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Abstract

We present top-down estimates of anthropogenic CO, NOx and CO2 surface fluxes at
mesoscale using a Lagrangian model in combination with three different WRF model
configurations, driven by data from aircraft flights during the CALNEX campaign in
southern California in May–June 2010. The US EPA National Emission Inventory 20055

(NEI 2005) was the prior in the CO and NOx inversion calculations. The flux ratio in-
version method, based on linear relationships between chemical species, was used
to calculate the CO2 inventory without prior knowledge of CO2 surface fluxes. The in-
version was applied to each flight to estimate the variability of single-flight-based flux
estimates. In Los Angeles (LA) County, the uncertainties on CO and NOx fluxes were10

10 % and 15 %, respectively. Compared with NEI 2005, the CO posterior emissions
were lower by 43 %±6 % in LA County and by 37 %±10 % in the South Coast Air
Basin (SoCAB). NOx posterior emissions were lower by 32 %±10 % in LA County and
by 27 %±15 % in the SoCAB. NOx posterior emissions were 40 % lower on weekends
relative to weekdays. The CO2 posterior estimates were 183±18 Tgyr−1 in SoCAB. A15

flight during ITCT in 2002 was used to estimate emissions in the LA Basin in 2002.
From 2002 to 2010, the CO and NOx posterior emissions decreased by 41 % and
37 %, respectively, in agreement with previous studies. Over the same time period,
CO2 emissions increased by 10 %±14 % in LA County but decreased by 4 %±10 %
in the SoCAB, a statistically insignificant change. Overall, the posterior estimates were20

in good agreement with the California Air Resources Board (CARB) inventory, with dif-
ferences of 15 % or less. However, the posterior spatial distribution in the basin was
significantly different from CARB for NOx emissions. WRF-Chem mesoscale chemical-
transport model simulations allowed an evaluation of differences in chemistry using
different inventory assumptions, including NEI 2005, CARB 2010 and the posterior in-25

ventories derived in this study. The biases in WRF-Chem ozone were reduced and
correlations were increased using the posterior from this study compared with simula-
tions with the two bottom-up inventories, showing that improving the spatial distribution
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of ozone precursor surface emissions is also important in mesoscale chemistry fore-
casts.

1 Introduction

The Los Angeles (LA) Basin, a large urban area with emissions from mobile sources,
industry and agriculture, is a challenging region for chemical-transport models. Regu-5

lations controlling emissions of ozone precursors have helped in reducing the average
ozone concentration in this region. Previous studies have shown reductions in CO and
NOx emission factors from mobile sources (Bishop and Stedman, 2008; Dallman and
Harley, 2010) and from point sources (Frost et al., 2006) in the US. Furthermore, a re-
cent study has shown a steady decrease in emission of VOCs over the past decades10

in the South Coast Air Basin (SoCAB; Warneke et al., 2012). However, those large
reductions over time result in substantial uncertainties in surface emission estimates
of ozone precursors based on bottom-up inventories from previous years and impact
the accuracy of air quality forecasts. A recent study has also shown that a substantial
weekend effect exists in the LA Basin, such that large reductions in NOx emissions on15

weekends relative to weekdays result in higher weekend ozone production efficiencies
(Pollack et al., 2012). These observations provide opportunities to assess the ability of
emission inventories to capture interannual and day-of-week variability in the Basin’s
emissions and the impacts of these emissions changes on air quality.

Beside ozone precursors, urban areas are significant sources of greenhouse gases20

(Gurney et al., 2009). Duren and Miller (2012) reported that 70 % of fossil-fuel CO2
emissions worldwide were located in urban areas. They stressed that accurate emis-
sion estimates based on top-down approaches for the largest cities in the world are
needed to better assess the carbon emission trends. Aircraft measurements can be
used to estimate CO2 emissions in urban areas when combined with an inverse mod-25

eling approach (Brioude et al., 2012a). Brioude et al. (2012a) have showed that the
Houston area has one of the largest concentrations of anthropogenic CO2 sources
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globally due to a combination of urban and industrial emissions. The State of Califor-
nia has recently adopted a cap-and-trade program to control emissions of greenhouse
gases. Accurate estimates of anthropogenic greenhouse gas surface fluxes will be nec-
essary to determine if emissions changes mandated under this program have had the
desired effects.5

In May and June 2010, NOAA organized and led the CalNex intensive field campaign
that took place in the Los Angeles Basin and Central Valley (Ryerson et al., 2012).
These regions are challenging for mesoscale models due to a variety of phenomena
influencing pollution transport, such as “Catalina” eddies off the coast of southern Cal-
ifornia, land-sea breezes, and upslope transport from complex terrain surrounding the10

basin (Angevine et al., 2012). In this paper, we use in-situ aircraft measurements from
the NOAA P-3 along with the Weather Research and Forecasting (WRF) mesoscale
model in an application of an inversion technique to estimate and improve the CO and
NOy surface fluxes from the US Environmental Protection Agency’s (EPA’s) National
Emission Inventory (NEI) for the reporting year 2005. The NEI provides the basis for15

national air quality regulatory (http://www.epa.gov/scram001/guidanceindex.htm) and
forecast modeling (http://www.weather.gov/aq/). The NEI is a “bottom-up” inventory
that relies predominantly on emission calculations based on fuel consumption, source
activity, and emission factors for most sectors of the US economy.

In this paper, we used NOAA P-3 aircraft observations from the CalNex 2010 cam-20

paign and three different WRF configurations at mesoscale as input to the FLEXPART
Lagrangian particle dispersion model to evaluate and improve a version of the NEI
2005 emission inventory (see Sect. 2 for details). Typically, aircraft observations are
temporally sparse compared to measurements from surface stations. However, aircraft
are capable of measuring, during a single flight, several pollutants upwind and down-25

wind of surface sources (industries, urban area). In contrast to satellites, most P-3
measurements in CalNex provided a spatial resolution of 100 m horizontally and 10 m
vertically, with well-understood measurement uncertainties typically on the order of
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10–15 %. Furthermore, aircraft can sample pollutants at different distances downwind
of a source, allowing evaluations of model emissions, chemistry, and dynamics.

We optimized surface emission fluxes from 3 chemical species that are predomi-
nantly emitted by anthropogenic sources: CO, NOx and CO2. We calculated CO, NOx
and CO2 best estimates for 2010 using 6 P-3 flights in May and June 2010 during5

the CalNex campaign. To address the question of interannual emission trends, we em-
ployed aircraft measurements from a NOAA P-3 flight during the ITCT 2002 campaign
over the LA Basin to calculate CO, NOx and CO2 surface emissions in May 2002 (see
Sect. 2 for details). We used three configurations of the WRF mesoscale model and
FLEXPART to simulate the transport between the surface sources and the location of10

the aircraft measurements. The NEI 2005 inventory was used as a prior estimate for
CO and NOx emissions in the inversion method. The CO2 posterior estimates were
calculated from the flux ratio inversion method (Brioude et al., 2012a), which allows the
calculation of a posterior at mesoscale without a prior estimate. Section 2 presents the
details of the methodology. The results are presented in Sect. 3, and the interpretations15

of these results are discussed in Sect. 4. A conclusion and further implications of this
work are presented in Sect. 5.

