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Abstract Urban nearshore regions are characterized by strong variability in atmospheric composition,
associated with anthropogenic emissions and meteorological processes that influence the circulation and
accumulation of atmospheric pollutants at the land-water interface. If not adequately corrected in satellite
retrievals of ocean color, this atmospheric variability can impose a false impression of diurnal and seasonal
changes in nearshore water quality and biogeochemical processes. Consideration of these errors is impor-
tant for measurements from polar orbiting ocean color sensors but becomes critical for geostationary satel-
lite missions having the capability for higher frequency and higher spatial resolution observations of coastal
ocean dynamics. We examined variability in atmospheric NO2 over urban nearshore environments in the
Eastern US, Europe, and Korea, using a new network of ground-based Pandora spectrometers and Aura-OMI
satellite observations. Our measurements in the US and in Europe revealed clear diurnal and day-of-the-
week patterns in total column NO2 (TCNO2), temporal changes as large as 0.8 DU within 4 h, and spatial var-
iability as large as 0.7 DU within an area often covered by just a single OMI pixel. TCNO2 gradients were con-
siderably stronger over the coastal cities of Korea. 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. Observations were combined with air quality model simulations and radiative transfer calcu-
lations to estimate the impact of atmospheric NO2 variability on satellite retrievals of coastal ocean remote
sensing reflectance and biogeochemical variables (i.e., chlorophyll and CDOM).

1. Introduction

Among the major challenges in accurate retrievals of coastal ocean optical properties and biogeochemical
processes from space is detecting the small contribution of water-leaving radiances to the total radiance at
the top of the atmosphere (TOA). The ocean contribution to the total TOA signal measured in the blue part
of the spectrum by a satellite ocean color (OC) sensor is typically <10% in open ocean waters, but can be
<1% in optically complex coastal and estuarine environments with large concentrations of strongly absorb-
ing particles and aromatic dissolved organic compounds [IOCCG, 2010]. To interpret the small signal from
the ocean, an accurate atmospheric correction must be derived using radiative transfer models to subtract
atmospheric Rayleigh scattering, aerosol attenuation, ozone absorption, and other atmospheric absorbers
[Gordon and Voss, 1999].

An added complication for nearshore waters close to heavily polluted urban centers is the strong temporal
variability and spatial gradients in atmospheric absorbing aerosols and trace gases, associated with anthro-
pogenic activities from industrial emissions, motor vehicles, construction, and power generation. Sea-
breeze and land-breeze circulations largely affect advection, recirculation, and accumulation of atmospheric
pollutants at the land-water interface, leading to buildup of emissions and aggravation of air pollution along
the shoreline [Kallos et al., 1993; Tie et al., 2009; Kanakidou et al., 2011; von Glasow et al., 2013]. Models have
shown that strong, prolonged sea or bay-breeze events can transport a large amount of urban air pollution
out of the planetary boundary layer and into the free troposphere where pollutants have longer lifetime
and are susceptible to long-range transport offshore and over adjacent ocean environments [Loughner
et al., 2014]. For improperly or partially corrected satellite observations, such variability in atmospheric com-
position can cause a false retrieval of variability in nearshore water optical and biogeochemical properties
[Fishman et al., 2012].
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The impact of aerosols on satellite retrievals of inland and coastal water bio-optical properties has been
studied extensively during the last decades. Several correction algorithms have been proposed and incor-
porated into the processing of satellite ocean color imagery [e.g., Gordon and Wang, 1994; Siegel et al., 2000;
Ruddick et al., 2000; Stumpf et al., 2003; IOCCG, 2010; Wang et al., 2012]. Retrievals of underwater properties
are usually limited to scenes with low aerosol amounts by flagging/masking ocean color pixels under high
aerosol optical thickness conditions [Gordon and Wang, 1994]. Still, this leaves uncorrected ocean color
scenes affected by absorbing trace gases.

With an absorption signature that extends from the UV (270 nm) to the near-IR (�770 nm) and peaks near
410 nm [Harder et al., 1997; Vandaele, 1998], nitrogen dioxide (NO2) is a key absorbing trace gas that affects
the TOA signal measured by an OC satellite sensor at wavelengths traditionally used for chlorophyll-a (Chla)
and colored dissolved organic matter (CDOM) retrievals [e.g., O’Reilly et al., 2000; Carder et al., 2003; Mannino
et al., 2008; Le and Hu, 2013]. Biomass burning, lightning, aviation, soil microbial production, fossil fuel com-
bustion from motor vehicles, industrial activities, and currently unregulated ship emissions are major sour-
ces of nitrogen oxides (NOx) in nearshore regions [e.g., Lee et al., 1997; Davis et al., 2001; Endresen et al.,
2003; Richter et al., 2004; Franke et al., 2009]. NOx pollution and its partial conversion to NO2 remains a seri-
ous problem in many coastal cities worldwide, both in industrialized and, particularly, in developing econo-
mies where rapid coastal urbanization is presently occurring [e.g., Martineli et al., 2006; Pineda Rojas and
Venegas, 2009; Gu et al., 2011]. Yet the impact of atmospheric NO2 absorption on retrievals of inland, estua-
rine, and coastal water remote sensing reflectance and biogeochemical variables has been, until recently,
largely ignored [Ahmad et al., 2007; Herman et al., 2009; Tzortziou et al., 2013].

Measurements of NO2 from both ground and space-based instruments have highlighted 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]. Sat-
ellite measurements with GOME-1 (Global Ozone 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 of NO2 and its seasonal patterns. Com-
parisons 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.,
Richter et al., 2005; Boersma et al., 2008]. Much higher frequency measurements from networks of ground-
based instruments, such as the Pandora spectrometer systems (approximately once per minute) [Herman
et al., 2009], have provided the capability to capture the strong temporal and spatial variability typically
characterizing atmospheric composition in polluted urban areas [Tzortziou et al., 2012, 2013; Reed et al.,
2013]. Frequently, TCNO2 changes exceed 0.5 DU over a period of an hour, and 1 DU over a period of less
than 3 h [Herman and Tzortziou, 2011; Herman et al., 2009].

Transport of air masses with such variable NO2 amounts over coastal areas will have a large influence on
satellite estimates of coastal ocean remote sensing reflectance in the UV-green spectral region (350–
550 nm), affecting retrievals of other ocean color products. Previous radiative transfer calculations [Ahmad
et al., 2007] showed that a change in NO2 by 0.37 DU (51016 molecules/cm2) decreases the TOA reflectance
in the blue channels of OC sensors such as SeaWiFS (Sea-viewing Wide Field-of-view Sensor) and MODIS
(Moderate-resolution Imaging Spectroradiometer) by approximately 0.6–0.9%, depending, among other fac-
tors, on the NO2 vertical distribution. A change of this magnitude in the TOA reflectance in the blue spectral
region translates into approximately a 10% error in ocean remote sensing reflectance, Rrs, for clear waters
and larger errors (>20%) in coastal areas [Ahmad et al., 2007]. Ahmad et al. [2007] showed that incorpora-
tion of an NO2 atmospheric correction in the processing of almost aerosol-clear (low AOT) MODIS ocean
color imagery over the Eastern US coast resulted in higher nLw values over high NO2 concentration areas
and in a significant decrease in the frequency of negative nLw estimates.

Based on this initial work, partial NO2 corrections were added in the most recent reprocessing of NASA sat-
ellite ocean color data, using a monthly NO2 climatology derived from GOME, SCIAMACHY, and OMI [Robin-
son et al., 2007]. However, among the main issues of using these satellite data for atmospheric correction of
ocean color is their much coarser spatial resolution relative to satellite ocean color observations (i.e., 12 km
3 24 km at nadir view for OMI, and even coarser for GOME and SCIAMACHY, relative to 1 km 3 1 km at
nadir for MODIS). Use of monthly climatology does not account for the high NO2 temporal (weekly, diurnal,
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and hourly) variability reported for urban coastal areas [Tzortziou et al., 2013], or even properly account for
seasonal affects [Cede et al., 2006]. Even daily OMI images fail to capture weekly and diurnal patterns and
peaks in NO2 associated with human activities in coastal urban areas [Tzortziou et al., 2013]. Consideration
of these error sources is important for measurements from the current generation of polar orbiting OC satel-
lite sensors, but becomes critical for recently launched and future geostationary satellite missions that aim
at providing higher frequency observations of ocean dynamics and diurnal variability.

