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Abstract. Retrievals of tropospheric nitrogen dioxide (MO  (R? = 0.96 versus 0.72), due to pixel-specific radiative trans-
from the Ozone Monitoring Instrument (OMI) are subject fer calculations rather than the use of a look-up table, ex-
to errors in the treatments of aerosols, surface reflectancplicit inclusion of aerosols, and consideration of surface re-
anisotropy, and vertical profile of NOHere we quantify  flectance anisotropy. Our retrieved N©olumns are 54 %
the influences over China via an improved retrieval pro-ofthe MAX-DOAS data on average, reflecting the inevitable
cess. We explicitly account for aerosol optical effects (simu-spatial inconsistency between the two types of measurement,
lated by nested GEOS-Chem at 0.66dhg. x 0.5° lat. and  errors in MAX-DOAS data, and uncertainties in our OMI re-
constrained by aerosol measurements), surface reflectan¢geval related to aerosols and vertical profile of NO
anisotropy, and high-resolution vertical profiles of N@Gim- Sensitivity tests show that excluding aerosol optical effects
ulated by GEOS-Chem). Prior to the Me®trieval, we derive  can either increase or decrease the retrieved teindivid-
the cloud information using consistent ancillary assumptionsual OMI pixels with an average increase by 14 %. Excluding
We compare our retrieval to the widely used DOMINO aerosols also complexly affects the retrievals of cloud frac-
v2 product, using MAX-DOAS measurements at three ur-tion and particularly cloud pressure. Employing various sur-
ban/suburban sites in East China as reference and focusirfgce albedo data sets slightly affects the retrieved G
the analysis on the 127 OMI pixels (in 30 days) closest toaverage (within 10 %). The retrieved N©@olumns increase
the MAX-DOAS sites. We find that our retrieval reduces the when the NQ profiles are taken from MAX-DOAS retrievals
interference of aerosols on the retrieved cloud properties(by 19% on average) or TM4 simulations (by 13 %) in-
thus enhancing the number of valid OMI pixels by about stead of GEOS-Chem simulations. Our findings are also rel-
25%. Compared to DOMINO v2, our retrieval better cap- evant to retrievals of other pollutants (e.g., sulfur dioxide,
tures the day-to-day variability in MAX-DOAS Nfdata
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1442 J.-T. Lin et al.: Improved retrieval of tropospheric nitrogen dioxide from OMI

formaldehyde, glyoxal) from UV-visible backscatter satel- 2011; Bucsela et al., 2013); the retrieved N@CDs are
lite instruments. affected by 20% or less over Europe (Zhou et al., 2010).
DOMINO and OMNGQ adopt the vertical profile of N®
simulated by coarse-resolution global chemical transport
1 Introduction models (CTMs), TM4 at 3long. x 2° lat. for DOMINO v2
and GMl at 2.8 long. x 2° lat. for OMNG, v2, which are un-
Vertical column densities (VCDs) of tropospheric nitrogen able to capture the variability of NCat smaller scales. Rus-
dioxide (NQ) retrieved from the Ozone Monitoring Instru- sell et al. (2011) found differences in retrieved Nédlumns
ment (OMI) have been used extensively to analyze emissionsf —75—-10 % for individual OMI pixels around California
of nitrogen oxides (N§) from anthropogenic and/or natural in June 2008 when adopting N(profiles from a WRF-
sources (Hudman et al., 2010; Mebust et al., 2011; BeirleChem simulation at a resolution of 4 ks 4 km instead of
et al., 2011; Lin, 2012), including the magnitude (Zhao anda GEOS-Chem simulation at 2.%ong. x 2° lat. Further-
Wang, 2009; Lin et al., 2010b; Mijling and van der A, 2012), more, DOMINO and OMNG® adopt the cloud information
trends (Lin et al., 2010a; Lamsal et al., 2011; Castellanosrom the OMCLDO2 cloud retrieval (Acarreta et al., 2004,
and Boersma, 2012; Wang et al., 2012; Zhou et al., 2012)Sneep et al., 2008) with consistent assumptions on reflective
and variability (Mijling et al., 2009; Hudman et al., 2010; properties (Earth’s surface and clouds are treated as Lam-
Yu et al., 2010; Lin and McElroy, 2011). The N@etrievals  bertian surfaces) and surface albedo (from Kleipool et al.,
have also been used to analyze Ndncentrations near the 2008), but with differences in the assumed surface pressure
ground (Lamsal et al., 2008; Novotny et al., 2011). The re-(see more discussion in Sects. 2.2 and 3).
trieved changes in Nare found to have influenced other  Overall, research has found potentially large errors in the
pollution, such as aerosols (Lin et al., 2010a) and ozoneNO, products in comparison to independent measurements
(Walker et al., 2010), and have become a major concern fo(Bucsela et al., 2008; Hains et al., 2010). For China, such
the atmospheric environment (Richter et al., 2005; Zhang ekvaluation is rare (Irie et al., 2012; Ma et al., 2013), and
al., 2012). the effects of individual parameters have not been quanti-
The retrieval of tropospheric NOVCD from OMl is done  fied. Since errors in one parameter may be related to (e.g.,
by dividing the tropospheric slant column density (SCD) errors in surface reflectance and aerosol optical effects may
by the tropospheric air mass factor (AMF) (Boersma et al.,be transferred to clouds) or enhanced/compensated by/for er-
2011). (Hereafter we will focus the analysis in the tropo- rors in another, it is necessary to account for the direct and
sphere.) The AMF is derived by radiative transfer model- indirect effects of various parameters together.
ing driven by ancillary assumptions on surface reflectance In this paper, we improve the retrieval of N@ver East
(Rs), surface pressure (Ps), pressure and temperature profilgShina upon DOMINO v2 (hereafter referred to as DOMINO-
aerosol characteristics, cloud fraction (CF), cloud pressure) by enhancing the assumptions on surface pressure, surface
(CP), and vertical profile of N&@ The calculation of AMF  reflectance, aerosol optical effects, cloud properties, and ver-
provides the dominant source of errors in the retrieved NO tical profile of NG, together. We calculate the tropospheric
columns over polluted areas (Boersma et al., 2007), with im-AMFs independently and adopt the tropospheric SCDs from
portant consequences on emission constraints and other apOMINO-2. Prior to the retrieval of N@ we derive the
plications. cloud information through the £0, method (Acarreta et
Current representative OMI products covering China,al., 2004; Sneep et al., 2008) but using improved ancillary pa-
DOMINO v2 (Boersma et al., 2011) and OMN®2 (Buc- rameters (Ps, Rs, aerosols, pressure levels, temperature pro-
sela et al., 2013), do not explicitly account for the effect files) consistent with our N@retrieval. We compare our re-
of aerosols on the solar radiation. Rather, these retrievalgrieval to DOMINO-2 using as reference the ground-based
assume that the cloud correction accounts for the effecMAX-DOAS measurements from three urban/suburban sites
of aerosols, as the OMI cloud retrieval provides effectivein East China in various months of 2006, 2008, 2009, and
cloud parameters sensitive to aerosol burdens (Boersma @011. We then evaluate the effects of aerosols, surface re-
al., 2011). Since aerosols affect the radiation field in retriev-flectance, and vertical profile of NOon the retrievals of
ing both clouds (Boersma et al., 2011) andNCeitdo etal.,  clouds and N@ columns. Our current analysis is focused on
2010), the net effect on the retrieved Bllumns is unclear. the OMI measurements spatiotemporally associated with the
This aerosol issue is particularly significant over East ChinaMAX-DOAS data. A later study will focus on the spatial and
due to its high aerosol loadings (Lin et al., 2010a; Cheng etseasonal distributions of Nver China (Lin et al., 2014).
al., 2013). This issue can be addressed by retrieving clouds Section 2 describes the N@roducts retrieved from OMI
and NG columns that consistently account for the effects of and MAX-DOAS and presents the criteria for selecting suit-
aerosols (e.g., Martin, 2008). able OMI and MAX-DOAS measurements for comparison.
In addition, the DOMINO and OMN®@products also as- Section 3 compares the ancillary parameters employed by
sume Lambertian surface with no dependence of surface rebOMINO-2 to those by our retrieval. Section 4 evaluates
flectance on the geometry of the light path (Boersma et al. DOMINO-2 and our OMI retrieval using the NOdata
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retrieved from MAX-DOAS. Section 5 further evaluates the
effects of individual ancillary parameters on the retrievals of
clouds and N@ columns from OMI through a series of sen-

