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[1] We present an analysis of in situ NO, measurements from aircraft experiments
between summer 2004 and spring 2006. The data are from the INTEX-A, PAVE, and
INTEX-B campaigns and constitute the most comprehensive set of tropospheric NO,
profiles to date. Profile shapes from INTEX-A and PAVE are found to be qualitatively
similar to annual mean profiles from the GEOS-Chem model. Using profiles from the
INTEX-B campaign, we perform error-weighted linear regressions to compare the Ozone
Monitoring Instrument (OMI) tropospheric NO, columns from the near-real-time product
(NRT) and standard product (SP) with the integrated in situ columns. Results indicate that
the OMI SP algorithm yields NO, amounts lower than the in situ columns by a factor
of 0.86 (+0.2) and that NO, amounts from the NRT algorithm are higher than the in situ
data by a factor of 1.68 (£0.6). The correlation between the satellite and in situ data is
good (r = 0.83) for both algorithms. Using averaging kernels, the influence of the
algorithm’s a priori profiles on the satellite retrieval is explored. Results imply that air
mass factors from the a priori profiles are on average slightly larger (~10%) than those
from the measured profiles, but the differences are not significant.
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1. Introduction

[2] NO, is an important trace gas because of its role as a
pollutant and its reactions involving other atmospheric
species, notably ozone [Crutzen, 1970; Chameides and
Walker, 1973]. NO, (NO + NO,) is a key player in the
chemistry of the lower troposphere, where NO, from
automobile and industrial emissions catalyzes reactions that
generate smog [e.g., Penner et al., 1991; Seinfeld and
Pandis, 1998]. NO, is also important in middle and upper
tropospheric ozone chemistry [e.g., Murphy et al., 1993],
where it is largely produced by lightning [e.g., Ridley et al.,
1996]. The lifetime of NO, in the upper troposphere is
longer than at ground level, and this enhances its potential
for ozone production [Liu et al., 1987; Pickering et al.,
1990; DeCaria et al., 2005]. Satellite data have been used to
constrain NO, emissions inventories of industrial emissions,
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as well as biomass burning and lightning sources [Martin et
al., 2003]. Profile measurements of NO, can provide
additional information about the altitude dependence of
NO, chemistry, which is not available from the total column
amounts obtained by nadir-viewing satellites. The profile
shapes, defined by the relative amounts of NO, at different
pressure levels, are also important in satellite retrievals,
since the retrieval algorithms generally rely on normalized a
priori NO, profiles [Martin et al., 2002; Bucsela et al.,
2006]. Such profiles have traditionally been obtained from
chemical transport models (CTM) like GEOS-Chem [Bey et
al., 2001; Martin et al., 2002b], but aircraft measurements
of NO, can now be used to validate these profiles.

[3] Until recently, systematic measurements of NO, using
airborne instruments have been scarce. Heland et al. [2002]
measured in situ mixing ratios of NO, and used the resulting
profile for the first comparison with a measurement of NO,
from GOME. Although their analysis required some extrap-
olation of the measured profile in the boundary layer, their
results were found to be relatively insensitive to the
assumptions used in the extrapolation. The profile shape
and integrated column amount obtained were consistent
with GOME’s retrieval algorithm and retrieved tropospheric
NO, amount. Heue et al. [2005] used an airborne Multiaxis
DOAS (AMAXDOAS) instrument to measure NO, around
the Mediterranean and validate satellite measurements from
the Scanning Imaging Absorption Spectrometer for Atmo-
spheric Chartograpyy (SCIAMACHY) instrument on the
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European ENVISAT. NO, profiles from in situ measure-
ments during the summer of 2004 International Consortium
for Atmospheric Research on Transport and Transforma-
tion/Intercontinental Chemical Transport Experiment
(ICARTT/INTEX-A) campaign were analyzed by Martin
et al. [2006], and compared to SCIAMACHY retrievals as
well as the GEOS-Chem model.

