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Abstract

We retrieve slant column NO, from the super-zoom mode of the Ozone Monitoring
Instrument (OMI) to explore its utility for understanding NO, emissions and removal.
Slant column NO, is operationally retrieved from OMI at 13 x 24 km?, a nadir foot-
print resulting from the on-board average of eight detector elements. For 85 orbits in
late 2004, OMI reported observations from individual “super-zoom” detector elements
(spaced at 13 x 3 km? at nadir). We assess the spatial response of these individual de-
tector elements in-flight and determine an upper-bound on spatial resolution of 9 km,
in good agreement with on-ground calibration (7 km FWHM). We retrieve slant column
NO, from these super-zoom observations over Sarni, India (19 November), Seoul,
South Korea (21 November), Dubai, United Arab Emirates (21 November) and the
Rihand Reservoir in India (23 November) using differential optical absorption spec-
troscopy. Comparison of super-zoom and operational-scale retrievals highlights the
capacity of the super-zoom mode to distinguish NO, sources in close proximity. The
1-0 signal to noise ratio (SNR) for these retrievals is as high as 25 and is greater than
5 over the observed enhancements indicating that instrumental noise is not the limita-
tion to obtaining high spatial resolution NO, maps. We show that these high resolution
observations provide constraints on NO, gradients providing a direct measure of the
NO, lifetime in the near field of large plumes.

1 Introduction

Nitrogen oxides (NO, = NO + NO,) exhibit strong control over tropospheric ozone pro-
duction and HO, (HO, + RO, + HO) cycling. Despite a relatively short chemical lifetime
(Tno, ~1.5h—1 day in the planetary boundary layer), NO, emitted locally can result in
perturbations to atmospheric composition that extend for hundreds of kilometers, in
part due to atmospheric processing that stores and releases NO,, but also in part due
to the magnitude of the source being many e-folds in excess of the global background.
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Satellite-based UV/Visible mapping spectrometers provide a comprehensive view of
the global and regional patterns of NO, columns (e.g. Jaegle et al., 2005; Richter et
al., 2005; Russell et al., 2010). Interpretation of these observations has primarily been
via chemical transport models (grid spacing ~ 100 km) that assume chemical process-
ing is accurately represented (e.g. Martin et al., 2003; Toenges-Schuller et al., 2006;
Konovalov et al., 2006; Kim et al., 2006). Many of these models have resolution that is
coarse compared to both the e-folding decay length of an NO, plume and the spatial
resolution provided by the satellite instruments. High resolution observations offer the
possibility of direct measurement of the spatial gradients in the NO, column in regions
where such gradients depend on the chemical loss rates of NO, more strongly than on
emissions. The resolution needed for such analyses is still a subject of research (e.g.
Loughner et al., 2007); however, it seems likely to be in the range of 3—10 km.

Here we use observations from OMI (Levelt et al., 2006a, b) to retrieve slant column
NO, at high spatial resolution. We test the spatial resolution of the OMI super-zoom
mode (Sect. 3), and then retrieve slant column NO, over several source types (Sect. 4)
briefly describing the DOAS fit error (Sect. 5). We discuss the implications of the
enhanced spatial resolution on our understanding of NO, removal rate in the context
of observations of Dubai, UAE (Sect. 6).