sitivity tests. Section 6 concludes this study. 40°N

Mangshan

2 Retrievals of NO, and criteria for data selection

2.1 MAX-DOAS measurements
The MAX-DOAS measurements were conducted at three > " [ s g e N -
urban/suburban sites in East China, one at the Institute of
Atmospheric Physics (IAP), Chinese Academy of Sciences
(CAS) in urban Beijing, one in Xianghe County to the south-
east of Beijing, and one in the city of Tai’An. Figure 1 shows ; ;
the locations of these sites with respect to the;NMGIlumns 116% 118% 120°E
in July 2008 retrieved from DOMINO-2. More information | — o
about the sites is described in Table 1. 0 5 10 15 20 >

The instrument operated in Beijing and Xianghe was
designed at BIRA-IASB and is described extensively by Fig. 1. Sites of MAX-DOAS measurements used in this study (Bei-
Clémer et al. (2010). It is a dual-channel system composeding IAP, Xianghe, and Tai'An: %" signs) and in previous stud-
of two thermally regulated grating spectrometers coveringi€s (Mangshan, Rudong (Irie et al., 2012), and Beijing CMA (Ma
the ultraviolet and visible wavelength ranges (300-390 nmeiitilacliliysﬁ’?b]l:l?:i)(:)rjllx(;fsll\lgcgstoﬁj\l{r?:sl?lgg E;;iﬁigog?% lgst;(i%nspa-
and 400720 nm, respectivgly) t.)y means of Iow-nqise coole uly 2008 retrieved by DOMINO-2 together with a zoomed-in ma
(?CD detecto'rs.' Sca'ttered Ilght is collected at various elevaém{md Beijing (116_)’11075 39.5_40_2,\'; at 0.0F). OMI pixels P
tion angles within a field O_f view of about G.By ate|e§00pe_ are restricted to row-anomaly-free, ice/snow-free, GRF5, and
mounted on a commercial sun tracker. The received lightyza < 3¢r.
is guided to the spectrometers through depolarizing optical B
fiber bundles. The telescope points towards a fixed azimuth

direction (north). A full MAX-DOAS scan, which requires yncertainty estimates do not account for the spatial represen-
~ 15 min, comprises nine elevation angles at#&, 6°, 8°,  tativeness of MAX-DOAS measurements, an important fac-
1¢°, 12, 15, 30°, and 90 (zenith). tor when comparing to satellite retrievals that cover a larger
The instrument at Ta'’An employs a miniaturized area (see Sect. 2.4.1).
ultraviolet-visible spectrometer (B&W TEK Inc., BTC111),  Prior to the retrieval of N@, the MAX-DOAS remote
a single telescope, and a movable mirror. It measures scakensing data are used to derive aerosol optical depth (AOD)
tered sunlight sequentially every 30 min at five elevationand aerosol extinction profile (Clémer et al., 2010; Irie et
angles: 5, 10°, 20°, 30°, and 90. The telescope points to  al., 2011). We employed the AOD results at the Tai’An site
a fixed azimuth direction (north). The spectral resolutionto constrain the respective aerosol information in retrieving
is about 0.4-0.5nm for the fitting window of 460-490 nm. clouds and N@ columns from OMI (see Sect. 2.3). The re-
More information is given by Irie et al. (2008) and Irie et trieved aerosol extinction profile was not used considering its

al. (2012). low DFS at 2.1 0.6 (Irie et al., 2011).
For all sites, the VCD of N@is retrieved from the radia-

tion measurements around 477 nm. A profile approach based.2 DOMINO-2

on an optimal estimation scheme (Rodgers, 2000) is taken

that results in a companion vertical profile of N(rie et For DOMINO-2, the AMF is interpolated from a precalcu-
al., 2012; Hendrick et al., 2013). The vertical profile may not lated look-up table (LUT) derived from the doubling—adding
represent the true distribution of N®ecause there are only KNMI (DAK v3.0) radiative transfer model (RTM). The
about 2 degrees of freedom for signal (DFS) (Hendrick etLUT provides layer AMFs (i.e., the sensitivity of SCD to
al., 2013) or less (Irie et al., 2011) from the retrieval process.VCD in individual atmospheric layers) that are determined
Compared to space-based remote sensing, the MAX-DOA®y surface albedo (As), Ps, CF, CP, atmospheric pressure
measurements are insensitive to surface reflectance and alevel, and the geometry of the light path. Table 2 summarizes
subject to better cloud screening. The total retrieval uncerthe ancillary parameters used in deriving DOMINO-2.