2 Method

2.1 Observations

An instrumented NOAA P-3 aircraft took measurements over the South Coast Air Basin20

(SoCAB) during the ITCT 2002 and CalNex 2010 field intensives. In our inverse mod-
eling analysis, we used one flight in 2002 (13 May) and six flights in 2010, 3 during
weekdays and 3 during weekends. All of these were flights dedicated to characterizing
daytime emissions and chemistry in the Los Angeles Basin area. Figure 1 represents
the tracks of the 2010 flights. Vertical mixing at night is very uncertain in models and25
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measurements, and therefore nighttime data were not used in this study. Only the ob-
servations in the boundary layer were used in the inversion.

CO on the research aircraft was measured once per second using vacuum ul-
traviolet resonance fluorescence (Holloway et al., 2000) with an uncertainty of
±(1 ppbv+0.05×CO). NO and NO2 were measured by ozone chemiluminescence5

(Ryerson et al., 2000; Pollack et al., 2011). CO2 was measured by a wavelength-
scanned cavity ring-down absorption instrument with an uncertainty of ±0.13 ppmv
(Peischl et al., 2012). All those species were measured once per second. For the flight
on 8 May, we used measurements of CO2 from a Quantum Cascade Laser Direct
Absorption Spectrometer (QCLS) (Kort et al., 2011). The QCLS measurements have10

precisions of ±0.02 ppm with accuracies of ±0.1 ppm (Wofsy et al., 2011).
We focus on NOy rather than NOx in our analysis because NOy includes all reactive

nitrogen compounds. NOx (=NO+NO2) can be converted to other NOy components
(e.g. HNO3 and organic nitrates) on time scales of a few hours, while NOy is a consid-
ered as a conserved tracer under the conditions of this data set (see details below).15

The assumption that NOy is a conservative tracer is strengthened by confining the
analysis to daytime, when heterogeneous N2O5 hydrolysis is unimportant. NOy was
calculated as the sum NOy = (NOx +PAN+HNO3 +NO−

3 ). NOx, PAN and HNO3 were
averaged every 10 s. NO−

3 , when available, was converted into ppbv and added to the
sum. NO−

3 could account for up to 40 % of NOy on the eastern part of the basin. On the20

14 May 2012 flight, the NO and NO2 were measured by cavity ring-down spectroscopy
(CRDS; Wagner et al., 2011). When simultaneously available, the CRDS NO and NO2
data are in quantitative agreement with the chemiluminescence measurements. For
the 2002 flight, NOy was measured by ozone chemiluminescence with an uncertainty
of ±(0.20 ppbv+0.12×NOy) (Ryerson et al., 2000). Since the chemical transforma-25

tions are not considered in our analysis, changes in NOy are interpreted as changes in
NOx emissions.

No rain clouds were associated with the six CalNex flights or the flight during ITCT
used in this analysis. The measurements in the LA Basin (Fig. 1) were not far from
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the surface sources, hence secondary production of CO can be neglected. The Los
Angeles Basin area does not have a large number of power plants, and therefore the
effect of NOy loss within power plant plumes (Brock et al., 2003; Neuman et al., 2004)
should be small for emission estimates in Los Angeles County or the SoCAB. (Note
that conversion to particulate nitrate is taken into account by inclusion of NO−

3 in the5

calculated NOy.) We think that the uncertainty on the surface flux in the posterior from
assuming NOy is a passive tracer is lower than other sources of uncertainties. We
assume that CO and NOy are passive tracers throughout the paper, regardless of the
position of the measurements relative to the sources.

CO2 is also considered as a passive tracer. However, CO2 can be removed during the10

daytime by uptake from vegetation. The Los Angeles Basin was fairly dry in May/June
2010, and the vegetation had a significant impact mostly on the border of the basin.
Newman et al. (2012) showed that biogenic uptake during the day was a negligible
fraction of the CO2 budget in the basin. Discussion of the possible role of biospheric
uptake is given in Sect. 3.3.15

2.2 Prior emission inventory

The 4×4 km EPA NEI 2005 weekday inventory version 2 (US Environmental Protec-
tion Agency, 2010) is used as a prior emission estimates for the optimization of CO
and NOy surface emission inventories. We used the same NEI 2005 inventory as in
Brioude et al. (2011). Emissions from point sources, mobile sources on-road and off-20

road and surface areas were processed following EPA recommendations. For details
on the mobile emissions models and data source used, see Brioude et al. (2011).

In the paper, the CO and NOy posterior estimates are compared with the NEI 2005
(the prior) and CARB 2008 (http://www.arb.ca.gov/app/emsinv/fcemssumcat2009.php)
emission estimates at county level. The anthropogenic CO2 posterior estimates are25

compared to the Vulcan inventory (http://vulcan.project.asu.edu/, Gurney et al., 2009)
at county level, and the statewide 2009 CARB greenhouse gas inventory apportioned
by population at county level (Peischl et al., 2012).
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Along with NEI 2005 and the posterior estimates, a CARB 2010 projection is also
used in the WRF-Chem v3.4 Eulerian model simulations of tropospheric chemistry (see
Sect. 4 for details). To downscale the CARB 2010 projection to a 4×4 km inventory, the
NEI-05 emission inventory is modified for 6 counties in southern California according to
the CARB (California Air Resources Board) 2010 projected emissions available at: http:5

//www.arb.ca.gov/app/emsinv/fcemssumcat2009.php. See the supplement material for
further details.

2.3 Modeling

To simulate the atmospheric transport at mesoscale, we used an approach similar to
Brioude et al. (2011) for estimating anthropogenic fluxes from the Houston area. Briefly,10

we used different configurations from a mesoscale meteorological model as input to
the FLEXPART Lagrangian model to estimate uncertainties from the meteorological
modeling. See Brioude et al. (2011) for a detailed discussion on uncertainties.

Meteorological data were simulated by three different Weather Research and
Forecasting (WRF) mesoscale research model configurations that were used to15

drive the FLEXPART Lagrangian particle dispersion model. Each WRF run was
initialized and provided boundary conditions from the ERA-Interim reanalysis (Dee
et al., 2011), which has a horizontal resolution of roughly 0.7◦ ×0.7◦. The soil was
initialized with the ERA-Interim soil temperature and moisture fields without spin-up.
Sea surface temperature input was the US Navy GODAE high-resolution SST,20

(see http://www.usgodae.org/ftp/outgoing/fnmoc/models/ghrsst/docs/ghrsst doc.txt)
updated every six hours and interpolated between updates. The Goddard shortwave
radiation scheme and the RRTM longwave radiation schemes were used.

