
Large interannual variations in nonmethane volatile organic
compound emissions based on measurements of carbon monoxide

Keyhong Park,1,2 Louisa K. Emmons,3 Zhihui Wang,1 and John E. Mak1

Received 23 September 2012; revised 16 November 2012; accepted 24 November 2012; published 16 January 2013.

[1] We present source estimates of atmospheric carbon
monoxide from nonmethane volatile organic compound
(NMVOC) oxidation during a period of 8 years (1997–2004)
using a Bayesian inversion analysis. The optimized global
NMVOC-derived CO source strength indicates a change of a
factor of 2 between the 1997–1998 strong El Niño and sub-
sequent La Niña conditions. For comparison, the average
8 year interannual variability (IAV) is 18%. The variation of
NMVOC-derived CO is closely correlated with the Oceanic
Niño Index (ONI) and surface temperature. A time-lagged
correlation analysis between ONI and NMVOC-derived CO
inventory indicated El Niño/Southern Oscillation leads the
Northern Hemisphere (NH) NMVOC-derived CO produc-
tion by about 3months earlier than the Southern Hemi-
sphere’s (SH). The SH NMVOC-derived CO was positively
correlated with the lagged-ONI (r = 0.57), while the temper-
ature change barely influenced SH NMVOC-derived CO
(r= 0.01). In the NH, temperature was more robustly corre-
lated with NMVOC-derived CO (r= 0.58) than the lagged-
ONI (r= 0.35). In particular, the extra-tropical temperature
showed a strong correlation (r= 0.90) with the NH NMVOC-
derived CO and suggested its primary role in controlling the
interannual variability of the NH NMVOC-derived CO.
Citation: Park, K., L. K. Emmons, Z. Wang, and J. E. Mak
(2013), Large interannual variations in nonmethane volatile organic
compound emissions based on measurements of carbon monoxide,
Geophys. Res. Lett., 40, 221–226, doi:10.1029/2012GL052303.

1. Introduction

[2] Temporal and spatial variations in atmospheric CO
concentration are often correlated with its sources. It is
known that methane oxidation, nonmethane volatile organic
compound (NMVOC) oxidation, biomass burning, and fos-
sil fuel and biofuel combustion are the major sources of
CO [Bergamaschi et al., 2000; Pétron et al., 2002; Duncan
et al., 2007]. Recent studies have improved CO inventories
for anthropogenic and biomass burning CO emissions

[Olivier and Berdowski, 2001; Pétron et al., 2004; Arellano
et al., 2006; van der Werf et al., 2006; Ohara, et al., 2007].
Production of CO from methane oxidation can be calculated
quite accurately due to the long lifetime of atmospheric CH4

(~10 years) and the concomitant homogeneous distribution
[Lawrence et al., 2001; Horowitz et al., 2003; Emmons
et al., 2010]. Unlike the other major sources, CO from
NMVOC oxidation has not been well constrained and there
exists a large range in its estimates (see Table S1 in the Sup-
porting Information) [Bergamaschi et al., 2000; Kasibhatla
et al., 2002; Arellano et al., 2004; Müller and Stavrakou,
2005; Arellano et al., 2006].
[3] The majority of NMVOCs are emitted from vege-

tation; a small amount, on the order of 10%, is emitted
from human activities [Duncan et al., 2007; Goldstein and
Galbally, 2007]. Isoprene is by far the most abundant
NMVOC emitted from the biosphere. Biogenic NMVOC
emissions are sensitive to climatic conditions such as tem-
perature, sunlight, soil water content, and leaf area index
(LAI). While NMVOCs impact regional atmospheric chem-
istry and climate [Shindell et al., 2007; Shindell et al., 2008],
their short lifetimes (minutes to days), low concentrations,
and myriad individual species make quantification on a large
scale challenging. NMVOCs react with atmospheric oxi-
dants such as hydroxyl radicals and ozone, and are largely
oxidized to carbon monoxide, whose lifetime is relatively
long (2–3months, global, annual average). Thus, a com-
bined model-observation study of atmospheric CO may shed
light on the temporally varying hemispheric and global
emission of NMVOCs.
[4] Most of the NMVOC-derived CO is produced from