tainty on the tropospheric NOcolumn has been estimated = DOMINO-2 adopts the monthly As data averaged from
at 11 % for the Beijing and Xianghe sites (Hendrick et al., the OMI measurements between October 2004 and October
2013) and 14 % for the Tai’An site (Irie et al., 2012). These 2007 (OMLER v1; Kleipool et al., 2008), not accounting for
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Table 1. MAX-DOAS measurements.

Location  Spatial Information Measurement Time Reference
Tai’An 117.153 E, 36.16 N, 126 m; urban 2006/05/30-2006/06/29 Irie et al. (2012)
IAP 116.38 E, 39.98 N, 92m; urban 2008/06/22—-2009/04/16  Hendrick et al. (2013)

Xianghe 116.98E, 39.75 N, 36m; suburban 2011/09/29-2011/10/15 Hendrick et al. (2013)

Table 2. RTMs and ancillary parameters in deriving troposphericodGlumns from OMI.

DOMINO-2 Our Reference Retrieval (case 0 in
Table 4)
RTM DAK v3.0 (polarized, parallel LIDORT v3.6 (unpolarized, curved
atmosphere) atmosphere)
Calculation for Interpolated from a look-up Pixel-specific radiative transfer model-
individual pixels table ing, no look-up table
Surface reflectance OMLER v1 (3yr average?).5 BRDF, MCD43C2 collection 5 (0.09
Surface pressure TM4 {3ong. x 2° lat.), ad- GEOS-Chem (0.667long. x 0.5° lat.),
justed by elevation adjusted by elevation
Cloud fraction OMCLDO2 v1.1.1.3, by look- Derived here; see Table 3
up table
Cloud pressure OMCLDO2 v1.1.1.3, by look-Derived here; see Table 3
up table
Aerosol optical effects  Treated implicitly as “effective” GEOS-Chem simulations; AOD is ad-
clouds justed by AERONET, MAX-DOAS, or
MODIS

Pressure levels, temper-TM4 (3° long. x 2° lat,, 34 GEOS-Chem (0.667 long. x 0.5°
ature profile, and N@ layers with ~5 layers below lat., 47 layers with~ 10 layers below
vertical profile 1.5kmy 1.5 km)*

* The pressure levels are recalculated according to the elevation-adjusted surface pressure, while the VMRs®hbt@hanged in
individual layers (Zhou et al., 2009).

the effect of surface reflectance anisotropy. These As valueime-invariant relationship between pressure and height (i.e.,
are affected by the presence of aerosols (Herman et al., 2001the midlatitude summer profile from Anderson et al., 1986)
Kleipool et al., 2008). For a given ground pixel of OMI, the and uses the pixel-specific ground elevation to determine the
surface pressure is interpolated to the pixel center from TM4respective Ps. The effect of the inconsistent treatments of Ps
simulations on a 3long. x 2° lat. grid, and subsequently between DOMINO-2 and OMCLDOZ2 is analyzed in Sects. 3
corrected for differences between the corresponding effectivand 4.
ground elevation and the high-resolution elevation obtained The retrieval processes of both DOMINO-2 and OM-
from the DEM_3KM database (Boersma et al., 2011). TheCLDO2 do not explicitly account for the effect of aerosols
vertical profile of NQ is adjusted subsequently by maintain- (scattering, absorption, and vertical profile). The cloud frac-
ing the volume mixing ratios (VMRs) of N©Oin the indi-  tion and cloud pressure retrieved from OMCLDO2 are thus
vidual layers so that the profile shape is not changed. Theonsidered as “effective” parameters that may include partial
detailed formulation of the adjustments is presented by Zhounformation about the presence of aerosols (Boersma et al.,
et al. (2009) and Boersma et al. (2011). 2011). The implicit treatment of aerosols affects the retrieval
DOMINO-2 takes the cloud fraction and cloud pressure of NO, over East China given its high aerosol concentrations.
information from the OMCLDO2 v1.1.1.3 data set (Acar-
reta et al., 2004; Sneep et al., 2008). (Hereafter the versio2.3 Our reference retrieval
number of OMCLDO?2 is dropped for simplicity.) Table 3
summarizes the ancillary parameters used for deriving OM-Using the LIDORT v3.6 RTM (Spurr, 2008), we improved
CLDO2. Compared to DOMINO-2, OMCLDO2 assumes a the AMF code by Palmer et al. (2001), Martin et al. (2002,
2003, 2006), and O'Byrne et al. (2010) to AMFv6 that
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Table 3.RTMs and ancillary parameters in deriving cloud properties from OMI.

