amplitude of the annual cycle
could be explained by the basic computational process of using
relative monthly proportions in an overall framework of absolute
annual emissions growth. This can lead to an annual cycle that
grows in absolute amplitude in direct proportion to the magni-
tude of emissions.

The coefficient of variation statistic, the standard deviation
divided by the mean of the monthly emission estimates in a given
year, was used to test the relationship between the annual mass
of emissions and the amplitude of the annual cycle. This is not a
perfect test as the attribute is about the amplitude of the annual
cycle determined from minimum and maximum values while
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the coefficient of variation looks at the bulk of monthly emission
values through its use of the standard deviation. However, the
coefficient of variation was used because our general interest
is in whether the overall shape of the annual cycle is changing
with time; this is a property of the bulk of monthly emissions
estimates. The minimum and maximum outliers have helped
point to this analysis.

Analysis shows that the coefficient of variation slowly de-
clines with time from a value of 0.45 in 1950 to 0.40 in 2006.
This indicates that the mean monthly emission estimate is in-
creasing faster than the standard deviation of the monthly emis-
sion estimates in a given year. So, although Figs. 3 and 9 show
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Fig. 7. Latitudinal profiles of December §'3C of FFCO, emissions at 10-year time intervals. The December emissions are illustrated here, but data
exist for all months. In the background is a one-degree map of the world so the emission curves can be matched to geography. The effects of

emissions from the Antarctic Fisheries are seen in the year 2000 in the Southern Ocean. Values of §'>C shown equal to zero indicate one-degree

latitude bands with no emissions or no data (e.g. Antarctic Fisheries in 1980).
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Fig. 8. Longitudinal profiles of December §'3C of FFCO, emissions at 10-year time intervals. The December emissions are illustrated here, but data

exist for all months. In the background is a one-degree map of the world so the emission curves can be matched to geography. Values of §'>C shown

equal to zero indicate one-degree latitude bands with no emissions or no data (e.g. Antarctic Fisheries in 1980).

an absolute growth in the amplitude of the annual cycle with
time, the coefficient of variation and examination of the actual
monthly data indicate that this amplitude growth is due to both
an overall rise in absolute total emissions and an increase in the
month-to-month variability of emissions.

The coefficient of variation analysis and the knowledge that
the bulk of FFCO, emissions occurs in the Northern Hemisphere
do not allow us to definitively conclude whether the growth in the
amplitude of the annual cycle is an artefact of the Monte Carlo

analysis scheme used or is a real property of the actual global
FFCO, emission pattern. Although the coefficient of variation
analysis suggests that rising FFCO, emissions are a factor in the
apparent increase in the growth in the amplitude of the annual
cycle, it does not directly confirm it quantitatively since it does
not directly measure the extremes of the data set. Knowledge that
the bulk of FFCO, emissions occurs in the Northern Hemisphere
and that the percentage of emissions in the Northern Hemisphere
is increasing with time leads to the conclusion that the extremes

Tellus 63B (2011), 3
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Fig. 9. The annual range in mass of total FFCO; emissions. The range was calculated from the maximum and minimum monthly values of total
FFCO; emissions for the calendar year. The dashed line is a linear regression through the annual values.

of the global annual cycle are dominantly controlled by Northern
Hemisphere emissions. The dilemma, Monte Carlo artefact or
real feature, needs further data and analysis to be fully resolved.

3.1.3. Correlation of seasonal cycle shape with fuels. Multi-
ple linear regression analyses of the five individual time series
(i.e. solid, liquid, gas, gas flaring and cement) whose sum is rep-
resented in Fig. 3 show that the shape of the annual cycle (e.g.
January through December in a given year) is most strongly
correlated with emissions from solid fuels (especially early in
the time series) and with emissions from liquid fuels (especially
late in the time series). Gas fuels are the most strongly correlated
in only 2 years of the 57 years represented. These correlations
are not too surprising as emissions from solid fuels dominate
the total emissions early in the time series, but later in the time
series emissions from liquid fuels become equal to and in some
years surpass those from solid fuels. However, the annual to-
tal mass of emissions from a given fuel in a given year does
not fully explain these correlations, it is also the distribution of
emissions throughout the year which affect the correlations. Dif-
ferent fuels have different annual distributions (e.g. consumption
of liquid fuels used for transportation tends to be more uniformly
distributed throughout the year than consumption of gas fuels
used for heating). These distributions, known from the data rep-
resented in Fig. 1, and their proxy representations ultimately
shape the curve seen in Fig. 3.