The first meteorological configuration used was WRF version 3.3 with nested grids of
36-, 12-, and 4-km spacing with two-way nesting. Angevine et al. (2012) evaluated the25

performance of several WRF configurations against a variety of data. The FLEXPART
runs reported here used their configuration EM4N, and used the Noah land surface
model (Chen and Dudhia, 2001; Chen et al., 2011) with MODIS land use and land
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cover data and the single-layer urban canopy model. The Grell–Devenyi cumulus was
used for the outer domain only. The vertical grid had 60 levels, with 19 below 1 km and
the lowest level at approximately 16 m. Run EM4N used the Mellor–Yamada–Janjic
planetary boundary layer (PBL) and surface layer options (Janjic, 2002; Suselj and
Sood, 2010).5

The second configuration used WRF-Chem version 3.1 with nested grids at 36-, 20-
, and 4-km spacing with 60 vertical levels. The Noah land surface model was used
along with the single-layer urban canopy model. Urban areas were remapped using
the National Land Cover Data set (NLCD) 2001. The YSU boundary layer scheme was
used. See Lee et al. (2011) for further details.10

The third configuration was the WRF-Chem version 3.4 model with two nested grids
at 12-km and 4-km horizontal spacing with 41 vertical levels. In these runs the Mellor-
Yamada Nakanishi and Niino Level 2.5 (MYNN) PBL boundary layer scheme was used.
The Noah land surface model with an urban canopy model and the RRTMG long-
wave and shortwave radiation schemes were used. To parameterize deep or unre-15

solved convection, the Grell 3-dimensional (3-D) scheme was activated in the outer
domain only. The detailed description of all WRF3.4 parameterizations can be found in
http://www.mmm.ucar.edu/wrf/users/docs/user guide V3/contents.html.

To simulate the transport of passive tracers, we used these mesoscale meteorolog-
ical model runs to drive the FLEXPART Lagrangian particle dispersion model (Stohl20

et al., 2005, and references therein). We employed a modified FLEXPART version that
uses time-averaged wind (Brioude et al., 2012b). Brioude et al. (2012b) showed that
using time-averaged wind in complex terrain significantly reduces the uncertainties in
Lagrangian models, and mass conservation was achieved. 40 000 back trajectories
were released every 30 s or every 100 m during vertical profiles along the aircraft flight25

tracks. FLEXPART simulated the trajectories over 24 h to focus on the local transport
within the basin. The influence of previous day transport is ignored but could increase
the uncertainty in the flux estimates. Tests performed with 48-h trajectories showed
that the surface fluxes based on 24-h trajectories might be overestimated by 5 % in the
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LA Basin (not shown). The FLEXPART output had a resolution of 8×8 km. The output
consists of a residence time in the surface layer weighted by the atmospheric density.
When this output is combined with a surface flux emission inventory, one can calcu-
late a mixing ratio for each set of trajectories along the aircraft flight track. In this way,
FLEXPART linearizes the transport processes between the surface and the aircraft, so5

that an adjoint model is unnecessary to apply an inverse modeling technique.
In the paper, we use the term “transport model” for a combination of one of the WRF

mesoscale model runs and FLEXPART. We assume that each transport model is in-
dependent. Table 1 presents the linear correlation between the CO measurements on
weekdays in 2010 and each simulation using the NEI 2005 prior inventory. The cor-10

relation coefficients between the various simulations of CO time series are not much
larger than the coefficients for the correlations between any given model and the ob-
served CO time series, which confirms that each model simulation can be considered
as independent in a sense that there is no correlation bias. The CO time series in the
ensemble of the three transport models has the highest correlation coefficient when15

compared to the measurements.
Table 2 shows the average absolute error between the observed CO and simulated

CO mixing ratios using the NEI 2005 prior inventory for the six P-3 flights considered in
this study. Figure 2 presents the distribution of points compared with the observations.
Each transport model has an error of about 180 ppb of CO on average, for an aver-20

age measured above-background CO concentration of 86 ppb. As shown by Angevine
et al. (2012), these large biases cannot be explained by uncertainties in the transport
models, and instead they most likely reflect an overestimation of surface emissions in
the NEI inventory. Therefore, an inversion method is needed to optimize the NEI prior
estimates.25

2.4 Inverse modeling

We applied an inverse modeling approach on a domain that covers the SoCAB and
the mountains surrounding the basin. We employed the same method as Brioude
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et al. (2011, 2012a). In this section we summarize the techniques used. See Brioude
et al. (2011, 2012a) for further details.

For each flight, a chemical background level was estimated and subtracted from
the measured mixing ratios. We defined the chemical background of CO and NOy
as the lowest mixing ratio found in the atmospheric boundary layer upwind (offshore5

measurements included) of the Los Angeles Basin. The chemical background value of
CO2 was estimated from the vertical distribution of CO2 mixing ratios obtained during
each flight near the top of the boundary layer, over the basin. We treated CO, NOy and
CO2 as passive tracers (see Sect. 2.1 for further details). Only the observations in the
boundary layer were used in this study.10

Background values were subtracted from the chemical measurements for each flight,
to facilitate comparison with FLEXPART output that assumes zero background. Uncer-
tainties arising from the background definitions were added to the measurement uncer-
tainties in the inversion. Background-subtracted CO and NOy values are retained in the
following analysis. To calculate the best estimates of CO and NOy surface flux emis-15

sions, we used a log-normal cost function in a 4-dimensional (4-D=3 spatial dimen-
sions plus time) least squares method following Brioude et al. (2011). The advantage
of using a log-normal cost function is that no negative fluxes are found in the posterior.
This approach avoids the drawbacks of techniques used to prevent negative fluxes that
have no particular meteorological basis (e.g. Stohl et al., 2009).20

We used a Bayesian least squares method to invert the observed concentrations and
determine the surface fluxes. The covariance matrices of the observation and prior es-
timate are not perfectly known, and therefore uncertainties in the posterior can arise
from the assumptions made about those covariance matrices. To overcome this issue,
we used the L-shape criterion method to balance the errors in both covariance matri-25

ces to obtain a posterior estimate with the smallest sensitivity to the error in either the
observation or prior covariance matrices (Brioude et al., 2011; Henze et al., 2009). The
grid cells used in the inversion are restricted to those with a significant anthropogenic
emission in the NEI 2005 prior to reduce the size of the matrices involved. Those with
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negligible emissions (the white grid cells in Figs. 3–5) are not used in the analysis. We
included 4 time steps in the 4-D inversion: one time step representing night time emis-
sions between 01:00–13:00 UTC (local time, LT, during CalNex was UTC −7 h), a time
step between 13:00 and 17:00 UTC that includes the morning rush hour, a time step
between 17:00 and 21:00 UTC to represent midday conditions, and a time step be-5

tween 21:00 UTC to 01:00 UTC that includes the evening rush hour. These time steps
were chosen based on the overall weekday diurnal cycle in the NEI for the SoCAB and
the temporal distribution of the aircraft observations during CalNex, which occurred be-
tween 16:00 UTC and 01:00 UTC. The values reported in Sect. 3 are the averages for
the two time steps between 17:00 UTC and 01:00 UTC where we have the strongest10

confidence in the transport models and therefore in the inversion. However, the differ-
ences found between the posterior and the NEI prior vary by only a few percent when
the time step between 13:00–17:00 UTC is also used in the comparisons.