OMCLDO2v1.1.1.3 Our Reference Retrieval (case 0 in Ta-
ble 4)
RTM DAK v3.0 (polarized, parallel LIDORT v3.6 (unpolarized, curved
atmosphere) atmosphere)
Calculation for Interpolated from a look-up ta- Pixel-specific radiative transfer model-
individual pixels ble ing, no look-up table
Surface reflectance OMLER v1 (3yr average, 0.5 BRDF, MCD43C2 collection 5 (0.09
Surface pressure Interpolated from a fixe'SEOS-Chem (0.667long. x 0.5 lat.),

pressure—height relation (mid- adjusted by elevation
latitude summer profile)

Aerosol optics No aerosols GEQOS-Chem simulations; AOD is
adjusted by AERONET, MAX-DOAS,
or MODIS

Pressure levels and Fixed dependence on heightGEOS-Chem (0.667 long. x 0.5°

temperature profile (midlatitude summer profile)  lat., 47 layers with~ 10 layers below
1.5 km)*

* The pressure levels are recalculated according to the elevation-adjusted surface pressure.

simultaneously accounts for the coupled effects of aerosolabove order, and was exited once the missing value had been
and clouds on the N©retrieval and for the angular distri- filled. We then conducted spatial smoothing«(5 grid cells)
bution of surface reflectance. This code calculates the troon the coefficients to remove the influence of ice or snow that
pospheric AMFs of N@ for individual OMI pixels without ~ may not have been fully eliminated in MCD43C2. As a final
the use of a LUT. We derived the VCDs of N®y divid- step, we derived the kernel coefficients for an OMI pixel in
ing the tropospheric SCDs from DOMINO-2 by the newly a given day from the high-resolution data set by spatial map-
calculated AMFs. Prior to the retrieval of NOwe derived  ping and temporal interpolation.
the cloud information (CF and CP) based on the top-of- Our reference retrieval obtains surface pressure ang NO
atmosphere reflectance and thg-O, SCD data from OM-  profiles from the nested GEOS-Chem model (0°867g. x
CLDO2 (Acarreta et al., 2004; Sneep et al., 2008) using an0.5 lat.) with further adjustments in accordance to the pixel-
cillary parameters that are consistent with theoN€trieval.  specific surface elevation as done for DOMINO-2. (See Ap-
Tables 2 and 3 summarize the ancillary parameters used ipendix A for a brief model description.) The nested GEOS-
our retrieval processes for N@nd clouds, respectively. The Chem NQ profiles are also used for Europe (Vinken et al.,
retrieval here is referred to as our “reference retrieval” (case2013). For surface elevation, we adopted the GMTED2010
0 in Table 4) in order to be distinguished from the sensitivity data set at 30 arcsebtfp://topotools.cr.usgs.gov/iIGMTED _
tests throughout the text (cases 1-17). viewer). GEOS-Chem simulates vertical mixing in the plan-
For surface reflectance, our reference retrieval accountstary boundary layer (PBL) fairly well (Lin and McElroy,
for the effect of surface bidirectional reflectance distribu- 2010). Compared to TM4, the nested GEOS-Chem has a
tion function (BRDF) (Zhou et al., 2010). We adopted the much higher resolution, thus improving the representation of
MCD43C2 data set (Lucht et al., 2000) from the Moderatetopography, emissions, and the nonlinear chemistry. We ob-
Resolution Imaging Spectroradiometer (MODIS) that pro- tained the model outputs at the local time of OMI pixels.
vides the coefficients for three kernels (isotropic, volumetric, Our reference retrieval explicitly accounts for the effect of
and geometric) determining the BRDF at 440 nm. MCD43C2aerosol optics by including in the RTM calculation the ver-
provides 16-day average coefficients for every 8 days of dical profiles of aerosol extinction coefficient (EC), single-
year on a 0.05long. x 0.05 lat. grid (the first file contains  scattering albedo (SSA), and phase functions. We adopted
the average values over 1-16 January, and the second fithe temporally and spatially varying aerosol information
represents 9-24 January, etc.). To fill the missing values, wgEA, SSA, phase functions, and vertical profiles for individ-
interpolated the data temporally using the adjacent two dataial aerosol types) at the local time of OMI pixels from the
sets, spatially with the surrounding<b grid cells, tempo-  nested GEOS-Chem simulation (Lin, 2012). (See Appendix
rally using the respective data sets in the adjacent two yeard\ for descriptions of the aerosol simulation.) GEOS-Chem
and then temporally using the 2005—-2011 average values reaptures the spatial distribution of AOD at 550 nm over East
resenting the same days. The interpolation was done in th€hina in 2006 observed from MODIS, with a positive bias in
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Table 4. Retrieving VCDs of NQ from OMI by altering the ancillary parametérs

Case Tested Differences from our reference retrieval NMB RMA slope R2
parameter (case 0)
0 Reference retrieval —46% 0.51 0.96
1 Mimicking DOMINO-2, but not using —9% (-5%) 1.06 (1.11) 0.85(0.72)
the LUT
2 Mimicking DOMINO-2, but adopting —27% 0.83 0.71

surface pressure from OMCLDO2 and
not using the LUT

3 Surface Using blue-sky surface albedo derived —47% 0.51 0.96
reflectance from MODIS BRDF

4 Surface Using black-sky surface albedo derived —47% 0.51 0.96
reflectance from MODIS BRDF

5 Surface Using 5yr average surface albedo from —51% 0.47 0.96
reflectance OMI (OMLER v3)

6 Surface Using 3 yr average surface albedo from —46% 0.53 0.93
reflectance OMI (OMELR v1), as in DOMINO-2

7 NO, profile Adopting vertical profiles of N® —36% 0.65 0.96

VMRs from MAX-DOAS

8 NO, profile Adopting vertical profiles of N& —39% 0.63 0.95
VMRs from TM4, as in DONIMO-2

9 NO, profile Assuming an exponential decrease of —24% 0.83 0.94
NO> VMRs from surface to 1.5 km with
a scale height of 0.25km

10 NGO, profile Assuming a constant VMR of NO —52% 0.45 0.96
from surface to 1.5 km

11 NO, profile Assuming an exponential decrease of 2% 1.28 0.93
NO> VMRs from surface to 3.0 km with
a scale height of 0.25km

12 AOD Assuming no AOD —39% 0.67 0.90
13 Aerosol Assuming no aerosol absorption —54% 0.41 0.94
absorption
14 Aerosol Doubling aerosol absorption —-39% 0.64 0.92
absorption
15 Aerosol profile  Assuming constant aerosol extinction —32% 0.72 0.87
coefficient in the troposphere
16 Aerosol profile  Putting all tropospheric aerosols at the —39% 0.57 0.76
PBL top
17 Aerosol profile  Putting all tropospheric aerosols at the —29% 0.77 0.69
tropopause