3.1.4. Caution on using specific Monte Carlo results to de-
scribe year-specific features. It is also important to note that
the Monte Carlo procedure used here can create spurious re-
sults for the emission pattern of one country or for the globe if
only one particular simulation is analysed. For example, Blasing
et al. (2005) and Gregg et al. (2009) show that the shape of the
annual cycle in the United States is changing with time; there
is a growing secondary maximum in the summer as increased

Tellus 63B (2011), 3

air conditioning requires increased energy consumption. This
feature is noticeable because of the monthly detail available for
energy consumption in the United States. Thus, for years with
unknown monthly consumption patterns, the Monte Carlo simu-
lation may pick a monthly emission pattern from a year with no,
emerging, or noticeable summer maximum. The Monte Carlo
simulation may also place a noticeable summer maximum in a
given year and no summer maximum in the prior year or subse-
quent year. Although this particular example is limited to affect-
ing the United States only (because the United States serves as a
proxy for the United Sates only), the general principle extends to
all of the proxy relationships. Particular features in the monthly
emission pattern from one of the countries listed in Table 1
will be randomly selected and displayed as a monthly emission
pattern in the proxy countries. The result is that multiple year
trends in the particular features are not likely to be faithfully
portrayed in the time series from the proxy countries. Therefore,
when looking for general emission patterns, one needs to aver-
age multiple runs of the Monte Carlo simulations to get robust
results. The averaging of multiple runs allows random noise to
cancel and robust features to be maintained. In general, results
from multiple runs are being discussed and displayed in this text,
unless specifically noted otherwise.

3.1.5. Are fossil fuel seasonal cycles seen in flask samples
from the Earth’s atmosphere? Returning to Fig. 9, the ampli-
tude of annual emissions is increasing nearly in a monotonic
linear fashion with time. This increase echoes similar results
seen in atmospheric flask and in situ atmospheric monitoring
networks (e.g. Thoning et al., 1989; Keeling et al., 1996, 2005).
Although there are broad similarities between the shapes of
the relative annual amplitude curves of Keeling et al. (1996,
Fig. 1) and this study (not shown), the growth rates of the curves
are dissimilar. Keeling et al. (1996) report growth rates on the
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order of 20% at Mauna Loa and 40% in the Arctic for the years
1965-1994. The corresponding growth rate for the data on am-
plitude of the annual cycle reported here is 140%. Part of this
discrepancy can be explained by the fact that only approximately
55% of FFCO, is ultimately retained in the atmosphere (Scripps
data reported in Denman et al., 2007); the rest is absorbed by
the biosphere and the oceans. Secondly, FFCO; is not the only
process affecting CO, concentrations in the atmosphere; sea-
sonal trends in growth and decay in the biosphere also affect
the range of atmospheric CO, concentrations (Le Quere et al.,
2009). Thus, perfect correspondence between relative amplitude
curves of atmospheric CO, and FFCO, is not expected and the
annual cycle of CO, concentration in the atmosphere is gener-
ally attributed to oceanic and biospheric processes. However,
Patra (personal communication, 2009) has taken advantage of
the monthly FFCO, data sets presented here to test the hypothesis
that monthly changes in FFCO, emissions can lead to observable
changes in atmospheric CO, concentrations measured at flask
sampling sites. He has completed some preliminary modelling
by advecting the monthly FFCO, emission fields presented here
through an atmospheric transport model which included oceanic
and biospheric fluxes. His early results indicate there is sub-
stantial influence from changes in monthly fossil fuel fluxes on
changes in atmospheric flask sample CO, concentrations at some
atmospheric flask sample sites. This influence is on par with
or sometime exceeds influences from biospheric and oceanic
fluxes. At other flask sample sites, changes in monthly FFCO,
fluxes do not have such a substantial impact. Kaufmann (per-
sonal communication, 2010) has achieved similar results with
statistical analyses of time series data of United States monthly
emission inventories and atmospheric sampling sites. Further
modelling may confirm or deny the importance of the FFCO,
monthly emissions to monthly changes in the atmospheric CO,
concentration.

3.1.6. Basic attributes of latitudinal and longitudinal distri-
butions. In general, the amplitude of the annual cycle of FFCO,
emissions is higher at high northern latitudes and smaller at low
latitudes and high southern latitudes. This is consistent with fea-
tures seen in earlier studies focused on North America (Gregg
et al., 2009) and Brazil (Losey et al., 2006). Table 2 presents
some basic attributes of latitudinal profiles of monthly emis-
sions. Table 2 shows that for one degree latitudinal bands, the
average amplitude of the annual cycle is relatively small, but
(as indicated in Fig. 3) is growing with time. For example, in
2000, there was one latitudinal band in which emissions reached
29.02 Tg C per month with a range of 5.14 Tg C per month
(17.72%) between the highest and lowest months. But, on av-
erage, the range between highest and lowest months was only
0.78 Tg C (<3%) for one-degree bands which contained FFCO,
emissions. When latitudinal bands are aggregated to coarser
resolutions, such as five- or ten-degree bands, the maximum
month-to-month emission variations, in a given year, remain at
25% or less, whereas the average variation is less than 4%.