To calculate CO2 posterior estimates, no prior inventory that includes anthropogenic
CO2 emissions from all sectors was available at mesoscale. As shown by Brioude15

et al. (2012a), without a prior estimate, a classic mesoscale least squares method
would give a posterior CO2 flux estimate with a highly uncertain spatial distribution.
Therefore, we instead employed the flux ratio inversion method (Brioude et al., 2012a),
which takes advantage of the linear relationships between CO2 and the tracers CO and
NOy that are co-emitted with CO2. We further used our best estimates of CO and NOy20

posterior surface fluxes to infer a CO2 posterior within an inversion framework.
For each posterior inventory, a mean value and a standard deviation is given for

the SoCAB and LA County emission estimates. The standard deviation includes the
variability in the surface flux, the uncertainty of the method, and the uncertainty in
the transport models. The uncertainty from the Lagrangian model cannot be assessed25

with this approach, but this uncertainty is small compared to the uncertainties in the
meteorological fields. Brioude et al. (2012b) showed that there is no mass conservation
problem with the WRF-FLEXPART model combination within the domain of interest.
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In Sect. 3.4, the surface flux estimates from the single flight in 2002 are compared to
the posteriors in 2010. The CO and NOy inversions in 2010 were tested by using either
all the flights combined (3 flights during weekdays or 3 flights during weekends) or by
performing inversions on each flight individually. Interestingly, the average fluxes found
in 2010 with a combination of flights or with a single flight are identical at the county5

level. Instead of combining all the flights in 2010, we calculated the posterior estimates
from each individual flight to estimate the uncertainty of the emissions reported here
from single-flight-based inversions. Therefore, the uncertainty of using a single flight
in 2002 can be assessed more accurately. Furthermore, the estimates in 2010 were
averaged using the 3 flights during weekdays and weekends to evaluate any weekend10

effect in the surface emissions. The uncertainty in the posterior estimates from using
a single flight is discussed in detail in Sect. 4.

3 Results

3.1 CO

The daytime EPA NEI CO inventory (defined as the average values from 17:00 UTC to15

01:00 UTC, or 10:00–18:00 LT) is characterized by large emissions in the urban area
that includes Los Angeles and Orange Counties (Fig. 3) and by on-road emissions,
mainly from highways. Lower emissions fluxes are found over the suburbs east of Los
Angeles.

The posterior inventories, averaged for the inversions with the three models, show20

the same emission pattern as the prior (Fig. 3), but with large reductions in CO emis-
sions from the Los Angeles/Irvine urban areas. Each grid cell in the posterior has an
uncertainty of about 20 to 40 % in the Los Angeles County area. The uncertainty (1-σ
standard deviation) is estimated from the ensemble of realizations of the three models
with a random term in the prior with a variability of 10 % for each flight (a total of 9025

realizations). The uncertainty of these average fluxes includes the uncertainty from the
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meteorological models and the inversion method, and also the natural variability of the
surface sources. Therefore, these uncertainty estimates should be considered as un-
certainties on the mean, but not necessarily as uncertainties due to the method. The
uncertainty is lower along the coast and is higher in complex terrain, where it is more
difficult for the inverse modeling technique to converge to a single solution due to the5

transport uncertainties associated with large terrain changes within a single grid cell or
a few adjacent cells (Brioude et al., 2012b).

The percentage differences in CO emissions between the prior and posterior during
weekdays (Fig. 3) clearly show that the emissions reduction is limited to the urban area.
Large increases are also found along Interstate Highway 5 in the mountains north of10

Los Angeles, but these grid cells are associated with large uncertainties (100 %) and
relatively small fluxes.

Any single grid cell has a numerical uncertainty from the model that can be reduced
by averaging the surface fluxes over several grid cells. We report in Table 3 the daytime
emissions in the prior and posteriors from two different regions: LA County and the15

SoCAB. These regions are associated to mostly relatively flat terrain areas, and should
not suffer from biases due to complex terrain that could occur in FLEXPART (Brioude
et al., 2012b). The daytime average CO posterior estimates can be converted to daily
average estimates by multiplying the daytime estimates by 0.7, based on the hourly
variation in NEI 2005.20

Compared to NEI, the daytime CO emissions from LA County during weekdays are
reduced by 43 %, with an uncertainty of 6 %. The SoCAB emissions are reduced by
37 %±10 %. Figure 3 also shows the posterior estimates for weekend flights. The CO
emission pattern on weekends looks similar to that on weekdays, and the difference
between the weekend and weekday posterior emissions is −18 % in LA County and25

−15 % in SoCAB. This weekday-weekend modulation is in agreement with a recent
study of CalNex observations (Pollack et al., 2012) based on in-situ measurements
from the NOAA P-3 aircraft and surface site measurements that found a weekday CO
reduction of 9 % on average.
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We used the diurnal profile from CARB to calculate daytime CARB emissions be-
tween 17:00 UTC and 01:00 UTC. The CO average fluxes in the posterior are similar to
those in the CARB 2008 inventory. Compared to CARB 2008, our CO posterior flux is
higher by 15 % during weekdays and lower by 20 % during weekends. However, CARB
2008 gives an increase of 19 % for daytime CO emissions during weekend compared5

to weekdays, which differs from the Pollack et al. (2012) finding of a 9 % reduction.
Wunch et al. (2009) found higher emissions by 30 % in their CO posterior compared to
CARB in the SoCAB region.

The difference in total emissions between LA County and SoCAB is an estimate of
how the emission distribution in the basin varies between the NEI, CARB and poste-10

rior inventories. In NEI, the CO emissions in SoCAB are higher by 57 % compared to
LA County. In our posterior CO inventory, SoCAB emissions are higher by 74 % than
LA County, showing that the emissions outside LA County are relatively larger in the
posterior than in the NEI prior. In other words, the inverse method modified the spatial
distribution of the CO surface fluxes in the prior. The SoCAB-LA County CO difference15

in the CARB inventory is 68 %, in better agreement with the distribution in the posterior
compared with the NEI.

