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Abstract. We present a new retrieval of tropospheric NO These results indicate that much of the variance in the oper-
vertical column density from the Ozone Monitoring Instru- ational products can be attributed to coarse resolution terrain
ment (OMI) based on high spatial and temporal resolutionpressure, albedo, and profile parameters implemented in the
terrain and profile inputs. We compare our N@roduct, retrievals.
the Berkeley High-Resolution (BEHR) product, with oper-
ational retrievals and find that the operational retrievals are
biased high (30 %) over remote areas and biased low (8%) |ntroduction
over urban regions. Additionally, we find non-negligible
impacts on the retrieved NOcolumn for terrain pressure Nitrogen oxides (NQ= NO + NO,) play a major role in de-
(20 %), albedo£40 %), and NQ vertical profile -75%—  termining atmospheric composition. NQiffects the rate
+10 %). We validate the operational and BEHR products us-of tropospheric ozone production and influences the oxida-
ing boundary layer aircraft observations from the Arctic Re- tive capacity of the atmosphere through regulation of OH,
search of the Composition of the Troposphere from Aircraftthereby acting as a feedback on its own chemical lifetime.
and Satellites (ARCTAS-CA) field campaign which occurred Further, oxidation products of NQGare contributors to atmo-
in June 2008 in California. Results indicate that columns de-spheric aerosol. Until recently, routine observation of,NO
rived using our boundary layer extrapolation method showwas restricted to sparse surface networks concentrated in ur-
good agreement with satellite observatioR$ £ 0.65-0.83;  ban regions. The introduction of satellite remote-sensing
N =68) and provide a more robust validation of satellite- instruments over the past decade, however, has provided
observed N@ column than those determined using full ver- global, routine observation of NQeading to new insights
tical spirals ®2=0.26; N =5) as in previous work. Agree- into the spatial patterns of N@missions and chemistry, and
ment between aircraft observations and the BEHR prod-into the factors influencing NQsources. Satellite observa-
uct (R?=0.83) is better than agreement with the opera-tions have provided exquisite evidence for spatial and tempo-
tional products R? = 0.65-0.72). We also show that agree- ral patterns in anthropogenic N@missions (e.g. Kim et al.,
ment between satellite and aircraft observations can be fur2006, 2009; Martin et al., 2006; Mijling et al., 2009; Franke
ther improved (e.g. BEHRR? = 0.91) using cloud informa- et al., 2009; Russell et al., 2010; Lin and McElroy, 2011;
tion from the Moderate Resolution Imaging Spectroradiome-valin et al., 2011), agricultural NQemissions (Bertram et
ter (MODIS) instrument instead of the OMI cloud product. al., 2005; Jae@l et al., 2005; Hudman et al., 2010), lightning
NOy emissions (Beirle et al., 2004, 2006, 2009; Boersma et
al., 2005; Martin et al., 2007; Bucsela et al., 2010), and fire
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With a spatial footprint of 1% 24 kn? at nadir, the Ozone cal column densities of N§ namely NASA's Standard Prod-
Monitoring Instrument (OMI) has the highest spatial reso- uct and KNMI's DOMINO product. These two products use
lution of all the current space-based, N@bserving instru- the same modified DOAS spectral analysis technique to de-
ments. Operational retrieval of NQertical column density  termine NQ slant column densities but differ in their deter-
performed by the National Aeronautics and Space Admin-mination of stratospheric portion of the column and the air
istration Goddard Space Flight Center (NASA-GSFC) andmass factor (AMF) — a multiplicative factor that is used to
the Netherlands Royal Meteorological Institute (KNMI) re- covert the slant column into a vertical column. Brief descrip-
lies on coarsely resolved databases for terrain height, albeddions of each algorithm and their differences are included be-
and NQ vertical profile shape. These inputs all have coarserdow.
spatial and temporal resolutions than the OMI observation.