Global constellations of geostationary atmospheric chemistry and coastal ocean color sensors are a possibil-
ity by 2020 [Fishman et al., 2012]. The Korea Aerospace Research Institute (KARI) recently launched the Geo-
stationary Ocean Color Imager (GOCI) with follow-on plans for a GOCI-II launch in 2018. The Geostationary
for Coastal and Air Pollution Events (GEO-CAPE) mission is one of NASA’s Decadal Survey missions recom-
mended for launch by the U.S. National Research Council (NRC) [Fishman et al., 2012]. There is interest by
European and Indian space agencies to launch geostationary OC sensors in the 2020 time frame as well
[IOCCG, 2012]. The requirement for high spatial and temporal resolution observations associated with the
science objectives of these missions (e.g., 250–500 m at nadir, and 1 h refresh rate for GOCI and GOCI-II)
provides a unique capability for detecting, monitoring, and eventually improving prediction of small scale
and short-term coastal ocean processes and dynamics. However, temporally resolved ocean color observa-
tions may require nearly coincident satellite retrievals of absorbing atmospheric constituents, such as NO2,
to avoid aliasing atmospheric absorption variability for changes in ocean composition.

Here we present new measurements of coastal NO2 variability from Pandora and Aura-OMI along the Ches-
apeake Bay estuarine shoreline in the Eastern US, in Helsinki on the shore of the Gulf of Finland in the Baltic
Sea, and in the Korean coastal megacities of Seoul and Busan along the Yellow and East Seas. These meas-
urements illustrate the strong NO2 temporal and spatial gradients typically observed in moderately to
highly polluted coastal urban areas in both developed and developing countries. We estimate the impact of
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Figure 1. Total column NO2 amounts measured by Pandora (circles) and Aura-OMI (squares) at five sites in the Washington/Baltimore
urban area and along the Chesapeake shore: (a) Fairhill, (b) Essex, (c) Old Town (d) UMCP and (e) SERC, during a typical, relatively low pollu-
tion summer weekday on 18 July 2011. A map with the location of all Pandora sites in this region is provided in Figure 1f.
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NO2 absorption on the TOA signal and subsequent errors in ocean Rrs caused by not accounting appropri-
ately for NO2 variability during ocean color atmospheric correction. We focus on the problems associated
with geostationary measurements, since the main purpose of geostationary satellite ocean color observa-
tions is resolving and understanding temporal variability in ocean processes. The implications of using cur-
rently available satellite NO2 data (e.g., OMI) in atmospheric correction retrievals for polar orbiting OC
sensors are also discussed. Errors in satellite-retrieved in-water biogeochemical variables, resulting from
errors in Rrs, are calculated based on OC algorithms used for standard Chla products and peer-reviewed
published retrievals for CDOM.

2. Methods

2.1. Study Sites
2.1.1. Chesapeake Bay Estuarine Environment
To characterize spatial and temporal variability of total column NO2 amounts near urban pollution sources
and estuarine environments, we deployed a network of Pandora spectrometers systems at key locations
within the broader Washington/Baltimore urban area and along the western shoreline of the Chesapeake
Bay (Figure 1f) [Tzortziou et al., 2013]. Emissions associated with transportation, natural sources (e.g., soils),
and transport of background pollution from upwind locations all play an important role in causing poor air
quality over this region. Meteorological processes along the Chesapeake Bay land-sea interface and meso-
scale phenomena, such as bay-breeze circulations, additionally impact transport and transformation of
atmospheric pollutants both over land and over the estuary [Loughner et al., 2011, 2014]. The sites of the
Pandora network are characterized by varying levels of pollution and anthropogenic influences, ranging
from rural (SERC-Smithsonian Environmental Research Center, Fairhill, and Padonia sites), to suburban
(Edgewood, Essex, Aldino, and USNA-US Naval Academy), to urban (UMBC-University of Maryland Baltimore
County, GSFC-Goddard Space flight Center, Old Town in Baltimore, Beltsville, and UMCP-University of Mary-
land College Park) (Figure 2). Among these sites, the longest time series is available for GSFC, a moderately
polluted site in Greenbelt, MD, with long-term and ongoing monitoring of atmospheric composition from
various instruments including CIMEL sun-photometers, a modified Mark III Brewer double monochromator
(#171), Pandora instruments, and shadow-band spectrometers [Holben et al., 1998; Krotkov et al., 2005; Cede
et al., 2006; Herman et al., 2009; Tzortziou et al., 2012, 2013]. Measurements of total column NO2 have been
performed on the roof of a building (88 m a.s.l) at GSFC since 2006 using both Brewer (#171) and Pandora
instruments. The site is located close to two major highway systems that are strong sources of NOx
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Figure 2. Spatial and temporal variability in TCNO2 (in DU) as observed by the Pandora network over the Washington DC/Chesapeake Bay
area during the Discover-AQ campaign. Different Pandora sites are shown with different color (solid circles) and are grouped from (top)
rural to (bottom) suburban-urban. OMI overpass TCNO2 retrievals are also shown (squares). Measurements on Sundays are indicated by
the shaded area.
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emissions resulting in strong spatial inhomogeneity and rapid changes in local tropospheric composition
[Herman et al., 2009; Tzortziou et al., 2012].

Detailed Pandora measurements were performed at strategic locations within the Chesapeake Bay urban
air-shed during July–August 2011, as part of two simultaneous NASA field campaigns in the region: the
DISCOVER-AQ (Deriving Information on Surface Conditions from Column and Vertically Resolved Observa-
tions Relevant to Air Quality) and the GeoCAPE-CBODAQ (Geostationary Coastal and Air Pollution Events-
Chesapeake Bay Oceanographic Campaign with DISCOVER-AQ) field campaigns [Tzortziou et al., 2013].
Among the major objectives of these campaigns was to collect detailed field (ground-based, shipboard,
and airborne) observations to improve interpretation of satellite atmospheric and ocean color observations
and enhance remote sensing retrievals of coastal air quality and ocean biogeochemical processes [Crawford
and Pickering, 2011; Tzortziou et al., 2013]. An intercomparison campaign for 11 Pandoras was performed at
the GSFC site at the end of the DISCOVER-AQ and CBODAQ campaigns, to determine instrument perform-
ance characteristics under the same conditions and detect any consistent instrument offsets. Detailed
results from the intercomparison are provided in Tzortziou et al. [2013]. Briefly, intercalibration results
showed excellent agreement among the different Pandora spectrometers after the campaigns were com-
pleted. Absolute average differences in TCNO2 had almost zero air-mass-factor dependence and were in all
cases less than 0.07 DU, with most Pandoras showing average differences less than 0.02 DU (or 5%). These
results suggest that the spatial variability in NO2 measured by the different Pandora instruments in the Balti-
more/Washington area and Chesapeake Bay estuary during the 2011 campaign was real and not due to
instrument offsets [Tzortziou et al., 2013].

2.1.2. Helsinki, Finland
In September 2011, Pandora system #21 was deployed in Helsinki, Finland (Lat 5 60.204�N, Long-
5 24.961�E) (Figure 3f) and has been taking measurements at this coastal location since then as part of a
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Figure 3. Diurnal variability in total column NO2 amounts measured by Pandora (#21) (circles) and Aura-OMI (squares) in Helsinki, Finland
on (a) 9 October 2011, (b) 9 November 2011, (c) 28 April 2012, (d) 23 May 2012, and (e) 8 June 2012. A map with the location of the Pan-
dora site is provided in Figure 3f.
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larger effort focusing on measurements of atmospheric trace gas (NO2, O3, HCHO, and BrO) dynamics in
high-latitude environments. The instrument is located on top of the Finnish Meteorological Institute (FMI),
in an area of moderate automobile traffic with frequently maritime and occasionally polluted air masses.
Instrument performance and retrievals of total column ozone (TCO3) have been previously discussed for
this site, and other mid to high-latitude sites in Europe and in the US, in Tzortziou et al. [2012]. Pandora and
Aura-OMI TCO3 retrievals were found to be in very good agreement, with average residuals of <1%, when
the OMI cross track position was at a distance of less than 50 km from the Pandora location and OMI-
measured cloud fraction was less than 0.2. Tzortziou et al. [2012] reported relatively low total column ozone
diurnal variation in Helsinki, compared to other mid to high-latitude sites, with observed amplitude in TCO3

diurnal variation having an average value of 12 DU (or, 4–5%) and a maximum of 33 DU.