[4] In this study, we examine averaged profiles from
INTEX-A and the Polar Aura Validation Experiment
(PAVE), as well as individual profiles from the second
phase of the Intercontinental Chemical Transport Experi-
ment (INTEX-B). We qualitatively compare these INTEX-A
and PAVE) to the a priori profiles employed in algorithms to
retrieve tropospheric NO, from the Ozone Monitoring
Instrument (OMI). Quantitative analysis with averaging
kernels is used with the INTEX-B data to ascertain the effect
of profile shape on the satellite retrieval. We also integrate the
profiles from INTEX-B to produce tropospheric NO, col-
umn amounts, which we compare to coincident satellite
measurements from OMI. The results are used to validate
the methods used in the OMI algorithms and the retrieved
tropospheric NO, amounts. We discuss our findings and
their implications.

2. Data Description

[s] The data in this study consist of satellite remote
sensing measurements from the Ozone Monitoring Instru-
ment and in situ observations from instruments flown on the
DC-8 aircraft. The majority of the observations presented
here were obtained during the INTEX-B campaign, con-
ducted in the spring of 2006. Additional measurements were
made in the summer of 2004 during INTEX-A and the
winter of 2005 during PAVE. The following is a brief
overview of the instruments and data reduction algorithms
used to process the measurements.

2.1. Aircraft Measurements

[6] The in situ data were obtained using the UC Berkeley
Laser-Induced Fluorescence instrument (TD-LIF). The in-
strument and ground-based comparisons of the LIF tech-
nique with DOAS and photolysis-chemiluminescence
instruments have previously been described in detail by
Thornton et al. [2000, 2003]. Agreement among the three
techniques was found to be better than 10%. Improvements
have been made to the instrument for its implementation on
the DC-8, including the use of a supersonic expansion to
enhance sensitivity [Cleary et al., 2002]. Further details and
comparisons to other airborne instruments will be presented
elsewhere (T. H. Bertram et al., manuscript in preparation,
2008). Here we provide a brief overview of the instrument
and its operation. A Q-switched Nd:YAG laser (7 khz, 3 W,
532 nm) is used to pump a narrowband (0.06 cm ') tunable
dye laser operating at 585 nm. The dye laser beam makes 32
passes through the core of a supersonic expansion which
causes thermal cooling of the gas and thus increases the
population of NO, molecules in the target rotational level
[Cleary et al., 2002]. The resulting red-shifted fluorescence
is collimated and passed through filters to reject Raman and
Rayleigh scatter, as well as most of the scatter from the
walls of the chamber. The filtered radiation is then focused
onto a photomultiplier (Hamamatsu H7421-50). Time gated
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photon counting techniques are used to increase the rejec-
tion of prompt scattering while collecting most of the long-
lived fluorescence from NO,. The dye laser frequency is
alternately tuned between the peak absorption of a strong
resonant feature (10 s) and an offline position in the weak
continuum absorption (5 s). The difference between the two
signals is directly proportional to the NO, mixing ratio.

[7] Data from the TD-LIF instrument were collected at 1-s
intervals. At 1 Hz, the mixing ratio observations have
precisions ranging from +23 ppt at 1000 hPa to £46 ppt
at 200 hPa (S/N = 2). From these we estimate 1-min
detection limits of 3 ppt at the ground and 6 ppt at 12
km. Ultrapure air was used to provide NOy-free samples to
calibrate the instrument and determine zeros. A zero was
performed during each level leg at least once per hour. A 5
ppm Praxair NO, in N tank (stated certainty to within 5%,
confirmed by laboratory experiments) was used for calibra-
tion of the instrument during level flight at least once every
2 h. The tank was compared to a library of tanks of different
ages and concentrations before and after the campaigns, and
no appreciable drift was observed. More variability over
time has been observed in mass flow controllers and
regulators than in the tanks themselves, and stable tanks
have been seen, through regular monitoring to remain so for
years. An upward humidity correction of <10% was also
applied to the data to account for the influence of water
vapor on the fluorescence lifetime of NO,. On the basis of
known uncertainties in the reference calibration standard,
the reproducibility of the calibrations in flight and the
reproducibility of the measurements of the instrument zero,
the NO, measurements are believed to be accurate to £10%
+ 5 ppt.