oxidation of isoprene, monoterpenes, and methanol. It is
currently thought that isoprene is responsible for 40–65%
of total biogenic NMVOC emissions, with monoterpenes
and methanol comprising most of the remainder [Guenther
et al., 1995; Guenther et al., 2006; Fowler et al., 2009].
The globally averaged yield of CO from isoprene oxida-
tion has been reported to be 0.2–0.34 [Miyoshi et al.,
1994; Bergamaschi et al., 2000; Granier et al., 2000;
Duncan et al., 2007; Pfister et al., 2008] and less than
0.2 in tropical regions, where the majority (70–80%) of iso-
prene is emitted [Guenther et al., 2006; Fowler et al.,
2009]. The yield of CO from methanol oxidation, on the
other hand, is estimated to be close to 1 [Duncan et al.,
2007]. Therefore, a variation in the amount of NMVOC-
derived CO may result from either a change in magnitude
or variation in the type of NMVOC being emitted (or both).
[5] In this study, source strengths of CO are optimized for

the 1997–2004 period using both observations and
MOZART-4 (Model for Ozone and Related chemical
Tracers) [Emmons et al., 2010] simulation results. We focus
on the NMVOC oxidation source since it has not been well
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constrained and its interannual variability (IAV) has been
previously investigated only by models. This time period
covers the very strong 1997–1998 El Niño and the subse-
quent La Niña, which allows for an evaluation of the IAV
of NMVOC-derived CO resulting from different climate
conditions. To explain the multiyear change of NMVOC-
derived CO, we examine the correlation of NMVOC-derived
CO with ONI and temperature, which are two main proxies
of climatic conditions and biogenic NMVOC emissions.

2. Data and Methods

[6] We use monthly averages of NOAA Global Monitor-
ing Division (GMD) CO weekly flask samples [GLOBAL-
VIEW-CO, 2009] for the observational data; 11 Northern
Hemispheric (NH) and 4–9 Southern Hemispheric (SH)
background CO stations are selected depending on the data
availability (see Table S2 in the Supporting Information
for information of sampling stations). Nonbackground CO
data influenced by sampling artifacts or regional pollution
are rejected by a rigorous analytic quality control and H2

measurement (>800 ppbv). Also, data points lying outside
of 3s from a smooth curve fit are considered not represen-
tative of clean air and removed from the observational
data set [Novelli et al., 1998].
[7] A tracer version of the global chemical transport

model MOZART-4 is used for this study. This version con-
tains chemical reactions and species only directly related to
carbon monoxide. It has a simplified chemistry scheme and
uses prescribed OH concentrations and CO chemical pro-
duction rates, which are from a simulation using the full-
chemistry version of MOZART-4. The OH fields and CO
production rates are monthly averages that match the dates
of the tracer simulation, i.e., they include interannual varia-
tion. The tracer version is computationally faster than the
regular version of MOZART-4 and the results can be more
efficiently analyzed. Each source of CO is tagged and was
treated as an independent tracer with the same reaction rates
and deposition velocities as CO.
[8] The model has a horizontal resolution of 2.8� � 2.8�

and 28 vertical levels from the surface to the top of the
stratosphere (2 hPa). The meteorology is driven by the
NCAR reanalysis of the National Centers for Environmental
Prediction forecasts (NCEP/NCAR reanalysis) [Kalnay
et al., 1996; Kistler et al., 2001]. The model simulation time
period is from April 1996 through December 2004. The
model reproduced the observations fairly well and the corre-
lation between modeled and observed CO is 0.94, mean dif-
ference is 10.5 ppbv and chi-square is 0.65.
[9] The sources of CO are separated into seven categories:

methane oxidation; NMVOC oxidation; biomass burning;
fossil fuel combustion; biofuel use; and direct emission from
plants and the ocean. The monthly emission inventory of
anthropogenic sources (fossil fuel combustion and biofuel
use) is from Pétron et al. [2004]. The Global Fire Emissions
Database version 2 [van der Werf et al., 2006] inventory is
used for the biomass burning source of CO. Carbon monox-
ide from methane oxidation is calculated on-line. Surface
methane concentrations are set to the zonal average of the
monthly mean NOAA GMD surface measurements.
NMVOC-derived CO is calculated by subtracting modeled
methane-derived CO from the total chemical CO production
(hydrocarbon oxidation) taken from the full-chemistry

MOZART-4 runs. The included chemical mechanism for
NMVOC oxidation is described in Emmons et al. [2010].
The inventories of oceanic and biogenic sources are taken
from the POET inventory [Olivier et al., 2003].
[10] To constrain the NMVOC oxidation source of CO, a

Bayesian synthesis inversion is applied. This technique con-
strains the a priori sources by combining observed and mod-
eled information, and has been used to constrain CO sources
in previous studies [Bergamaschi et al., 2000; Pétron et al.,
2002; Arellano et al., 2004; Müller and Stavrakou, 2005;
Arellano et al., 2006]. A Bayesian inversion finds a matrix
of optimized source strengths (̂x ) from the following
equation:

x̂ ¼ xaþ KTS-1e K þ S-1a Þ-1KTS-1e y-Kxað Þ
�

(1)

where xa denotes a matrix of a priori source strength esti-
mates, Se is the error covariance matrix of the model, Sa is
the error covariance matrix of prior information, y is the ob-
servation, and K is the Jacobian matrix that links concentra-
tion and source strength calculated from the forward model.
[11] A detailed discussion about the evaluation and mag-

nitude of the uncertainties in observations and a priori
source strengths (Se and Sa) is presented in [Park, 2010].
Briefly, the observation error (Se), which is comprised of
measurement error, representation error, and forward model
error is assumed to be a diagonal and is estimated to be 15%.
The past source strength estimates ranged within 15% to
100% (Table S1) for each source and the previous inversion
studies assigned typically 50% for the uncertainty level of the
a priori source strength (Sa) [Palmer et al., 2003; Arellano
et al., 2004; Heald et al., 2004; Arellano et al., 2006;
Duncan et al., 2007]. In this study, Sa is assumed diagonal
and estimated at 50% for each source but 10% is assigned for
methane oxidation source and 20% is assigned for fossil fuel
source because they are relatively well characterized.
[12] Since NMVOC-derived CO is tagged in the model

simulation, interannual variations of this source can be quan-
titatively determined. During the model simulation period
(1997–2004), inversion analyses were performed for every
6months interval with 1 year of observations estimating
one year’s source inventory (ex. Jan. 1997 to Dec. 1997,
Jul. 1997 to Jun. 1998,. . .Jan. 2004 to Dec. 2004). Each
analysis was done on a hemispheric scale. Thus, observa-
tions of CO in each hemisphere are used to constrain the
source strengths of that hemisphere only, since the lifetime
of NMVOC is short and the interhemispheric mixing of
CO is very limited [Mak and Brenninkmeijer, 1998; Staudt
et al., 2001; Williams et al., 2002].

3. Results and Discussion

[13] The optimized global mean source strengths during
the inversion analysis period (1997–2004) are presented in
Table S1 and Figure S1. These values are consistent with
previous CO source strength estimates, also shown in Table
S1. To quantify the IAV of each CO source, IAV is defined
as one standard deviation about the 1997–2004 mean,
expressed in percent [Palmer et al., 2006]. The IAV of bio-
mass burning (26.3%) and NMVOC oxidation (17.5%)
sources were relatively large in comparison with methane
oxidation (1.5%) and anthropogenic emission (6.0%). Espe-
cially, during the 1997 strong El Niño year and following
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long La Niña conditions (1997–2000), NMVOC oxidation
and biomass burning sources showed maximum fluctuation,
which varied 95% and 65%, respectively. While the large
IAV of biomass burning CO has been known [van der Werf
et al., 2006] and already considered in the a priori emissions

