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ABSTRACT
Atmospheric CO; inversion studies infer surface sources and sinks from observations and models. These studies usu-
ally require determination of the fossil fuel component of the observation, which can be estimated using anthropogenic
tracers such as CO. The objective of this study is to demonstrate a new CO tracer method that accounts for overlapping
forest fire and photochemical CO influences, and to quantify several aspects of the uncertainty in the CO tracer tech-
nique. Photochemistry model results and observations from the International Consortium for Atmospheric Research on
Transport and Transformation experiment are used to quantify changes in the fossil fuel CO, prediction from the CO
tracer method with and without the inclusion of CO from biomass burning and photochemistry. Although the chemical
sources and sinks tend to offset each other, there are regions where the chemical reactions change fossil fuel CO,
predictions by up to +4 ppm. Including biomass burning lowers fossil fuel CO, by an average of 12 ppm in plumes
heavily influenced by long-range transport of forest fire CO. An alternate fossil fuel CO; calculation is done in a power
plant plume using SO, as a tracer, giving a change in 20 ppm from the CO method, indicative of uncertainty in the

assumed CO:CO;, ratio.

1. Introduction

In order to better predict future climate change and manage car-
bon emissions, it is essential to understand the processes gov-
erning exchanges of carbon between the atmosphere, terrestrial
biosphere and oceans. Top-down studies which infer CO, sur-
face fluxes from observations of atmospheric CO, concentra-
tion, provide strong evidence of a net sink of atmospheric CO,
in the Northern Hemisphere terrestrial environments (Tans et al.,
1990; Enting et al., 1995; Fan et al., 1998; Bousquet et al., 2000;
Gurney et al., 2002; Gurney et al., 2003; Gurney et al., 2004).
An important step in many top-down experiments is to ap-
portion each CO, observation into source/sink components as
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follows,
O, =0, + *CO, 4 "°CO, + *#C0O,+'CO,. 1)

Here °*CO, is the observed CO, concentration, fCO, is the con-
tribution to the observed concentration due to fossil fuel emis-
sions, °CQO, is the contribution from the ocean surface flux,
bi°CQ, is the contribution from the seasonally varying, annually
balanced biosphere flux, ®2CO, is the background contribution
and "CO, is the residual concentration from less well-known
sources and sinks such as deforestation, forest fires, biomass en-
ergy emissions and interannual climate variability. The first three
terms on the right-hand side of eq. (1) are considered to be rel-
atively well known and are determined by running atmospheric
transport models that are driven by surface flux estimates. The
'CO, term is the unknown that is inverted to obtain estimates of
residual surface fluxes.

Estimates of the fossil fuel component, TCO,, are typically
obtained by driving atmospheric transport models with fossil
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fuel emission inventories. The widely used fossil fuel emission
inventories have an annual, 1° x 1° resolution and are based on
statistics of energy consumption, emission factors and popula-
tion density (Andres et al., 1996; Olivier et al., 1996; Brenkert,
1998).

This CO, emissions inventory resolution may be appropri-
ate for inversions of annual fluxes at global scales. However,
the emissions resolution could cause large biases for regional
scale carbon inversion. Regional scale inversions have spatial
resolution of 10>~10° km? and subannual temporal resolution.
The seasonal variation of U.S. fossil fuel emissions has an ampli-
tude of 30% (Blasing et al., 2003) and diurnal variation is likely
caused by lighting, heating and industrial energy consumption.
Side by side comparisons of monthly inversions driven by an
annual scale fossil fuel inventory and a hypothetical seasonal-
varying inventory resulted in retrieved fluxes that had up to
50% differences (Gurney et al., 2005). In addition to the er-
ror due to resolution, there are absolute errors in the invento-
ries that must be considered in regional inversions (Levin et al.,
2003).

In order to address the need for improved TCO, estimates, the
use of observed anthropogenic tracers has been proposed (Wofsy
and Harris, 2002). The development of such methods to apply
tracers to predict TCO, could allow for more accurate top-down
studies. This approach could also provide a means for validating
fossil fuel emission inventories and carbon trading agreements.

Studies of the effectiveness of using observations of anthro-
pogenic tracers to estimate "CO, indicate promise as well as
concerns. Measurement of radiocarbon (**CO,) provide the most
accurate estimates of "CO, but are currently sparse due to com-
plexity and cost, and not yet possible at an hourly resolution
(Levin et al., 1989; Zondervan and Meijer, 1996; Turnbull et al.,
2006). Sulphur hexafluoride, SF¢, which is emitted at industrial
sources and electric power stations has been shown to yield large
errors in TCO, (Turnbull et al., 2006), and thus is a poor choice
for this approach.