2 Methods

OMI sits aboard the sun-synchronous, polar-orbiting NASA Aura satellite (Schoeberl et
al., 2006), measuring solar and backscattered UV/Visible radiance with a standard op-
erational footprint of 13 x 24 km? at nadir, an average of eight detector elements (Levelt
et al., 2006a, b). OMI operated in a non-standard “super-zoom” mode for 85 orbits in
2004 reporting data from each detector element. Due to data transmission constraints,
this increase in spatial sampling requires a corresponding decrease in spatial coverage
such that a single super-zoom orbit covers only 180 km of the 2600 km operational-
mode swath width.
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We use the level 1b calibrated, wavelength-corrected OMI radiance (OML1BRVZ,
OML1BRVG v.3) and solar irradiance (OML1BRR v.3) data recorded on the Goddard
Earth Sciences Data and Information Services Center (GES-DISC, http://disc.sci.gsfc.
nasa.gov/Aura/data-holdings/OMI) (Van den Oord et al., 2006; Dobber et al., 2008).
Observed earthshine spectra are divided by the average of solar spectra from 2005 to
obtain top-of-atmosphere reflectance spectra. It has been shown that the averaging
of solar spectra reduces noise and detector anomalies known as “striping” in the NO,
retrieval (Celarier et al., 2008; Dobber et al., 2006).

Slant column NO, is retrieved using a DOAS linear least squares fit (Platt and Stutz,
2008; Wenig et al., 2005) as in the operational DOAS retrievals (Boersma et al., 2007;
Bucsela et al., 2006). The observed reflectance spectra are fit to a slowly varying third
order polynomial, an NO, cross section (7T = 220 K; Vandaele et al., 2002), an O3 cross
section (T =220 K; Bogumil et al., 2001), and a linear term correcting for the ring effect
(T =220K; Chance and Spurr, 1997) over the 405-465 nm spectral window. Spectra
for water and the O, dimer are not included in the DOAS fit as previous retrievals found
their inclusion unnecessary (Boersma et al., 2007; Bucsela et al., 2006).

3 Spatial resolution of OMI super-zoom mode

On-ground calibration measurements determined the footprint of an individual pixel to
be near-Gaussian, spanning 2.3 detector row elements at nadir (~7 km FWHM) (Dob-
ber et al., 2006). To determine an in-flight value, we compare the decay of MODIS
(Fig. 1a) and OMI (Fig. 1b) broadband (459—479 nm) top-of-atmosphere reflectance
over the Qatari coastline on 19 November 2004. MODIS reflectance is reported at a
resolution of 500 x 500 m?. By comparing the MODIS and OMI observed reflectance
across a sharp transition, such as a coastline, we can deduce a value for the spa-
tial resolution of OMI. For a single transect (Fig. 1b and c), MODIS (red) observes a
decrease in normalized reflectance from 0.8 to 0.2 over 3km, a decrease that OMI
(blue) observes over 9 km. Additionally, the width of an observed enhancement in NO,
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directly over and downwind of an isolated NO, source is no wider than 6-9 km FWHM
(PP4, Fig. 2b). Both of these in-flight tests provide an upper bound on instrumental
spatial resolution (~9 km) that is in good agreement with on-ground calibration (7 km
FWHM) (Dobber et al., 2006).

4 Slant column NO, from OMI super-zoom mode

From 1 October 2004 to 31 December 2004, OMI made 85 super-zoom orbits, 42 of
those reporting observations at nadir. From these super-zoom observations, we re-
trieve slant column NO, from individual detector elements (i.e. super-zoom mode)
and the average of eight detector elements (i.e. operational-scale) over the Rihand
Reservoir in India (Fig. 2a—d; 23 November 2004; 82.5-83.5°E and 23.6-24.5° N),
Seoul, South Korea (Fig. 2e—h; 21 November 2004; 126.7-127.7° E, 37.05-37.95° N),
and Sarni, Madhya Pradesh, India (Fig. 2i—I; 19 November 2004; 77.7-78.7°E, 21.5—
22.5°N). We have chosen these regions to highlight the super-zoom observations
over a set of large point sources (Rihand), a megacity (Seoul), and a small point
source (Sarni). We compare the single-overpass super-zoom observations to the aver-
age of six operational-scale overpasses from successive years between October and
December on days when the selected region was cloud-free and nadir to the space-
craft (Rihand; 1 November 2005, 10 November 2005, 17 November 2005, 19 Novem-
ber 2005, 26 November 2005, 5 December 2005; Seoul; 23 October 2005, 8 Novem-
ber 2005, 12 October 2006, 11 November 2006, 20 November 2006, 7 November 2007;
and Sarni; 30 October 2005, 6 November 2005, 22 November 2005, 8 December 2005,
18 November 2006, 11 December 2006). We use MODIS reflectance observations,
taken aboard the Aqua platform, to serve as independent visual confirmation that the
selected scenes are cloud-free (Fig. 2a, e, i).