3.2 NOy

The EPA NEI NOy inventory (Fig. 4) shows large emissions in the Los Angeles urban
area, near the Port of Los Angeles (off scale in Fig. 4) due to industrial point sources20

and ship traffic, and on-road emissions on highways throughout the basin. The differ-
ences in NOy fluxes between the prior and posterior show that the NOy emission re-
ductions predicted by the inversion are limited to the LA urban area and the Port of LA.
Increases from individual grid cells are found over complex terrain, but are associated
with large uncertainties (on the order of 100 %) and are relatively small in magnitude.25

The daytime average NOy posterior estimates can be converted to a daily average
estimates by multiplying the daytime estimates by 0.78, based on the hourly variation
in NEI 2005. Compared to the EPA NEI prior inventory, the daytime weekday NOy
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posterior emissions (values are the averages of the three models) are reduced by
32 %±10 % in Los Angeles County (Table 3), while emissions in the SoCAB region
are reduced by 27 %±15 % during weekdays. The posterior-prior difference in NOy
emissions in the port is even larger, with a reduction of a factor of 5. Kim et al. (2011)
have shown that probable sources of this NOy discrepancy are associated with over-5

estimates of the port NOx emissions from commercial marine vessels within the NEI
2005 area inventory and overestimates of the industrial point source NOx emissions in
the NEI 2005 point source inventory.

Figure 4 also presents the daytime posterior NOy estimate during weekends. The
emissions are lower in the Los Angeles urban area and surroundings than during week-10

days. The difference between weekday and weekend is 43 % in LA County and 40 % in
the SoCAB area. Those results agree with Pollack et al. (2012), who found a reduction
of 34 % to 46 % based on in situ measurements.

The emission estimates in the NOy posterior estimate are in better agreement with
CARB 2008 than with NEI 2005 for LA County, with a reduction of 6 % during week-15

days and 17 % during weekends compared to CARB emissions. These reductions are
within the uncertainty range of our inversion calculations. In the SoCAB region, the dif-
ferences between CARB 2008 and the posterior NOy are +7 % during weekdays and
−2 % during weekends, also within the uncertainty range. In contrast, total NOy emis-
sions in the SoCAB region are higher than LA County by 57 % in NEI 2005, 48 % in20

CARB 2008 and 69 % in the posterior. This result indicates that emissions are larger
outside LA County in the posterior than in either of the bottom-up inventories.

Another way to evaluate the uncertainties in the CO and NOy posterior estimates
is to compare simulated and observed slopes of NOy and CO mixing ratios. During
weekdays, the observed slope is 7.4 ppb CO per ppb NOy, while the simulated slope25

is 8.0 ppbppb−1 (Table 4). During weekends, the observed slope is 12 ppbppb−1 while
the simulated slope is 12.6 ppbppb−1. Based on these differences between observed
and simulated slopes, we estimate that a bias of about 10 % exists in our CO or NOy
flux estimates.
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3.3 CO2

As explained in Sect. 2, CO2 posterior estimates are based on the flux ratio inversion
method, which allows estimates of CO2 (or any species) at mesoscale without using
a prior estimate. The linear relationships of CO2 with co-emitted species like CO and
NOy, and their surface flux posterior estimates (described in Sects. 3.1 and 3.2), are5

used in the flux ratio inversion to calculate CO2 emission estimates for weekdays and
weekends. Brioude et al. (2012a) have shown that this technique can be applied in
urban areas like Houston, where the spatial distribution of anthropogenic sources is
complicated and not well represented in any prior emission inventory.

In Fig. 5, we show that the spatial distribution of the constructed CO2 posterior esti-10

mates by the flux ratio inversion method for weekday and weekends are similar, even
though slopes between CO, NOy and CO2 vary by roughly 50 % between these two
time periods (Table 4). The weekday and weekend CO2 estimates are calculated using
the 3 flights for either period combined to have a better accuracy from the flux ratio
inversion. CO2 uptake by vegetation was not a significant loss term of CO2 in the PBL15

during CalNex. Based on the measurements, loss of CO2 due to vegetation uptake in
the PBL compared to the background varied from 0 to 2 ppmv, while positive variations
due to anthropogenic emissions ranged from 0 to 30 ppmv on average. Therefore, one
can expect a low bias of ∼5 % in our CO2 flux estimate in the urban area due to CO2

uptake. The average emissions in downtown LA were 1.16×10−6 kgs−1 m−2, compa-20

rable to the emissions found in the Houston downtown area (1.0 × 10−6 kgs−1 m−2;
Brioude et al., 2011).

Based on the NOAA assimilation system CarbonTracker (Peters et al., 2007), the av-
erage daytime biogenic uptake of CO2 was −0.12 ×10−6 kgs−1 m−2 in the Los Angeles
Basin in 2010. However, the 1◦ ×1◦ grid cell that is center over the LA Basin includes25

the urban area but also a fraction of land surface outside urban areas. Hence, this esti-
mate is probably not adapted for biogenic fluxes in the LA urban area, and it should be
seen as an upper limit. CarbonTracker gave an average nighttime biogenic emission
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of +0.05 ×10−6 kgs−1 m−2. Even though our inversions are in 4-D and the nighttime
fluxes were taken into account (nighttime fluxes are not reported in this study because
of large model uncertainties at night), uncertainties in the daytime CO2 flux might arise
from the nighttime biogenic production. Therefore, the CO2 posterior estimates might
be biased low by up to 10 % due to daytime vegetation uptake, or biased high by up5

to 5 % due to biogenic emission at night. It is difficult to estimate CO2 respiration from
soil, but the flux is on average small compared to anthropogenic emissions or uptake
in urban areas (see for instance Brioude et al., 2012a).

The daytime CO2 total emission in LA County is 4590 kgs−1 during weekdays, and
4930 kgs−1 during weekends. The weekend increase of 7 %±14 % compared to week-10

days is statistically insignificant. Total CO2 emissions are not reported in NEI 2005
and therefore cannot be compared to the posterior estimates. Instead, the 10×10 km2

Vulcan 2002 and 2005 anthropogenic CO2 fluxes (Gurney et al., 2009) are used for
comparison. They report a 1-σ uncertainty of 14 % in LA County. Vulcan 2005 is the
recommended version to be compared to the 2010 posterior (K. Gurney, personal com-15

munication, 2012). Vulcan 2002 has daytime CO2 emissions of 3190±440 kgs−1 in LA
County, lower by 44 % compared to our weekday posterior estimate. To convert the
Vulcan daily average into daytime emissions, we applied a coefficient of 1.285, based
on the diurnal profile found in Vulcan. The inverse of this coefficient can be used to
convert our daytime posterior estimate into a daily average estimate. Vulcan 2005 has20

daytime CO2 emissions of 3500±490 kgs−1 in LA County, lower by 31 % compared to
our weekday posterior estimate.