2.1.3. Korean Coastal Megacities
To examine trace gas variability in coastal urban areas in developing countries that suffer by increasing
anthropogenic pollution, two Pandora spectrometers were deployed in Seoul and Busan in South Korea in
March 2012 (Figure 5f). Data discussed in this paper cover the period from March 2012 to March 2013 (Fig-
ure 6). Seoul (37.017�N, 126.967�E) is the capital and largest metropolis of South Korea, a megacity with a
population of over 10 million. The city is located almost 20 km inland from the Yellow (or East China) Sea.
The coastal city of Busan (35.083�N, 129.000�E) is South Korea’s largest port and second largest metropolis
after Seoul, with a population of around 3.6 million. Busan is located on the southeastern-most tip of the
Korean peninsula, along the coast of the East Sea (Figure 5f). Both cities are characterized by high levels of
air pollution and NOx emissions, associated with increased urbanization and industrialization, as well as
trans-boundary pollution from other highly polluted urban centers in East Asia, including Tokyo, Shanghai,
and Beijing [e.g., Pandey et al., 2008; Guttikunda et al., 2005].

2.2. Measurements of Total Column NO2

2.2.1. Pandora Retrievals
A detailed description of the Pandora instrument technical characteristics is provided in Herman et al.
[2009] and in Tzortziou et al. [2012, 2013]. Briefly, the Pandora spectrometer system (280–525 nm) consists
of an optical head sensor, mounted on a computer controlled sun-tracker and sky-scanner (�0.01� pointing
precision) and connected to an Avantes array spectrometer by means of a 400 micron core-diameter single
strand multimode optical fiber. To achieve wavelength and radiometric calibration stability, the spectrome-
ter is temperature stabilized inside an insulated enclosure using an actively coupled thermo-electric cooler
and heater. Pandora has a spectral resolution of 0.6 nm and a field of view (FOV) of about 1.6� full width
half maximum (FWHM). Wavelength calibration and slit functions are determined from lamp emission lines
(Hg, Cd, Cu, In, Mg, and Zn). Wavelength stability is validated during field use by an analysis of the solar
Fraunhofer line structures. Here we analyze TCNO2 amounts derived from Pandora spectrometers operated
in direct-sun viewing mode. The spectral fitting algorithm uses laboratory measured absorption cross sec-
tions for each atmospheric absorber, a fourth-order polynomial in wavelength to remove aerosols and Ray-
leigh 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 com-
pared to a solar reference spectrum containing the solar Fraunhofer line structure [Herman et al., 2009;
Tzortziou et al., 2013].

Pandora’s direct-sun TCNO2 includes both the troposphere and the stratosphere, with a stratospheric contri-
bution of typically 0.1–0.2 DU. The TCNO2 retrieval uses laboratory NO2 absorption cross sections [Vandaele
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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]. The modern CCD version of the Pandora has a precision
of about 0.01 DU in clear skies from averaging about 4000 measurements in a 20 s interval, where the expo-
sure time is adjusted to fill the CCD wells to about 80%. In the presence of clouds the exposure time
increases so that fewer measurements are averaged per 20 s, which reduces the precision.

0

1

2

3

4

5
Pandora
OMI

Time (Year:Month)

0

1

2

3

4

5 Pandora
OMI

 2012:M                 A                 M                J                 J                  A                 S                O                 N                 D       2013:J                 F                 M                A                   

 2012:M                 A                 M                J                 J                  A                 S                O                 N                 D       2013:J                 F                 M                A                   

Busan

TC
N

O
2 (

D
U

)

Seoul

Figure 6. NO2 variability over (top) Seoul and (bottom) Busan since March 2012 when Pandora spectrometers were deployed at these
locations. OMI overpass TCNO2 retrievals are also shown (squares).

8 10 12 14 16 18 20
0.0
0.4
0.8
1.2
1.6
2.0
2.4
2.8

To
ta

l C
ol

um
n 

N
O

2 
(D

U
)

8 10 12 14 16 18 20

0.4
0.8
1.2
1.6
2.0
2.4
2.8 Busan

03/28/12

Seoul
03/27/12

Seoul
03/26/12

Busan
03/20/12

Busan
03/15/12

Time (local)

8 10 12 14 16 18 20

0.4
0.8
1.2
1.6
2.0
2.4
2.8 Pandora

OMI

8 10 12 14 16 18 20

0.4
0.8
1.2
1.6
2.0
2.4
2.8

8 10 12 14 16 18 20

0.4
0.8
1.2
1.6
2.0
2.4
2.8

A

B

C D                       E
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2.2.2. OMI Retrievals
The Ozone Monitoring Instrument (OMI), launched on NASA’s Earth Observing System (EOS) AURA satellite
on 15 July 2004, has been collecting data since 9 August 2004 [Levelt et al., 2006; Boersma et al., 2007]. Aura
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 1 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 57� 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.

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, reflected by Rayleigh scattering and the earth’s surface
back toward the satellite), the total vertical column NO2, and the estimated tropospheric portion of the total
column NO2. Uncertainties in magnitude of the air mass factor, NO2 profile shape, and surface reflectivity
are major sources of error. 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
convoluted 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 and OMI NO2 Algorithm Team, 2012].

Pandora results are compared here with OMI TCNO2 station overpass data (http://avdc.gsfc.nasa.gov/index.
php?site51593048672&id528). OMI station overpass data files provide the nearest OMI measurement in an
OMI track (orbit), if it is closer than 100 km, to the ground station. 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.

2.3. Radiative Transfer Calculations
Radiative transfer simulations were performed using two radiative transfer programs originally developed,
respectively, by Ahmad and Fraser [1982] and Mobley [1988, 1994]. We have linked the two codes, so that
output from one code is provided as input to the other for a more complete and accurate description of
the ocean-atmosphere system.

The HydroLight underwater radiative transfer numerical model [Mobley, 1988] was used to estimate water-
leaving radiances, Lw(k), and remote sensing reflectance spectra, Rrs(k), following the approach in Tzortziou et al.
[2006]. Model runs were performed for water properties typical of optically complex nearshore waters, based on
bio-optical measurements performed in the Chesapeake Bay estuarine waters during September 2001 [Tzortziou
et al., 2007]. More specifically, Hydrolight calculations were performed for average Chla concentration of 23 mg
m23, total suspended solids concentration of 20 mg m23, and average CDOM absorption of 2.1 m21 at 300 nm.

The Ahmad-Fraser (AF) code was used to compute the upwelling and downwelling radiances at the top and bot-
tom of the atmosphere using the vector formulation (Stokes parameters) of the radiative transfer equation. The
AF code can simulate radiances from ultraviolet (�300 nm) to short-wave IR (�3.0 lm) for any realistic model of
atmosphere consisting of standard gas (air), aerosols (both absorbing and nonabsorbing), and trace gases (e.g.,
ozone and NO2). These simulations were performed using a flat ocean surface. Among other quantities, the
Hydrolight code provided estimates of Rrs(k) just above the ocean surface. The AF code has the capability to
accept any spectrum of Rrs(k) and compute the TOA reflectance, qTOA(k), for any atmospheric condition over a
flat or a rough ocean. We used this capability to simulate the TOA reflectance for variable NO2 total column
amounts and vertical distribution. In these simulations, Lw was assumed to be isotropic above the ocean surface.