There is evidence that higher resolution albedo and surfacd.1 NASA standard product

pressure would improve the retrieval products (Schaub et al. . i i

2007: Zhou et al., 2009: Hains et al., 2010: Heckel et aL,DetaHs concerning the Standard Product retrieval (Level 2,
2011). There is also evidence that higher temporal resolutiorYersion 1.0.5, Collection 3) algorithm are provided in Buc-

in the assumed profile will change the retrieval by as much aS€l2 etal. (2006) and Celarier etal. (2008). Briefly, the strato-
74% seasonally (Lamsal et al., 2010). However, a retrievafSPheric contribution to the column is estimated by mask-
utilizing parameters that are all as spatially resolved as thd"d Polluted regions and applying a zonal planetary wave
OMI observation, as well as highly temporally resolved, hasSMeothing. AMFs are computed as a function of viewing

not been implemented and tested against in situ observation8arameters, terrain pressure, albedo, ang N@file shape
Here we develop a new retrieval of troposphericN©I- and stored in a look-up table generated using the TOMRAD
umn, compare it to operational products, and finally; Va"dateradiative transfer code. AMFs are calculated under both clear

it with a robust in situ dataset from the California portion of and cloudy conditions and a radiance-weighted sum is com-

the Arctic Research of the Composition of the TroposphereputeOI to derive the final AMF using cloud height and ef-

from Aircraft and Satellites (ARCTAS-CA) field campaign. fective cloud fraction from the QMI QOZ cloud algorithm_
Our new retrieval — hereafter referred to as the Berkeley High(Acarreta et al., 2004). Albedo is derived from observations

Resolution (BEHR) retrieval — uses much higher spatial andfrom”_the. Global Ozone MogltorlnghIExpiirllr?ent (lGQME)
temporal resolution terrain and profile inputs than the op-s""t,e Ite Instrument average mf?”,‘ y reso ution
erational retrievals. We examine aspects of the BEHR reuntil February 20_09 when reflectivity was mod|f_|_ed to OMI
trieval to show that it is an improvement over the low reso- surface albedo climatology i x 0.5° (Koelemeijer et al.,

lution products available, particularly in regions where ter- 2003;hK|e:|‘)°°|.§; a(;" 200?)' Npglarofiles are fron;] a ge-
rain or albedo are varying on spatial scales comparable t§9raphically gridded set of annual mean tropospheri NO

the dimensions of the satellite pixel. We then evaluate theDrOfiIes from the GEOS-Chem model &t:22.5° resolution.

BEHR and operational retrievals using aircraft observations2
collected within the planetary boundary layer. We show that™
a large ensemble of observations collected in the boundarfnhe DOMINO retrieval algorithm (Level 2, Version 1.0.2,
layer provide a statistically more robust evaluation of the cojlection 3) is described in detail in Boersma et al. (2007).
retrieval than if we relied on aircraft profiles spanning the |, the DOMINO product, stratospheric columns are deter-
troposphere. Finally, we evaluate _the use of the OMI andmined by assimilating slant columns in the TM4 global
MODIS cloud products for excluding cloud-contaminated chemistry and transport model. As in the Standard Product,
observations from the comparisons. AMF’s are determined by using output from a radiative trans-
fer model, albedo at’1x 1° is from Koelemeijer et al. (2003)
. until February 2009 when the OMI surface albedo climatol-
2 Tropospheric NO, columns from OMI ogy at 05° x 0.5° began to be used (Kleipool et al., 2008),
L and cloud properties are from Acarreta et al. (2004). Daily
The Ozone Monitoring Instrument (OMI) aboard the Aura ¢ ,t5ce pressure and N@rofile shape are determined by in-

satellite (launched in July 2004) is a 0.5nm resolution o ho|ating the four adjacent cells from a TM4 model output
UV/Visible spectrometer observing reflected sunlight from (at 3 x 2° resolution) to the center of the OMI pixel.

the Earth in the 270-500 nm range that can be used to de-

rive NO; vertical column densities using a Differential Op- 2.3 The BEHR product

tical Absorption Spectroscopy (DOAS) algorithm (Levelt et

al., 2006). The instrument has a 2600 km wide swath and &he Berkeley High Resolution (BEHR) retrieval uses the

spatial footprint of 13« 24 kn?? at nadir. Algorithm devel- same method of stratospheric subtraction as that outlined for
opment and validation has been carried out by both NASA-the Standard Product and AMFs are determined using the
GSFC and KNMI. The two institutions have developed dif- same TOMRAD-derived lookup table that depends on view-

ferent operational retrieval algorithms for determining verti- ing parameters and terrain and profile information. Table 1

2 DOMINO product
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Table 1. Albedo, terrain pressure, and N®ertical profiles in each of the three satellite columnNe@trievals studied here.

