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Abstract Spatial and temporal dynamics in trace gas pollutants were examined over a major
urban estuarine ecosystem, using a new network of ground-based Pandora spectrometers
deployed at strategic locations along the Washington-Baltimore corridor and the Chesapeake
Bay. Total column ozone (TCO3) and nitrogen dioxide (TCNO2) were measured during
NASA’s DISCOVER-AQ and GeoCAPE-CBODAQ campaigns in July 2011. The Pandora
network provided high-resolution information on air-quality variability, local pollution condi-
tions, large-scale meteorological influences, and interdependencies of ozone and its major
precursor, NO2. Measurements were used to compare with air-quality model simulations
(CMAQ), evaluate Aura-OMI satellite retrievals, and assess advantages and limitations of
space-based observations under a range of conditions. During the campaign, TCNO2 varied
by an order of magnitude, both spatially and temporally. Although fairly constant in rural
regions, TCNO2 showed clear diurnal and weekly patterns in polluted urban areas caused by
changes in near-surface emissions. With a coarse resolution and an overpass at around 13:30
local time, OMI cannot detect this strong variability in NO2, missing pollution peaks from
industrial and rush hour activities. Not as highly variable as NO2, TCO3 was mostly affected by
large-scale meteorological patterns as observed by OMI. A clear weekly cycle in TCO3, with
minima over the weekend, was due to a combination of weekly weather patterns and changes in
near-surface NOx emissions. A Pandora instrument intercomparison under the same conditions
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at GSFC showed excellent agreement, within ±4.8DU for TCO3 and ±0.07DU for TCNO2 with
no air-mass-factor dependence, suggesting that observed variability during the campaign was
real.

Keywords Ozone . Nitrogen dioxide . Atmospheric variability . Urban . Coastal .

Remote sensing

1 Introduction

Atmospheric composition has changed significantly over the past few decades from increas-
ing urbanization and as a response to environmental policy changes (e.g. Wenig et al. 2003;
Vingarzan 2004; Parrish et al. 2009). Among major anthropogenic pollutants, nitrogen
oxides (NO + NO2 = NOx) play a key role in atmospheric chemistry, affecting air quality,
photochemical processes, climate radiative forcing, and human health (Crutzen 1979, 1995;
Seinfeld and Pandis 1998; EPA 1998; Solomon 1999; Velders et al. 2001; IPCC 2007).
Acting as a main precursor to tropospheric ozone (O3), NOx has received major attention by
regulators and policy makers in efforts to curtail the formation of ozone. High ground-level
O3 concentrations can be toxic upon inhalation or contact, causing moderate to large (well
over 20 %) decreases in lung function, respiratory illness, and other health and environ-
mental problems (OAQPS 1996; EPA 2002).

Influenced by both natural and anthropogenic emissions, large and highly variable
tropospheric NO2 amounts often interfere with satellite retrievals of atmospheric aerosol
optical depth and absorption. Over coastal waters close to heavily polluted urban centers,
NO2 is a significant (although, until recently, largely ignored) component affecting the top-
of-atmosphere (TOA) signal measured by an ocean color satellite sensor at wavelengths
traditionally used for retrievals of chlorophyll-a and colored dissolved organic matter
(O’Reilly et al. 2000; Carder et al. 1999; Ahmad et al. 2007; Mannino et al. 2008;
Fishman et al. 2012; Tzortziou et al. 2012). Spatially and temporally varying O3 concentra-
tions also impact the accuracy of ocean color atmospheric corrections (Gordon 1997).

The environmental impacts of NO2 and O3 are not confined to the atmosphere. In highly
polluted coastal urban areas, the atmosphere is a source of excess nutrients and pollutants to
the land and coastal ocean, contributing to the degradation of terrestrial and aquatic
ecosystem health. NO2 can act as an acidifying and eutrophying agent in terrestrial and
aquatic ecosystems through dry or wet deposition of its oxidation products (e.g. Jickells
2006). Close to urban areas, dry deposition of NOx can be particularly important (Dennis
2007). Along the eastern US coast, deposition of atmospheric nitrogen has been shown to
account for as much as 70 % of total nitrogen loadings to estuaries (Castro et al. 2003). In the
Chesapeake Bay, the largest estuary in the US and one of the most productive in the world, at
least one third, and probably significantly more, of total nitrogen inputs comes from air
deposition (STAC Publ. 09-001 2009). Ozone deposition can damage plants and reduce crop
yields (Booker et al. 2009; Fishman et al. 2010; Sanders et al. 1992). These atmospheric
inputs increase pressure on coastal ecosystems already stressed by a wide range of other
human activities (e.g., nitrogen bearing chemical runoff from land).

Measurements of NO2 from both ground- and space-based instruments typically show
strong temporal and spatial variability, reflecting the importance of urban areas as hot-spots
of NOx emissions and the influence of various NOx sources on local and trans-boundary
pollution episodes (Wenig et al. 2003; Beirle et al. 2004; Boersma et al. 2005; Choi et al.
2005; Herman et al. 2009). Satellite measurements with GOME-1 (Global Ozone
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Monitoring Experiment) (Burrows et al. 1999), SCIAMACHY (SCanning Imaging
Absorption spectroMeter for Atmospheric CHartographY) (Bovensmann et al. 1999),
GOME-2 (Callies et al. 2000), and OMI (Ozone Monitoring Instrument) (e.g. Levelt et al.
2006; Celarier et al. 2008) have provided valuable information on the spatial variability in
NO2 and its seasonal and weekly patterns. Comparisons of measurements from different
satellite instruments have revealed large differences between morning and afternoon total
column NO2 (TCNO2) amounts, driven by emissions and photochemistry (e.g. Beirle et al.
2004; Richter et al. 2005; Boersma et al. 2008).