Table 2. Statistical description of the latitudinal profile of the mass of
monthly FFCO, emissions

Annual range Maximum

annual
Maximum Standard range/maximum

Year  peak Maximum Average deviation peak (%)
1950  9.49 2.34 0.20 0.40 24.69
1960  12.87 3.51 0.32 0.60 27.29
1970  19.90 3.00 0.42 0.73 15.06
1980  24.25 4.26 0.61 1.06 17.57
1990  26.37 3.54 0.67 0.97 13.43
2000  29.02 5.14 0.78 1.21 17.72

Note: The absolute maximum peak value is given followed by the
maximum, average and standard deviation for the annual range in
emissions. The annual range was calculated from the maximum and
minimum monthly values in each of the 128 non-zero values for
emissions in one-degree bands. The standard deviation is larger than
the average because the distribution contains a few large values for the
annual range. All emissions are reported in Tg C. The final column is a
ratio of the third and second columns expressed as a percentage.

Table 3. Statistical description of the longitudinal profile of the mass
of monthly FFCO, emissions

Annual range Maximum

annual
Maximum Standard range/maximum

Year  peak Maximum Average deviation peak (%)
1950  4.63 1.26 0.09 0.18 27.22
1960 534 1.76 0.14 0.25 33.00
1970  8.18 1.46 0.19 0.28 17.90
1980  9.01 1.80 0.26 0.36 20.01
1990 891 1.43 0.28 0.34 16.05
2000 10.98 2.16 0.34 0.42 19.65

Note: The absolute maximum peak value is given followed by the
maximum, average and standard deviation for the annual range in
emissions. The annual range was calculated from the maximum and
minimum monthly values in each of the 338-344 (the number varies
between years) non-zero values for emissions in one-degree bands.
The standard deviation is larger than the average because the
distribution contains a few large values for the annual range. All
emissions are reported in Tg C. The final column is a ratio of the third
and second columns expressed as a percentage.

Table 3 presents some similar basic attributes of the global
mass longitudinal profiles. Similar to the latitudinal profiles, the
longitudinal profiles indicate that the annual cycle is increasing
with time. Although in some longitudinal bands, over a given
year, there are some variations in the maximum month-to-month
emissions on the order of 35%, the average variation in all one-
degree bands is less than 4%. When longitudinal bands are ag-
gregated to coarser resolutions, such as five or ten degrees, the
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Fig. 10. The annual range in 8'3C of FFCO, emissions. The range was calculated from the maximum and minimum monthly values of §'3C for the
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maximum month-to-month emission variations, in a given year,
are 40% or less, whereas the average variation is less than 6%.

To give a visual sense of how the latitudinal and longitudinal
profiles change with time, Figs. 4 and 5 plot decadal December
emission profiles. A plot of January through December emission
profiles for a given year is not shown because of the generally
small variation (<0.80 Tg C from Tables 2 and 3) in emissions
in any one given year. Figs. 4 and 5 show that the average
change in December emissions is 3.58 (latitudinally) and 1.33
(longitudinally) Tg C from 1950 to 2000. These results are in
agreement with the findings of Andres et al. (1996), which stated
that emissions were generally growing and slowly moving south
with time.

Nassar et al. (personal communication, 2010) use the
1950-2006 gridded monthly data (from which Figs. 4 and 5 of
this manuscript were created) to help model global atmospheric
CO, concentrations and transport. Their use of the monthly time
series (as compared to use of the annual time series previously
available) results in changes of surface FFCO, concentrations
exceeding 1 ppm near high FFCO, emitting regions (e.g. parts of
North America, Europe and Asia). These FFCO, concentration
changes have significant ramifications for results from inverse
models.