NASA OMI Dutch OMI This Work
Standard Product DOMINO Product

Albedo *10/04—-02/09: GOME derived, * 10/04-02/09: GOME derived, MODIS MCD43C3,
1° x 1°, Monthly; 1° x 1°, Monthly; 0.05 x 0.05,
02/09-current: OMI derived, 02/09-current: OMI derived, 16 day average every 8 days
0.5° x 0.5°, Monthly 0.5 x 0.5°, Monthly (averaged to OMI pixel)

Terrain Pressure  SDP Toolkit 90 arcsec DEM TM4 modebx 2° resolution, GLOBE 1knx 1km
map (pressure @ center of interpolate four adjacent cells topographical database
OMI footprint) to the center of the OMI pixel (averaged to OMI pixel)

NO> Profile GEOS-Chem%2x 2.5°, TM4 model, 3 x 2° resolution, WRF-Chem 4 km 4 km,
Annually Dalily, interpolate four adjacent Monthly (averaged to OMI pixel)

cells to the center of the OMI pixel

* Note: As of early 2009, the product uses OMI reflectivitydd® x 0.5° resolution, however, the switch has not yet been retroactive and early data still uses the BQNE
resolution reflectivity product.

compares terrain and profile parameters implemented in th&€999). We average the high resolution dataset over the area
Standard Product, the DOMINO product, and our BEHR re-of the satellite pixel instead of using the terrain pressure at
trieval. We recalculate AMFs using the GLOBE (Global the center of the OMI pixel as in the NASA and KNMI prod-
Land One-kilometer Base Elevationx 1L kn? topographical  ucts. Figure 1a shows a map of the difference between terrain
database, MODIS (Moderate Resolution Imaging Spectrorapressures utilized in the Standard Product and those used in
diometer) 005° x 0.05° 16-day average albedo (produced ev- the BEHR retrieval for a single day, 18 June 2008. Little
ery 8 days), and WRF-Chem monthly-averaged, 4kn? change is observed where the terrain is flat (e.g. California’s
simulated NQ profiles. The following sections describe the central valley), while larger differences are observed in the
estimated uncertainties associated with each parameter in thmountains. Differences on the order-b10 % are observed,
two publicly available retrievals and the differences we ob-with pressures from the Standard Product generally larger
serve between our improved N@roduct and the operational than those in the BEHR retrieval. A comparison with the
retrievals. DOMINO product (not shown) revealed similar results. This

bias is in agreement with that observed for the DOMINO

product by both Zhou et al. (2009) and Hains et al. (2010).
3 Evaluation of the BEHR retrieval Figure 1d shows the percent change in tropospherig G

umn as a function of the percent change in terrain pressure
In this section we describe each of the new datasets imp'eand F|g 1f shows a histogram of the percent Change in tropo-

mented into the BEHR retrieval and then compare the prodspheric NG column. Differences in column are of the order
uct with each individual parameter implemented with the op-+20 %,

erational products.

3.2 Albedo effects
3.1 Terrain pressure effects

We use a 16-day average albedo product, retrieved every 8
Recent studies have shown that inaccurate terrain pressudays, from the MODIS instrument aboard the Aqua satel-
can have a significant effect on the retrievedN@rtical col-  lite (MCD43C3;http://modis.gsfc.nasa.ggwhich provides
umn density. A systematic topography bias in the DOMINO a much-improved spatial (@5° x 0.05°; ~ 5 x 5kn?) and
product of~80 hPa was reported by Zhou et al. (2009). They temporal resolution when compared with the monthly aver-
attributed the bias to the coarse resolution of the TM4 mod-aged 2 x 1° GOME product and &° x 0.5° OMI product
eled terrain pressures. Hains et al. (2010) also found that tereurrently employed in the operational retrievals. Since both
rain pressures estimated by TM4 were 72-99 hPa larger tha@MI and MODIS instruments are part of the A-train con-
those they estimated, inducing a 5-20 % systematic error irstellation and observe the earth within 15 minutes of one an-
the retrieved N@ vertical column densities. The accuracy of other, terrain reflectivity is captured at similar viewing and
the pressure database used in the Standard Product has saflar geometries as OMI observations of NGChanges in
been rigorously evaluated. reflectivity are better captured by the enhanced temporal and