of the model, the large IAV of NMVOC-derived CO was de-
rived from the a priori inventory (Figure 1).
[14] High global isoprene emissions during El Niño

events and low global isoprene emissions during La Niña
events have been reported from several modeling studies
[Naik et al., 2004; Lathière et al., 2006; Müller et al.,
2008]. Model simulations indicate a ~13% enhanced
global isoprene emission during the 1997–1998 El Niño
and large IAV (~20%) of the emission during 1995–
2006 [Müller et al., 2008]. Müller et al., [2008] also
reported there was approximately a 6month delay between
isoprene emission and changes in the ONI (Oceanic Niño
Index; [Smith et al., 2008]). Because other biogenic
VOCs, including monoterpenes and methanol are also sen-
sitive to changes in climate factors [Guenther et al., 1995;
Wang et al., 1998; Tie et al., 2003; Guenther et al., 2006;
Lathière et al., 2006], we plot NMVOC-derived CO with
ONI in Figure 2 to examine the influence of El Niño/
Southern Oscillation (ENSO) to the global NMVOC-
derived CO inventory. Our lag-correlation analysis between
ONI and NMVOC-derived CO inventory (right panes in
Figure 2) suggests ENSO leads NMVOC-derived CO pro-
duction by about 11months in the NH and 14months in
the SH. However, when the two periods (1/97 to 12/97
and 6/97 to 7/98) influenced by strong El Niño and severe
drought [Haddad et al., 2004] are removed, the best corre-
lation appears earlier and is more robust (NH: 7months
lag, r = 0.67; SH: 13months lag, r= 0.66). The temporal

Figure 1. A priori (dashed lines) and a posteriori (solid
lines) global CO source strengths from biomass burning
(red) and NMVOC oxidation (blue). Shaded background
shows ONI and the color intensity corresponds to the
strength of El Niño (red) and La Niña (blue) condition.
The error bars are a posteriori errors derived from the inver-
sion analyses.

Figure 2. Correlation between lagged ONI and NMVOC-derived CO in each hemisphere (left panes) and the results of
lag-correlation analysis (right panes). Lagged ONIs are acquired from the months showing the best correlation in the
lag-correlation analyses (red dots). Correlation coefficients are calculated using all data points (grey), excluding 1/97 to
12/97 and 7/97 to 6/98 data (red), and excluding 1/97 to 12/97, 7/97 to 6/98, 1/01 to 12/01 and 7/01 to 6/02 data (blue).
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offset is considered to be the sum of the intervals between
ONI change and the change of actual terrestrial climate fac-
tors and the delayed response of plants from the changed
climate conditions. Since the lifetime of CO is relatively
long (average lifetime of 3months), its variation is also
smoothed and protracted from the NMVOC emission
change. The shorter response time of the NH implies that
there is a difference in NMVOC-derived CO production be-
tween the NH and SH in the extra-tropical regions where
clear differences in vegetation distributions exist. Also, be-
cause the peak ONI month is usually in January and the
maximum VOC emission is observed in summer of each
hemisphere, the NH NMVOC-derived CO production
responds faster than the SH. The slopes in the NH are
steeper than SH since, in the NH, relatively more VOCs
are emitted from the extra-tropical region where they are
more sensitive to changes in the climate conditions. Also,
in Figure 2, both the NH and SH showed robust positive
correlations, with a stronger correlation in the SH. How-
ever, excluding the 1997–1998 low- and the 2001–2002
high-NMVOC-derived CO periods, the NH correlation
between the lagged ONI and NMVOC-derived CO was
strong (r= 0.9) as well (blue lines in Figure 2).
[15] Although normal or weak ENSO conditions were