Although not as highly variable in space and time as NO2, total column ozone (TCO3)
often shows significant spatiotemporal variability. Using both Aura-OMI satellite observa-
tions and high resolution ground-based measurements, Tzortziou et al. (2012) reported sharp
spikes and dips in TCO3, of the order of 20 DU within less than 2 h, associated
mostly with highly dynamic weather systems such as pressure changes, passage of a cold front
with high stratospheric ozone content, or intrusion of low-ozone air from lower latitudes.
Considerable variability over the course of a day, on some days as high as 40 to
50 DU, was found in TCO3 at several mid- to high-latitude sites in the US and Europe
(Tzortziou et al. 2012).

Photochemical smog (NOx and ozone pollution) remains a serious problem in many
coastal cities worldwide, both in industrialized and, particularly, in developing economies
where rapid coastal urbanization is presently occurring (e.g. Pineda Rojas and Venegas
2009; Gu et al. 2011). High resolution ground-based measurements of trace gases are
essential in urban coastal areas to 1) better understand atmospheric dynamics at higher
spatial resolution than is currently available from satellite observations, 2) capture the high
temporal variability associated with local pollution patterns and photochemical processes,
and 3) make measurements of atmospheric trace gases and pollutants relevant to our
understanding of urban and coastal ecosystem dynamics. In this paper we present new,
high-resolution, continuous measurements of total column O3 and NO2 spatial and temporal
variability over the Washington DC/Baltimore metropolitan area and the Chesapeake Bay
estuary, using a network of ground-based Pandora spectrometer systems. The small size and
portability of the Pandora instruments allowed deployment at strategic locations within this
major urban estuarine system for capturing short-term and small-scale dynamics in trace gas
amounts and assessing influences of both regional near-surface pollution emissions and
larger scale meteorological processes. Such information is critical for evaluating satellite
trace-gas retrievals under a range of conditions. Measurements were performed during July
2011, as part of two simultaneous field campaigns in the region: the DISCOVER-AQ
(Deriving Information on Surface Conditions from Column and Vertically-Resolved
Observations Relevant to Air Quality) and the GeoCAPE-CBODAQ (Geostationary
Coastal and Air Pollution Events-Chesapeake Bay Oceanographic Campaign with
DISCOVER-AQ) field campaigns.

2 Methods

2.1 Study sites

The DISCOVER-AQ project is a four-year NASA Earth Venture mission to improve the use
of satellites to monitor air quality for public health and environmental benefit. Through
targeted airborne and ground-based observations, DISCOVER-AQ aims at improving the
interpretation of satellite observations to diagnose near-surface conditions relating to air
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quality. The first of four planned deployments took place over the Washington, DC and
Baltimore, MD metropolitan area and the Chesapeake Bay shoreline throughout the
month of July 2011. Two aircraft were used, the NASA P-3B for in-situ sampling in
the lowest 3 km of the atmosphere and the NASA UC-12 flying at ~9 km with
remote sensing instruments for trace gases and aerosols. In addition, extensive ground
observations were used to measure air pollution at the surface using in-situ observa-
tions, and aloft, using balloons and remote sensing instruments. The GeoCAPE-
CBODAQ field campaign complemented the DISCOVER-AQ campaign by making
ship-based measurements of air and water quality from 11 to 20 July 2011. As part of
these campaigns, a network of Pandora CCD and CMOS spectrometers provided
continuous (every 20 s), high-resolution measurements of total column NO2 and O3

amounts at twelve urban and rural locations characterized by different levels of
pollution (Fig. 1 and Table 1).

The Baltimore–Washington corridor experiences poor air quality throughout the
year for particulate matter, while high ozone amounts tend to be limited to the
April–September timeframe (Maryland Dept. of the Environment, Air Quality
Seasonal Reports, 2008). Both pollutants historically peak in the June–August
timeframe. Emissions associated with transportation, biogenic emissions, and transport
of background pollution from upwind locations all play an important role in generat-
ing poor air quality over this region (http://discover-aq.larc.nasa.gov/pdf/DISCOVER-
AQ_science.pdf). Meteorological processes along the Chesapeake Bay land-sea inter-
face and mesoscale phenomena, such as bay breeze circulations, additionally impact
transport and transformation of NOx and O3 over this region (Loughner et al. 2011;
Loughner et al. 2013).