Data as seen in Tables 2 and 3 and Figs. 4 and 5, and the work
of others [e.g. Nassar et al. (personal communication, 2010)]
lead to the conclusion that higher temporal resolution FFCO,
data can lead to improved knowledge of the global carbon cy-
cle. For finer geographic scale studies, such as regional or lo-
cal, finer time scale emissions estimates should be increasingly
important—especially when FFCO, emissions are combined
with atmospheric transport models to calculate concentration
fields downwind of the emission sources (e.g. at flask or tall
tower sampling sites).
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3.2. Stable carbon isotope results and discussion

Stable carbon isotopes provide an important constraint to distin-
guish different components of the carbon cycle and to validate
model simulations of the global carbon cycle. FFCO, emissions
show a strong seasonal pattern in their stable carbon isotope
signature (Fig. 6). Emissions are generally heavier (less nega-
tive values of 8'*C) during the Northern Hemisphere summer
and generally lighter (more negative values of §'>C) during the
Northern Hemisphere winter. Multiple linear regression analysis
shows that while the monthly dependence in any given year is
strongly correlated to gas consumption, the overall trend (i.e.
years 1950-2006) is most strongly correlated to liquid fuel con-
sumption. However, the precipitous drop from 1950 to 1971 is
most strongly correlated to increased global consumption of gas.
Natural gas is characterized by very low values of §'*C and an
increase in gas consumption with respect to solid and liquid fu-
els is observed (as expected) to be accompanied by a drop in the
mean of §'3C signature of emissions.

With time, the amplitude of the annual range in §'3C in annual
emissions is increasing, although not in a monotonic, linear
fashion (Fig. 10). This increase echoes similar results seen in
atmospheric flask samples and in situ monitoring networks (e.g.
Keeling et al., 2005). Multiple linear regression analysis shows
that no single component correlates strongly to this increase
with amplitude over time; solid, liquid, gas and cement all have
similar correlation coefficients (0.71-0.77) whether one looks
at the entire 1950-2006 time series or the 1950-1971 subset
(0.43-0.50).

Table 4 presents some basic attributes of the global latitudinal
813C profiles. Although in some latitudinal bands, over a given
year, there are some variations in the month-to-month emissions
on the order of 7%, the average variation for all one-degree
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Table 4.  Statistical description of the latitudinal profile of the §'3C
signature of monthly FFCO; emissions

Table 5. Statistical description of the longitudinal profile of the §'3C
signature of monthly FFCO; emissions

Annual range Maximum Annual range Maximum
annual annual
Minimum Standard range/minimum Minimum Standard range/minimum

Year  peak Maximum Average deviation peak (%) Year  peak Maximum Average deviation peak (%)
1950 —35.09 1.26 0.33 0.37 —3.60 1950 —33.30 1.36 0.44 0.46 —4.08
1960 —34.12 1.38 0.40 0.37 —4.03 1960 —34.16 1.52 0.65 0.49 —4.45
1970 —33.61 1.30 0.48 0.42 —3.87 1970 —34.89 2.24 0.85 0.51 —6.42
1980 —31.98 1.98 0.69 0.56 —6.20 1980 —35.22 3.08 1.20 0.83 —8.75
1990 —34.16 1.90 0.80 0.57 —5.56 1990 —36.16 2.85 1.22 0.73 —7.88
2000 —36.34 2.44 0.94 0.66 —6.72 2000 —37.45 5.38 1.35 0.87 —14.37

Note: The minimum peak value is given followed by the maximum,
average and standard deviation for the annual range in emissions. The
annual range was calculated from the maximum and minimum monthly
values in each of the 128 non-zero values for emissions in one-degree
bands. All emissions are reported in per mil. The final column is a ratio
of the third and second columns expressed as a percentage.

bands is less than 3%. When latitudinal bands are aggregated
to coarser resolutions, such as five or ten degrees, the month-
to-month emission variations, in a given year, are 6% or less,
whereas the average variation is less than 3%.

Table 5 presents some basic attributes of the global longitu-
dinal 8'3C profiles. Although in some longitudinal bands, over
a given year, there are some variations in the month-to-month
emissions on the order of 14%, the average variation for all one
degree bands is less than 4%. When longitudinal bands are ag-
gregated to coarser resolutions, such as five or ten degrees, the
month-to-month emission variations, in a given year, are 10%
or less, whereas the average variation is less than 4%. Tables 4
and 5 also capture the increasing amplitude of the annual cycle
over time.

To give a visual sense of how the latitudinal and longitudinal
8'3C profiles change with time, Figs. 7 and 8 plot decadal De-
cember emission profiles. A plot of January through December
emission profiles for a given year is not shown because of the
generally small variation (<1.40 per mil from Tables 4 and 5) in
emissions in any one given year. Figures 7 and 8 show that the
average change in December emissions is 6.60 (latitudinally)
and 5.14 (longitudinally) per mil from 1950 to 2000.

Data as seen in Tables 4 and 5 and Figs. 7 and 8 lead to the
conclusion that increasing temporal resolution for FFCO, emis-
sions from annual to finer time scales may become even more
important for global carbon cycle studies when the §'3C signa-
ture of those emissions is considered. The average signatures
seen in Tables 4 and 5 are easily measurable and differentiated
by modern day analytical techniques. However, full utilization
of the insights that §'3C signatures could provide will only be
realized when §'*C measurements become more common and
a better understanding of the magnitude and range of biologic
processes on 8'3C signatures is more fully understood.