This paper focuses on the use of CO as an anthropogenic tracer
for two reasons: (1) CO is widely measured at high time reso-
lution and (2) the CO tracer approach has been used to estimate
fCO, in several top-down studies. The CO approach has been
applied as,

fCo, = (°*CO —*CO)/R. )

Here °»*CO is the observed CO concentration, "6CO is the back-
ground CO concentration and R is a ratio relating the CO offset
to ffCOQ.

Previous work applied the CO approach to hourly tower ob-
servations at 30 m, in Harvard Forest (Potosnak et al., 1999). A
linear model was fit to the data leading to R values of 12.5-14.2
moles CO/1000 moles CO, in winter and 20-28 mol CO/1000
mol CO, in the summer, with fCO, of 4-5 ppm in winter and
2-3 ppm in summer. Other studies have assumed a fixed ra-
tio, R, of 20 mol CO/1000 mol CO,, based on ratios from

Potosnak et al. (1999) and ratios from total annual U.S. emissions
(Bakwin et al., 1998; Bakwin et al., 2004). More recently, the
CO approach has been applied by estimating R and *¢CO, and
reactive chemistry using atmospheric transport models driven by
emission inventories of CO and CO, (Gerbig et al., 2003; Lin
et al., 2004).

The major classes of potential error in the CO tracer method
include: (1) errors in R; and (2) neglecting the non-anthropogenic
sources and sinks of CO that influence the CO observation such
as forest fires, partial oxidation of VOC’s and the reaction of OH
and CO. Gerbig et al. (2003) accounted for non-anthropogenic
CO for the COBRA campaign with a simple approach based
on climatological values of OH and an assumption that forest
fire and fossil fuel components were spatially separated. These
results indicate that omitting OH oxidation would yield biased
results. We extend this analysis by taking advantage of observed
tracers and advanced photochemistry models to estimate the non-
anthropogenic CO influences for CO observation where the for-
est fire and chemical influences are collocated. Sensitivity of
fCO, to the ratio R is reported by comparing several differ-
ent methods for calculating R. It should be noted that this work
does not comprehensively consider the uncertainty in R as a re-
sult of potentially large errors in source inventories, transport,
chemistry and the different disaggregation methods for CO and
CO; inventories. The comprehensive study of the inventory ra-
tios of CO:CO;, requires either a bottom up study of the errors in
the inventories, or a top-down method using the '“CO, method
(Turnbull et al., 2006).

The objective of our study is to estimate several of the more
significant components of uncertainty in the CO tracer method
due to forest fires and photochemistry contributions to the CO
observations. These uncertainty components may be used to help
explain absolute errors in the CO method found from compari-
son of CO and '*CO,-based estimates of TCO,. We present a re-
vised CO method that may better account for these contributions
to CO and a limited comparison of our CO method uncertainty
estimates with absolute error estimates from a study of '“CO,
by the NOAA Global Monitoring Division (GMD; Turnbull
et al., 2006).s

Atmospheric trace gas observations were taken from the In-
ternational Consortium for Atmospheric Research on Transport
and Transformation (ICARTT) field experiment conducted in
the summer of 2004 over North America. The ICARTT obser-
vations are an ideal data set for our application for two reasons:
(1) the data set includes tracers of many surface fluxes and (2)
the observations cover portions of North America where future
CO, tower observatories are planned. The STEM-2K3 regional
air quality model and its adjoint (Carmichael et al., 2003; Tang
et al., 2004; Sandu et al., 2005) are applied with the SAPRC-
99 chemical mechanism (94 species, 235 chemical reactions,
30 photolytic reactions). Much of the observed and modelled
data presented in this study are available online (http://www-
air.]larc.nasa.gov/missions/intexna/dataaccess.htm).
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2. Methodology

2.1. Regional air quality model and emissions

The STEM-2K3 regional air quality model and its adjoint are
used in this work. The model employs the SAPRC99 chemi-
cal mechanism (Carter, 2000), the SCAPE II aerosol thermo-
dynamics module and an online photolysis solver (Tang et al.,
2003). The photolysis reactions are particularly important to CO
concentrations because photolysis is the main natural source of
the OH radical. The OH radical is the primary oxidizing agent
for CO and other reduced carbon trace gases that are oxidized to
CO. The contribution to CO, from the oxidation of hydrocarbons
is currently not accounted for in the analysis.