* The NMB, slope, andk? are relative to MAX-DOAS N@ for the 30 daily data pairs. Results in parentheses are for DOMINO-2 relative to
MAX-DOAS.
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winter and a negative bias in summer on average (Lin et al.2.4 Criteria for selecting OMI and MAX-DOAS data

2012).
Prior to our RTM calculation, we further constrained the 2.4.1 Spatial constraint and consistency between OMI
model AOD using measurements from the AErosol RObotic and MAX-DOAS measurements

NETwork (AERONET), MODIS, and MAX-DOAS. We ) ,
As the MAX-DOAS sites are located in the urban or sub-

scaled the simulated concentrations of all aerosol types si-

multaneously based on the ratio of observed to modeled'™Pan areas, the spatial variability of bi@eeds to be con-
AOD, and thus adjusted modeled AOD, SSA, and phases'dered in selecting suitable OMI and MAX-DOAS data for
functions together. The same wavelength was ensured iffompParison. Parameters that can be used to adjust the spa-
comparing each pair of model and observation. For thelial consistency between the space- and ground-based mea-

Tai'An site, we used the AOD data at 476 nm retrieved from Surements include the viewing zenith angle (VZA) of OMI
the MAX-DOAS measurements (Irie et al., 2011). For IAP and the distance from the OMI pixel center to the respective
and Xianghe (Liu et al., 2007), we used thé AERONET dataMAX-DOAS site (hereafter referred to as pixel-center dis-
at 550 nm at the hour o.i: the MAX-DOAS measurements. Fort@nce). For our analysis, the distance is restricted to be shorter
seven days (34 pixels) without AERONET data, we used the¢Nan 25 km and the VZA smaller than 3@nless stated oth-

MODIS AOD data at 550 nm from the MYDO04 collection €rWise. A stricter spatial constraint would significantly re-
5/5.1 level-2 product (Remer et al., 2008). For a given dayduce the number of days with suitable data, not allowing for

the MYDO4 data were averaged over all valid values within @ Méaningful analysis. The dependence on distance and VZA

0.25 of the respective MAX-DOAS sites. The MODIS AOD  ©f the comparison between OMI and MAX-DOAS data is

are affected by cloud contamination and errors in surface rediscussed in Appendix B.

flectance (Wang et al., 2010; Hyer et al., 2011). The con- Note that the spatial constraints here cannot fully eliminate
sequent effects on our cloud and N@etrievals are small (e spatial inconsistency between MAX-DOAS and OMI

compared to the effects of potential errors in modeled SSAMeasurements, due to the inevitable spatial inconsistency be-
and vertical distribution of aerosols. After the aerosol adjust-'Ween the ground- and space-based remote sensing. In par-
ments, the resulting AOD, when converted to 550 nm, rangedicular, the MAX-DOAS sensors always face north and typi-
from 0.07 to 2.23. with a mean value of 0.61 for the 127 cally sample a horizontal distance of a few kilometers, while

OMI pixels complying with our spatial constraints detailed 2" OMI pixel represents an area of X:QA', kn? or Iqrger.
in Sect. 2.4.1. At 550 nm, the adjusted AOD is highly corre- Brinksma et al. (2008) showed that changing the azimuth an-
lated to the GEOS-Chem simulated AOR%= 0.79) with gle of the MAX-DOAS sensor can result in differences by

an increase by 0.06 on average. The SSA at 550 nm is 0.932 factor of 10-350% (by 50% on average) in the retrieved
on average (min= 0.870, max= 0.986), reflecting the high NOs in Cabauw, the Netherlands, due to the influences of lo-

concentrations of black carbon in East China (Yang et al, cal sources and/or sinks (see their Fig. 6). Irie et al. (2012)
2011). also showed that the vicinity of the polluted Yokosuka site

We converted the aerosol optics at 550 nm outputted fronNdergoes larger horizontal variability of CFor Chinese

GEOS-Chem to other wavelengths (477 nm for comparisorrc’itesv the influence of horizontal inhomogeneity in Nias
with AOD measurements at Tai’An, 475 nm fop@D, cloud ~ Suggested to be about 10-30% for MAX-DOAS measure-

retrieval, and 438 nm for Ngxetrieval). The conversion was ments taken at the Chinese Meteorological Administration

based on the size distributions, refractive indices, and hygrol" Polluted urban Beijing (Ma et al., 2013) and about 10~

scopic growth rates of individual aerosol types prescribed int> % for less polluted Tai'An, Mangshan, and Rudong (Irie
GEOS-Chem (i.e., in the same manner as done in GEOSE! @, 2012) (see Fig. 1 for locations and Nabllution gra-

Chem). For this purpose we also adopted the modeled relzdient at these sites). The effect of horizontal inhomogeneity
tive humidity. is also in line with the pixel-specific comparison in Fig. 4a—c

The GEOS-Chem aerosol vertical profile generally repro_that show notable scattering in the OMI data in a given day

duces that observed by the Cloud-Aerosol Lidar with Orthog-c0'reésponding to a MAX-DOAS site. _ _
onal Polarization (CALIOP) over East Asia, with a tendency We tentatively estimate the overall effect of horizontal in-

for GEOS-Chem to underestimate the abundance of aerosoff0mogeneity (and spatial inconsistency between space- and
in the free troposphere (Ford and Heald, 2012; van Donkedround-based measurements) to be 20-30 % for the OMI pix-

laar et al., 2013). We thus test the effects of aerosol verticaf!S @nalyzed here, considering that about 77 % of these OMI

profiles on the retrievals of clouds and N® Sect. 5.3.2. pixels are located near the polluted Beijing IAP with larger
NO; gradient. This estimate is preliminary since previous

studies suggested the spatial inhomogeneity to be strongly
location-, time-, and meteorology-dependent (Brinksma et
al., 2008; Irie et al., 2012; Ma et al., 2013).
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2.4.2 Temporal constraint 3 Evaluating ancillary parameters for deriving