Note: The minimum peak value is given followed by the maximum,
average and standard deviation for the annual range in emissions. The
annual range was calculated from the maximum and minimum
monthly values in each of the 343-344 non-zero values for emissions
in one-degree bands (the number of non-zero mass emission one
degree bands is different than that in Table 3 because some bands have
the same mass but are composed of different fuels with different §'3C
signatures). All emissions are reported in per mil. The final column is a
ratio of the third and second columns expressed as a percentage.

3.3. Establishment of a statistically robust seasonal
cycle in FFCO, emissions

Given these descriptions of the monthly, global pattern of FFCO,
emissions, are the estimated distributions significantly differ-
ent statistically from a default distribution throughout the year
(i.e. that 1/12 of annual emissions occurs in each month)?
Figure 11 conclusively shows that the answer to this question
is the affirmative. Figure 11 plots the average of 57 years of
monthly distributions and their spread over two standard de-
viations. Data have been plotted in units of monthly fractions
instead of absolute mass to ease comparisons. It is clear that the
vast majority of months are statistically different from a uniform
distribution at one, two or three standard deviations.

3.4. Calendar versus statistical months

Is the statistically significant conclusion of Fig. 11 affected by
the use of actual calendar months instead of equally sized math-
ematical months over the course of a given year? The choice was
made to use calendar months in this analysis because the basic
raw data to construct the monthly fractions are reported in actual
calendar months, not mathematical months. Also, the modelling
community itself is undecided which to use: some modellers
use actual calendar months whereas others use mathematical
months. Reconstructing Fig. 11 with mathematical months (re-
construction not shown, but the figure is similar to Fig. 11 except
the emissions in February are similar to those in January) reveals
all mathematical months are statistically different from the uni-
form 1/12 distribution at one and two standard deviations. At
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statistically significantly different from the uniform distribution (equal to 0.083). At three standard deviations (not shown), eight of 12 months

remain statistically significantly different from the uniform distribution.

three standard deviations, 10 of 12 months are statistically dif-
ferent from the uniform distribution.

4. Uncertainties

Constructing a global data set on FFCO, emissions on a monthly
basis from actual data (i.e. going from Figs. 2 and 3) is possible,
but requires pushing very hard on the data that can be assem-
bled. There are three basic assumptions in the proportional-
proxy method used here: (1) the proportional method faithfully
reproduces the emission pattern for a given fuel in a given coun-
try, (2) the proxy method is applicable when the monthly pattern
from a known country is applied to that same country for years
when no monthly data exist and (3) the proxy method is applica-
ble when the monthly pattern from a known country is applied
to a different country. These assumptions are superimposed on
recognition that global FFCO, emissions are dominated by a
small number of countries and that there is some real monthly
data on at least some emissions during recent years. Each of the
three assumptions is examined here.

4.1. Does the proportional method work?

The validity of the proportional method has been explored
in Gregg and Andres (2008). The basic conclusion from this
work was that similar results are obtained from the proportional
methodology and from more detailed, bottom-up, accounting
methodologies. The accuracy of the method can be assessed for
countries where detailed bottom-up inventories and the propor-
tional method have both been used. This assessment has been
done for the United States where the differences in monthly na-
tional emission estimates were found to be less than 2% (Gregg
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and Andres, 2008). We expect similar results for other countries,
but realize that the high degree of success in the United States
was due to the large fraction of the total fuel consumption that
was incorporated into the proportional method: 87%, 86%, 92%
and 88% for solid, liquid and gas fuels, and for the three fuels
combined (mass-emissions weighted), respectively. For the 20
other countries to which the proportional method was applied,
similar amounts of the total fuel stream (e.g. 70-90%) were
accounted by monthly data input to the proportional method.
The worst coverage was for Brazilian gas fuels where only 22%
of the fuel stream was covered by monthly data. Overall, the
mass-emissions weighted, three-fuels-combined percentage for
all countries was 86%. We estimate the error for the proportional
method, on a global basis, is 5% to account for the varying levels
of fractional fuel coverage.

4.2. Does the proxy method work internally?

The validity of the proxy method centres on whether the proxy
monthly fraction pattern is a faithful representation of the actual
monthly fraction pattern. Available research time, financial cost
and the actual existence of monthly data for each country limited
the collection of monthly data for all countries and for all years.