An adjoint model to STEM-2K3 has been developed for sensi-
tivity studies and optimal estimation of model parameters such as
emissions and initial conditions (Daescu and Carmichael, 2003;
Hakami et al., 2005; Sandu et al., 2005; Chai et al., 2006). We
implemented the adjoint analysis to obtain quantitative estimates
of the influence regions for observation points along the ICARTT
flight paths. A perturbation of the concentration at the observa-
tion location, the receptor, is propagated backward in time to
determine the sensitivities of the target with respect to the con-
centrations in each grid cell at previous time steps. The resulting
sensitivity value is,

receptor
02

T v v.-7 3
aCo; ! ©)

px,y, z,t) =

The time-averaged, column maximum values of the adjoint forc-
ing term, ¢, are computed to provide a map of the influence region
as in Sandu et al. (2005).

The input meteorology fields are from the NCAR/PSU MM5
mesoscale meteorological model, driven by NCEP FNL (Final
Global Data Assimilation System) 1°x1° analysed data. Grid
nudging was performed every 6 hr, and re-initialization with
FNL data took place every 72 hr. The cloud scheme of Grell
et al. (1994) was chosen for the physical parametrization, and
the MRF scheme (Hong and Pan, 1996) was employed for PBL
paramterization. The MM simulation was run on a 60 km Lam-
bert Conformal North American domain (Fig. 4). The 21 sigma
layers extend from the surface to 100 hPa.

The time-varying boundary conditions for CO, tracers of the
biosphere, ocean and fossil fuel fluxes are provided by the TM5
global chemical transport model (Peters et al., 2004). The TMS5
runs are on a 6° x 4° grid and are driven by ECMWF meteoro-
logical fields and emissions from the TransCom Continuous Ex-
periment (Law et al., 2005). Boundary conditions for CO, O3 and
other trace gases are provided by the MOZART-NCAR global
transport model with a 2.8° horizontal resolution and MOPITT-
satellite-derived forest fire emissions (Pfister et al., 2005). Model
results for CO, are in units of ppm-molar.

Within the model domain, surface fluxes for CO, are from the
TransCom Continuous Experiment including 1° hourly biogenic
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fluxes from the Simple Biosphere Model for 2003 (Baker et
al., 2003), 1° monthly ocean fluxes for 2000 (Takahashi et al.,
1999) and 1° annual fossil fuel emissions for 1995 (Brenkert,
1998). We scaled the fossil fuel emission to 2004 using a least
squares fit to U.S. annual emissions data from 1997 to 2003
(Blasing et al., 2004). We scaled the annual 2004 fossil fuel
emissions to summer emissions based on the U.S. annual cycle
with an amplitude of 30% (Blasing et al., 2003). The interannual
factor (1.15) and seasonal factor (0.86) approximately offset each
other.

Anthropogenic emissions of CO, O3z, SO,, NH3, NO, and
reduced carbon species (VOC’s) are from the U.S. EPA Na-
tional Emission Inventory (NEI) for 2001. These gridded, 4 km,
hourly emissions include mobile, point, area and non-road mo-
bile sources. Reporting CO, emissions is voluntary in the U.S.,
and the EPA NEI does not include CO,. Biogenic emissions
of VOC’s were estimated by driving the Biogenic Emission In-
ventory System 2 (Geron et al., 1994) with the meteorological
output from our MMS5 runs. The effects of the different scales
for these emissions are minimized by averaging to our 60 km
model grid. However the possibility of introducing error in the
CO:CO;, emission ratio exists due to the interpolation of the CO,
emissions onto the 60 km grid.

Local large point source (LPS) emissions data were ob-
tained from the U.S. EPA Clean Air Markets program (http://
cfpub.epa.gov/gdm/). The emissions data included hourly, facil-
ity level emissions for 2004.

2.2. ICARTT observations

We used observations of CO,, CO and other trace gases taken
from the NASA DC-8 during the ICARTT field campaign
in the summer of 2004. Measurements of atmospheric CO,
(£0.25 ppm-molar uncertainty) and CO (2% uncertainty) were
obtained with a modified Li-Cor model 6252 non-dispersive in-
frared analyser and the differential absorption of CO measure-
ment (DACOM) instrument (Sachse et al., 1987), respectively.
In-flight calibrations of CO, were performed every 15 min with
standards traceable to the WMO Central Laboratory at NOAA
GMD (Vay et al., 2003). Additional grab samples of CO were
analysed at U.C. Irvine using a gas chromatograph (HP 5890)
equipped with a flame ionization detector and a 3 m molecular
sieve column (Barletta et al., 2002). These CO measurements
were calibrated using working standards (run every four sam-
ples) and using a gravimetrically prepared CO standard from
NIST.