Fig. 1 Map of the network of Pandora spectrometers deployed during the DISCOVER-AQ and CBODAQ
field campaigns in July 2011
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2.2 Pandora technical characteristics

A detailed description of the Pandora instrument technical characteristics is provided in
Herman et al. (2009). Briefly, the Pandora spectrometer system consists of an optical head
sensor, mounted on a computer controlled sun-tracker and sky-scanner (~0.01o pointing
precision), and connected to an Avantes array spectrometer by means of a 400 micron core-
diameter single strand multi-mode optical fiber. To achieve wavelength and radiometric
calibration stability, the spectrometer is temperature stabilized inside an insulated enclosure
using an actively coupled thermo-electric cooler and heater. There are two versions of the
Pandora spectrometer system, the Sun-only CMOS detector Pandora (280–500 nm) and the
CCD detector Sun-and-Sky Pandora (280–525 nm) (Table 1 in Tzortziou et al. 2012). The
CMOS and CCD spectrometers have the same accuracy, with CMOS instruments having
somewhat higher noise. All of the newer instruments are based on CCD detectors. Pandora
has a spectral resolution of 0.6 nm and a field of view (FOV) of about 1.6° full width half
maximum (FWHM).

The CMOS Pandora spectrometer system operates only in direct-sun observation, as it is
not sensitive enough to measure sky radiances. The CCD version is about 103 times more
sensitive (partly from the detector and partly from the addition of a lens to focus light on the
optical fiber) and detects sky radiances easily. The CMOS Sun-only Pandora uses an
Avantes spectrometer with a 1024 pixel detector, while the Sun-and-Sky Pandora uses an
Avantes spectrometer with a UV sensitive back-thinned 2048 × 16 pixel or 2048 × 64 CCD.
The open-hole and neutral density filters (ND1, ND2, ND3, and ND4) in the first filterwheel
give a 10,000:1 dynamic range, which, combined with the exposure range 4–4000 ms, gives
an overall dynamic range of 107 needed for sun and sky observations at all latitudes and in
all seasons.

Wavelength calibration and slit functions for the Pandora instruments are determined
from lamp emission lines (Hg, Cd, Cu, In, Mg, Zn). Wavelength stability is validated during
field use by an analysis of the solar Fraunhofer line structures. Stray light is reduced for
Pandora measurements in the 310 to 330 nm range using two UV band pass filters, BP300
(280–320 nm) and U340 (280–380 nm) with cutoffs at 320 and 380 nm, respectively. A

Table 1 Pandora network sites and Pandora instrument used at each site, during the DISCOVER-AQ and
CBODAQ NASA field campaigns in July 2011

Site Latitude Longitude Pandora #

University of Maryland Baltimore County (UMBC) 39.252 −76.709 2 (CCD)

Goddard Space Flight Center (GSFC) 38.993 −76.839 3 (CCD)

Smithsonian Environmental Research Center (SERC) 38.889 −76.559 7 (CMOS)

Old Town 39.290 −76.596 9 (CMOS)

Fairhill 39.701 −75.860 16 (CCD)

Padonia 39.455 −76.633 17 (CCD)

Edgewood 39.419 −76.294 18 (CCD)

Essex 39.309 −76.475 19 (CCD)

Beltsville 39.055 −76.878 20 (CCD)

University of Maryland College Park (UMCP) 38.990 −76.942 21 (CCD)

Aldino 39.564 −76.196 23 (CCD)

United States Naval Academy 38.981 −76.4625 25 (CCD)
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further stray light correction is obtained from pixels corresponding to 280 to 285 nm,
which contain almost zero direct illumination. Previous comparisons between a well-
calibrated double grating Brewer spectrometer (#171) characterized by a very low
internal stray light fraction at the short UV-B wavelengths (<10-7) and Pandora
showed very good agreement up to slant column ozone amounts of 1,500 DU (or solar zenith
angles, SZAs, up to 80o). The practically negligible SZA dependence of the TCO3 residuals
showed that the stray-light correction method applied to Pandora provides an adequate correc-
tion (Tzortziou et al. 2012).

2.3 Pandora total column ozone and NO2 algorithm

Here we analyze TCO3 and TCNO2 amounts from both CMOS and CCD detector
Pandora spectrometers operated in direct-sun viewing mode (Table 1). The spectral
fitting algorithm uses laboratory measured absorption cross sections for each atmo-
spheric absorber (i.e. O3, NO2, SO2, HCHO, BrO for the 310–530 nm spectral region
used here), a 4th order polynomial in wavelength to remove aerosols and Rayleigh
scattering effects, and wavelength shift and squeeze functions to remove wavelength errors at
the 1 picometer level. The shift and squeeze functions provide the best match to the measured
spectrum compared to a solar reference spectrum containing the solar Fraunhofer line structure
(Herman et al. 2009).

Pandora’s direct-sun TCNO2 includes both the troposphere (NO2 amounts up to 2
DU or higher in urban areas) and a stratospheric contribution of 0.1 to 0.2 DU. The
TCNO2 retrieval uses laboratory NO2 absorption cross sections (Vandaele et al. 1998),
and laboratory calibration of Pandora (wavelength, slit function, and radiometric). The
retrieval is done by spectral fitting over the range 400–440 nm. Absolute error in
Pandora TCNO2 retrievals is 0.1 DU, caused by an error in estimating residual
stratospheric NO2 amount by extrapolating to zero air mass using a modified
Langley method (Herman et al. 2009; Wang et al. 2010). The CCD version has a
precision of about 0.01 DU in clear skies from averaging about 4000 measurements in a
20 s interval, where the exposure time is adjusted to fill the CCD wells to about 80 %.
The CMOS units have increased noise because the longer exposure time leads to
fewer measurements averaged in 20 s. Similarly, in the presence of clouds the exposure
time increases and the precision is reduced.