The case of applying a proxy monthly fraction pattern from
one country to that same country for years in which the monthly
fraction pattern is unknown is tested by examining the standard
deviation of the monthly fraction pattern. Because all known
monthly fraction patterns are initially used, the test removes one
monthly fraction pattern from the set of known monthly fraction
patterns for a given country and fuel, calculates the standard
deviation of the remaining monthly fraction patterns and then
tests the removed monthly fraction pattern to determine if it
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Table 6. Test results of using a known monthly fraction pattern from a country for that same country for a year with an unknown monthly fraction
pattern

Percent of months
Fuel No. of years (all data) Testable years (no. of years >4) Testable months (no. of years >4) >+1SD >+2 SD >+3 SD
Solid 335 334 4008 34.4 8.4 22
Liquid 447 444 5328 31.1 7.6 23
Gas 357 348 4176 329 7.7 2.3

Note: Testable years are the subsets of all years for countries with fuel time series longer than 4 years. Testable months are related to years by a
factor of 12. The last three columns show the percentage of testable months outside defined standard deviation limits. For a normal distribution, the
percent of data greater than one, two or three standard deviations is 31.7%, 4.6% and 0.3%, respectively.

resides within the average plus or minus one, two or three stan-
dard deviations. The test was completed for all 1126 monthly
fraction pattern time series (Table 6). The test revealed that the
data are near normally distributed. Thus, the use of a monthly
pattern from a known year for a given country and fuel is a rea-
sonable approximation of the monthly pattern from an unknown
year for that same country and fuel. In addition, graphs (not
shown) of the monthly data used to construct Table 6 display no
particular months that are unduly abnormal (i.e. the monthly dis-
tributions of the number of months greater than one, two or three
standard deviations are relatively flat). Therefore, no systematic
monthly bias is introduced when using the known monthly distri-
butions for unknown distributions. The error introduced by this
approximation (using a known monthly fraction pattern from
one country for an unknown pattern for the same country) is
4%, calculated by the mass-emissions-weighted standard devi-
ation. As mentioned earlier, it is important to reiterate here that
although the Monte Carlo method used here captures the basic
pattern and variability of the annual cycle, it does not preserve
any genuine temporal trends in the annual cycle. Therefore, for
example, the growth of a secondary maximum (as seen during
the summer in the United States) will not be captured unless
actual data is used.

The earlier analysis demonstrates that there is a small and
quantifiable error introduced by substituting data from any given
year for a year with no data over the period extant data. It does
not directly address the period prior to when there is monthly
data (Figs. 1 and 2). Extending this proxy method back in time is
subject to increasing uncertainty as the time increases allowing
differences in the spatial and temporal patterns of energy use.
Therefore, to accommodate the interest in using the annual dis-
tribution of emissions in modelling exercises and the temporal
limits of the monthly data, this study has extended the proxy
method back to 1950. Extension of this methodology further
back in time is not warranted based upon the existing monthly
FFCO, data sets.

4.3. Does the proxy method work externally?

The case of applying a proxy monthly fraction pattern from one
country to an unknown country is tested by two methods. First,

data do exist for some fuels and for some countries not listed in
Table 1. The general lack of data and the small percentage of
fuel (relative to global totals) used in these countries are some
of the reasons Table 1 was limited to 21 countries. However,
this proxy approximation can be tested by comparing the actual
country time series to the proxy time series used for that country.
This test examines how well the proxy assignment was made.
Secondly, this approximation is tested via another Monte Carlo
simulation in which the proxy assignments are changed. This
test examines how sensitive the global pattern is to the proxy
assignments.

4.3.1. Suitable proxy assignment made ? Figure 12 shows the
results of comparing actual Pakistani gas data with its proxy data
based on the pattern of Indian gas data. Although the Pakistani
data do not fully imitate the late-year peak of the Indian data, of
the 48 Pakistani data points shown, 39 of the data points (81%)
fall within the plus or minus one standard deviation shaded area
of the Indian proxy. At two standard deviations, 47 data points
(98%) fall within the shaded area (not shown). At three standard
deviations, all of the Pakistani data fall within the shaded area
(not shown). In addition to the magnitude of the actual Pakistani
data falling within one standard deviation of the India gas data
proxy, the phasing of peaks and troughs have some consistency
between the two data sets.

Figure 13 shows the results of comparing actual Belgian gas
data with its proxy data based on the pattern of French gas
data. Of the 36 Belgian data points shown, 11 points (31%) fall
within the plus or minus one standard deviation shaded area of
the French proxy. At two standard deviations, 20 data points
(56%) fall within the shaded area (not shown). At three stan-
dard deviations, 24 data points (67%) fall within the shaded
area (not shown). The small standard deviation of the French
proxy highlights well the consistency of the actual Belgian data
with the phasing of proxy peaks and troughs. The actual Bel-
gian data has a smaller seasonal amplitude than the French
proxy.