A comprehensive set of complementary trace gas measure-
ments was also collected during ICARTT. We focus on ace-
tonitrile data (CH3;CN, £20% uncertainty) as a tracer of forest
fires (Lobert et al., 1991) and SO, as an LPS tracer. Acetonitrile
observations were taken with a modified gas chromatographic
instrument that had previously been used to measure PAN and
oxygenated organics (Singh et al., 2003). SO, was measured by
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chemical ionization mass spectrometry (9% uncertainty; Huey
et al., 2004).

We analysed observations of '*CO, (£1.6-2.6% uncertainty),
CO; and CO made during the summer of 2004 in New England
by NOAA GMD (Turnbull et al., 2006). These measurements
were taken in the boundary layer and free troposphere at lo-
cations in Harvard Forest, Massachusetts (42°32'N, 72°10'W)
and Portsmouth, New Hampshire (42°57'N, 72°37'W). Details
of the extraction and accelerator mass spectrometry methods are
in Turnbull et al. (2006).

2.3. CO tracer methodology

In this study, we employed 4 variations of the CO tracer method
to estimate TCO, at observation points along the ICARTT flight
paths. The first two approaches are the static methods (Bakwin
et al., 1998; Bakwin et al., 2004) that use a constant R value of
20. The basic static method is formulated as,

fCO,= (**CO — *"C0)/20, )

where °**2CQO is the 20th percentile of the observed CO
(Potosnak et al., 1999). When this leads to negative values of
the CO offset, we assume a CO offset value of zero to avoid
negative contributions to fCO,. We then apply a revised static
method to analyse the uncertainty due to non-anthropogenic in-
fluences as follows,

ffcozz(obsco _ obSAbgCO _ ChemCO _ bbco)/zo’ (5)

where ®*mCO is the net source of CO from the combined effects
of OH oxidation sinks and VOC oxidation source, and "CO is
the biomass burning source component (described below).

The other two approaches are the model methods (Gerbig
etal., 2003; Lin et al., 2004) which estimate the ratio R by trans-
porting emission inventory fluxes with an atmospheric model.
The model CO approaches can also be thought of as scaling the
modelled fossil fuel CO; by the ratio of the observed to modelled
fossil fuel CO. The basic model approach is formulated as

ff, b d.b ftmedco
CO, =(0 SCO — ™o gCO)/ W s (6)

where TmdCO, and TMm4CO are the concentrations resulting
from driving the tracer model with fossil fuel inventories for
CO, and CO, respectively, and ™4*2CO is the concentration
resulting from driving the tracer model with only the boundary
conditions (no emissions, no forest fire tracer). These model runs
have no chemical reactions.

The revised model approach accounts for the non-
anthropogenic CO influence as follows,
flmodCQ,

3 ff.modCO
ﬁCOZZ(obsCO _ mod.bgCO _ chcmCO _ bbCO)/

O]

Note that the model approaches (eqs. (6) and (7)) do not include
any net chemistry effects on #mCO.

We will refer to the different methods in eqgs. (4)—(7) as the
static, revised static, model and revised model methods, respec-
tively. We will compare these CO methods with the inventory
method in which the TCO, is estimated by driving the atmo-
spheric transport model with emissions inventories.

The overall chemistry concentrations are calculated as,

chcmCO — modCO _ tracchO’ (8)

where ™¢CO is the full chemistry model result and "*"CO is
the tracer model result (no chemistry). The chemistry values,
chemCQ, are the combination of the OH sink and the VOC source
of CO,

ChemCO — OHCO 4 VOCCO, (9)

where YOCCO is the VOC source of CO and®"CO is the OH sink
of CO. The YOCCO source is estimated as the difference between
the full chemistry model run and a full chemistry model run
without VOC species in the emissions,

VOCCO — modco _ n()V()CC07 (10)

where "*°°CO is the CO prediction from a full chemistry CO
model run with anthropogenic and biogenic VOC emissions re-
moved from the surface flux. VOC species concentrations have
been verified with ICARTT DC-8 and WP-3 measurements.

The biomass burning component is an important contribu-
tor to CO during the observation period. Significant forest fire
emissions occurred outside of the model domain in Canada and
Alaska. These forest fires are the largest on record for Alaska.
In contrast to the observed data from Gerbig et al. (2003), the
ICARTT data encountered collocated forest fire and fossil fuel
CO. In order to use CO as a fossil fuel tracer, the biomass burning
CO component must be estimated and subtracted from the CO
observation.