DOMINO-2 and our reference retrieval
Temporally, MAX-DOAS measures NOmuch more fre-
quently than OMI throughout the course of a day. In many Unlike DOMINO-2, our reference retrieval accounts for sur-
days, it observes rapid changes in N@ithin a short time  face BRDF. Here we used the respective bidirectional re-
period. To reduce the effect of the temporal variation ofzNO  flectance factor (BRF) to illustratively compare with the OMI
in comparing the ground- and space-based measurementaibedo (OMLER v1) adopted by DOMINO-2. We neglected
here the measurement from an OMI pixel is considered tothe scale factorr when deriving the BRF from the BRDF
have a temporally consistent counterpart from MAX-DOAS (Lucht et al., 2000). Figure 2a shows that the BRF is in the
only if (1) there exist two or more MAX-DOAS data within  same range as the OMI albedo (0.03—0.08), while it is smaller

1.5h of the time of the OMI pixel and (2) the standard devia- than the OMI albedo by 0.023 averaged over the pixels. The
tion of these MAX-DOAS data does not exceed 20 % of theirtwo data correlate poorly with the coefficient of determina-

mean value. In this case, the mean value of the MAX-DOAStion (R?) below 0.05. Also, the MODIS BRF varies from one
data points is paired with the OMI value for comparison.  pixel to another more significantly than the OMI albedo (note
the apparent horizontal lines in Fig. 2a). The lack of correla-
tion highlights the spatial and angular dependence of surface
reflectance not fully accounted for in the OMI albedo data.
The Ps adjustment in deriving DOMINO-2 leads to unre-
alistically high Ps for most of the 127 pixels analyzed here,
. N .~ an apparent result of the likely overestimate in the TM4 Ps
tions .(CR.FS) below 0.5. Ii[ also |_mpI|(_:|tIy exclu_des the_plx_ data. The adjusted Ps is larger than 1050 hPa (1100 hPa) in
els with high aerosol loadings, since its cloud information is : X
) . 76 % (24 %) of the pixels (Fig. 2b). It also exceeds the Ps
influenced by the presence of aerosols. This may not be de- .
. : . assumed in OMCLDO2 by 57.7 hPa on average. For the 100
sirable for aerosol-polluted regions such as East China, par-

ticularly when the effects of aerosols can otherwise be char? Ixels near the IAP or Xianghe sites, the adjusted Ps overes-

; . : . timates the Ps observed at the Nanjiao (116E739.80 N;
acterized. By comparison, our reference retrieval explicitly

accounts for the effect of aerosol optics, thus providing in_31 m) ground meteorological station in the southeast of urban

. . e Beijing (mean bias= 75.2 hPaR? = 0.35). Further analysis
formation that is more specific to clouds. For example, there " . . .
. . . shows positive biases in the DOMINO-2 Ps data over vari-
is a heavy aerosol loading near the IAP site on 28 December

2008 with the AERONET AOD close to 2. For this day, our ous regions .Of East China with no cIea_r dependence on Ia_nd
] . use types (Lin et al., 2014). By comparison, the Ps derived in
reference retrieval suggests low cloud coverage in an OMI

pixel with a CRF of 6%, in contrast to the CRF at 55 % our reference retrieval is consistent with the observed Ps at

T he 2 _
suggested by DOMINO-2. Detailed comparison of the cIoudNaFr}“?I(:e(rgi"ig bé%i :r'el TE:RCF_ %25);3n d CRE between
information is presented in Sect. 3. Therefore, we used theD 9 P ’ '

) . OMINO-2 and our reference retrieval. As mentioned in
CRF values derived from our reference retrieval to deter—Sect 2 2 the DOMINO-2 CE and CP are taken from OM-
mine the OMI pixels with low cloud coverage (CRF0.5) PR

in comparing OMI to MAX-DOAS data. Had the CRFs from CLDO2. The CFs and CRFs for DOMINO-2 are larger than

DOMINO-2 been used for constraint, the number of IoiXelsthose derived from our reference retrieval for most pixels
(0.100 versus 0.063 for CF on average and 0.326 versus
would have decreased by 25 %.

0.180 for CRF), as explained by the different treatments con-
2.4.4 Available data complying with all constraints cerning aerosols. On the other hand, our reference retrieval
suggests higher CP than DOMINO-2 (OMCLDO?2) with a
The constraints for spatial and temporal consistency, rowmnean difference by about 30 hPa.
anomaly, ground conditions, and cloud interference together For the assumed vertical profile of NOpur reference re-
result in 127 pixels of OMI over 30 days with suitable OMI trieval differs from DOMINO-2 due to the differences be-
and MAX-DOAS data. A total of 98 pixels (in 23 days) cor- tween the coarse-resolution TM4 and high-resolution GEOS-
respond to the IAP site, 27 pixels (in 6 days) correspond toChem simulations as well as the different adjustments in ac-
the Tai’An site, and 2 pixels (in 1 day) correspond to the Xi- cordance to the Ps. Figure 3b presents an illustrative exam-
anghe site. The number of pixels (days) is 37 (10) in winter,ple of the vertical profiles assumed by DOMINO-2 and by
12 (4) in spring, 30 (7) in summer, and 48 (9) in fall, with our reference retrieval for a pixel on 28 December 2008.

relatively good seasonal representativeness. Compared to our reference retrieval, the N@rofile in
DOMINO-2 for this pixel is associated with much higher

Ps and also assumes M@ be more concentrated near the
ground. The differences contribute partly to the much lower
AMF in DOMINO-2 than our reference retrieval (0.32 versus
0.90).

2.4.3 Other constraints

We excluded the OMI pixels affected by row anomaly,
icy/snowy ground, or high cloud coverage. DOMINO-2 re-
stricts valid NG data to the pixels with cloud radiance frac-

Atmos. Chem. Phys., 14, 14411461, 2014 www.atmos-chem-phys.net/14/1441/2014/
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Fig. 2. Scatter plots between DOMINO-2 @xis) and our reference retrieval §xis) for surface reflectance, surface pressure, cloud fraction,

cloud pressure, and cloud radiance fraction across the individual pixel¢af-¢he OMLER v1 albedo datay(axis) are compared to the

MODIS bidirectional reflectance factors (BRFaxis). The criteria for pixel selection are presented in Sect. 2.4. The number of pixels is
smaller for cloud pressure because cloud fraction is 0 in some pixels. Also shown are the statistics from the RMA regression; the dashed line
indicates the regression curve and the dotted line denotes: theelationship.