Another useful comparison can be made by comparing the an-
nual cycle of total (i.e. solid+liquid+gas+-gas flaring+cement)
FFCO, emissions derived here with totally independent data
sets from other sources. For example, our estimate of the annual
cycle for The Netherlands is based on a proxy from German
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Fig. 12. Comparison of Indian proxy and actual Pakistani gas data. The Indian proxy is represented by a shaded area, showing the average plus or
minus one standard deviation. The Indian pattern repeats itself for 4 years as any of the 35 years of actual Indian data may be chosen by the Monte
Carlo simulation to represent the monthly pattern for a particular Pakistani year. The Pakistani gas data are for Pakistan gas production. Because
Pakistani imports, exports, changes in stock and gas flaring are relatively small (less than 4% of production in year 2006), the national production

data shown mirror closely the national gas consumption data. Pakistani gas data were taken from Progress (2006-2009).
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Fig. 13. Comparison of French proxy and actual Belgian gas data. The French proxy is represented by a shaded area, showing the average plus or
minus one standard deviation. The French pattern repeats itself for 4 years as any of the 19 years of actual French data may be chosen by the Monte
Carlo simulation to represent the monthly pattern for a particular Belgian year. The Belgian gas data are for Belgium gas sales and/or consumption

(the time series contains both). Belgium gas data were taken from Bulletin d’information FIGAZ/A.R.G.B. (1996-2000).

data and there is an independent estimate based on *?Radon
data as modelled by van der Laan et al. (2010). A more com-
plete comparison would include back trajectory analysis of the
actual air masses sampled by van der Laan et al. and thus the
relative contributions of FFCO, from multiple countries and this
more complete analysis would also better harmonize the sam-
pling frequency discrepancies between van der Laan et al. (i.e.
bi-weekly) and the data presented here (i.e. monthly). But, the
FFCO, emissions modelled by van der Laan et al. have been
directly compared to those from The Netherlands as presented
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here and the comparison shows qualitative agreement (graph not
shown). Both data sets capture the general shape of the annual
cycle, although the phasing of the peak in emissions is a bit
earlier in the monthly data set presented here. The amplitudes
of the two data sets are not identical, nor are they expected to
be. Before converting to monthly fractions, the van der Laan
et al. data are in units of mass per area and the data presented
here are in mass units. Likely the area sampled by van der Laan
et al. are not constant with time nor equal to the extent of The
Netherlands only.
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Obviously, these three examples do not address all 222 proxy
assignments (this number is greater than the values in Table 1
because some countries divide or merge over the 1950-2006
time series and Table 1 is for one particular year in that time se-
ries). For most of these assignments, monthly fuel consumption
data do not exist. However, these examples do give a sense that
the phasing of the assignments is close. The magnitude of the
assignments may not always be perfect. However, at the global
scale, having the correct magnitude is of most importance for
the largest emitters since they weight the global pattern the most.
Having at least some data on the 21 countries of Table 1 ensures
that the weighting factors are generally accurate.

4.3.2. Sensitivity of the global pattern to proxy assignments.
The next step to evaluate uncertainty was to run a second Monte
Carlo simulation to test how sensitive the global pattern was to
the proxy assignments (i.e. a change in weighting assignments).
For this final evaluation, the set of Monte Carlo simulations con-
sisted of three tests. In each test, the proxy country assigned to
a country with unknown monthly distribution was changed. The
first test focused on the Southern Hemisphere, which contains
only two countries from among the 21 countries in Table 1.
Countries originally assigned to a South African proxy were
switched to an Australian proxy and countries originally as-
signed to an Australian proxy were switched to a South African
proxy. The second test added the five proxy equatorial countries
from Table 1 to the countries switched. Similar to the Southern
Hemisphere test, countries originally assigned to one equato-
rial country proxy were assigned to another equatorial country
proxy. The third test added the remaining proxy Northern Hemi-
sphere countries from Table 1 to the countries switched. Coun-
tries originally assigned to one Northern Hemisphere country
proxy were assigned to another Northern Hemisphere country
proxy. This final test included all of the countries and 20% of
global emissions not specifically identified in Table 1. In all three
tests, the switching of proxy countries resulted in essentially
identical monthly fractions to those already plotted in Fig. 11.
This test only switched proxy countries among countries within
three broadly similar latitudinal bands; thus, keeping the phas-
ing of seasonality relatively similar and ignoring differences in
economies. This test shows that the final global results are rela-
tively insensitive to the exact proxy assignment. Of course, local
results will depend heavily on the exact proxy country chosen
and the differences between the two results will be directly pro-
portional to the differences between the monthly fractions of the
two proxy countries.