We used the Vandaele et al. [1998] values of NO2 absorption cross section and calculated the band-average
values of NO2 and Rayleigh scattering optical thickness for the MODIS visible and near-IR bands for our
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radiative transfer calculations, following the approach described in more detail in Ahmad et al. [2007].
Ahmad et al. [2007] showed that the relative decrease in the TOA reflectance ratio due to atmospheric NO2

absorption is practically independent of the exact aerosol amount in the atmosphere. Here radiative transfer
calculations were performed assuming no aerosol amount in the atmosphere. Radiative transfer calculations
were performed for solar zenith angles (SZA) 1.5� , 18�, 30�, 42� , and 60�, varying azimuth angles depending
on geometry, and look angles of 36�, 42�, and 48�.

Previous work has shown that the effect of NO2 on the TOA reflectance depends on the NO2 vertical distri-
bution, with the TOA reflectance being less sensitive to increases in NO2 near the bottom boundary of the
atmosphere [Ahmad et al., 2007]. In the absence of measurements, air quality models can be used to predict
the vertical distribution of NO2. Radiative transfer calculations are presented here assuming homogeneous
NO2 vertical distribution within the first 2 km from the ground. As discussed in section 2.4, air quality model
simulations suggest that anthropogenic NO2 is primarily located within the first 2 km in the atmosphere
over the Chesapeake Bay during the summertime. To show the sensitivity of TOA reflectance (and thus also
error in Rrs(k)) to NO2 vertical profile, we also performed radiative transfer calculations for NO2 homogene-
ously distributed within the first 3 km from the ground.

2.4. Air Quality Model Simulations
We used high-resolution air quality model simulations to suggest realistic cases of trace gas vertical distribu-
tion over an estuarine environment, such as the Chesapeake Bay. The Community Multiscale Air Quality
(CMAQ) [Byun and Schere, 2006] model was run spanning the entire DISCOVER-AQ and GeoCAPE-CBODAQ
field campaigns. This model simulates anthropogenic and biogenic emissions, deposition, chemical conver-
sion, and advective, convective, and turbulent chemical transport. CMAQ is driven by meteorological model
output from the Weather Research and Forecasting (WRF) [Skamarock et al., 2008] model. Anthropogenic
and biomass burning emissions are fed into the model. Biogenic emissions are calculated within the CMAQ
model based on land use and meteorological conditions. Lightning emissions are calculated in CMAQ based
on convective precipitation as computed by WRF. Deposition is calculated in the model and is based on
land use, meteorology, and how effective each pollutant is at sticking to a particular surface once it comes
into contact with the surface. Air pollutants can be converted to other species through photolysis, gas-
phase chemistry, aqueous chemistry, or aerosol formation/transformation processes. Horizontal and vertical
pollutant transport is driven by the meteorology ingested into the model and diffusion schemes in the
CMAQ model. Meteorological initial and boundary conditions for the WRF simulation came from the North
American Regional Reanalysis (NARR) and chemical initial and boundary conditions for the CMAQ simula-
tion came from the MOZART Chemical Transport Model. Additional details on how the models were set up
for this simulation are found in Loughner et al. [2014], Goldberg et al. [2014], and He et al. [2014].

3. Results and Discussion

3.1. Measured Variability in NO2 in Coastal Areas
Continuous, high temporal resolution and high-precision Pandora measurements in coastal areas near pol-
luted urban centers revealed strong temporal and spatial gradients in TCNO2 not possible to capture by
Aura-OMI alone. Ground-based observations and satellite overpass retrievals are discussed in detail below
for the Chesapeake Bay estuarine environment, Helsinki on the shore of the Gulf of Finland in the Baltic Sea,
and the Korean coastal megacities of Seoul and Busan along the Yellow and East Seas.

3.1.1. Chesapeake Bay Estuarine Environment
Over the Eastern US Washington DC-Chesapeake Bay estuarine environment, TCNO2 varied by an order of
magnitude, from 0.1 DU to 1 DU, both spatially and temporally during the DISCOVER-AQ and CBODAQ cam-
paigns (Figures 1 and 2). Temporal variability as large as 0.5–0.8 DU within 2–4 h was measured at urban
and suburban sites along the Chesapeake Bay shoreline (e.g., Essex, Old-Town, and UMCP; Figure 1). Close
to urban areas, TCNO2 showed a well-defined weekly behavior, with maxima observed in the middle of the
week and minimum values consistently observed over the weekend, particularly on Sundays (Figure 2, bot-
tom). This weekly pattern was absent in relatively rural areas characterized by less traffic and lower NOx

emissions (Figure 2, top). Diurnal patterns in TCNO2 were highly variable among stations and also depend-
ent on the day of the week. In rural areas (e.g., SERC, Fairhill, and Padonia), TCNO2 typically remained lower
than 0.4 DU and varied by less than a factor of 2 without showing any consistent diurnal patterns (Figures
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1a, 1e, and 2). This is consistent with 0.1–0.2 DU of NO2 residing in the stratosphere. At the urban and subur-
ban sites, strong diurnal patterns were observed on most week-days, with maxima in TCNO2 typically occur-
ring early in the morning and a secondary peak often observed later in the afternoon, associated with
human activities and rush hour peaks in NOx emissions (Figures 1b–1d). Peak TCNO2 often reached 1 DU,
5–10 times higher than background levels (Figure 2, bottom). A typical case of a relatively low air pollution
summer week-day is shown in Figure 1 (blue solid circles), for Monday 18 July. Observed diurnal patterns in
NO2 were considerably different over the weekend, when TCNO2 amounts remained below 0.5 DU at both
urban and rural sites (Figure 2), with no strong diurnal variability observed. As shown in Tzortziou et al.
[2013], the observed diurnal and day-of-the-week patterns in NO2 over the Chesapeake Bay estuarine envi-
ronment are consistent with high-resolution air quality model simulations using the CMAQ model.

From a sun-synchronous polar orbit, OMI cannot capture the strong temporal variability in NO2 observed by
the Pandora network and predicted by CMAQ (Figures 1 and 2). 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 corresponding to relatively low NOx emission condi-
tions (Figure 2). Moreover, the strong inhomogeneity in anthropogenic emissions in the Washington DC/
Chesapeake Bay area results in strong spatial gradients in air quality that cannot be observed by the rela-
tively coarse resolution measurements by OMI. The size of an OMI pixel varies with cross-track viewing
zenith angle from 24 km at nadir to approximately 128 km for the extreme viewing angles of 57� at the
edges of the swath [Boersma et al., 2007]. Along the Chesapeake Bay shoreline, an area of this size includes
both relatively clear rural areas as well as urban hot spots of NOx emissions. The distance between Fairhill
and GSFC (Pandora sites located the furthest apart in our network; Figure 1f) is 123 km, comparable to the
size of the OMI footprint at large satellite viewing angles. Based on measurements by our Pandora network,
spatial variability in TCNO2 during the DISCOVER-AQ/CBODAQ campaigns was as large as 0.7 DU within an
area covered, in some cases, by just a single OMI pixel. Due to its coarse spatial resolution, OMI significantly
underestimated TCNO2, by as much as 49%, over polluted coastal urban sites, and failed to detect the high
TCNO2 amounts (>0.4 DU) observed by the Pandora spectrometers (Figure 2).

3.1.2. Helsinki, Gulf of Finland in the Baltic Sea
Total column NO2 levels were overall lower in Helsinki, Finland (Figures 3 and 4) than urban areas in the
Washington-Baltimore region. Pandora measurements of TCNO2 concentrations during September 2011–
April 2013 had an average of 0.24 DU (stdev 5 0.11 DU), which is similar to the average TCNO2 levels meas-
ured in the relatively rural areas of the Eastern US coast (i.e., Fairhill, SERC, and Padonia). Still, TCNO2 in Hel-
sinki reached values as high as 1.73 DU on certain occasions (Figure 4), and on some days temporal
changes of more than 0.5 DU were observed within less than 3 h (Figures 1a, 1b, and 1e).

In some cases, two, or even three, OMI satellite overpass retrievals were available for the same day at this
high-latitude site, providing some satellite information on TCNO2 temporal variability (e.g., Figures 3a, 3c,
and 3d). Yet all OMI overpasses were from 11 am to 3 pm local time. As a result, even with three overpasses
OMI was still not able to capture the strong diurnal patterns in atmospheric pollution, missing the early
morning and late afternoon maxima in n TCNO2 (Figure 3). Although OMI satellite retrievals were in good
agreement with Pandora when TCNO2 remained lower than 0.4 DU (e.g., Figure 3), OMI failed to capture
peaks in NO2 levels (Figure 4). As a result, the maximum TCNO2 measured by OMI over this coastal site was
0.6 DU, while Pandora measurements frequently exceeded 1 DU (Figure 4).