4 Evaluating DOMINO-2 and our reference retrieval perature and N@ (case 1 in Table 4). However, we per-

using MAX-DOAS measurements formed pixel-specific LIDORT radiative transfer modeling to
calculate the layer AMFs instead of using the LUT produced

The scatter plots in Fig. 4a and b compare the;N6lumns with the DAK RTM (see Appendix C for detailed analyses).

derived for the 127 OMI pixels with their MAX-DOAS coun- 1€ mimicked retrieval process largely reproduces the NO

terparts. There is significant scattering in the DOMINO- columns in DOMINO-2 (Fig. 4c, f), with a negative mean
2 data when the MAX-DOAS values are large (>80 difference of 4% for the 30 daily data. It better captures the

10" molec cnm?, Fig. 4a). The scattering is due largely to day-to-day variability of MAX-DOAS ? increases from
errors in the assumed ancillary parameters, and is much re2:72 t0 0.85 for the 30 daily data pairs), due to the remaining

duced by our reference retrieval (Fig. 4b). The remainingdif'ferences in the retrieval process detailed in Appendix C._
scattering is due likely to the actual NQariability in the We then analyzed the effects of the overestimated Ps in

vicinity of the MAX-DOAS site. DOMINO-2. As detailed in Sect. 3, DOMINO-2 overesti-
The scatter plots in Fig. 4d and e compare the daily,NO mates the observed Ps by 75.2 hPa on average and adjusts
data derived from OMI to MAX-DOAS measurements. Here the pressure dependence of N@ccordingly. It adopts the
each OMI value represents the average over all pixels in &7 from OMCLDO?2 (that assumes lower Ps) without addi-
day. Our reference retrieval captures the day-to-day variabiltional adjustments. Thus it puts more i©elow the cloud
ity of MAX-DOAS NO> (R? = 0.96). However, the retrieved top, consequently lowering the AMF. In addition, D_OMINO-
NO, columns are about half of MAX-DOAS, with a normal- 2 adopts the OMCLDO2 CF da.ta that are overestimated dug
ized mean bias (NMB) at-46 % and a reduced major axis tp .the influence of aerosols. This further enhances the sensi-
(RMA) slope at 0.51. The magnitude of N@olumns in tivity to_the treatments of Ps and CP. As_a result of changing
DOMINO-2 is closer to MAX-DOAS (NMB= —5 %) with the retrieval process of case 1 by adoptlng the Ps from OM-
a reduced correlationR€ = 0.72). Note that the correlation CLDOZ2 (case 2 in Table 4), the resulting N@olumns are
for DOMINO-2 here is comparable to the findings from pre- Iower than MAX-DOAS by 27 % on average. Therefore, that
vious studies (e.g., Irie et al., 2012). the mean DQMINOTZ NQ@ polumn is close to the MA'X—
To further evaluate the consistency between MAX-DOAS DOAS value is contributed in part by the overestimate in Ps.
and OMI NO data, we mimicked the retrieval process of
DOMINO-2 by adopting its ancillary parameters including
As, Ps, CF, CP, pressure levels, and vertical profiles of tem-
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further reduce the retrieved CP if the amount of AMF in the
cloudy portion of the pixel (AMk) is smaller than the AMF
in the clear-sky portion (AME), whereas it has an oppo-
site effect when the AM§ exceeds the AM§. In retrieving
NO,, the increased Rs also enhances the AMF 0 NO

Table 4 describes various sensitivity retrievals with per-
turbed surface reflectance. Cases 3 and 4 assume blue-sky
albedo and black-sky albedo, respectively, derived from the
MODIS BRDF data. The black-sky albedo accounts for the
incident solar radiation reflected by isotropic surface, while
the blue-sky albedo accounts for both direct and diffuse radi-
ation reaching the ground. The relative contributions of direct
and diffuse radiation are determined using the LUT devel-
oped by Lucht et al. (2000). The resulting blue-sky albedo
and black-sky albedo differ insignificantly from the MODIS
BRF, with a difference withint0.01 for all pixels. They thus
result in cloud properties and N@olumns very close to our
reference retrieval (Table 4).

Case 5 adopts the monthly climatological surface albedo
data set based on the OMI measurements over 2005-2009

pixel on 28 December 2008. The derived cloud radiance fraction(®MLER Vv3, 0.5 long. x 0.5 lat.). During our retrieval

(CRF) and AMF are depicted as well, together with the AMF from
DOMINO-2 (with respect to the red dashed lin€)) The verti-
cal shape of N@ (i.e., VMRs of NG normalized to the maximum
VMR). (c) The vertical distributions of aerosol extinction coeffi-

process, the albedo for a given day is interpolated from the
closest two months. The resulting albedo is larger than the
MODIS BRF for 78 % of the pixels with a positive mean dif-

ference of 0.023. On average, it leads to a lower CF (CRF) by

cient (EC, knT1) and SSA assumed in our reference retrieval (case0.01 (0.04) than the reference retrieval. The consequently re-

0). The thickness of the individual layers is shown in the EC line.
The horizontal grey line depicts the PBL top.

5 Effects of ancillary assumptions in retrieving NG
columns from OMI

Section 4 shows that our reference retrieval is highly cor-
related to MAX-DOAS with a significant underestimate in
magnitude. This section explores the extent to which our re
trieval is affected by ancillary assumptions.

Sections 5.1-5.3 evaluate the impacts of individual ancil-
lary parameters on the retrievals of clouds andN@clud-
ing surface reflectance, vertical profile of BiGand aerosol

trieved NQ columns deviate further from the MAX-DOAS
data (NMB = —51% versus—46 % for the reference re-
trieval). Pixel by pixel, changes in NCGcolumns due to the
Rs changes can reach 45 %.