Calculating an estimate of the error introduced into the result-
ing global distribution for the third assumption considers both
sets of comparisons performed above: the direct comparison of
actual country data with the proxy data and the Monte Carlo
simulations. The lack of suitable data sets for direct comparison
is troubling, but that lack of data was the motivation for complet-
ing this study in the first place: to gain a better understanding of
the global, annual cycle of FFCO, emissions. The Monte Carlo

simulations indicate that the global, annual cycle is relatively
insensitive to the proxy assignments. We conclude that there is a
4% uncertainty in global monthly emissions as a result of using
proxy data for estimating the annual cycle of emissions in other
countries, but realize that this error assessment itself is not well
constrained.

4.4. Additional uncertainty introduced by the
proportional-proxy method

The uncertainty analysis can now be completed for the basic
mass data presented in this paper. Realizing that the error for the
entire data set is a combination of assumption 1 error (5%) and
assumption 2 error (4%) or assumption 1 error and assumption 3
error (4%), the overall error for estimates of the monthly fraction
of the total FFCO, emissions is calculated by the square root of
the sum of the squares for either combination. This results in a
one sigma error of 6.4%.

4.5. Other uncertainties

Additional uncertainty can also be found in the other data prod-
ucts discussed in this paper. For uncertainties related to the one
degree distribution of the global mass of FFCO, emissions, see
Andres et al. (1996). For uncertainties related to the stable iso-
tope signatures, see Andres et al. (2000).

5. Conclusions

This project was initiated in response to many inquiries to
CDIAC for FFCO, emissions estimates at temporal scales finer
than 1 year. Survey data on consumption of fossil fuels are
broadly available only at annual resolution, but many countries
have at least some data on fuel use at monthly resolution. Al-
though these monthly time series are not easily available for
many countries and are often short in duration and/or cover
only some fuels, there are enough data for enough countries and
fuels to assemble a reasonable monthly time series of FFCO,
emissions estimates. This paper documents the data that were
available, the extent to which they were manipulated to esti-
mate a global data set, and the limitations of the final data set.
The monthly data set has also been displayed spatially over the
Earth. Finally, the monthly data set has been described over the
same temporal and spatial resolutions in terms of its stable car-
bon isotopic signature. These monthly data sets are currently
being used in several studies including forward and inverse
modelling in support of satellite CO, retrievals (e.g. Nassar,
personal communication, 2010), atmospheric inverse modelling
to determine regional carbon sources and sinks (Patra, personal
communication, 2009), and atmospheric inverse modelling to
determine global carbon sources and sinks in preparation for
the IPCC Fifth Assessment Report (V. Brovkin, P. Cadule, M.
Cuntz, P. Friedlingstein, J. John, C. Jones, T. Raddatz, personal
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communications, 2009, 2010). Monthly data from this study
will be available from the Carbon Dioxide Information Analysis
Center (CDIAC) website: http://cdiac.esd.ornl.gov/.

This study utilized the best available statistical data available
from the 21 largest FFCO, emitting countries and a proportional-
proxy methodology to extend the utility of that data to the globe
and to a longer time series. With present national statistical ef-
forts, this approach is pushing against its temporal and spatial
limits. If finer temporal and spatial scale data sets are needed by
the broader community, then those data sets will need to be cre-
ated by modelling efforts such as those cited in the introduction
to this paper. Alternatively, as called for by others (e.g. NRC,
2010), improvement in the capabilities of national statistical of-
fices/agencies would allow for continuation and improvement of
the proportional-proxy method used here. Such support would
allow for continuation of exiting relevant time series or creation
of new time series used in the proxy portion of this methodol-
ogy. This support would not only improve the results as obtained
herein, but also improve our overall understanding of the carbon
cycle in countries receiving such support.

The monthly time series presented here offer promise of in-
creased knowledge about the global carbon cycle. The creation
of monthly mass and stable carbon isotopic signature FFCO,
data sets provide new inputs to existing and planned studies of
the global carbon cycle. The mass and/or the §'3C time series
should be particularly useful in regional and/or local studies and
further modelling efforts should help elucidate the necessary
temporal scales for FFCO, emission time series in relation to
pressing carbon cycle study questions.

Finally, this study has increased understanding of the suban-
nual distribution of FFCO, emissions. For example, when Figs.
3 and 6 are combined with an understanding of the uncertainties
of this data set, this study shows that the opposition of seasons
between Northern and Southern Hemispheres is not offset by the
disparity between the consumption of fossil fuels in Northern
and Southern Hemispheres. Thus, Fig. 11 shows a real variation
in FFCO, emissions over the year.
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