3.1.3. Korean Coastal Megacities, Along the Yellow and East Seas
Larger concentrations of NO2 pollution and stronger temporal gradients were measured by Pandora at the
two largest cities of South Korea, Seoul and Busan (Figures 5 and 6). TCNO2 amount in Busan was on aver-
age 0.75 DU (stdev5 0.44 DU) during March 2012–March 2013, reaching as high 3.9 DU (Figure 6, bottom).
Even higher NO2 amounts were measured by Pandora in the city of Seoul, with an average TCNO2 of 1.08
DU (stdev5 0.62 DU) and maximum values reaching 6 DU (Figure 6, top). Changes as large as 2.0 DU within
3–4 h were not uncommon (e.g., Figures 5b, 5d, and 5e), and in some cases TCNO2 changes as large as 3 or
4 DU during the day were recorded (Figure 6). These gradients are 3–5 times stronger than those typically
observed along the US Mid-Atlantic coastal zone, or along the Helsinki coastline. Diurnal patterns were
quite variable, with NO2 having maximum values some days early in the morning (Figure 5c) and some
days later in the evening (Figure 5d), while in other cases showing two maxima during the day (e.g., Figures
5a and 5b).
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Comparisons with Aura-OMI were in good agreement at the time of the OMI overpass and when the satel-
lite overpass was at a small distance (<20 km) from the Pandora site (e.g., Figures 5a, 5d, and 5e). At larger
satellite overpass distances, however, differences between OMI and Pandora were quite large, with OMI
underestimating NO2 by as much as a factor of 3 (e.g., Figure 5c). OMI was not able to capture the early
morning and late afternoon peaks in TCNO2 amounts (e.g., Figures 5 and 6), providing, as in the cases of
Helsinki and the Eastern US coast, a satellite image of TCNO2 under relatively low pollution conditions. OMI
retrievals during March 2012–March 2013 showed an average TCNO2 of 0.5 DU (stdev5 0.21 DU) over
Busan, and 0.79 DU (stdev5 0.45 DU) over Seoul, considerably underestimating NO2 pollution levels com-
pared to the continuous observations from the Pandora spectrometers (Figure 6).

3.2. Error in TOA Signal From an Incorrect NO2 Amount
To estimate the error in satellite-retrieved ocean remote sensing reflectance caused by not properly
accounting for NO2 variability during coastal ocean color atmospheric correction, we performed detailed
vector radiative transfer calculations using the methods described in section 2.2.

Because a satellite OC sensor retrieves ocean color information based on the signal it measures at the top
of the atmosphere, we first estimated the percent error (or change) in TOA upwelling radiance LTOA(k),
caused by a change of 1 DU in NO2. Radiative transfer calculations were performed for two cases: one case
assuming a molecular Rayleigh atmosphere without NO2 (LTOA(k)(NO250 DU)) and a second case with NO2

absorption and a total column NO2 amount of 1 DU (LTOA(k)(NO251 DU)). The percent error (or effect) in TOA
signal was expressed as

% error LTOAðkÞ5
LTOAðkÞ NO2 5 1 DUð Þ2 LTOAðkÞ NO2 5 0 DUð Þ

LTOAðkÞ NO2 5 0 DUð Þ
(1)

NO2 was assumed to be homogeneously distributed within the first 2 km from the ground. This is consistent
with CMAQ air quality model simulations showing that most of anthropogenic pollution is distributed within the
first 2 km from the ground during transport over the Chesapeake Bay and Atlantic Ocean (see also section 3.3).

As expected, the TOA upwelling radiance decreased when including atmospheric NO2 absorption (Figure
7a). The error in LTOA(k) had a strong spectral dependence. The maximum influence, approximately 1.5%
error in LTOA(k), was in the 400–420 nm spectral region, consistent with the spectral shape in NO2 absorp-
tion cross sections. The effect of NO2 on LTOA(k) increased with SZA, because of the larger slant path with
increasing SZA, which results in more scattering and, hence, more absorption.

3.3. The Effect of NO2 Plume Height
Our calculations showed that the vertical distribution of NO2 has a considerable impact on LTOA(k) (and, sub-
sequently, Rrs retrievals), which is usually neglected. Simulations where 1 DU of NO2 was homogeneously
distributed within the first 3 km from the ground resulted in considerably larger errors, approximately 1.8%
at 412 nm and SZA 5 60� , compared to 1.5% error when the same TCNO2 amount was distributed within
the first 2 km from the ground (Figure 7b). The errors in LTOA(k) increased further for NO2 homogeneously
distributed within the first 4 km from the ground (results not shown here), suggesting that the impact of
NO2 on TOA signal, and as a result also on retrieved ocean Rrs, increases as NO2 is distributed higher in the
atmosphere.

We performed air quality model calculations using CMAQ to suggest realistic cases of NO2 vertical distribu-
tion over the Chesapeake Bay estuary during the summertime. Results are shown in Figure 8 for four cases
during July 2011. Based on the model simulations, most of the NO2 over this estuarine environment is typi-
cally within the first 2 km (or, from 1000 to 800 hPa) due to anthropogenic emissions near the surface. Note
that the horizontal gradient of NO2 in Figure 8 has a high bias due to a high bias in anthropogenic emis-
sions that result in a high NO2 bias in urban areas [Canty et al., 2013], and uncertainties in the chemistry
that result in a low NO2 bias over rural areas and coastal waters [Canty et al., 2013]. Still, in some cases the
model simulated maximum NO2 over the estuarine waters (Figures 8c and 8d). On 8 July 2011, the model
simulated elevated NO2 concentrations aloft due to lightning (Figure 8b).

Our estimates of the impact on LTOA of NO2 homogeneously distributed within the 0–2 and 0–3 km layers
are consistent with Ahmad et al. [2007], where similar radiative transfer calculations were performed, but
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with NO2 vertical profiles constructed by combining the mean stratospheric NO2 profile obtained from the
Goddard Chemical Transport Model (CTM) with a moderate-pollution tropospheric NO2 profile obtained
from the Global Earth Observing System CHEMistry (GEOS-CHEM) 3-D model. Consistent with our results,
Ahmad et al. [2007] found that for a change in NO2 of 1 3 1016 molecules/cm (or, 0.37 DU), the error in the
TOA reflectance in the blue channels of the SeaWiFS and MODIS sensors is within 0.6–0.9%, depending on
SZA [Ahmad et al., 2007, Figure 2].

For satellite remote sensing, determining the total column amount can be done for a spectrometer-type
instrument (e.g., OMI) with spectral resolution of 0.5–0.8 nm. Determining NO2 plume height from satellite
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Figure 7. Percent error (or change) in TOA signal, caused by a change of 1 DU of NO2, expressed as in equation (1). NO2 was assumed to
be homogeneously distributed within a (a) 0–2 km layer and (b) 0–3 km layer from the ground. Results are shown here for a look angle of
36� , and as a function of solar zenith angle and wavelength. NO2 absorption in the atmosphere resulted in lower LTOA (negative % error).

Figure 8. West-east cross sections of NO2 based on CMAQ simulations. The vertical lines from left to right denote the western coastline of
the Chesapeake Bay (CBW), the eastern coastline of the Chesapeake Bay (CBE), and the Atlantic coastline (AW). Results are shown for 2000
UTC on (a) 7 July 2011, when NO2 showed relative homogeneous distribution within 0–2 km layer over the estuary; (b) 8 July 2011, when
the model simulated NO2 at higher altitudes due to lightning; (c) 12 July 2011, NO2 distributed from 0 to 2 km layer with higher values
over the estuary; (d) 29 July 2011, when the model simulated maximum NO2 over the estuary (again within 0–2 km layer).
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remote sensing has not been possible for low earth orbits. If frequent observations are made from geosta-
tionary orbit, the plume motions should be detectable. The motions, combined with high-resolution model
calculations should give a reasonable estimate of plume height. An alternative is measuring plume height
using a ground-based spectrometer system in MaxDOAS mode, in conjunction with modeling.