TCO3 is determined using direct-sun measurements in the spectral range 310–330 nm and
the high resolution O3 cross sections from Daumont et al. (1992) at a nominal effective
ozone temperature of T=225° K. Absolute TCO3 retrievals are performed using the inde-
pendently measured Kurucz (2005) ground-based extraterrestrial spectrum, radiometrically
corrected to the Atlas-3 SUSIM spectrum (Van Hoosier, 1996) as described in Bernhard et
al. (2004), and convoluted with the Pandora slit function to be used as a TOA reference
spectrum (Tzortziou et al. 2012). This method is very different from the usual technique of
using a TOA reference spectrum based on the instrument’s own measurements from a
Langley extrapolation to zero air mass (e.g. Herman et al. 2009). Using the independent
spectrum technique gives an absolute TCO3 measurement, since the reference spectrum is
free of residual atmospheric absorption. It also avoids the errors associated with performing
a Langley extrapolation (e.g., Gröbner and Kerr 2001; Bais 1997) of the Pandora measured
solar spectrum to zero air-mass. While this method requires an accurate knowledge of the
instrument’s slit function as determined in the laboratory, it is insensitive to a radiometric
calibration offset that only changes smoothly with wavelength. For example, a change that
can be fit with a 4th order polynomial (Tzortziou et al. 2012).
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2.4 OMI retrievals

The Ozone Monitoring Instrument (OMI), launched on NASA’s Earth Observing
System (EOS) AURA satellite on July 15, 2004, has been collecting data since August 9,
2004 (Levelt et al. 2006; Boersma et al. 2007). Aura flies in formation with the “A Train”
satellite constellation, has a sun-synchronous polar orbit at approximately 705 km
altitude with a period of 100 min and a local equator crossing time between 13:40
and 13:50 local time. OMI is a cross-track downward viewing near-UV/Visible CCD
spectrometer that provides near-global coverage in one day. The size of an OMI pixel
varies with cross-track viewing zenith angle from 24 km in the nadir to approximately
128 km for the extreme viewing angles of 57o at the edges of the swath (Boersma et al.
2007). OMI measurements cover a spectral region of 264–504 nm with a spectral
resolution between 0.42 nm and 0.63 nm, and provide retrievals of a number of trace
gases including O3, NO2, SO2, HCHO, BrO, and OClO. In addition, OMI measures aerosol
characteristics, cloud top heights and cloud coverage, and can estimate UV irradiance at the
Earth’s surface (Levelt et al. 2006).

The EOS Aura OMI OMNO2-L2OVP (Data Set Version 003) NO2 product is used
in this study (http://avdc.gsfc.nasa.gov, Data Set Release date: July 2012). This
product contains the slant Column NO2 (total amount along the optical path from
the sun into the atmosphere and then toward the satellite), the total vertical column
NO2, and the estimated tropospheric portion of the total column NO2. Other ancillary
data are also provided in the OMI OMNO2-L2OVP file, including data quality flags,
measures of precision, and quality assurance information. The slant column amount
NO2 is determined from a spectral fit to the Earth reflectance spectrum using the
Differential Optical Absorption Spectroscopy (DOAS) method (Platt 1994; Boersma et
al. 2002; Bucsela et al. 2006). The fitting algorithm is applied in the spectral range
405–465 nm using the Vandaele et al. (1998) NO2 absorption cross sections convo-
luted with the measured OMI slit function. Total vertical column NO2 amounts are
estimated from the measured slant column using computed air mass factors (AMFs)
and a monthly mean climatology of NO2 profile shapes constructed from the Global
Modeling Initiative (GMI) Chemical Transport Model simulation (Palmer et al. 2001;
Krotkov et al. 2012).

The OMI-TOMS OMTO3 V8.5 O3 product is used for TCO3 comparisons in this
study (http://avdc.gsfc.nasa.gov). The OMI-TOMS TCO3 algorithm uses four wave-
lengths (317.5 and 331.2 nm under most conditions, and 331.2 and 360 nm for high
ozone and high solar zenith angle conditions), and is based on the NASATOMS V8
retrieval algorithm (Bhartia and Wellemeyer 2002). The retrieval applies corrections to
remove errors caused mainly by aerosols, clouds, sea glint, and SO2 absorption. TCO3

data provided by the OMI-TOMS algorithm have a root-mean square error of 1–2 %,
depending on solar zenith angle, aerosol amount, and cloud cover (OMTO3_V003
ReadMe file, Released April 3, 2012) .

Here, we compare Pandora results with OMI TCNO2 and TCO3 station overpass
data (http://avdc.gsfc.nasa.gov/index.php?site=1593048672&id=28). OMI station over-
pass data files provide the nearest OMI measurement in an OMI track (orbit), if it is
closer than 100 km, to the ground-station. Typically, one to two overpasses per day
are available, and occasionally three overpasses separated by 100 min. Among other
parameters, the data files contain information on the distance between the overpass
location point and the OMI FOV, the OMI cross track position CTP (0-59), and the
radiative cloud fraction.
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3 Results and discussion

3.1 Ground-based instrument inter-comparison

The DISCOVER-AQ deployment of a network of twelve Pandora spectrometers at
strategic locations within the campaign study region provided information not only on
the temporal, but also on the spatial variability in TCNO2 and TCO3 amounts. This
information is key for understanding the local effects of anthropogenic activities (automobiles,
power plants, etc.), regional conditions, and large-scale meteorological phenomena on atmo-
spheric composition. It is also needed for integrating with coarser resolution satellite observa-
tions, and evaluating high-resolution model predictions of atmospheric chemistry and
tropospheric air quality.