observed in 1996–1997 and 2001–2002, in the NH the for-
mer showed minimum NMVOC-derived CO through the
whole inversion period and the latter unexpectedly increased
30% from the previous year. We investigate the correlation
of NMVOC-derived CO and global temperature since bio-
genic NMVOC emissions are directly linked with tempera-
ture change [Guenther et al., 1995]. In Figure 3, we illustrate
the relation between CO production from NMVOC oxida-
tion and global temperature change and the NASA Goddard
Institute for Space Studies (GISS) land-ocean surface tem-
perature index (http://data.giss.nasa.gov/gistemp/) [Hansen
et al., 1996; Hansen et al., 2006; Hansen et al., 2010].
[16] In the NH, the correlation between NMVOC-derived

CO and temperature index (r= 0.57) is stronger than that with
ONI (r = 0.35), indicating NMVOC-derived CO production
is more correlated with temperature change in general. In

contrast, in the SH, NMVOC-derived CO is weakly corre-
lated with temperature (r = 0.01). This implies, in the SH,
the chemical production of CO from NMVOC is influ-
enced by a combination of factors rather than just
temperature.
[17] The correlation between NMVOC-derived CO and

tropical/extra-tropical temperature is also investigated
(Figure 4). The NH NMVOC-derived CO is more strongly
correlated with the extra-tropical temperature (r = 0.9) than
the tropical temperature (r= 0.3), as well as having a steeper
slope with extra-tropical temperature change. Guenther et al.
[1995] shows that in the NH 65% of the NMVOCs are pro-
duced between the equator and 25�N and in the SH 90% of
the emissions occur between the equator and 25�S. Thus,
these highlight the significance of the NH extra-tropical
region to the IAV of NMVOC-derived CO inventory in
which NMVOC-derived CO production is primarily affected
by temperature change. In the SH, neither tropical nor extra-
tropical temperature distinctly impacts NMVOC-derived CO
while the extra-tropical temperature showed slightly more
robust correlation with temperature.

4. Summary and Conclusions

[18] In conjunction with NOAA GMD CO measurements
and model simulations, a large average interannual variabil-
ity of NMVOC-derived CO of 17.5% is observed during
1997–2004. We find that the IAV is correlated with the
ENSO and surface temperature change. The impact of
ENSO-induced climate conditions to NMVOC-derived CO

Figure 3. Time series showing the correlation between
temperature and the hemispheric total NMVOC-derived
CO. The light gray bars are the NH and the dark gray bars
are the SH 1 year NMVOC-derived CO inventories. The
stars and diamonds are the NH and the SH 1 year mean
NASA GISS surface temperature index, respectively. The
correlation (r) between temperature and NMVOC-derived
CO was 0.58 in the NH and 0.01 in the SH.

Figure 4. Correlation plots of a posteriori NMVOC-
derived CO (NH: top, SH: bottom) versus tropical (red)
and extra-tropical (blue) temperature index.
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change is positively correlated. Furthermore, since the ONI
changes about a year earlier than model simulated
NMVOC-derived CO, ONI may be used as an indicator of
future CO change. Global surface temperature is another im-
portant factor controlling NMVOC-derived CO production
and shows a strong positive correlation with NH NMVOC-
derived CO. A very strong correlation (r= 0.9) and steep
slope was found between NMVOC-derived CO and extra-
tropical temperature. Southern Hemisphere NMVOC-
derived CO is weakly correlated with temperature. These
observations lead us to surmise that, in the SH, ENSO
(and not temperature) plays a primary role in the variation
of NMVOC-derived CO. However, in the NH, both temper-
ature and ENSO conditions need to be considered to explain
the IAV of NMVOC-derived CO. Furthermore, since the
IAV of the optimized NMVOC-derived CO production is
significantly larger than previous modeling studies of iso-
prene emissions, this suggests that the global budgets of bio-
genic NMVOCs, or of their oxidation processes yielding CO,
have greater variability than previously shown.
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