In the SoCAB region, the posterior CO2 emission is 7440 kgs−1 during weekdays,
and 8200 kgs−1 during weekends (a statistically insignificant increase of 10 %). Total
daytime CO2 emission in Vulcan 2002 is 5390 kgs−1, lower by 38 % compared to our25

weekday posterior estimates. The Vulcan 2005 emission is 6480 kgs−1, lower by 15 %
compared to the posterior. The differences found between the CO2 posterior and Vul-
can are comparable to those found in the urban area of Houston (24 % to 37 %) by
Brioude et al. (2011). McKain et al. (2012) found that Vulcan 2002 emissions had to be
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increased by about 50 % to match CO2 observations taken in 2006 in Salt Lake City.
The yearly average SoCAB CO2 emission in Vulcan 2002 and 2005 is about 133 and
159±19 Tgyr−1. Peischl et al. (2012) reported emission estimates from CARB 2009
of 180 Tgyr−1. Compared to CARB 2009, the Vulcan CO2 emission is lower by 13 %
to 35 %. Assuming that the differences found with our daytime posterior can be ex-5

trapolated to a yearly average emission, our posterior estimate (higher by 15 to 38 %
than Vulcan) in SoCAB is in better agreement with CARB 2009 emission estimates
than Vulcan. Peischl et al. (2012) also finds that CalNex P-3 observations are in bet-
ter agreement with CARB than Vulcan for the LA Basin, and reports the main sectors
responsible for the discrepancy between the two bottom-up estimates.10

The total CO2 anthropogenic emission in SoCAB is higher by 69 % than the emission
in LA County in Vulcan 2002. The difference is 62 % to 66 % in the CO2 posterior, in
agreement with the difference in spatial distribution found with the NOy or CO fluxes.
The constructed CO2 posterior and Vulcan 2002 inventories are in agreement on the
spatial distribution of CO2 fluxes between LA County and SoCAB.15

3.4 CO, NOy and CO2 posteriors in 2002

The uncertainties in the posterior estimates of CO and NOy fluxes in 2010 were based
on inversions applied on each single flight. The uncertainty ranges found in 2010 for
weekday emissions should be a good estimate of the uncertainty of the inversion of
single flight’s data in 2002, namely 10 % for CO fluxes and 15 % for NOy fluxes in LA20

County.
Table 5 presents the posterior estimates in 2002 for CO, NOy and CO2 fluxes. The

uncertainties (1-σ standard deviations) reported in Table 5 are lower than the uncer-
tainties in 2010 because only a single flight is used to infer surface flux estimates in
2002. Hence, the relative uncertainty found in 2010 should be used as a metric for the25

uncertainties of the 2002 estimates.
From 2002 to 2010, the CO emission in the posteriors decreased by 42 %±6 % in

LA County and 41 %±10 % in SoCAB. The CARB 2002 inventory and its emissions
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projection for 2010 give a CO reduction of 40 % for SoCAB and 44 % for LA County. The
CO 2002–2010 emission trend found in the posteriors is also in agreement with other
observation-based studies. For example, Warneke et al. (2012) reported an average
reduction in CO for the LA Basin of 7.8 % yr−1, or a reduction of 48 % from 2002 to
2010.5

NOy emission in the posteriors decreased between 2002 and 2010 by 36 %±10 %
in LA County and 37 %±15 % in SoCAB. According to the CARB 2002 inventory and
CARB 2010 projection, NOx emission decreased by 32 % in SoCAB and 30 % in LA
County. The NOx emission trend found in the posteriors is also in agreement with
observation-based studies. McDonald et al. (2012) found a declining trend of about10

37 % for NOx emission in SoCAB for the same time period.
CO2 emission in the posteriors increased between 2002 and 2010 by 10 %±14 %

in LA County, but decreased by 4 %±10 % in SoCAB during the same time pe-
riod. These variations are within the uncertainty range of our calculations. Accord-
ing to CarbonTracker, the CO2 uptake by vegetation in 2002 in the SoCAB was15

0.07×10−6 kgs−1 m−2. Vulcan 2002 CO2 emission in LA County is 3190 kgs−1, lower
by 30 %±14 % than our posterior estimate in 2002. Vulcan 2002 total emission in So-
CAB is 5390 kgs−1, lower by 43 %±10 % than the posterior. These differences be-
tween our posterior and Vulcan are comparable to those found in 2010. Recent obser-
vational studies have shown steady reductions of CO and NOx emissions, but rather20

limited changes in CO2 emissions (Warneke et al., 2012; McDonald et al., 2012), in
agreement with our inversion calculations.

The total emission in SoCAB is higher than in LA County by 71 % for CO, 70 % for
NOx, and 86 % for CO2. These results are in agreement with the emissions distribution
found in the 2010 posteriors within 5 % for CO and NOy. The emission distribution for25

CO2 in the posteriors has changed significantly from 2002 to 2010.
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4 Discussion

Based on the models used in this study, the posterior inventories found are our best
estimates for the anthropogenic emissions over the LA Basin in 2010. The biases be-
tween the simulated and observed mixing ratio of CO, NOy and CO2 are low (Fig. 2;
Table 2). The slopes of correlations between CO, NOy, and CO2 calculated in 20025

and 2010 are on average consistent with the measurements to within 10 %. The trends
in CO and NOy between 2002 and 2010 are also consistent with the published litera-
ture. No significant 2002–2010 trend in CO2 was found in SoCAB, in agreement with
CARB bottom-up inventories and other observational analysis. The weekend effects in
the NOy and CO posterior estimates are also consistent with Pollack et al. (2012). This10

evidence suggests that the inversion technique applied to optimize the prior estimates
on CO and NOy emissions in 2002 and 2010 can be considered to be reasonably
accurate.

Among the available bottom-up inventories, the CARB inventory is the one that is
systematically the closest to the posterior estimates. The differences are within 15 %15

for CO and are statistically insignificant for NOy and CO2 (Table 3, Table 6). NEI 2005
agrees with the CO and NOy posteriors to within about 40 %. For CO2 anthropogenic
emissions. Vulcan agrees with the posterior within 15 to 38 %.

To further evaluate the posterior estimates, we used them along with NEI and
CARB 2010 inventories in WRF-Chem v3.4 Eulerian model simulations (see Sect. 2)20

of the same CalNex P-3 flights considered in the inversion calculations. For details
on the chemistry options used, biogenic VOC fluxes and additional details, see Ah-
madov et al. (2012). Here, the WRF-Chem model was run with two different hori-
zontal resolutions, 4 km and 12 km, for each emission scenario. Aircraft and model
data for the six flights over the LA-Basin were windowed to locations over land within25

a quadrangle bounded by Santa Monica (34.032◦ N, 118.528◦ W), a point north of
Pasadena (34.208◦ N,118.116◦ W), a point north of Redlands (34.144◦ N, 117.191◦ W),
and Newport Beach (33.611◦ N, 117.916◦ W). Comparisons were further restricted to
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the 10:00 a.m. to 06:00 p.m. LT period, and the 200 m to 700 m AGL height interval.
These windows were chosen to maximize the number of observations within the active
PBL directly impacted by LA-Basin emissions. Numerically, comparisons are done by
flying the aircraft through the model domain using the three-dimensional model field
specific for each flight, and for the nearest hour of model output. If the aircraft flies5

through a model grid cell, the observed average is calculated for the time spent in that
grid, and the model value at the nearest hourly time-slice for that grid. There is no
interpolation of model or observed data either in space or time in the comparisons.