Outside of forest fire plumes, we use the model runs driven
by MOZART forest fire CO boundary conditions to provide a
modelled biomass burning estimate, ™**CO. For concentrated
forest fire plumes (acetonitrile > 0.28 ppbv), the modelled forest
fire CO greatly underestimates biomass burning CO. Therefore,
the modelled forest fire CO is used when acetonitrile is less than
0.28 ppbv and a regression-based CO estimate is used when
acetonitrile is greater than 0.28 ppbv,

co = med-bbcQ, acetonitrile < 0.28 ppbv, (11)

®CO = « - acetonitrile + B, acetonitrile > 0.28 ppbv, (12)

where ™4 CO is the modelled forest fire CO,  and 8 are the
slope and intercept terms from the linear regression. The linear
regression parameters are obtained by relating observed acetoni-
trile to estimated biomass burning CO, °***CO, where

obs,bbCO — 0b>CO _ (modCO _ mod ’bbCO). (]3)
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We verified that the observed acetonitrile peaks are forest fire in-
fluenced and not anthropogenic by inspecting values of observed
CH4, N02 and 502

During one interception of a power plant plume (LPS), we
test SO, as an alternative tracer to CO. For LPS plumes, the
CO approach may underestimate TCO, when the true ratio of
anthropogenic CO to CO, is less than the fixed (R = 20) or
modelled (R = fmedCO/fmdCO,) ratios. The SO, based fCO,
estimates are obtained by dividing observed SO, by the ratio of
anthropogenic emissions of SO, to CO, for power plants within
the influence region of the observation. The LPS emissions ratios
are estimated with emissions data from the U.S. EPA’s Clean Air
Markets (EPA, 2006).

3. Results and discussion

3.1. Overview of observed and model results

Observations and model performance were analysed with a case
study of the DC-8 flight during the day on 20 July 2004. This
flight encountered a variety of important features for testing the
CO method including urban pollution, LPS’s, and regional for-
est fire plumes. In Fig. 1 the exaggerated altitude of the flight
(height of bars) is shown along with the 3 min averaged (~30 km)
CO;, concentrations (colour of bars). The low-altitude segments
of the flight pass over land cover that is primarily cropland in
the Midwestern U.S. and forest in the Southeast. The low CO,
concentrations near the surface result from the active summer
biosphere in these regions.

Observation and model results from the 20 July flight are
shown in the time-series in Fig. 2. In Fig. 2a, the CO, mea-
surements are plotted along with the model results interpolated
from the 60 km model domain. The model captures the general
trend in CO, variation but misses the depth of the biosphere
sink and the low-altitude CO, enhancements. The low-altitude
CO, spikes consistently occur at the same times as elevated con-

centrations of observed anthropogenic tracers including CO in
Fig. 2¢ and SO, in Fig. 2d. These low-altitude CO, enhance-
ments are likely due to anthropogenic area sources and LPS’s.

Figure 2b provides the time-series of the inventory driven fos-
sil fuel CO, component along the flight path in comparison with
the modelled ocean and biosphere contributions. The modelled
fossil fuel CO, (inventory approach)is 1 to 5 ppm at low altitudes
and is near zero in the free troposphere. From visual inspection
of the observed CO, in Fig. 2a, the anthropogenic CO, spikes
have approximate elevations of 4-10 ppm, with one very large
plume of approximately 26 ppm at 17.1 hr.

The simultaneous peaks of CO and acetonitrile in Fig. 2c in-
dicate very distinct forest fire plumes. The spikes of acetonitrile,
the forest fire tracer, correspond with spikes in the CO concen-
trations at mid-altitudes near 17.4 hr and 21.6 hr. There are no
corresponding spikes of SO, or other anthropogenic tracers that
would indicate that this acetonitrile signal has an anthropogenic
source. For other ICARTT flights, the mid-altitude band has an
average CO level of 110 ppbv. For these mid-altitude forest fire
plumes, the CO levels reach 362 and 370 ppbv, respectively. The
forest fire source is likely to be from Alaskan or Canadian for-
est fires as indicated by the adjoint-derived influence region in
Fig. 3.

The maximum model derived forest fire CO along the flight
is 60 ppbv. The model results do not reflect the influence of the
concentrated forest fire plumes because the forest fire influence
is modelled in the boundary conditions using a global transport
model with relatively coarse resolution.

3.2. CO method uncertainty

The oxidation of reduced carbon species to CO is a potential
source of uncertainty for the CO method. During the summer,
emissions of anthropogenic and biogenic VOC'’s result in sig-
nificant secondary sources of CO. The model ***CO during the
ICARTT period is typically low, with an average of 7 ppbv.

@ 3755-3784
O 373.5-3755
O 371.6-373.5
© 3648-1371.6
@® 341.8-3658

Fig. 1. NASA DC-8 flight on July 20, 2004. Heights of the bars are exaggerated altitude of flight path. Colour is observed CO; (ppm) with colour

scheme by natural break (Jenks) method.