3.4. Error in Ocean Rrs Due to Unaccounted Variability in NO2

For space-based retrievals of ocean color, any unaccounted NO2 amount and variability in the atmosphere
will result in observed changes in the TOA upwelling radiance LTOA(k), which will appear to be caused by
the water-leaving radiance contribution. The relative error in satellite-retrieved water-leaving radiance Lw(k)
(or, similarly, in ocean remote sensing reflectance Rrs(k)) caused by 1 DU error in atmospheric NO2 can be
estimated based on the relationship between LTOA(k) and Lw(k). Following the radiative transfer theory, with
transmittance t through the atmosphere and neglecting for simplicity the glint and white cap contributions
since these are assumed to be constant here, we have

LTOA kð Þ5tLw kð Þ1Latm kð Þ (2)

For a change at the TOA due a change in water-leaving radiance, we have

LTOA kð Þ05tLw kð Þ01Latm kð Þ (3a)

LTOA kð Þ2LTOA kð Þ0

LTOA kð Þ 5
tðLw kð Þ2Lw kð Þ

0
Þ

LTOA kð Þ (3b)

DLTOA kð Þ
LTOA kð Þ 5t

Lw kð Þ
LTOA kð Þ

DLw kð Þ
Lw kð Þ (3c)

Based on the above and using the radiative transfer code to calculate the quantity t Lw kð Þ
LTOA kð Þ, we estimated the

relative error in satellite-retrieved Lw(k) (or, Rrs(k)) in the case that a change in LTOA(k) (due to a change in
NO2) is wrongfully attributed to a change in the water-leaving radiance contribution. Results for SZAs in the
range 1.5�–60�, and a look angle of 36� are shown in Figure 9 for NO2 homogeneously distributed within 0–
2 km (Figure 9a) and 0–3 km (Figure 9b) layer. As in the case of LTOA(k), the percent error in ocean Rrs was
expressed as

% error RrsðkÞ5
RrsðkÞ NO2 5 1 DUð Þ2 RrsðkÞ NO2 5 0 DUð Þ

RrsðkÞ NO2 5 0 DUð Þ
(4)

As expected, the ocean Rrs will be underestimated when there is some amount of unaccounted NO2 absorp-
tion in the atmosphere, because the decrease in the TOA signal will be incorrectly attributed to a lower
ocean Rrs. In optically thick, strongly absorbing estuarine and coastal waters, the contribution of the water-
leaving radiance to the TOA signal is typically less than 5% and can be as low as 1% [IOCCG, 2010]. In our
calculations for a typical case in the Chesapeake Bay estuarine environment, the contribution of Lw to the
LTOA was 2.5% at 412 nm and SZA 5 30�. As a result and based on equation (3c), an underestimation in
LTOA(412) by approximately 1.3% due to 1 DU of unaccounted atmospheric NO2 (Figure 7a) corresponds to
a large underestimation in ocean Rrs(412) by 60% at 30� SZA and NO2 distributed within the first 2 km from
the ground (Figure 9a).

The error in ocean Rrs increases with solar zenith and look angles, because the error in LTOA increases with
increasing optical path, and also the relative contribution of ocean water-leaving radiance to the TOA signal
decreases with increasing solar zenith and look angles (Figures 9a and 10). Moreover, the error in ocean Rrs is
spectrally dependent due to the spectral dependence of the quantity t Lw kð Þ

LTOA kð Þ. The error becomes even larger
in the 350–400 nm spectral range (Figure 9), wavelengths that we expect to have in future OC sensors such
as the polar orbiting PACE (Preaerosol, Clouds and ocean Ecosystem), and the planned geostationary sensors
GEO-CAPE and GOCI-II [Ahn, 2011; Fishman et al., 2012; PACE Science Definition Team, 2012]. Our radiative
transfer calculations show that the error in satellite-retrieved ocean Rrs(412), caused by 1 DU unaccounted var-
iability (temporal or spatial) in NO2 during atmospheric correction, can be as large as 70–100% for SZAs in the
42–60� range (expected to have with a geostationary sensor such as GEO-CAPE) and for NO2 homogeneously
distributed within the first 2 km from the ground (Figure 10). As in the case of the error in LTOA, the error in
ocean Rrs gets larger if some of the NO2 is distributed at higher altitudes in the atmosphere (Figure 9b).
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The implications of these errors in Rrs for ocean color retrievals are discussed below, in context with atmos-
pheric NO2 variability typically measured by ground-based Pandora instruments located in moderately to highly
polluted coastal urban areas. The errors for satellite-retrieved in-water biogeochemical variables were calculated
using NASA OC algorithms for standard Chla products and peer-reviewed published retrievals for CDOM.

3.5. Error in Satellite-Retrieved Chlorophyll-a Due to Atmospheric NO2

The suite of Chla (mg/m3) algorithms used in operational processing of ocean color data from sensors such
as SeaWiFS, MODIS, OCTS, and VIIRS, are polynomial best fits that relate log-transformed Chla values to log-
transformed ratios of satellite-measured remote sensing reflectance at specific wavelengths k1 and k2,
according to
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Figure 9. Percent error in ocean remote sensing reflectance, Rrs, caused by neglecting 1 DU of NO2 homogeneously distributed within a
(a) 0–2 km layer and (b) 0–3 km layer from the ground. The unaccounted absorption in the atmosphere resulted in an underestimation in
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Chla510a01a1x1a2x21a3 x31a3x4
(5)

where

x5Log10
Rrs k1ð Þ
Rrs k2ð Þ

� �
(6)

The wavelengths and polynomial coefficients used in operational MSl12 processing are provided on NASA’s
Ocean Color Forum website (http://oceancolor.gsfc.nasa.gov/forum/) for various algorithms, including the
SeaWiFS OC4 and OC3S and OC2S, the MODIS OC3M and OC2M(-HI), the OCTS OC4O, the CZCS OC3C, the
MERIS OC4E, and the VIIRS OC3V.

Here we used the MODIS OC3M Chla algorithm to estimate the error in satellite-retrieved Chla due to unac-
counted variability in atmospheric NO2 absorption. Similar results would be obtained using other Chla algo-
rithms, or updated/revised retrievals. The SeaWiFS-analog OC3M algorithm (used for the operational MODIS
level-2 standard Chla product ‘‘Chlor-a’’) is an empirical algorithm (fourth-order polynomial) that relates the
greater of the ratios Rrs(443)/Rrs(551) or Rrs(488)/Rrs(551) to Chla concentration. Because the error of any
unaccounted atmospheric NO2 on LTOA and Rrs is spectrally dependent, it would affect the comparison of
the above Rrs ratios (in a different way for different solar zenith and look angles, or changes in NO2 vertical
distribution), and could result in using the wrong Rrs ratio in the OC3M Chla retrieval. For example, an area
with ocean Rrs(443)> Rrs(488) could falsely appear having Rrs(443)< Rrs(488) under high atmospheric NO2

conditions. Since in this study our radiative transfer calculations were made for optically complex coastal
waters where Rrs(488) is typically greater than Rrs(443), we discuss mainly errors in Chla concentrations
based on the Rrs(488)/Rrs(551) ratio. Errors in Chla retrievals based on the use of the Rrs(443)/Rrs(551) band
ratio are much larger and are shown in Figure 11 for comparison. The polynomial coefficients we used for
equation (5) are a 5 [0.2830, 22.753, 1.457, 0.659, 21.403], based on O’Reilly et al. [2000].

The impact of a constant error in atmospheric NO2 amount on the absolute magnitude and diurnal behav-
ior of LTOA(k), Rrs(k), and Chla was estimated for DNO2 5 0.7 DU (Figure 11). Such an error in TCNO2 is of the
order of the temporal and spatial variability, we observed with the Pandora network (but not captured by
the coarser resolution OMI) in the Chesapeake Bay estuarine environment and consistent with the temporal
variability often measured by Pandora in Helsinki (Figures 1–4). It is also considerably smaller than the diur-
nal changes typically observed at the Korean coastal cities of Seoul and Busan, where TCNO2 often varied
by 2.0 DU within 3–4 h (Figures 5 and 6).