Here, we use the GLOBE topographical database to estispatial resolution of MODIS, providing better representation

mate terrain height for OMI N@retrieval (Hastings et al., of reflectivity over the OMI footprint. The two instruments
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Fig. 1. Retrieval inputs from the BEHR retrieval are compared with those from the Standard Product. Maps of the percent change in
(a) terrain pressure antb) and terrain reflectivity for 18 June 200§c) Profile shapes from GEOS-Chem and WRF-Chem for single
points over urban and rural regions in California. The percent change jnddldmn versus the percent changddi terrain pressure and
(e)albedo. Histograms of the percent change inpN©lumn due to changes (f) terrain pressurég) albedo, andh) NO, profile shape.

have different spectral bandwidths (OMI at 405-465nm and To demonstrate the effects of albedo on the tropospheric
MODIS at 459—-479 nm), however, the error associated withNO2 product in further detail, we evaluate a small region
this difference is expected to be much smaller than the errom northwestern Nevada where reflectivity is highly vari-
induced by the coarse spatial resolution of the current albedable. Figure 2a shows an image of a salt flat as observed by
products. We note that the MODIS albedo product does noMODIS. This region is isolated with no significant sources
provide information over the ocean so all comparisons hereof NOx. A summertime average (June—August 2008) of
are for observations over land. the OMI Standard Product tropospheric N€lumn, how-
Figure 1b shows a map of the difference between theever, shows enhanced NM@n a spatial pattern resembling
albedo products used in the Standard and BEHR retrievals fothe reflectivity over the region (Fig. 2e). This feature arises
18 June 2008. Differences exceediid00 % are observed. because the coarse albedo used in the operational products
The percent change in tropospheric column®®tween the  (1° x 1°) is unable to capture contrasts at this spatial scale
Standard Product and the BEHR M@roduct versus the per- (Fig. 2b). Coarse averaging of the reflectivity with less re-
cent change in the albedo used in the two products is showfilective, surrounding terrain yields a lower albedo. As sur-
in Fig. 1e. Differences in tropospheric column pl@ue to  face albedo decreases, the AMF decreases, and the retrieved
the effects of albedo are as largeda40 % (Fig. 19). NO; is enhanced (Fig. 2e). By employing a more resolved
albedo in the BEHR product (Fig. 2d), however, this false
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Fig. 2. (a) MODIS true color image of a salt flat in north western Nevada on 18 June 2008. Albedo u&gdha operational retrievals
for October 2004—February 2009 (GOME climatology, monthly“ak1°), (c) the operational retrievals for February 2009 — today (OMI
climatology, monthly at ®b° x 0.5°), and(d) the BEHR retrieval (MODIS MCD43C3, 16 day average every 8 days,0& & 0.05°) for

18 June 2008. Average OMI tropospheric Nédlumn from(e) the Standard Product aiff) the BEHR retrieval for June-August 2008.

signal is almost fully diminished (Fig. 2f), a reduction of ap- biases due to resolution, Lamsal et al. (2010) found that the
proximately 33 % relative to the operational products. We OMI Standard Product is biased high in summer, which they
find that 67 % of the decrease is due to the improved albedattribute to the lack of seasonality in the Standard Product
while the remainder is from using our improved terrain pres-NO, profiles.

sures and WRF-Chem profiles. The remaining enhancement We use monthly averaged NQprofiles from a WRF-
may be due to the presence of clouds or aerosols, or to errolShem simulation at 4km resolution. Briefly, WRF-Chem

in the MODIS albedo. is a state-of-the-art, multi-scale regional 3-D air quality
chemical transport model (Grell et al., 2005). The domain
3.3 NO, profile shape effects covers 2304 2304 kn? centered on the state of Califor-