Tellus 59B (2007), 2



204 J. E. CAMPBELL ET AL.

s
— Nhled |
]
s . Citmerved |
Alvinwide

€0 5 {ppm)

Abtitside (ki

h

£
=w
S8
a0 7Y
= By
3% "
30
[
350 Observed CO : 13
300 Model CO o e
O Acetonitrile 1 -g_
-3- 250 - =
2 200 § 08 o
= 06 £
8 - 04 E
100 4 45
: <
50 [a] N [} o 0.2
B anin g m mmm® o 00 oPgn - O
] 10
120 ¢ 10 Fig. 2. Time series along ICARTT DC-8

[e] *

145 15.5 16.5 175 18.5 18.5 20.5 2.5
GMT (hr)

However, high values of ***CO as large as 85 ppbv occur at hot
spots across the model domain, particularly over the southeast
where biogenic emissions are high. In Fig. 4, a snapshot of the
surface level Y**CO on 20 July indicates up to 50 ppbv concen-
trations in the Midwest and the Southeast. A photochemical CO
source of 50 ppbv results in an enhancement in TCO, of 2.5 ppm
by the static CO method (eq. (4)).

The net CO production from chemical reactions, ®mCO, is
relatively small because the effect of the OH sink and VOC
source tend to offset each other. The average “™“™CO value along
the ICARTT flight paths is —5.3 ppbv indicating a slight net
sink. However, there are hot spots across the model domain with
net chemical sources in the southeast U.S. up to 83 ppbv and net
chemical sinks in the Rocky Mountains as low as —75 ppbv. A net
chemical CO concentration of 80 ppbv results in an adjustment
in TCO, of 4 ppm by the static CO method. The net chemical
contribution along the 20 July flight path is shown in Fig. 2d. The
net chemical effect during this flight is primarily a sink, except
near 18.5 hr where anthropogenic VOC emissions result in a net
chemical source.

flight path on July 20, 2004, of observed

(1 Hz) and modelled CO; (A), modelled
contributions of biosphere, ocean, and fossil
fuel fluxes (B), model and observed CO with
acetonitrile as a biomass burning tracer (C)
and observed SO, and the modelled
chemistry contribution to the CO mixing
ratio (D). The model fossil fuel results shown
here are driven by inventory emissions.

Forest fire sources are also a significant component of CO
concentrations over North America. The effect of forest fires
in Alaska and Canada during the ICARTT period on CO con-
centrations was estimated using model results and acetonitrile
observations, a biomass burning tracer. In Fig. 5, the observed
CO is plotted versus observed CO, along with colour coding
for elevated acetonitrile. The general trend is a negative corre-
lation of CO and CO, due to the co-location of the CO source
and biogenic CO, sink at the surface. The forest fire influenced
observations (circles) break from this trend with CO enhanced
by up to 240 ppbv. A 240 ppbv increment in CO results in an
increment of TCO, by the static CO method of 12 ppm.

The model estimates of forest fires CO result in an average
contribution along all flight paths of 9.5 ppbv. The model esti-
mates of "*CO along the ICARTT flight path greatly underesti-
mate CO in the more concentrated plumes. In order to obtain a
better estimate of biomass burning CO we apply observed and
model results in a linear regression (see Section 2.3). We used
elevated acetonitrile values greater than 0.28 ppbv to separate
background acetonitrile from forest fire influenced acetonitrile.

Tellus 59B (2007), 2
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Fig. 3. Three-day cone of influence for
observation point on the July 20, 2004 flight
path that intersected a forest fire plume

(latitude 34°, longitude 274°, altitude
3.6 km). The values shown are normalized
adjoint-derived sensitivities.

0.01 0.1 1

Fig. 4. Modelled CO mixing ratios from
VOC oxidation (ppbv) at 21 hr (GMT), July
20th at surface model layer.

390
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Fig. 5. Observed CO versus observed CO; along the July 20th
ICARTT flight with colour coding for enhanced acetonitrile.

The linear regression has an R? of 0.92, indicating a strong rela-
tionship between the ®®CO and acetonitrile in biomass burning
plumes.

Preliminary comparison of model and measured CO; indi-
cated that, in some cases, the ratio R was in error during inter-
ception of LPS plumes. We developed an alternative tracer (SO,)
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method to provide a better fCO, estimate, and calculate an al-
ternative R in the LPS plume. One of the largest fossil fuel CO,
plumes encountered in the ICARTT period occurs on 20 July at
17.1 hr (Fig. 2a). The CO peak at this time is not enhanced to
the extent that the CO, peak is enhanced (Fig. 2c). However, the
SO, measurements near this peak reflect the high intensity of
the fossil fuel plume (Fig. 2d). The moderate enhancement of
the CO collocated with the extreme enhancements of CO, and
SO, are indicators of efficient LPS combustion.