To use the measurements from a network of different Pandora spectrometers to address
questions relevant to spatial patterns in atmospheric trace gases, an instrument inter-
comparison is essential to determine instrument performance characteristics under the same
conditions and detect any consistent instrument offsets. Such an instrument inter-comparison
was performed at the GSFC site at the end of the July campaign using all Pandora
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spectrometers deployed during DISCOVER-AQ (Table 1). Intercomparison measurements
covered the period from October 2011 to February 2012, except for Pandora #21, which was
at GSFC for only a few days in August, as it was deployed to Helsinki, Finland, in
September 2011 (Tzortziou et al. 2012). Pandora #19 was selected as a reference data set
for the purposes of displaying the data in Figs. 2 and 3. In addition, measurements from
Pandora #21 were compared to Pandora #3, because it was the only other instrument
operating at GSFC during August 2011. For consistency, results for #21 are shown in
Figs. 2 and 3 relative to Pandora #19, based on the comparison between Pandoras #19
and #3.

Pandora data were filtered for normalized root-mean square of weighted spectral fitting
residuals (nRMS) less than 0.05, uncertainty in NO2 retrievals less than 0.05 DU, uncer-
tainty in O3 retrievals less than 2 DU, solar zenith angle (SZA) less than 70o, and retrieved
wavelength shift less than 0.01 nm. In addition, for the CCD instruments (all but CMOS
instruments #7 and #9) we only used measurements with filter-wheel positions 3 or 4 for
cloud screening.

Excellent agreement in TCO3 retrievals was found among the different Pandoras during
the inter-comparison at GSFC (Figs. 2a, 3a). Linear regression between each Pandora and
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the reference instrument resulted in strong correlations (in almost all cases correlation
coefficient, R, was better than 0.995) and slopes ranging between 0.98 and 1.02 (Fig. 2a).
Average differences (Davg) in TCO3 were in all cases within ±4.8 DU, or ±1.5 %, except for
Pandora #7 (Fig. 3a). This instrument, located at SERC during the campaign, was the only
instrument that had a consistent negative bias during the intercomparison at GSFC,
underestimating TCO3 on average by 11.2 DU, or 4 %, compared to the other Pandoras.
To correct for this instrumental bias, SERC TCO3 measurements by Pandora #7 were
adjusted by +4 %. Differences between Pandora spectrometers during the intercomparison
at GSFC showed almost no dependence on air mass factor (Fig. 3a).

Very good agreement was also found in TCNO2 retrievals among Pandora instruments
during the inter-comparison at GSFC (Figs. 2b, 3b). Linear regression between each Pandora
and the reference resulted in strong correlations (although NO2 results showed more
scattering compared to TCO3 retrievals) with slopes ranging between 0.92 and 1.2
(Fig. 2b). Absolute average differences in TCNO2 were in all cases less than 0.07 DU, or
20 %, with more Pandoras showing average differences less than 0.02 DU, or 5 %. Pandora
#7 did not show any significant bias in TCNO2 retrievals compared to the other Pandoras
(Davg of just 0.004 DU compared to #19, Fig. 3b). Similar to results for TCO3, differences in
TCNO2 between Pandora spectrometers showed almost no dependence on air mass factor
(Fig. 3b).

3.2 Comparison between Pandora and Aura OMI

To enhance the scientific return of satellite remote sensing and obtain a more complete
picture of the atmosphere, satellite observations should be combined with wide-area, high
spatial and temporal resolution ground-based observations. This is necessary not only for
satellite validation and evaluation of assumptions used in satellite retrievals, but also to
better understand atmospheric dynamics at a higher spatial resolution than is currently
available from satellite observations, and to capture the high temporal (e.g. hourly) variabil-
ity in atmospheric pollutants such as nitrogen oxides associated with local emissions and
photochemical processes.

Ground-based observations of TCNO2 and TCO3 amounts from Pandora were com-
pared with space-based observations from Aura-OMI, to assess the degree of agreement
between these two different remote sensing methods over the Washington DC-
Chesapeake Bay urban estuarine environment (Figs. 4 and 5). For comparisons with
satellite observations, Pandora TCO3 data were averaged over a ±1-hr window around the
OMI overpass time (Tzortziou et al. 2012). Due to the higher temporal variability
typically observed in NO2 relative to O3, Pandora TCNO2 data were averaged over a ±0.5-hr
window around the OMI overpass time. Ground-based measurements were filtered to only
include data with uncertainty in TCO3 <2 DU, uncertainty in TCNO2 <0.05 DU and
normalized RMS of weighted spectral fitting residuals <0.05. OMI data were filtered to
keep only those data where the OMI radiative cloud-fraction was <0.2 (Tzortziou et al.
2012; Reed et al. this issue). No filtering was applied for the OMI Cross Track Position
(CTP) or the distance between the Pandora location and the OMI CTP, since there was
little dependence on these parameters.