nia (30-50N,—124W —100W). Emissions are the Na-
The sensitivity of OMI to NQ is inversely related to alti- tional Emission Inventory (NEI) 2005 on-road and off-
tude. As a result, the observed tropospheric,N@lumn ~ foad  transportation emissions for a typical June week-
depends on the Nprofile shape. When N©is highly con- Qay z?\t native .4 kmx 4 km rgsolutlon. Emissions from
centrated close to the surface, the AMF is smaller and thd!ghtning and fires are not included but are expected to
NO, column is enhanced. The operational DOMINO and have a minimal influence in the urban regions studied
Standard products currently use daily TM4 modeled profilesh€re. More information conceming emissions is avail-
and annually averaged profiles from GEOS-Chem, respec"-"ble at: ftp://aftp.f;l.noaa.gov/d|V|S|ons/taq/em|SS|omta
tively (Table 1). The profiles provided by both models are at2005/Weekdaemissions/readme.txt The model mete-
a much coarser spatial resolution that the OMI observatiorPr0l0gy was driven by initial and boundary conditions
(WRF-Chem: 2 x 2.5°; TM4: 3° x 2°). Consequently, an derived from the North American Regional Reanalysis
average semi-polluted profile is applied over the large gridr July, 2005 (NARRAttp://nomads.ncdc.noaa.gov/dods/
cell that contains both urban and rural locations, poorly rep-NCEP-NARR.DAILY ). We use the Regional Acid Deposi-
resenting the actual N&profile over both areas and resulting tion Model, version 2 chemical mechanism (Stockwell et al.,
in an underestimation of the N@olumn in the urban region 1990).
and an overestimate in the rural region. In addition to these
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Using monthly averaged WRF-Chem profiles allows us tocording to both OMI and MODIS cloud fractions (averaged
eliminate the seasonal bias observed in the Standard Produti the OMI pixel size) as a test of the impact of the two cloud
that results from the use of annually averaged profiles (Lamproducts on the comparisons.
sal et al., 2010). As before, profiles are averaged over the
satellite pixel area. Figure 1le shows normalized,N®o- 3.5 BEHR OMINO>
files for a single point over an urban region in the Los Ange- )
les area and over a rural region in coastal northern CaliforFigure 4 compares average tropospheric,Nlumns for
nia from the GEOS-Chem and WRE-Chem models. A his-June 2008 from the Standard Product (Fig. 4a) and the BEHR
togram showing the percent difference in tropospherieNO retrieyal (Fig. 4b) with all new te_rrain and. profilg parame-
column between the Standard Product and BEHR retrieval ide'S implemented. The percent difference in retrieved tropo-
shown in Fig. 1h. Implementation of WRF-Chem profiles SPheric NQ column is shown in Fig. 4c. Nfxolumns deter-
results in a decrease in column N®f 29% on average, mined using the BEHR retrleval are, on average, 31% Iovyer
compared to the Standard Product. As expected, decreastian those observed using the Standard Product. Exceptions

are observed over remote areas while enhancements are of: this decrease occur in urban regions where we observe an
served over highly polluted, urban regions. average increase of 8% that is primarily due to improved

NO; profiles, and to a lesser extent, improved albedo.
3.4 Spatial resolution and cloud effects

Retrieval of boundary layer N£Xrom space-based observa- 4 Validation of the BEHR retrieval

tions is highly sensitive to cloud cover. As a result, previous, . o .qer to validate the accuracy of the BEHR product, we

studies have used cloud filters in order to exclude data thaﬁse in situ boundary layer measurements of;NOllected
fhlas a Lngher uncerltlauréty due to cloudlcgntﬁmlnat!ohn. Tf|1es uring the California portion of the Arctic Research of the
|ter_s ave generally been set to exclu e ata with a clou omposition of the Troposphere from Aircraft and Satellites
fraction greater than 0.2-0.3 or data with a cloud rad'ance(ARCTAS-CA) field campaign. The ARCTAS-CA cam-
fraction greater than 0.5-0.7 according to cloud informationpaign was carried out in order to improve our understand-
from the OMI ©;-O; cloud prqduct. ) ing of emissions, chemical dynamics and air quality over the
The OMI G,-O; cloud algorithm relies on the 477 nm ab- gate of California (Jacob et al., 2010). Aircraft observations
sorption band of the £O, collision complex to estimate \yere collected on 18, 20, 22, and 24 June 2008 and a substan-
cloud height and fraction. Shielding of t,heZQZ column tial fraction of the measurements were collected within the
by the presence of clouds allows determination of cloud paanetary boundary layer. Previous validation efforts have
rameters when radiance observations are coupled with VieWgytrapolated columns from surface networks, which are nu-
ing geometry and terrain information and processed in a ramerqys but influenced by local sources, or full aircraft spirals
diative transfer model.  As in the OMI N;Oprodgcts, the  \vhich are sparse (Martin et al., 2006; Bucsela et al., 2008:
OMI cloud algorithm also relies on th_e coarsedl” albedo Lamsal et al., 2008; Boersma et al., 2009; Hains et al., 2010).
from GOME. Consequently, over bright surfaces, the algo-gqnqary layer observations, however, have the advantage
rithm has trouble discerning whether the h]gh reflectivity is ¢ being removed from the direct influence of sources mak-
from the ground or from a cloud. The algorithm thereby has;, them more representative of the tropospheric column.
a tendency to mistakenly identify clear-sky, highly reflective e given that individual boundary layer aircraft obser-
regions as cloudy. This error results primarily from a depen-yagiong largely outnumber full vertical profile observations,