Statistical results for model NOy, CO, NO, NO2, and O3 using the three inventories
are shown in Table 7. The most prominent feature is the increase in correlation co-10

efficient as the emission inventory progresses from NEI to CARB-10 to the posterior
for all 5 species regardless of horizontal resolution. Moreover, given the large sam-
ple numbers, these increases in correlation have high statistical significance (≥99.9 %
confidence level).

Using NEI 2005 inventory, the WRF-Chem simulated CO mixing ratio was overes-15

timated by 133 to 164 ppbv, consistent with the overestimates in Table 2 based on
FLEXPART trajectories. This agreement between Eulerian and Lagrangian approaches
confirms that FLEXPART WRF did not suffer from mass conservation issues or other
biases from the Lagrangian treatment of turbulent mixing within the PBL. Using the
CO posterior inventory as input, WRF-Chem overestimates were reduced to less than20

30 ppbv. Using CARB 2010, WRF-Chem differences with observations were somewhat
lower. Correlation coefficients for the 4 km WRF-Chem calculation improved slightly
from 0.48 and 0.53 using NEI or CARB 2010, respectively, to 0.55 using the CO pos-
terior.

With the NEI 2005 inventory as input, the WRF-Chem median NO and NO2 mixing25

ratios were overestimated by a factor of 70 to 112 %, and NOy was overestimated by
∼5 ppbv. Using CARB 2010 as input, the NO2 and NOy WRF-Chem overestimates
were reduced by ∼50 %, while NO overestimates were reduced between 16 and 23 %.
Using the NOy posterior estimates from this study as input, essentially no bias was
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found in WRF-Chem NO and NO2, while NOy was low by ∼1.6 ppb or 13 % of the
observed median. Correlations of NOy, NO and NO2 using the posterior all showed
large increases relative to the NEI 2005 and CARB 2010 inventory cases, with relative
improvement in the correlations more pronounced for the 4 km resolution model.

Finally, ozone chemistry was also evaluated with the WRF-Chem simulations. Using5

the NEI inventory, results show a median low biased of ∼13 ppb (for a median con-
centration of 64.3 ppb). This bias becomes somewhat worse using the CARB 2010
inventory, but improves 22 to 38 % using the posterior. Though correlations for O3 are
higher for the 12 km resolution models compared to the corresponding 4 km emission
cases, the relative improvement in correlations is again more pronounced for the 4 km10

resolution cases, increasing from 0.57 for the NEI 2005 emissions to 0.80 using the
CO and NOy posteriors from this study.

These mesoscale WRF-Chem chemistry runs confirm that the posterior estimates
from this study improve air quality forecasts within the basin and are the best estimates
for the anthropogenic emissions in the LA Basin in 2010. The posterior estimates also15

have better spatial distributions that improved the correlation in the WRF-Chem runs
compared to NEI or CARB, which seems to be particularly important for simulating
ozone chemistry in the basin.

Another important result is that emission estimates can be calculated at mesoscale
with a good accuracy from a single flight. The variability of single-flight-based estimates20

is about 10 % for CO fluxes and 15 % for NOy weekday fluxes in LA County in 2010.
Of course, the flight pattern is a key factor to the success of an inversion. In particular,
a flight must include precise measurements downwind of the major surface sources to
constrain the inversion. Assuming that 15 % variability can be expected for single-flight-
based inversions, this method could be used to evaluate existing bottom-up inventories25

in urban areas in the future as long as the bottom-up inventories disagree by more than
15 %.
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The same method described here will be applied in a future paper to estimate emis-
sions of CH4, N2O and NH3, species that have predominantly anthropogenic and agri-
cultural emission sources in the LA Basin.

5 Conclusions

We applied an inverse modeling technique using three transport models and in-situ5

measurements from the NOAA P-3 aircraft during the 2010 CALNEX campaign over
the Los Angeles Basin to evaluate and improve the NEI 2005 emission inventory of CO
and NOy. The inversions were applied on individual flights instead of merging the data
from all flights in a single inversion. The uncertainty of the average flux in LA County
from these single-flight inversions was about 10 % for CO and 15 % for NOy.10

Compared to NEI 2005, the daytime CO posterior estimates during weekdays were
lower by 43 %±6 % in LA County and by 37 %±10 % in the SoCAB. The posterior CO
emissions were higher by 15 % compared to CARB 2008. The NOy emission in the pos-
terior was lower by 32 %±10 % in LA County compared to NEI 2005, and 27 %±15 %
lower in the SoCAB. Compared to CARB 2008, the posterior NOy was lower by 6 %15

in LA County but higher by 7 % in the SoCAB region, all within the uncertainty range
of the inversion. A large weekend effect in NOy was found in the posterior, with a re-
duction of NOy emissions during weekend of 43 % for LA County and 40 % for the
SoCAB, in agreement with a recent study based on observations (Pollack et al., 2012).
These posterior estimates were used in a WRF-Chem simulation, and compared to20

simulations based on NEI 2005 or CARB 2010. The WRF-Chem simulated CO, NOy
and ozone mixing ratios that agreed the best with the CalNex observations based on
median biases and correlations were found using the posterior estimates.

We also applied an inversion to estimate anthropogenic CO2 fluxes at mesoscale
without a prior estimate using the flux ratio inversion method (Brioude et al., 2012a).25

The CO2 posterior emissions in 2010 were compared to the Vulcan 2002 and 2005
inventories. The 2010 CO2 posterior estimate was higher than Vulcan by 31 to 44 % in
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LA County and 15 to 38 % in SoCAB. The 2010 posterior estimate in SoCAB was in
agreement with CARB 2009.

Trends between 2002 and 2010 were also evaluated by calculating surface fluxes
in May 2002 using one flight during the ITCT 2002 campaign over the LA Basin. CO
emissions have decreased by 41 % and NOy emissions have decreased by 37 %, in5

agreement with previously published measurement-based studies and the CARB in-
ventories. No significant trend was found in the CO2 posterior emissions for 2002 and
2010, consistent with CARB CO2 budget.

We have shown that the transport models and the inversion techniques were suc-
cessful in improving bottom-up CO, NOy and CO2 inventories. VOC emissions in Los10

Angeles could be estimated with a good accuracy using the CO posterior estimates
from this study and observed CO-VOC emission ratios (Borbon et al., 2012). We have
also shown that it was possible to evaluate the decadal change of CO2 and other an-
thropogenic species in a megacity.

Supplementary material related to this article is available online at:15

http://www.atmos-chem-phys-discuss.net/12/31439/2012/
acpd-12-31439-2012-supplement.pdf.
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Table 1. Linear correlations between observed and simulated time series of CO mixing ratio
for the weekday P-3 flights during CalNex 2010 using 3 transport models and the NEI 2005
inventory or the CO posterior in 2010. Results of the ensemble of the 3 transport models are
also shown.