Over the Rihand Reservoir (Fig. 2a—d), the super-zoom mode distinguishes
three maxima in slant column NO, directly over or slightly downwind of

three large coal-fired power plants (Fig. 2a—b; PP1 — 7.9 x 10'® molecules cm™2,
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PP2 — 6.0 x 10'® moleculescm™, PP4 — 2.5 x 10'® moleculescm™2) with the ob-
served signal decreasing from maximum to near-background levels (SCDyg, ~

1.0 x 10'® molecules cm'z) within as little as 12 km, variability not detectable with the
13 x 24 km? operational footprint, which only observes one local maximum (Fig. 2c;
5.8 x 1016moleculescm‘2). While spatial detail is increased by averaging six non-
overlapping, operational-scale observations (Fig. 2d), the spatial contrast observed in
the six-orbit average (Fig. 2d; 10 — 0.6 x 10'® molecules cm_z) is a factor of 2.3 less
than that observed by the super-zoom mode (Fig. 2b; 10 -1.4 x 10"® molecules cm'2).
Furthermore, the six-orbit average is only able to distinguish one maximum (Fig. 2d;
3.7 x 1016moleculescm'2), a maximum that is 2.5 times smaller, if we assume a
background of 1 x 10'® molecules cm™ than that observed on a single day (Fig. 2b;
7.9 x 10'® molecules cm‘z).

Over Korea, a maximum in slant column NO, (Fig. 2f; 6.3 x 1016moleculescm‘2)
is observed ~12km to the east of downtown Seoul with the signal decreasing from
the maximum to near-background over a distance of 30-50km. Because the de-
crease of signal occurs over a distance comparable to an operational-scale pixel
(13x 24 km2), the operational-scale retrieval is able to capture the general structure of
the Seoul urban-plume despite averaging out fine-scale details (Fig. 2g). The six-orbit
operational-scale average (Fig. 2h) is much smoother than that observed in a single
day (Fig. 2f—g), an effect of varying daily meteorology that is removed in the average.

Super-zoom observations capture a maximum in slant column NO, directly to the
south of the Satpura Power Plant in Sarni, India (Fig. 2j; 2.2 x 10'® molecules cm‘z).
When the signal in the super-zoom mode drops below ~1.5 x 10'® molecules cm™
however, the variability is non-physical and noisy. At operational-scale, both single-
and six-orbit average, the enhancement is modest relative to the background (Fig. 2k—;
1.2 vs. 1.0 x 10'® molecules cm™2). These observations indicate that the super-zoom
mode accurately identifies the location of relatively small sources.
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5 Uncertainty in slant column NO,

In Fig. 3, we show the ratio of retrieved slant column NO, to the fitting error observed
over Rihand, India, Seoul, South Korea, and Sarni, India, by both the super-zoom and
operational modes of OMI. The fitting error ranges from 2.5 to 4 x 10" molecules cm™
for all super-zoom scenes and from 1.5 to 2.5 x 10" moleculescm™ for the anal-
ogous operational-scale observations (not shown). This decrease is smaller than
V8 (Noperational = 8 X Ngyper—zoom)- Previous work shows that the fitting error is roughly
equally determined by raw instrumental noise and the uncertainty in treatment of the
temperature dependence of NO, absorption (Boersma et al., 2002). The fitting error
retrieved for the super-zoom mode (2.5 — 4 x 10'° molecules cm™2), is much lower than
the detection threshold deduced previously (Sect. 4, Fig. 2j; 15 x 10"® molecules cm'z),
indicating that observations with SNR less than ~5-6 are unreliable. For all enhance-
ments observed by the super-zoom mode, the SNR (Fig. 3a—d) is greater than 5 and as
high as 25, evidence that fitting error and instrumental noise are not the limiting factors
in producing high spatial-resolution maps of atmospheric NO, over large sources and
multi-orbit averages of smaller sources.