Good overall agreement was found between Pandora and OMI retrievals of TCO3 in the
study region (Fig. 4, Table 2), consistent with previous studies over a range of mid- to high-
latitude sites in Europe and the US (Tzortziou et al. 2012). Average TCO3 differences
between ground-based and satellite data at the different sites were in all cases less than 12
DU, or 3.9 % (s.d. < 3.2 %), other than USNAwhere very limited data were available (N=8)
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because Pandora was deployed at this location only after July 15th. Overall, Pandora slightly
underestimated TCO3 relative to OMI. The strongest correlation and best agreement between
satellite and ground-based observations were found at SERC (R=0.97, Davg =2.8 %), Fairhill
(R=0.9, Davg=0.3 %), Old Town (R=0.98, Davg=1.6 %), and Beltsville (R=0.93, Davg=
2.7 %), sites that range from rural to highly urban (Fig. 1).

Average differences between Pandora and OMI TCNO2 retrievals ranged between -0.17
DU and 0.05 DU at the different sites (Fig. 5, Table 3). In most of the cases OMI
underestimated TCNO2. Particularly at GSFC, Old Town, Beltsville and UMCP, among
the most polluted urban sites in the study region, OMI did not detect the high TCNO2

amounts (0.4–1.0 DU) observed locally by the Pandora spectrometers (Fig. 5). Such regional
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peaks in TCNO2 are typically associated with ground-level changes caused by local pollu-
tion. Correlation between satellite and ground-based retrievals was significantly worse for
TCNO2 compared to TCO3 measurements (Table 3). This highlights the considerably
stronger heterogeneity characterizing mostly tropospheric TCNO2 fields, relative to mostly
stratospheric TCO3 amounts.

3.3 Spatial patterns and temporal dynamics in O3 and NO2

TCO3 was fairly homogeneous spatially in the Washington-Baltimore region during July
2011. Differences among the TCO3 values measured by the Pandora network on any given
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day were of the order of ± 10 DU (Fig. 6), or ±3 %. At least half of this difference was due to
real spatial variability in TCO3, based on the results of the instrument intercomparison at
GSFC showing agreement within ± 4.8 DU. The magnitude of this variability over the study
region is consistent with the magnitude of average daily temporal variability observed at
each individual site. Although temporal ozone changes as large as 30–35 DU were observed
over the course of the day in certain cases, the average daily range in TCO3 over the month
of July ranged between 10 and 25 DU at the different Pandora sites. These results are
consistent with previous studies on TCO3 temporal variability measured by Pandora in-
struments at various mid- to high-latitude sites in Europe and the US (Tzortziou et al. 2012).

A large decrease in TCO3 was observed over the whole Washington DC - Chesapeake
Bay region at the beginning of July, with ozone dropping from approximately 350 DU on the
morning of July 1st to 300 DU on July 3rd (Fig. 6). As shown in OMI satellite imagery, this

Table 2 Average differences (Davg) in TCO3, shown in DU and in %, along with standard deviation (std),
correlation coefficients (R), and number of coincident measurements (N) between OMI overpass and Pandora
retrievals (OMI-Pandora) at the different sites of the Pandora network during the campaign