The impact of such an error in TCNO2 on the TOA signal and, consequently, on Rrs and Chla, was estimated
as a function of time, for Lat 5 40�N and 21 June (summer solstice). As expected (Figure 9), any unac-
counted atmospheric NO2 absorption results in an underestimation of Rrs, more so at 443 and 488 nm than
at 551 nm, subsequently resulting in an underestimation of the Rrs(443)/Rrs(551) and Rrs(488)/Rrs(551) ratios,
and an overestimation of Chla concentration (Figure 11). A false diurnal pattern was retrieved for Chla, with
maxima in the morning and afternoon corresponding to increased NO2 absorption (larger error) at larger
solar zenith angles. This apparent diurnal change in Chla does not correspond to any real variability in water
bio-optical properties or atmospheric composition. Chla errors, using the Rrs(488)/Rrs(551) ratio and assum-
ing NO2 within a 0–2 km layer, were 20% for small SZAs around noon and increased to >50% for retrievals
at SZAs> 60� (Figure 11, left). Use of the Rrs(443)/Rrs(551) ratio would result in errors as large as 70% at
noon and larger than 200% in the early morning and late afternoon (Figure 11, right). The error becomes
larger if we assume a 3 km NO2 layer (Figure 11).

Any temporal variability in the atmospheric total column NO2 amount or vertical distribution during the day
(e.g., see Figures 1, 3, and 5) would also result in a false temporal variability in Chla, in addition to the false
diurnal pattern due to the proportionally larger error of a certain amount of NO2 at large SZAs (Figure 13).
Such a false temporal variability in Chla would be impossible to distinguish from any actual temporal pat-
terns in coastal ocean dynamics without measurements of NO2 temporal variability over the site of interest.

3.6. Error in Retrieved CDOM From an Incorrect NO2 Amount
Satellite retrievals of CDOM absorption are based on both semianalytical models that simultaneously
retrieve water inherent optical properties (e.g., CDOM and detrital absorption aCDM, phytoplankton absorp-
tion aphyt, particulate backscattering bb) from the ocean Rrs spectra, as well as empirical relationships relat-
ing CDOM absorption to Rrs ratios of various OC bands [e.g., Johannessen et al., 2003; Doxaran et al., 2005;

Journal of Geophysical Research: Oceans 10.1002/2014JC009803

TZORTZIOU ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 3848

http://oceancolor.gsfc.nasa.gov/forum/


Tehrani et al., 2013; Le and Hu, 2013]. Almost all of these retrievals use Rrs in the 412–490 spectra region to
retrieve CDOM absorption and spectral slope and link to DOC dynamics. D’Sa and Miller [2003] found that
Rrs(412)/Rrs(510) is the optimal band ratio for CDOM retrievals for the Mississippi River plume environment.
However, they observed larger CDOM absorption retrieval errors for this ratio compared to using Rrs at 443
and 490, which they attributed partly to errors in atmospheric correction. This is consistent with our results
in Figure 9.

Kahru and Mitchell [2001] used the SeaWiFS Rrs(443)/Rrs(510) ratio to retrieve aCDOM(300) at the CalCOFI
site in southern California. Using measurements from the US Mid Atlantic Bight (area extending from
the Delaware Bay mouth to the region south of the Chesapeake Bay mouth), Mannino et al. [2008]
developed empirical algorithms to retrieve CDOM absorption at 355, 412, and 443 nm from the
MODIS-Aqua bands Rrs(490)/Rrs(551) and the SeaWiFS bands Rrs(490)/Rrs(555) [Mannino et al., 2008,
Table 1]. From these CDOM absorption coefficients, they then estimated the CDOM absorption spectral
slope SCDOM. They also derived dissolved organic carbon (DOC) concentration based on seasonal and
regionally specific relationships between aCDOM(355) and DOC [Mannino et al., 2008]. Here we esti-
mated the error in satellite-retrieved CDOM due to unaccounted absorption by atmospheric NO2, using
the CDOM retrievals derived by Mannino et al. [2008] and Kahru and Mitchell [2001]. A similar approach
can be used to estimate errors in CDOM based on other published and updated CDOM retrieval
algorithms.

Mannino et al. [2008] used a nonlinear one-phase exponential decay regression model to relate Rrs to
CDOM absorption and derived aCDOM from the equation
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Figure 11. False diurnal variability in Chla (error shown in %) due to a constant error in NO2 of 0.7 DU, (left) using the 488/551 band ratio
and (right) using the 443/551 band ratio for Chla retrievals. Results are shown for NO2 homogeneously distributed within the first 2 km
(squares) and within the first 3 km (circles) from the ground.
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Figure 12. (left) False diurnal variability (%) in retrieved CDOM absorption for constant error in NO2 of 0.7 DU, assuming homogeneous dis-
tribution of NO2 in the 0–2 km layer. CDOM absorption coefficients are shown at 300 nm, using the Kahru and Mitchell [2001] algorithm,
and at 355, 412, and 443 nm, using the MODIS-Aqua CDOM retrievals proposed by Mannino et al. [2008]; (right) resulting false diurnal
change in CDOM absorption spectral slope SCDOM, based on Mannino et al. [2008].
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aCDOM kð Þ5ln
Rrsratio2a

b

� �.
ð2cÞ (7)

where Rrs ratio is Rrs(490)/Rrs(555) for SeaWiFS and Rrs(490)/Rrs(551) for MODIS-Aqua. For MODIS-Aqua
retrievals, the coefficients [a, b, c] are [0.4934, 2.731, 3.512], [0.4553, 2.345, 8.045], and [0.4363, 2.221, 13.126]
for aCDOM at 355, 412, and 443, respectively. For SeaWiFs retrievals, these coefficients are [0.4847, 3.055,
3.642], [0.4443, 2.599, 8.327], and [0.4247, 2.453, 13.586] for aCDOM at 355, 412, and 443, respectively.

We used equation (7) and the coefficients for MODIS-Aqua to retrieve CDOM from our measured ocean Rrs

spectra assuming no error in atmospheric correction for NO2, and also from the false Rrs spectra derived
after assuming a constant error in NO2 throughout the day with DNO2 5 0.7 DU and homogeneous distribu-
tion of NO2 in the 0–2 km layer. Results are shown in Figure 12 for aCDOM at 355, 412, and 443. Calculations
were performed for Lat 5 40�N and the summer solstice. Similarly to the Chla retrievals, a false diurnal vari-
ability was retrieved for CDOM with maximum retrieval errors at large SZAs in the morning and in the after-
noon. CDOM errors were as large as 25–30% for retrievals at 443 nm and increased with decreasing
wavelength reaching 40–60% for CDOM retrievals at 355 nm. These errors in CDOM spectral absorption
coefficients affected retrievals of the CDOM absorption spectral slope, with SCDOM showing an apparent
change during the day from more than 0.019 nm21 in the morning to almost 0.0174 nm21 at noon (Figure
12, right).

CDOM errors of similar magnitude were estimated using the Kahru and Mitchell [2001] approach that relates
aCDOM at 300 nm to the SeaWiFS OC bands 443/510, according to

aCDOM kð Þ510a01a1x (8)

where x5Log10
Lwn 443ð Þ
Lwn 510ð Þ

h i
, and the coefficients [a0, a1] are [20.393, 20.872]. A false diurnal variability in CDOM

was derived, with errors in retrieved CDOM absorption at 300 nm as large as 40–60% (Figure 12, left).

As in the case of Chla, errors in retrievals of CDOM optical properties would be higher for NO2 distributed at
higher altitudes. Any change in the total column amount or vertical distribution of atmospheric NO2 during
the day would result in additional false retrieval of temporal variability in CDOM absorption magnitude and
spectral shape (Figure 13, right).