dence on the coarsely-resolved reflectivity and terrain preSg,gir 56 as a validation tool greatly enhances the robustness
sure currently used in the cloud algorithm. While use of the ¢\ alidation analyses.

OMI cloud product has the advantage of providing cloud in-
formation that is perfectly co-located with N@bservations, 4.1 Inferred columns from boundary layer observations
eliminating concerns of instrumental biases, cloud retrieval
from OMI is subject to large uncertainty due to the poorly The in situ observations of NOstudied here were collected
resolved terrain parameters currently used in the product. throughout the troposphere using the UC-Berkeley Laser-
To illustrate this, Fig. 3a, b show maps of OMb@, Induced Fluorescence (LIF) instrument aboard NASA's DC-
derived cloud fraction and MODIS MCD43C3 albedo over 8 aircraft. Details concerning the instrument are provided
California for 18 June 2008. The OMI product shows high in Thornton et al. (2000) and Cleary et al. (2002). Briefly,
cloud fractions over regions of high reflectivity in north west- the LIF system employs a Q-switched, frequency-doubled
ern Utah, north western Nevada, and the California-MexicoNd®+:YAG laser to pump a tunable dye laser. Following
border, east of San Diego. In contrast, no clouds are observecboling of the sample via supersonic expansion to increase
in these regions using the MODIS MYDO6 cloud product the population of N@ molecules at a target rotational level,
(Fig. 3c). In light of this issue with the OMI £0, cloud the dye laser is held at the peak of the strong resonant for 9s
product, we perform our validation analyses by filtering ac- and then at an offline position in the continuum absorption
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for 3s. Fluorescence is detected at 4 Hz by a photomultiplieNO, concentration, water vapor, and potential temperature
tube. NQ mixing ratio is proportional to the ratio of the with altitude to determine boundary layer entrance and exit
peak to the background. A map showing flight tracks wherepoints (Fig. 5b). We assume that the boundary layer height
in situ aircraft measurements took place during ARCTAS-varies linearly between each entrance into and exit from the
CA is shown in Fig. 4d. boundary layer. Observations gathered during ARCTAS-CA
We estimate N@ vertical column densities from bound- Show small variability in N@ throughout the free tropo-
ary layer aircraft observations for comparison with satellite- SPhere and a mean free tropospheric concentration of roughly
observed N@ columns by first co-locating aircraft segments 40 ppt. We assume a constant 40 pptaNfiixing ratio above
that coincide with individual satellite observations (Fig. 5a). the boundary layer for the free-tropospheric portion of the
We require that each aircraft segment consist of at least 20 §olumn. We further assume that the boundary layer is well-
of measurements that were collected within the boundaryMixed in order to infer the boundary layer portion of the
layer and within the spatial extent of an OMI pixel after dis- column from aircraft observations. This assumption gener-
carding outliers. Outliers are defined as values that are mord@lly agrees well with GEOS-Chem and WRF-Chem simu-
than two standard deviations away from the mean Value fo[lations as well as the in situ aircraft observations examined
the set of measurements. An aircraft segment consists dfere (€.g. Fig. 1c). Further, in the analyses that follow, simi-
measurements gathered between 12:00 p.m. and 03:00 p.A®f variance between aircraft and satellite observations is ob-
local time, coinciding with the 01:45p.m. OMI overpass Served if an exponential profile is assumed. The segment
time. of aircraft measurements associated with a single satellite