Site Pan # TCO3 Davg (±std) TCO3 %Davg (±std) R N

UMBC 2 12 (±7) 3.9 (±2.5) 0.88 28

GSFC 3 12 (±7) 3.8 (±2.2) 0.88 36

SERC 7 9 (±4) 2.8 (±1.4) 0.97 26

Old Town 9 5 (±3) 1.6 (±1.1) 0.98 31

Fairhill 16 1 (±7) 0.3 (±2.3) 0.90 26

Padonia 17 7 (±10) 2.2 (±3.2) 0.89 27

Edgewood 18 10 (±9) 3.2 (±2.9) 0.84 29

Essex 19 8 (±6) 2.5 (±1.9) 0.80 17

Beltsville 20 8 (±4) 2.7 (±1.5) 0.93 27

UMCP 21 5 (±7) 1.7 (±2.4) 0.64 16

Aldino 23 2 (±6) 0.8 (±1.9) 0.93 26

USNA 25 20 (±5) 6.9 (±1.6) 0.52 8

Table 3 Same as Table 2, for TCNO2

Site Pan # TCNO2 Davg (±std) TCNO2 %Davg (±std) R N

UMBC 2 −0.07 (±0.06) −21.9 (±19.6) 0.44 25

GSFC 3 −0.06 (±0.11) −19.7 (±36.2) 0.12 36

SERC 7 −0.03 (±0.05) −10.7 (±19.0) 0.54 27

Old Town 9 −0.14 (±0.18) −40.4 (±51.7) 0.13 30

Fairhill 16 0.04 (±0.06) 15.7 (±27.4) −0.04 28

Padonia 17 0.02 (±0.06) 8.3 (±23.1) 0.36 20

Edgewood 18 −0.05 (±0.07) −17.7 (±25.0) 0.34 23

Essex 19 −0.03 (±0.10) −9.1 (±34.2) 0.23 15

Beltsville 20 −0.09 (±0.09) −29.5 (±30.1) −0.34 23

UMCP 21 −0.17 (±0.12) −49.2 (±35.1) −0.51 10

Aldino 23 0.00 (±0.07) −1.2 (±24.8) 0.19 23

USNA 25 −0.03 (±0.06) −10.7 (±22.9) 0.31 9
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sharp change in TCO3 was due to the passage of a front transporting air masses with total
column ozone amount of 350–375 DU over the campaign region during June 29th to July 1st
(Fig. 7). Consistent with Pandora observations, OMI TCO3 over the region dropped to 300–
325 DU on July 3rd and July 4th. Pandora TCO3 did not show large temporal variability
from day to day during the rest of the campaign, with values remaining in the range of 290–
310 DU. Interestingly, a clear weekly TCO3 pattern of approximately 10 DU was observed
at most Pandora sites, with a minimum consistently observed on Sundays (Fig. 6). The
Sunday minimum could be due to chance weekly weather patterns affecting mainly upper
tropospheric and stratospheric ozone amounts, as this weekly pattern was observed across
the whole region, at both rural and urban sites, and it was also detected to a certain degree by
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Fig. 6 Observed spatial and temporal variability in TCO3 (in DU) as observed by the Pandora network
(circles) during the campaign. Different Pandora sites are shown with different color. OMI overpass data for
Fairhill, UMBC and Beltsville is also shown (squares). Measurements during Sundays (3, 10, 17, 24 and 31
July 2011) are indicated by the shaded area

Fig. 7 Aura-OMI TCO3 (DU) over the Eastern U.S. during June 29th and July 4th, 2011.The OMI images
reveal the passage of a front moving from North to South and transporting air masses with higher TCO3, in the
range of 350 to 375 DU, over the Washington DC - Chesapeake Bay area on June 30th and July 1st. On July
2nd, TCO3 over the area dropped to 325–350 DU, decreasing to 300–325 DU on July 3rd and July 4th. These
OMI TCO3 maps (OMI/Aura TOMS-like ozone product) were produced with the Giovanni online data
system, developed and maintained by the NASA GES DISC
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OMI (square symbols in Fig. 6). Air-quality model analysis and observed variability in NO2,
discussed in detail below, suggest that decreases in ground-level ozone amounts due to lower
NOx emissions over the weekend could also be partly responsible for the observed weekly
pattern in TCO3.

TCNO2 varied by an order of magnitude, from 0.1 to 1 DU, both spatially over the study
region and temporally (Figs. 5 and 8). The magnitude of this variability is significantly larger
than the range of differences in TCNO2 observed by the different Pandoras during the inter-
comparison at GSFC (|Davg| < 0.07 DU, std <0.07 DU; Fig. 3b), suggesting that the spatial
NO2 patterns observed during the campaign were real. According to the Pandora measure-
ments, NO2 at the more rural sites of the Pandora network (i.e. SERC, Fairhill and Padonia)
was typically less than 0.4 DU and did not show significant temporal variability (Fig. 8a). In
areas closer to highly polluted urban centers (i.e. GSFC, Beltsville and UMCP off the
Washington-DC beltway, and Old Town and UMBC near Baltimore), TCNO2 reached
values as high as 1 DU (Fig. 8c). Although OMI was consistent with Pandora at low
TCNO2 amounts, it failed to detect TCNO2 values higher than 0.4 DU often observed by
Pandora during the satellite overpass time in areas characterized by higher pollution (Fig. 5).

At the urban sites, TCNO2 showed a weekly cycle, with minimum values consistently
observed over the weekend and maxima observed in the middle of the week (Fig. 8c). Such a
behavior in TCNO2 with respect to day of the week has been previously reported for the
GSFC site, based on Pandora measurements over a period of more than 2 years (October
2006 to December 2008) (Herman et al. 2009). What our new measurements revealed is that
there was a well defined weekly pattern in TCNO2 at the urban sites during the DISCOVER-AQ
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campaign. The weekly pattern was significantly reduced at suburban sites typically characterized
by lower traffic, Edgewood, Essex, Aldino and USNA (Fig. 8b), and it was absent in the
relatively rural areas of SERC, Fairhill and Padonia (Fig. 8a).

Diurnal patterns in TCNO2 were highly variable among stations, and also dependent on
the day of the week (Fig. 9). In rural areas, TCNO2 typically varied by less than a factor of 2
at each site without showing any consistent diurnal patterns. At the urban sites, though, and
particularly at GSFC, Beltsville and Old Town, strong diurnal patterns were observed on
most weekdays, with maxima in TCNO2 typically occurring early in the morning and a
second peak often observed later in the afternoon associated with rush-hour emissions. Peak
TCNO2 often reached 1 DU, five to ten times higher than background levels. A typical case
is shown in Fig. 9 (blue solid circles), for Thursday July 21st. Observed diurnal patterns in
NO2 were considerably different over the weekend (Fig. 9, red open squares), when TCNO2

amounts remained below 0.5 DU at both urban and rural sites, with no strong diurnal
variability observed.

An analysis of TCNO2 diurnal and day of the week dependence from an air quality
model simulation agrees with the Pandora analysis (Fig. 10). The Environmental
Protection Agency’s (EPA) Community Multiscale Air Quality (CMAQ; Byun and
Schere 2006) was run with a horizontal resolution down to 1.33 km for the entire
DISCOVER-AQ field campaign. The CMAQ simulations were driven by meteorological
fields from a Weather Research and Forecasting (WRF; Skamarock et al. 2008) model
and included anthropogenic, biogenic, and lightning emissions (Loughner et al. 2013).
Surface to 250 hPa NO2 columns, averaged by day of the week from July 4 to July 31
during morning rush-hour conditions (1400–1500 UTC), reveal peak NO2 values over urban
areas on weekdays and the lowest values on weekends (Fig. 10a). During the OMI overpass
time (1800–1900 UTC), however, lower NO2 is predicted by CMAQover the whole region and
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the weekly behavior and spatial heterogeneity in NO2 are considerably reduced (Fig. 10b),
consistent with Pandora observations.