6 Case study over Dubai, UAE

We compare slant column NO, retrieved from the 21 November 2004, super-zoom
overpass of Dubai (55.0-55.7° E, 24.9-25.5° N), the corresponding operational-scale
overpass, and that retrieved from six cloud-free operational-scale overpasses in late
2005 (Fig. 4; 23 October 2005, 30 October 2005, 1 November 2005, 8 November 2005,
1 December 2005, and 3 December 2005). We choose Dubai because the data set
is relatively simple to interpret. Dubai is an isolated source of NO, advected over a
highly reflective, relatively homogenous desert surface. Over Dubai, we apply a de-
striping algorithm to the super-zoom observations by assuming that all high-frequency
cross-track variability observed on the same orbit over the remote southwestern Indian
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Ocean is unphysical, and subtract it from each along-track row; this approach is similar
to those applied in previous studies (Boersma et al., 2007).

The spatial extent of the observed NO, enhancement is approximately 75 km SW-
NE by 40 km SE-NW (Fig. 4c), about two times the size of the Dubai metropolitan area
(Fig. 4b). Within the observed plume, slant column NO, is highly variable, with differ-
ences as much as 2 x 10'® molecules cm‘2(~50%) over 4 cross-track pixels (~12km)
or one row (13km). The relative variability is even greater if the stratospheric con-
tribution, which can be considered constant across the area of interest, is taken into
account (~6 x 10" molecules cm_2). Adding confidence to the super-zoom observa-
tions, the area-weighted operational-scale retrieval (Fig. 4d) captures the same shape
and detail of the plume (75 x 40 km2), but is not able to capture the strong gradients
observed by the super-zoom mode, the result of a coarser footprint and meteorological
variability in the six-day average.

Due to the alignment of the OMI super-zoom footprint, variability of emissions along
the Dubai coastline should be detectable (Fig. 4b and c). For example, the super-zoom
mode observes an enhancement of slant column NO, directly over and downwind from
the Jebel Ali Free Trade Zone (JAFTZ), a port and power generation center (A B, Fig. 4b
and c). The enhancement directly over JAFTZ (A) is not as large as the enhancement
downwind (B) because the source is near the leeward edge of the 13km OMI pixel,
which dilutes the signal with that of the clean marine background. Also, the time re-
quired to form NO, from reaction of NO and ozone is non-negligible for large point
sources. The six-day area-weighted average (Fig. 4d) is not able to distinguish JAFTZ
from the dense urban core to the northeast.

The decay of signal further downwind of JAFTZ (white box, Fig. 4b and c) can
be used to assess the chemical lifetime of NO,. Here, the plume evolves over a
region of relatively little anthropogenic activity and the signal decreases from 2.45
to 1.55 x 10'® molecules cm? in the cross-track average (Fig. 2c, white box B to C).
Given a stratospheric contribution to the slant column of 0.6 x 10" molecules cm™2
and winds of 3ms™" that project on the direction of observed decay by 0.8 (2—4 m s‘1)
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winds observed at Dubai and Sharjah International Airports in the North, NOAA NCDC
DS3505), this decrease in signal corresponds to an NO, lifetime of 1.9h. At 30°C
(i.e., Kon + no, = 1.0 % 10" molecules™ cm®s'), an NO, lifetime of 1.9 h corresponds