4. Summary and Conclusions

As the consequences of increasing coastal urbanization and climate variability are becoming more pro-
found, improving space-based monitoring of carbon, nutrient, and pollutants in nearshore waters becomes
increasingly important for understanding impacts of environmental change on coastal ecosystem dynamics,
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Figure 13. (left) False diurnal variability (%) in retrieved Chla (using the 488/551 band ratio) due to unaccounted variability in NO2 for the
case of Busan, 30 March 2012 (see Figure 5d). OMI on this day measured 0.75 DU during its overpass time, while TCNO2 measured by Pan-
dora varied from 0.4 to 2.4 DU. Results are shown for NO2 homogeneously distributed within the first 2 km (squares) and within the first
3 km (circles) from the ground. (right) False diurnal variability (%) in retrieved CDOM absorption (412 and 443 nm) for the same case,
assuming homogeneous distribution of NO2 within 0–2 km.
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biology, biogeochemistry, and biodiversity. Despite the recent development of increasingly sophisticated
satellite bio-optical algorithms, monitoring nearshore biogeochemical processes from space remains a
major challenge, partly due to the high (and often unaccounted) variability in coastal air pollution.

As reported by the EPA’s National Emissions Inventory (NEI), NOx emissions in the US have been reduced
nationwide by 38% between 2002 and 2011 [Loughner et al., 2013]. This has been achieved through a com-
bination of (1) the Environmental Protection Agency (EPA) NOx State Implementation Plan (SIP) call, which
required 22 states and the District of Columbia to regulate NOx emissions to mitigate ozone transport, (2)
the NOx Budget Trading Program, and (3) subsequent EPA rules, court orders, and state regulations [Lough-
ner et al., 2013]. Despite these significant reductions in NOx emissions since 2002, we measured total col-
umn NO2 amounts of 1 DU during our 2011 field campaign in the Chesapeake Bay region. Previous studies
discussing longer time series observations from the Pandora spectrometers at the GSFC site, covering vari-
ous seasons and multiple years, reported even larger variability in NO2 with total column amounts in the
range 0.2–2 DU [Herman et al., 2009]. In urban and suburban regions along the Chesapeake Bay shoreline,
we found clear diurnal and day-of-the-week patterns in NO2, associated with rush hour emissions. Temporal
variability in NO2 during our measurements was as large as 0.5–0.8 DU within 2–4 h, while spatial variability
was as large as 0.7 DU within an area covered, in some cases, by just a single OMI pixel.

Weak regulation of anthropogenic emissions in newly industrialized and developing countries often result
in poor air quality conditions. TCNO2 in the Korean coastal cities of Seoul and Busan, was significantly larger
than in the US or in Europe. We measured TCNO2 amounts as high as 3.9 DU in Busan, while maximum
TCNO2 reached 6 DU in Seoul. Changes as large as 2.5 DU within 3–4 h were not uncommon, and in some
cases TCNO2 changes as large as 3 or 4 DU during the day were recorded. With coarse spatial resolution
and an overpass at around 13:30 local time, OMI cannot detect the strong spatial and temporal variability
we observed in NO2 over coastal urban areas in North America, Europe, and Asia, missing pollution peaks
from industrial and rush hour activities. As a result, daily retrievals and monthly climatology from OMI pro-
vide satellite NO2 distributions that considerably underestimate near-urban coastal pollution levels com-
pared to continuous ground-based observations (Figures 2, 4, and 6).

To account for the known strong NO2 variability in coastal ocean color retrievals requires measurements of NO2

at a spatial and temporal resolution relevant to the satellite ocean color observations. For ocean color measure-
ments from polar orbit satellite sensors, nearly coincident satellite NO2 measurements would be required to cap-
ture the diurnal variability in NO2 associated with rush hour emissions. For example, the MODIS-Terra overpass
time (daytime mode at the equator) is around 10:30 local solar time, coinciding approximately with the maxi-
mum in TCNO2 over coastal urban areas, while the MODIS-Aqua overpass time is around 13:30 local solar time.
High-spatial and temporal resolution retrievals of atmospheric NO2 are even more critical for geostationary
ocean color measurements, to avoid aliasing atmospheric variability for diurnal changes or spatial gradients in
ocean composition. Our radiative transfer calculations showed that 0.7 DU unaccounted variability in NO2,
which is consistent with the spatial and temporal variability we observed in TCNO2 over our coastal sites, results
in an error in coastal water Rrs(412) as large as 40% at low SZAs (<30�), while it gets as large as 70–80% for large
SZAs expected to have with a geostationary sensor. The error in Rrs gets larger at shorter wavelengths (350–
400 nm), at larger solar zenith and look angles, and as the NO2 is distributed at higher altitudes. The resulting
errors in coastal water Rrs subsequently affect retrievals of coastal ocean biogeochemical variables from space.

A number of previous studies [Ruddick et al., 2001; Gitelson et al., 2007; Tzortziou et al., 2007; Le et al., 2013]
highlighted and demonstrated the advantages of using red-green wavelengths, instead of information in
the blue spectral region, for improved Chla retrievals in estuarine and coastal waters. Yet current opera-
tional retrievals for standard Chla products (e.g., MODIS OC3M) are based on empirical relationships
between Chla and Rrs at blue wavelengths (e.g., 443 and 490 nm) that are considerably affected by errors in
atmospheric NO2. Even if wavelengths in the spectral range affected by NO2 absorption (i.e., 330–490 nm)
are not used for Chla retrievals, this UV-visible spectral region is critical for retrievals of CDOM and DOC
dynamics both from current and future, hyperspectral and multichannel, satellite ocean color sensors [e.g.,
Mannino et al., 2008; Le and Hu, 2013]. Using current operational and published algorithms for Chla and CDOM,
we estimated the implications of these errors in Rrs for satellite retrievals of ocean biogeochemical variables. A
constant error in NO2 of 0.7 DU throughout the day resulted in a false variability in Chla and CDOM, with errors
reaching 40–60% for Chla retrievals using the 488/551 band ratio. Errors in retrieved CDOM spectral absorption
coefficients were as large as 40–60% and affected retrievals of the CDOM absorption spectral slope, an optical
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parameter often used to understand changes in the origin, quality, and composition of CDOM. SCDOM showed
an apparent diurnal change from more than 0.019 nm21 early in the morning to almost 0.017 nm21 at noon.
These errors in CDOM are larger (and in the case of SCDOM in opposite direction) than reported changes in
CDOM absorption properties during photochemical degradation experiments where CDOM was exposed to
natural sunlight over a period of several days [e.g., Tzortziou et al., 2007; Osburn et al., 2001].

It should be noted that the observed variability in TCNO2 is based on measurements at coastal sites over
the land. If we assume a smaller error in TCNO2 over coastal waters, for example, due to pollutants disper-
sion and NO2 chemical transformation, the errors in coastal ocean retrievals would be expected to be lower.
However, recent studies have shown that development of bay-breeze or sea-breeze circulation can result in
accumulation and buildup of atmospheric pollutants over an estuary or coastal waters [Loughner et al.,
2011, 2014]. Moreover, certain meteorological conditions favor the development of strong and prolonged
bay-breeze events that result in transport of a large amount of urban air pollution to higher altitudes where
pollutants have longer lifetime and are susceptible to long-range transport offshore and over adjacent
ocean environments [Loughner et al., 2014]. Radiative transfer calculations show that NO2 at higher altitudes
have a proportionally larger impact on TOA reflectance, resulting in larger errors in water Rrs and biogeo-
chemical variables. Lightning emissions can also result in larger NO2 variability at higher altitudes, increas-
ing errors in TOA reflectance, ocean Rrs, Chla, CDOM, and other bio-optical retrievals. Even larger errors than
0.7 DU in TCNO2 are expected in urban coastal areas of developing countries. In the coastal cities of Seoul
and Busan, changes in TCNO2 as large as 2 DU within 3–4 h were not uncommon. If not adequately cor-
rected, this temporal variability in TCNO2 would significantly affect the accuracy of satellite retrievals of
coastal ocean color and biogeochemistry in the Yellow and East Seas. This is particularly critical for the geo-
stationary GOCI and GOCI-II satellite missions that aim at providing high-resolution observations of coastal
ocean dynamics and ecosystem processes around the Korean peninsula.

More measurements are needed over aquatic environments, to improve understanding and modeling of
atmospheric NO2 variability, spatial gradients, and vertical distribution, and accurately account for NO2

absorption in satellite and aircraft remote sensing retrievals of optical and biogeochemical variables in lakes,
estuaries, and coastal waters near polluted urban areas.
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