The boundary layer height for each aircraft observation ispixel are averaged and integrated from the terrain height to
the height of the boundary layer in order to determine the

defined by identifying sharp gradients in aircraft measured
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Fig. 5. (8)The black line shows the flight path over CA of the DC-8 aircraft on 24 June 2008. Colored squares show the column concentration
and location of the center of coincident OMI pixelgb) Aircraft altitude, HO vapor concentration, Nfoconcentration, and inferred
boundary layer height versus time for the flight on 24 Jogln situ derived and OMI Standard Product columns collected on 24 June.

vertical column density. A preliminary comparison between vations (®? = 0.83) compared to the Standard and DOMINO

in situ-derived and satellite-observed vertical column densiproducts. This suggests that a large contribution to the uncer-

ties is shown in Fig. 5c. tainty in OMI observations arises from biases resulting from
In the analyses that follow, we exclude comparisons forunresolved terrain and profile databases that are currently im-

which OMI pixels were flagged during the retrieval process plemented in the operational retrievals.

as well as pixels with an OMI-derived cloud fraction greater

than 20 %. A total of sixty-eight comparisons remain follow- 4.3 OMI versus MODIS cloud products

ing the filtering processes. _
Table 2 summarizes our results for the BEHR product when

4.2 Satellite observations versus inferred columns employing various cloud-filters. For the MODIS cloud fil-
tering case, the cloud fraction derived by MODIS and aver-
Figures 6a, b compare the in situ-derived tropospheric colaged over the OMI sa;ellite pixel is implem_ented in the AMF
umn N from aircraft observations with satellite-observed calculation to determine Ncolumns (while the standard
column NG derived using the Standard Product and OMI cloud product is used for the SP and DOMINO cloud-
DOMINO product algorithms. There is good agreement be-filtering cases). We observe a similar correlation between
tween in situ and remote-sensed observations, with correla@ircraft and remote-sensing observations when stricter OMI
tion coefficients ofR2 = 0.72 andR? = 0.65 for the Standard O2-O> cloud restrictions are imposed ranging from 20 % to
Product and DOMINO product, respectively. Slopes asso-5 % cloud fraction. A decrease in the correlation is observed,
ciated with the fits suggest there is no bias in the Standardiowever, when we impose a 0% cloud threshold due to a
Product for this time of year but that the DOMINO product substantial reduction in data points at this threshold for eval-
is biased high relative to the in situ observations. A simi- uation. When we retrieve OMI Nusing MODIS cloud
lar bias in the DOMINO product was found by Bucsela et fractions and set a 0 % MODIS cloud threshold, however, we
al. (2008) using observations from the PAVE, INTEX-A, and retain a substantial number of data points and observe a much
INTEX-B aircraft validation campaigns. higher correlation than all other thresholds tested here. As
Figure 6¢c compares tropospheric N©@olumns derived  discussed in Sect. 3.4, the poor correlation between aircraft
from in situ aircraft observations with the columns from the observations and the BEHR product derived using the stan-
BEHR product. A slope of 0.96 suggests that there is no sigdard OMI cloud information is expected to result from arti-
nificant bias between inferred N@olumns and the BEHR facts in the OMI cloud algorithm related to the coarse terrain
product. We further observe a dramatically improved corre-reflectivity used in the product.
lation between BEHR columns and the in situ derived obser-

Atmos. Chem. Phys., 11, 8548554 2011 www.atmos-chem-phys.net/11/8543/2011/



A. R. Russell et al.: A high spatial resolution retrieval of N€édlumn densities from OMI 8551

Table 2. The number of data points available, equation for best fit line, and correlation coefficient when QMiax@ed using the BEHR
product is filtered according to different cloud information.

Cloud Product  Cloud Fraction # of Data Points Best Fit Line R?
oMmI 20% 68 y=0.96r—501x 104 0.83
10% 64 y=0.95¢ —4.38x 1014 0.83
5% 42 y=1.00xr —4.45x 1014 0.82
0% 11 y=156r—513x 103 0.58
MODIS 0% 45 y=1.03r—139x 104 0.91

a)

—~
o
~

Table 3. Equation for the best fit line and correlation coefficient (

x10"

for satellite columns versus in situ columns when the OMI cloud ¢ E
fraction and MODIS cloud fraction thresholds are used. S E 28
] <
E 8
OMl cloud fraction<20%  MODIS cloud fraction=0% g g : .
5 =~ 15
Standard  y=0.99x +4.51x 1014 y=1.04r +5.45x 10M 3 g x
Product ~ R2=0.72 R2=0.86 £ g ./
2 =
DOMINO y=178—131x105  y=170v—4.67x 1013 E 3
R%2=0.65 R%2=0.83 @ % o5 1 15 2 25 % o5 1 15 2z 25
BEHR y=0.96x —5.01x 1014 y=1.03v — 1.39x 1014 © | InsituNO, (molec/em?)  x10" In sity NO, (molectem?®)  x 10"