2.2. OMI Measurements

[8] The Ozone Monitoring instrument has been obtaining
measurements of NO, and other trace gases every day
beginning approximately two months after its launch on
board the Aura satellite in July 2004 [Levelt et al., 2006]. It
provides daily global coverage with nadir resolutions of
13 x 24 km?. This is a higher resolution than available from
GOME or SCIAMACHY and allows identification of urban-
scale pollution sources. The instrument and data analysis
represent a joint venture between the Netherlands Royal
Meteorological Institute (KNMI) and NASA Goddard Space
Flight Center (GSFC) in the U.S. Two NO, data products are
available from OMI, namely the standard product (SP) from
GSFC and the near-real-time product (NRT) from KNMI.
The two products employ the same spectral analysis, which
yields NO, slant column densities (SCDs), but differ in the
subsequent algorithms for separating the SCDs into strato-
spheric and tropospheric components and then converting
them to vertical column densities (VCDs). Both algorithms
apply a correction for the cross-track anomaly in the SCDs.
The anomaly gives the appearance of stripes when the data
are mapped. The algorithms use different methods for
computing air mass factors (AMFs), which are defined as
the ratio of SCD to VCD. Below are brief overviews of the
algorithms.

[v] The algorithm used to create NO, standard product is
described by Bucsela et al. [2006], Wenig et al. [2008] and
Celarier et al. [2008]. The NO, slant columns are computed
by fitting the OMI spectra using cross sections for NO, and
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ozone, as well as a Ring spectrum to account for rotational
Raman scattering. A full day of data (15 orbits) is obtained
using data from within +12 h of each OMI orbit to produce
global coverage. The SCDs are divided by an AMF based
on an a priori stratospheric NO, profile to yield initial
vertical column densities. These initial VCDs are approxi-
mately equal to the total NO, vertical column over regions
uncontaminated by tropospheric NO,, since, by definition,
most NO, in these regions is stratospheric [Bucsela et al.,
2006]. Locations in the initial VCD field where the mean
annual tropospheric NO, column is greater than 0.5 x 10'°
cm 2, on the basis of a priori GEOS-Chem model infor-
mation are masked. The remaining areas are used to
generate a smoothed, interpolated stratospheric field using
planetary wave-2 analysis in 9° wide zonal bands. Differ-
ences, AVCD, between the initial VCD field and this
smoothed field are used to determine the presence of
tropospheric NO, pollution. Where the differences are
positive, the value of AVCD is corrected by multiplying
it by the ratio of the stratospheric-to-tropospheric AMF. The
tropospheric AMF is computed from an a priori geograph-
ically gridded set of annual mean tropospheric NO, profiles
from the GEOS-Chem model. Surface albedos are from
Koelemeijer et al. [2003]. The corrected AVCD gives an
estimate of the “polluted”” NO, amount, i.e., the amount of
NO, in the lower to middle troposphere. Where AVCD is
negative, this polluted amount is taken to be zero. Approx-
imately 5% of the “stratospheric” column is assumed to be
below the tropopause height, defined to be at the ~200 hPa
pressure level, and this column is added to the polluted
column to give the tropospheric NO, amount. In the case
where the field of view contains clouds, the “below-cloud”
amount from the data files must also be added to the
tropospheric column amount to give the complete tropo-
spheric column. The below-cloud is derived from the
observations by effectively scaling the a priori profile shape
to the observed AVCD, which is taken as the tropospheric
NO, amount observed above the cloud. Addition of this
amount to the SP data is equivalent to defining the tropo-
spheric AMF as the ratio of the observed SCD divided by
the complete tropospheric column between ground and
tropopause. For cloud fractions less than 30%, this below
cloud fraction is generally less than 20%, depending on
pollution levels. The cloud parameters are obtained from the
OMI O,-0; cloud algorithm [Acarreta et al., 2004].