The LPS emissions within the footprint of the observation
are shown in Fig. 6. The observation point at 17.1 hr (marked
X) is downstream of several large anthropogenic sources. The
closest source in the influence region is the Wansley Electric
Utility which burns coal and natural gas. The hourly emissions
for Wansley indicate that the emitted ratio of SO, to CO; is
significantly variable in time with a value of 0.0045 mol SO,/mol
CO,; around the time of the large LPS observation.

In Fig. 7, the SO, and CO, observations in the plume are
shown. The SO, observation point centred on the plume at 17.104
hr has a value of 116 ppbv. We make a rough estimate of the fossil
fuel CO, in this plume as 26 ppm based on the difference between
the average CO, values for the SO, sample period centred on
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17.104 and the average of the CO, values just before and after the
plume. By dividing the observed SO, by the ratio of SO,/CO,
we estimate TCO, as 26 ppm. Back calculating the CO:CO,
ratio R with the enhanced CO of 115 ppbv and estimated TCO,
of 26 ppm gives an effective CO:CO, ratio R = 5. Using the
model CO method (eq. (6)) we estimate a much higher R value
of 24.5. The difference between TCO, estimates for enhanced
CO of 115 ppbv using the static R of 20 and revised R’ of 5 is
20 ppm.

3.3. Estimates of #CO;

By comparing the differences in TCO, calculated by the various
methods, we can quantify the uncertainty related to several of
the assumptions of the CO methods. Of all the possible com-
parisons that can be made, a few are most instructive. First, a
comparison of the basic and revised CO methods (either using
static R, or model-predicted R ratios) can inform us of the uncer-
tainty expected due to the combined effect of the net chemical
component and the forest fire component. Second, a comparison
of the static methods (eqs. 4 and 5) versus the model methods
(egs. 6 and 7) quantifies the effect of assuming a spatially and
temporally averaged R ratio versus one that reflects the spatial
variation of the emission inventory.

For the 20 July flight, the revised static results are on aver-
age 0.8 ppm less than the static method results (Fig. 8a). The
difference between the revised static and static methods is pri-
marily due to forest fires and not the chemical component. The
average forest fire CO source is 24 ppbv on this flight while the
net chemical component is relatively small at —6 ppbv. How-
ever, near 19.5 hr the net chemical component is a strong sink
(=28 ppbv) and the forest fire contribution is small, re-
sulting in estimates of TCO, that are 1 ppm larger for
the revised static method than the static method. Inside the
forest fire plumes (near 17.4 hr and 21.5 hr), the static
method is on average 8.2 ppm greater than the revised static
method.

Estimates of "CO, based on the model CO approach and the
revised model CO approach are shown in Fig. 8b. When the fossil
fuel components are low, the modelled R ratio becomes very
sensitive to errors in ™4CO. To prevent unrealistic variability
in R, we use the average model value of 23 when ™4 CO is
less than 4 ppbv. This accounts for 44% of values along the
flight paths. The average difference between the revised model
and model approach results is 0.7 ppm due to the forest fire
contributions. Inside the forest fire plumes (near 17.4 hr and
21.5 hr), the static method is on average 7.2 ppm greater than
the revised static method.
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Fig. 8. Time series of fCO, from inventory

method (thin black line), CO methods that

do not account for non-fossil fuel CO (grey E
line), and revised CO methods accounting for =
forest fires and photochemistry (thick black 'E
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with R = 20) are shown in A and the model o

CO methods (eqs 6 and 7 with estimated by 14.5
the transport model) are shown in B.
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Fig. 9. Difference between TCO; estimates from the revised model
CO approach and the model CO approach (ppm CO») for all ICARTT
DCS8 flights.

For all flights, the revised methods tend to result in slightly
lower values than the base case methods because the biomass
burning CO is typically larger than the net chemical CO. The av-
erage difference in T"CO, between the model and revised model
methods is 0.1 ppm. This difference is plotted for all flight paths
in Fig. 9. Over half of the observation points have absolute dif-
ferences of less than 0.5 ppm. The largest negative differences,
ranging from —5 to —24 ppm, occur due to forest fire influ-
ences during the 20 July and 31 July flights. The most prominent
positive differences, 1.4 to 2.6 ppm, occur offshore of the north-
east and southeast where the VOC oxidation makes a large con-
tribution to the CO concentration.