35(1D

R2=0.83 R2=001

In Table 3 we compare how the relationship between in-
ferred columns and satellite N@hanges for each Nf(prod-
uct when we impose a MODIS cloud fraction threshold of
0% (Fig. 6; dark crosses) as opposed to the OMI 20 % s
cloud fraction threshold (Fig. 6; all crosses). For all three % o 1(-; ole;cmz)zs -
NO» products, the fits to observations with a MODIS cloud 2 :
fraction of 0 % have similar slopes as the fits to observations
with an OMI cloud fraction less than 20 %. We observe im- Fig. 6. OMI tropospheric column fronfa) the Standard Product,

proved correlations when using the MODIS cloud thresh-(P) the DOMINO product, andc) BEHR product versus coinci-
old for all three products (Standard Produd®? = 0.86 dent aircraft-derived column N Observations are over land only.
DOMINO: R2—0.83: BEHR R2=0 91) - All observations correspond to an OMI cloud fraction of less than

20 %. Dark blue points show where MODIS cloud fraction is 0 %.
The black line shows the fit to all data. Fits and correlations are
included in Table 3. Orange triangles(ir) show the comparison of
the BEHR retrieval and in-situ derived columns determined using
the full vertical spiral method in Hains et al. (2010).

BeHR NO2 (molec/cmz)

4.4 Boundary layer versus complete spiral analyses

In Fig. 6 we compare the relationship between inferred
columns from ARCTAS-CA in situ observations and the
BEHR tropospheric column Nfusing our boundary layer
validation method (crosses) and the traditional validation
method requiring measurements from full aircraft spirals The boundary layer and full aircraft spiral validation meth-
spanning the troposphere as described in Hains et al. (201@ds show similar variance between in situ observations and
triangles). Briefly, the Hains et al. method requires thatthe BEHR retrieval of OMI N@ suggesting that, using our
part of the aircraft segment was collected between 500 m an@ioundary layer method, we are able to capture the variation
2km above the land surface, that the aircraft observationsf the tropospheric column to within the same certainty as
were collected within 3 h of the OMI overpass, and that thein previous work without requiring observations that span
cloud radiance fraction (as observed by OMI) was less tharthe troposphere at every point. Requiring only points within
0.5. Aircraft observations are extrapolated to an assumethe boundary layer is an advantage because it both increases
tropopause height of 12 km and the highest (lowest) 10 alti-the number of data points available for evaluation of the
tude observations are used to extrapolate to the top (bottomPMI NO- retrieval and increases the spatial coverage of the
of the column. sampling. We find that by requiring complete spirals, only
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monthly) in order t account for both spatal and seasonaf*¢@Te: - ., De Haan, 3. . and Stammes P Cloud pressure
L . retrieval using the @0, absorption band at 477 nm, J. Geophys.
variation. (?ompared with .the Standard Product, the BEHR Res.. 109, D05204ioi: 10.1029/2003JD003918004.
tropospheric N@ product is roughly 30% lower for rela- gejrle, s, Platt, U., Wenig, M., and Wagner, T.: N@roduction by
tively clean regions and 8 % higher for urban regions where jightning estimated with GOME, Adv. Space Res., 34(4), 793—
anthropogenic emissions account for a majority of the ob- 797,doi:10.1016/j.asr.2003.07.068004.
served NQ. Beirle, S., Spichtinger, N., Stohl, A., Cummins, K. L., Turner, T.,
We validate tropospheric NOcolumns from the Stan- Boccippio, D., Cooper, O. R., Wenig, M., Grzegorski, M., Platt,
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troposphere, we have developed a new method that conver seme’ S., Salzmann, M., Lawrence, M. G., and Wagner, T.: Sen-
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b_o_undary layer N@conce_ntrations to verFicaI column _den_— NOy, Atmos. Chem. Phys., 9, 1077—10%bi:10.5194/acp-0-
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