[10] The near-real-time NO, data for a given location are
released within 3 h of the time of satellite overpass. An in-
depth description of the product is given by Boersma et al.
[2007]. The NRT algorithm employs a more sophisticated
approach to data processing that relies strongly on meteo-
rological data and model output. NRT stratospheric NO, is
derived through an assimilation technique in which mea-
sured slant columns are weighted according to their esti-
mated degree of tropospheric contamination. The model
employed is the global chemistry and transport model, TM4
[van Noije et al., 2006]. Columns from relatively “clean”
regions are used to constrain the TM4 stratospheric NO,
amount, and stratospheric NO, in the remaining areas is
computed by advection. This approach provides fine struc-
ture in the stratospheric NO, field not present in the
standard product. Tropospheric AMFs are computed from
TM4 NO, profiles for the time and location of the OMI
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overpass. Surface pressures are based on daily ECMWF
estimates, which are on a coarser geographic grid than the
climatological estimates used in the standard product. The
surface albedos in the NRT algorithm are from a combina-
tion of the 5-year Koelemeijer et al. [2003] database, and
the 13-year Herman and Celarier [1997] climatology.
Surface albedos in the SP and NRT algorithms may differ
by +0.02 or more. As in the SP algorithm, cloud parameters
for AMF calculations in the NRT algorithm are based on the
cloud model of Acarreta et al. [2004]. The NRT algorithm
applies a tropospheric AMF correction to AVCD for both
positive and negative values.

3. Analysis
3.1. Profiles

[11] The Berkeley TD-LIF profile measurements were
binned on a pressure grid. For the INTEX-B analysis, the
grid was based on the same 25 pressure levels used in the
OMI SP algorithms. Bins are centered on each of the 25
levels, with bin widths equal to the level spacing, which
varies from 10 hPa near the ground, to 25—-50 hPa in the
middle and upper troposphere, to 80 hPa near the top of the
profile at 200 hPa. This binning scheme maintains adequate
signal-to-noise levels while capturing the vertical structure in
the atmosphere, especially in the vicinity of the planetary
boundary layer (PBL) where the mixing ratios exhibit steep
gradients. Similar bin sizes near ground were used in the aircraft
study of Heland et al. [2002]. A typical profile measurement
contains on the order of 10° 1-s-long measurements, resulting
in ~40 measurements per bin. The median value in each bin
was chosen as the NO, mixing ratio at that pressure. Medians
rather than means were used as a robust estimate of the central
value, since several bins contained apparent outliers. The
random component of the uncertainty was taken to be the
standard deviation of the data in a bin divided by the square root
of the number of measurements in the bin.

[12] Integration of the INTEX-B column data required
estimates of mixing ratios in bins where no aircraft measure-
ments were available. The estimates depended on the
locations of the “empty” bins. Mixing ratios in bins
between those with valid measurements were found by
linear interpolation in log-log space. Empty bins at the top
of a given profile were replaced by a daily composite of
flight measurements. Where the composite did not extend to
200 hPa, the annual mean GEOS-Chem profile for that
geographic location was scaled to the measured profile’s
integrated column amount and used to extrapolate the top of
the profile. Extrapolations at the bottoms of the profiles,
which were generally larger, were based on the average of
two methods. The first assumes a constant mixing ratio in
the extrapolated segment. It weights the mixing ratio in the
lowest measured bin most heavily. The second uses the
local GEOS-Chem model profile, scaled to the entire
measured column amount. This approach gives comparable
weight to all measured bins but can create artificial dis-
continuities at the bottom of the profile. The average
method represents a compromise between these approaches.
The extrapolated segments of each column are estimated to
have uncertainties corresponding to variation by a factor of
1.5-2.0. This is supported by a model study of GEOS-
Chem output, which showed a similar range of lower
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Mean tropospheric NO, amount from the OMI standard product averaged over 14 days of the

INTEX-B campaign (March—May 2006). White dots show the locations of the 71 NO, profiles which

were obtained on those days and used in this study.

tropospheric variability for a given month, location and
free-tropospheric column amount. To facilitate error esti-
mates for regression analyses (see section 4) we treat this
uncertainty as an 80% relative error in the extrapolated
column amount.