A comparison of the static methods (eqs. 4 and 5) with the
model methods (eqs. 6 and 7) can be used to provide a prelimi-
nary estimate of the CO method uncertainty due to the assump-
tion of a spatially uniform ratio R. For all ICARTT observations,
the average difference between the revised model and the revised
static approaches is 0.02 ppm due to the fact that the average
model R value is similar to the static value. However, the dif-
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ference between the revised model and model method estimates
can be as high as 9.8 ppm in plumes where the model predicts
efficient combustion (R < 20) and as small as —3.6 where the
model predict inefficient combustion (R > 20).

For CO, inversion applications, the uncertainty in TCO, prop-
agates to the uncertainty in the residual concentrations, ‘CO,, by
eq. (1). For example, if unaccounted VOC sources resulted in an
overestimate of TCO, by the static CO method, then 'CO, could
be underestimated. The inversion model would then retrieve a de-
creased surface flux value which could be mistakenly interpreted
as an increase in photosynthesis. To determine if the uncertainty
in the CO method is significant relative to "CO,, we estimate
'CO, along the ICARTT flight path. The residual CO, is ob-
tained by driving the transport model with the fluxes described
in Section 2.1, including the inventory estimates of CO,. The
fraction of the CO uncertainty over the residual concentration
is calculated to determine the significance of uncertainty for in-
version applications. The average of the absolute value of this
relative difference is 0.3 indicating that the uncertainty is signif-
icant relative to the residual concentration.

3.4. Comparison of CO method uncertainty with
4C0, data

The CO method uncertainty estimates are compared with abso-
lute error estimates from a study of '*CO, by the NOAA GMD
(Turnbull et al., 2006). Turnbull et al. (2006) measured bound-
ary layer and background values for CO and '*CO, on 2 August
during an aircraft flight over a sampling site in the northeast
(42° 57" N, 72° 37" W). Their results indicate that both the static
CO method and the '“CO, method yielded an TCO, estimate of
4.2 ppm. Our model results also indicate that the static CO
method should be accurate at this place and time. The model
R value is 19 which is very similar to the static R value of 20.
The modelled chemical sources and sinks are nearly balanced at
the sampling time and location, with a “*™CO value of —6 ppbv.
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While the net chemical influence at this sampling site is small
at the observation time, there are other times during August 2004
when the modelled net chemical sink is as extreme as —27 ppbv.
There are also times during August at the sampling site when the
static R value may be incorrect as indicated by model R values
that range from 16 to 36. Unfortunately, the additional obser-
vations from Turnbull et al. (2006) are outside of the model
simulation period. Future model runs that cover these other ob-
servations may be useful for interpreting the differences between
CO and '*CO, method results as well as validating the revised
CO method.

4. Summary

Analysis of uncertainty in the revised CO method leads to several
conclusions related to estimating the fossil fuel component in
observed CO,:

1. If photochemical, biomass burning and LPS contributions
are not considered, then these influences may incorporate uncer-
tainty into CO-based TCO, by as much as 4, 12 and 24 ppm,
respectively.

2. Combining acetonitrile and SO, observations with model
results provides an alternative approach to estimating TCO, in
concentrated biomass burning and LPS plumes.

3. The CO method uncertainty due to forest fire and pho-
tochemical influences is on average 30% of the residual CO,
concentration along the ICARTT flight paths.

The analysis of model and observed tracers presented here,
provided estimates of several aspects of uncertainty in the CO
method due to non-anthropogenic components of the CO ob-
servation. Future studies of the CO method uncertainty should
provide a more comprehensive analysis of errors in R. A com-
plimentary approach to determining CO method uncertainty can
be achieved with observations of CO and '*CO, that provide
estimates of the absolute error in the CO method. For example,
Turnbull et al. (2006) found underestimates of TCO, by the CO
method of 1 to 5 ppm during winter and spring, with improved
agreement during the summer. Combining the approach in the
present study with the approach in Turnbull et al. (2006) would
allow for the identification of the components of the absolute
error, which could lead to improvements in the design of the
CO method. Furthermore, the STEM-2K3 model could be used
in forecast mode to identify observation times and locations in
which uncertainty components such as the net chemical sinks
would be most pronounced.

The revised CO method presented here was designed to ex-
tract the quantity of TCO, from an observation of CO while
drawing on model and observed tracers to resolve uncertainties.
The revised method could be further developed to incorporate
SO, observations for reducing uncertainty due to LPS’s. The use-
fulness of observed acetonitrile and SO, indicates that long term
measurements of these species at carbon observatories would

be helpful for improving the CO method in future inversion
studies.
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