A similar model analysis was performed for tropospheric ozone, to get some insights
into the weekly cycle in TCO3 observed by Pandora with minima on Sundays.
Tropospheric O3 formation is dependent on air pollution emissions and meteorology. To
isolate the role of the day of the week dependence of emissions on tropospheric O3

column, the CMAQ model was re-run for the weekend of 16–17 July 2011 using emissions
appropriate for Wednesday, 13 July. Changing the emissions had little impact on model
calculated O3 column for Saturday, with the weekday emissions model run simulating
surface to 500 hPa O3 column at 1800 UTC to range from 0.7 DU lower to 0.9 DU higher
than the weekend emissions model run. However, significant differences between the two
CMAQ runs (weekday versus weekend emissions) were obtained for Sunday. The model

Fig. 10 Weekly behavior in NO2 (surface to 250 hPa) as predicted by CMAQ. Daily averages during 4–31
July 2011 are shown here for: (a) 1400–1500 UTC, when maximum values in TCNO2 typically occur at
highly polluted urban sites, associated with morning rush-hour emissions; and (b) 1800–1900 UTC, during
OMI overpass time, when spatial and day-to-day variability in TCNO2 are considerably reduced
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run with weekday emissions simulated higher surface to 500 hPa O3 columns for Sunday
at 1800 UTC, with maximum differences up to 1.9 DU in Baltimore, MD (Fig. 11). The
weekday/weekend effect of emissions changes on tropospheric O3 was evident in the
model simulations for Sunday due to adequate time being elapsed since Friday allowing
1) air pollution differences from local emissions to buildup throughout the weekend due to

Fig. 11 CMAQ simulated surface
to 500 hPa ozone column on Sun-
day, 17 July 2011 at 1800–1900
UTC using: (a) emissions appro-
priate for each day of the week
(i.e., Sunday emissions), and
(b) emissions appropriate for
Wednesday, 13 July 2011. Differ-
ences between the two CMAQ runs
are shown in c), and illustrate the
weekday/weekend effect of emis-
sions changes on tropospheric O3
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stagnation and 2) differences in air pollution emissions emitted 1 day upwind to be present
over the Washington-Baltimore urban corridor.

4 Summary

Coastal areas close to heavily polluted urban centers are typically characterized by strong
variability in atmospheric composition of trace gases. Continuous, high-resolution and high-
precision measurements from a new network of twelve Pandora spectrometers deployed at
strategic locations in the Washington DC- Chesapeake Bay region during the DISCOVER-
AQ and CBODAQ field campaigns, captured the spatial and temporal dynamics in atmo-
spheric O3 and NO2 over this major urban estuarine ecosystem. Measurements revealed
strong spatial gradients and temporal patterns in trace gas amounts associated with human
activities and local near-surface emissions of pollutants, larger scale meteorological in-
fluences, and interdependencies of ozone and its major precursor, NO2.

Captured by both Pandora and satellite OMI observations, sharp gradients in TCO3 by 50
DU at the beginning of the campaign were due to large scale meteorological processes
transporting air masses with higher ozone content over the northeastern US coast. A clear
weekly cycle in TCO3 of about 10 DU and minimum values on Sundays were most likely
due to weekly weather systems affecting mainly upper tropospheric and stratospheric ozone
amounts. Decreases in ground-level ozone due to lower NOx emissions over the weekend
could also be partly responsible for the observed weekly pattern in TCO3. A modeling
sensitivity experiment isolating the impact of weekday/weekend emissions from the vari-
ability of the weather for one weekend in July revealed that a change in emissions from
weekday to weekend caused surface to 500 hPa O3 column to decrease up to ~2 DU.
Although quite constant at rural sites, and typically less than 0.4 DU, TCNO2 varied by as
much as an order of magnitude in areas closer to highly polluted urban centers. In these
regions, TCNO2 showed a well defined weekly behavior and strong diurnal patterns
associated with human activities and rush-hour peaks in near-surface NOx emissions.
These observed patterns in NO2 were consistent with high-resolution air-quality model
simulations using CMAQ.

With a footprint of approximately 12 km × 24 km at nadir and less sensitive to NO2

concentrations near the surface where NOx is emitted, OMI does not typically capture the
strong spatial and temporal variability in NO2 observed by the Pandora network and
predicted by CMAQ. On a sun-synchronous polar orbit and with an overpass at around
13:30 local time, OMI misses the morning and late afternoon rush-hour peaks in TCNO2

observed over urban areas on most weekdays, providing a satellite image of TCNO2 under
relatively low near-surface emission conditions. The results suggest that high resolution,
long-term measurements from a network of ground based Pandora spectrometers can
provide key information for improving understanding of atmospheric composition and
dynamics over urban estuarine ecosystems, evaluating photochemical air-quality models,
enhancing predictive modeling capabilities and assessing how future changes and manage-
ment practices will affect ozone and its major precursors, climate, and air quality.
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