[13] The INTEX-B profiles were integrated above the
NCEP monthly climatological surface pressures at the
locations of the selected OMI pixels (see section 3.2). Since
the pressures sometimes varied among the pixels associated
with a given profile, the column amounts above the indi-
vidual pixels were averaged to yield a single in situ column
value, V;, s for the profile. For some of the pixels, the
surface pressure was lower than the base of the profile. In
those cases, the profile was shifted up to the surface
pressure to preserve the same mixed layer height and
mixing ratio. This effectively avoids diminution of the
PBL thickness. This technique was especially important
for profiles near Mexico City, where the terrain height is
highly variable. The variability was also accounted for in
the column error estimate. A piecewise linear variation of
log mixing ratio versus log pressure was assumed between
each of the binned mixing ratio values, and no ancillary
temperature or height information was needed for the
integrations. This approach yields accurate column densi-
ties, especially in regions where NO, concentrations de-
crease rapidly with height. Errors in the integrated columns
were computed as the sum of uncertainties due to random
error derived mainly from scatter in the measurements, and
an additional 10% uncertainty to account for systematic
error in the LIF measurements. This was combined with the
uncertainty in the extrapolated column amount. We estimate a
total column detection limit of 0.1 x 10'3 cm ™2, based on the
1-min mixing ratio detection limits given in section 2. Where
the computed uncertainty is less than this value, the uncertainty
is clamped at the detection limit to prevent unrealistically small
error estimates from biasing the statistical analysis.

3.2. OMI Data Selection for INTEX-B

[14] A total of 109 profiles were available from 14 days
of the INTEX-B campaign between 4 March and 9 May
2006. A subset of these was integrated for comparison with
tropospheric column amounts from a colocated subset of

OMI pixels. Selection of profiles and OMI pixels were
based on the following criteria:

[15] 1. The profile measurement must have been made
within 3 h of OMI overpass, with at least two available OMI
pixels containing a valid (nonfill value) tropospheric NO,
measurement.

[16] 2. The OMI pixel centers must be within 0.2° of the
nearest low-level aircraft measurement. We define a low-
level measurement as one made while the aircraft was flying
below the 500 hPa level.

[17] 3. The effective geometrical cloud fraction in the
OMI pixels must be less than 30%.

[18] The thresholds for these criteria were set to balance
data quality with a sufficient number of measurements for
good statistics. Criterion 1 minimizes temporal variations in
NO, near the profile measurement due to chemistry and
transport. In 3 h, a 10 m/s wind transports air a distance of
<5 OMI pixels. Criterion 2 includes only OMI pixels where
the aircraft probed the lower troposphere, since the tropo-
spheric signal is often dominated by boundary layer NO,.
Although flight restrictions limited aircraft measurements to
altitudes above 150 m over water and 300 m over land, all
but six of the profiles used in this study included some
measurements made in the boundary layer. The portion of
the NO, column below 500 hPa ranged from 20 to 50% for
profiles over clean ocean regions, to >90% over polluted
areas. The effective geometrical cloud fraction in criterion 3
is the fraction of opaque Lambertian clouds with an albedo
of 80% that gives the observed cloud radiance, and is
obtained from the OMI O,-O, cloud product. The <30%
threshold is equivalent to a <65% threshold on the fraction
of radiance from the cloudy part of a pixel. Restrictions
based on these combined criteria resulted in a total of 71
profiles for the SP data, as shown on the map in Figure 1.
The statistics of the column fraction for these profiles
obtained by extrapolation are plotted as a histogram in
Figure 2. For the NRT data, a total of 58 profiles were
found to match the selection criteria, with 20 of the profiles
obtained over land in both cases. Fifty-three of the profiles
matched the criteria for both data sets, which were some-
what different because of the availability of valid OMI
measurements in each case.
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