to an OH concentration of 1.5 x 10" molecules cm™2. This value is not unreasonable as
noontime OH of 1.5-2.0 x 10’ molecules cm™ has been observed in late August and
early September over Houston and La Porte, Texas, polluted marine environments at
comparable latitude to Dubai. Furthermore, any uncertainty in wind speed (+1 ms‘1)
corresponds to large uncertainty in implied OH (2ms'1 — 1 x 10" moleculescm™,
4ms~' = 2 x 10" molecules cm'3). Also under these conditions (Cleary et al., 2007),
peroxyactetyl nitrate (PAN) formation is likely, reducing the apparent NO, lifetime and
increasing the effective OH concentration derived from NO, decay. NO, stored as
PAN is re-released downwind. The uncertainty in winds and chemistry are much larger
than any variability of surface reflectance over the selected region (Fig. 4c, white box;
459-479 nm, OMI -0.22 +£ 0.01; MODIS -0.17 + 0.02), a potential interference for slant
column variability.

These examples demonstrate a few advantages of utilizing measurements at higher
spatial resolution than the current OMI (13 x 24 km2) or GOME-2 (40 x 80 km2) prod-
ucts. Future opportunities to provide this substantial advance in scientific capability
include the proposed TROPOMI (Langen, 2007) and GEOCAPE (NRC, 2007) instru-
ments. Such observations will enable the tracking of individual source regions within
cities and allow for better assessment of chemistry in urban outflow.

7 Conclusions

We show that slant column NO, retrieved from the super-zoom mode of OMI has
high signal to noise, has a similar spatial extent to that of single day and aver-
age operational-scale retrievals, and captures spatial variability at much finer scales

than the 13 x 24 km? operational footprint. We take advantage of enhanced reso-
lution reported in the super-zoom mode to distinguish large point sources in close
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proximity around the Rihand Reservoir and distinguish the Jebel Ali Free Trade
Zone, a Dubai port, from the Dubai urban center ~30km to the northeast. We
also derive an NO, chemical lifetime of 1.9h and an effective OH concentration of

1.5 x 10" moleculescm™ for a plume observed downwind of the Jebel Ali Free Trade
Zone.
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Fig. 1. Top-of-atmosphere reflectance (459-479 nm) observed by (a) MODIS and (b) the super-
zoom mode of OMI over Qatar on 19 November 2004. (c) Top-of-atmosphere reflectance
observations (MODIS - blue, OMI — red) are normalized along a transect perpendicular to the

Qatari coastline (b).
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Fig. 2. MODIS RGB image, OMI super-zoom mode slant column NO, (SCDy,), operational
mode SCDy,, and a six-orbit operational average SCDy, over the Rihand Resovoir in In-
dia (a—d), Seoul, South Korea (e—h), and Sarni, India (i-lI). Power plants located around the Ri-
hand Reservoir include Singrauli and Vindhyachal (PP1 — 4200 MW), Anpara (PP2 — 1600 MW),
Rihand (PP3 — 1000 MW pre-2006), and Obra (PP4 — 1600 MW). Power plants around Sarni,
India (i), include Satpura generating station (PP5).
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Fig. 4. (a) True color image from Aqua-MODIS on 21 November 2004. (b) Nighttime im-
age (courtesy of the Image Science and Analysis Laboratory, NASA Johnson Space Cen-
ter, 1ISS020-E-39932) captured aboard the International Space Station over Dubai, UAE, on
11 September 2009 at 02:00 LST. (c) Slant column NO, retrieved from a single overpass on
08:42 GMT, 21 November 2004 for individual pixels and (d) a six-orbit, area-weighted average
of slant column NO, retrieved from operational mode orbits during October, November and De-
cember of 2005 Labels A, B and C in (b—c) highlight the locations of the Jebel Ali Free Zone
and points on a downwind transect. The white arrow in (¢) indicates the direction and mag-
nitude of winds observed at the Sharjah and Dubai International Airports around midday on
21 November 2004 (NOAA NCDC DS3505).
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