Linear correlation
using NEI 2005

CO
observation

WRF-Chem
3.1

WRF-Chem
3.4

WRF 3.3 Ensemble

CO observation 1
WRF-Chem 3.1 0.69 1
WRF-Chem 3.4 0.69 0.77 1
WRF 3.3 0.74 0.77 0.80 1
Ensemble 0.76 0.93 0.92 0.91 1

Linear correlation
using CO posterior

CO
observation

WRF-Chem
3.1

WRF-Chem
3.4

WRF 3.3 Ensemble

CO observation 1
WRF-Chem 3.1 0.81 1
WRF-Chem 3.4 0.79 0.83 1
WRF 3.3 0.81 0.82 0.83 1
Ensemble 0.86 0.95 0.94 0.93 1
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Table 2. Average errors in CO, NOy and CO2 mixing ratios for the weekday CalNex P-3 flights
using the 3 different WRF configurations or the ensemble and using NEI 2005 or posterior es-
timates. The average measured concentration above background was 86 ppb for CO, 10.6 ppb
for NOy, and 9.6 ppm for CO2.

CO error (ppbv) WRF-Chem 3.1 WRF-Chem 3.4 WRF 3.3 Ensemble

NEI 2005 198 162 142 167
Posterior 24 14 2 13

NOy error (ppbv) WRF-Chem 3.1 WRF-Chem 3.4 WRF 3.3 Ensemble

NEI 2005 14.3 11.9 10.1 12
Posterior 2.4 0.8 −0.4 0.9

CO2 error (ppmv) WRF-Chem 3.1 WRF-Chem 3.4 WRF 3.3 Ensemble

Posterior 2.0 0.4 −0.6 0.6
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Table 3. Total daytime emissions (average from 17:00 UTC to 01:00 UTC, 10:00–18:00 LT) of
CO, NOy and CO2 in Los Angeles County and the South Coast Air Basin (SoCAB) during
weeday and weekend from NEI 2005 inventory, CARB 2008 inventory and the posteriors in
2010 from the inversion technique applied in this study. Based on NEI 2005 and Vulcan 2002
diurnal profiles, the daytime posterior estimates of CO, NOy and CO2 can be multiplied by 0.7,
0.78 and 0.78, respectively, to convert them into daily average estimates, based on NEI diurnal
profile.

Daytime emission
(kgs−1) in 2010

CO NOy CO2

Weekday Weekend Weekday Weekend Weekday Weekend

LA County NEI 2005 69 69 9.0 9.0 N/A N/A
Posterior 39±2.2 32±6.4 6.1±0.6 3.5±0.9 4590±290 4930±670
CARB 2008 34.1 39.7 6.5 4.2 N/A N/A

SoCAB NEI 2005 108 108 14.1 14.1 N/A N/A
Posterior 68±6.6 58±7.6 10.3±1.5 6.1±1.4 7440±390 8200±700
CARB 2008 57.3 68.0 9.6 6.2 N/A N/A
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Table 4. Observed and simulated slopes between CO, NOy and CO2 mixing ratios in 2002 and
2010 during weekdays and weekends in the LA Basin.

Slopes 2002, weekday 2010, weekday 2010, weekend
Observed Simulated Observed Simulated Observed Simulated

CO/NOy (ppb/ppb) 8.1 8.0 7.4 8.0 12.0 12.6
CO2/CO (ppm/ppb) 0.051 0.051 0.096 0.093 0.10 0.11
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Table 5. Total daytime emissions of CO, NOy and CO2 in Los Angeles County and the SoCAB
during weekdays for the posteriors in 2002 from the inversion technique applied in this study.

Daytime emission (kgs−1)
in 2002 (weekday)

CO NOy CO2

LA County 67.8±2.2 9.6±0.6 4160±150
SoCAB 116±5.4 16.3±0.6 7730±420
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Table 6. Yearly average CO2 emission in the SoCAB from Vulcan 2002 and 2005, CARB 2009
(from Peischl et al., 2012), and the posteriors in 2002 and 2010. A multiplicative coefficient of
0.78 is applied to the daytime posterior estimates to convert them into yearly average estimates
based on Vulcan diurnal profile.

Yearly average
emission (Tgyr−1)

Vulcan 2002
and 2005

CARB 2009∗ Posterior 2002 Posterior 2010

133 to
159±19

180 190±19 183±18

∗ From Peischl et al. (2012).
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Table 7. Statistical summary for WRF-Chem simulations using the NEI 2005, CARB 2010 and
posterior emissions at two model resolutions (4 km and 12 km) for five species. Comparisons
are windowed for 10:00 a.m. to 06:00 p.m. LT, 200 m to 700 m AGL, and a geographic window
over the LA Basin described in the text. “r” is the Pearson correlation coefficient, and “bias” is
the median bias in ppbv.

Obs. median CO 258 ppb NOy 11.9 ppb NO 1.81 ppb NO2 5.7 ppb O3 64.3 ppb
Model r bias r bias r bias r bias r bias

NEI
4 km

0.48 164 0.46 5.08 0.42 2.04 0.51 3.9 0.57 −13.4

CARB10
4 km

0.53 2.4 0.59 2.16 0.53 1.72 0.59 2.7 0.64 −15.7

Posterior
4 km

0.55 26.7 0.72 −1.59 0.63 0.14 0.66 −0.08 0.80 −10.4

NEI
12 km

0.42 133 0.56 5.29 0.56 2.05 0.54 4.04 0.68 −13.3

CARB10
12 km

0.43 16.3 0.62 2.68 0.61 1.57 0.60 2.86 0.72 −14.7

Posterior
12 km

0.51 17.9 0.71 −1.6 0.67 0.11 0.67 −0.13 0.82 −8.3

31476

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/31439/2012/acpd-12-31439-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/31439/2012/acpd-12-31439-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 31439–31481, 2012

Top-down estimate
of CO, NOx and CO2

in the LA basin

J. Brioude et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 1. Map of the domain showing the flight tracks from the 3 weekday flights (blue) and 3
weekend flights (green) of the NOAA P-3 aircraft during CalNex used in this study. The red
region refers to the South Coast Air Basin (SoCAB) area.
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Fig. 2. Scatter plots of observed and simulated CO mixing ratio above background using the
NEI 2005 inventory (red dots) or the CO posterior from the inversion (black dots) based on the
ensemble of the three transport models for the three flights during weekdays. The dash line
represents the one to one line shown for reference.
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Fig. 3. Daytime average surface flux of CO during weekdays (10−9 kgs−1 m−2, top left) and
weekends (top right); daytime average surface flux of CO in the NEI 2005 inventory (middle
left); difference between the weekday posterior and NEI prior CO estimates (middle right);
fractional uncertainties in the posterior during weekdays (bottom left) and weekends (bottom
right).
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Fig. 4. Same as Fig. 3, but for NOy emissions.
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Fig. 5. Daytime average surface flux of CO2 during weekdays (10−6 kgs−1 m−2, top left) and
weekends (top right); fractional uncertainties in the posterior during weekdays (bottom left) and
weekends (bottom right).
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