Case 6 uses the same albedo as DOMINO-2 (OMLER v1).
The resulting changes in CF are withir0.05 for all pix-
els (within+0.1 for CRF). On average, adopting the albedo
from DOMINO-2 has a small impact on the AMF and VCD
of NO, due to the changes in clouds compensating for the
effects of the perturbed Rs. Nonetheless, the consistency be-
tween the retrieved Ngand MAX-DOAS is reduced slightly
(R? decreases from 0.96 to 0.93 for the 30 daily data pairs).
Had the CF and CP not been modified in accordance to the

characteristics. The sections start with conceptual analyses @erturbed Rs, the influence of Rs would have been larger.

individual parameters, followed by various sensitivity tests

perturbing the parameters upon our reference retrievals o]

clouds and NQ@ (cases 3-17 in Table 4, with statistics for
NMB, RMA slope, andR?). Section 5.4 summarizes the
sensitivity tests, identifying the relative contributions of in-

Overall, various sets of surface reflectance data lead to
NO2 columns within 10% on average for the OMI pixels
investigated here. The effects of different surface reflectance
data sets are smaller than found for entire Europe (within
20 %; Zhou et al., 2010).

dividual factors affecting the comparisons between OMI and

MAX-DOAS NOs.
5.1 Effects of surface reflectance

Figure 5 shows that, in retrieving the cloud information, an
increase in Rs will enhance the AMF 0580, that is com-
pensated by a decrease in CP. The increased Rs also enhan
the reflectance at top of atmosphe#eréa) with a conse-
quent reduction in the retrieved CF. The reduction in CF will

Atmos. Chem. Phys., 14, 14411461, 2014

5.2 Effects of the vertical profile of NG

The assumed vertical profile of NCaffects the NG re-
trieval because the layer AMFs decline with height in the
troposphere (e.g., Fig. 3a). For example, assuming O
tescloser to the ground reduces the AMF with a positive ef-
fect on the retrieved N@column. The cloud retrieval is not
affected. Cases 7-11 perturb the vertical profile obNThe

www.atmos-chem-phys.net/14/1441/2014/
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pixels, consequently enhancing the retrieved,NOlumns.
This is because the MAX-DOAS profile assumes a larger
fraction of NG near the ground than the fraction simulated
by GEOS-Chem (see the illustration in Fig. 3b). The result-
ing NO; columns are closer in magnitude to MAX-DOAS
(NMB = —36 %). Similarly, case 8 adopts the vertical pro-
files simulated by TM4 (as in DOMINO-2); this leads to a
13 % increase in retrieved N@olumn on average, because
TM4 assumes N@to be more concentrated near the surface.
Cases 9-11 further test extreme situations for the vertical
shape of N@, aiming to analyze the range of influences of
vertical profile on the N@retrieval. Case 9 assumes the mix-

Fig. 5. Effects of surface reflectance_ (Rs), gerosol scattering opticaing ratio of NG to decline exponentially with height from

depth (ASOD), and aerosol absorption optical depth (AAOD) on thethe surface to 1.5 km (with a scale height of 0.25 km and with
retrieval of cloud fraction (CF) and cloud pressure (CP). Aerosolsihe column density conserved). Such a gradient is probably
are assumed to be concentrated in the lower troposphere, as for ﬂ}fverestimated based on a recent study for urban Paris (i.e.

OMI pixels examined in this study. Grey denotes a secondary effec
of the changed CF on the CP; the effect depends on the amount

0,-0O2> AMF in the cloudy portion of the pixel (AMf) relative to
the AMF in the clear-sky portion (AM§). The changes in CP have
a relatively small effect on the CF (not depicted here).

www.atmos-chem-phys.net/14/1441/2014/

é/e/ith strong surface emissions) by Dieudonné et al. (2013)

showing the NQ@ concentration at 300 m height to be about
50-60% of the concentration near the surface at the over-
pass time of OMI. By concentrating Nnhear the ground,
case 9 enhances the retrieved N£@olumns with smaller dif-
ferences from MAX-DOAS (NMB= —24 %). Case 11 fur-

ther increases the retrieved N®y assuming an unrealis-
resulting profiles are illustrated in Fig. 3b for a pixel on 28 tic exponential decrease of NGrom surface to 3km. In
December 2008.
As described in Table 4, case 7 adopts the vertical profiles|.5 km above the ground, thus lowering the retrieved,NO
derived from the MAX-DOAS retrieval. Compared to the ref- columns (NMB= —52 %); this case represents the lower end
erence retrieval, it reduces the AMFs of pfr 85 % of the

contrast, case 10 assumes N©O be fully mixed within 0—

Atmos. Chem. Phys., 14, 144164, 2014
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Fig. 6. Absolute changes in the retrieved cloud properties for the 127 OMI pixels by negl¢a)id@D, (b) aerosol scattering, an@)
aerosol absorption. The criteria for pixel selection are presented in Sect. 2.4. The number of pixels is smaller for cloud pressure because
cloud fraction is 0 in some pixels. Also shown are the statistics from the RMA regression; the dashed line indicates the regression curve.

of retrieved NQ columns due to the effect of its vertical pro- NO,. When a given amount of absorbing aerosols are lifted
file alone. to higher altitudes, their absorption effect is enhanced.
Section 5.3.1 evaluates the effects of aerosol scattering and
absorption in retrieving clouds and N®ased on the sim-
ulated vertical shape of aerosols (cases 12-14 in Table 4).
Section 5.3.2 analyzes the influences of the vertical shape of

Aerosol optics affect the retrievals of cloud properties andaerosols, keeping the AOD and SSA unchanged (cases 15-17
NO; columns (Boersma et al., 2004, 2011; Leitdo et al.,in Table 4).

2010). In retrieving the cloud information, aerosol scattering

enhances thefda, thus reducing the CF (Fig. 5). Itincreases 5.3.1 Effects of aerosol scattering and absorption based
the AMF of O,—0, with a negative effect on the CP. Aerosol on the simulated vertical shape of aerosols

scattering also enhances the AMF of N®hen aerosols are

collocated with or located below NOAerosol absorption Compared to the reference retrieval, case 12 does not include
has opposite effects by enhancing the CF and CP and reducthe optical effects of aerosols, as is done in the retrieval pro-
ing the AMF of NG.. Furthermore, the height of aerosols is cesses of OMCLDO2 and DOMINO-2. As shown in Fig. 6a,
important for their influences on thRroa and on the AMFs  the exclusion of aerosols enhances the CFs (left panel) and
of O,—0; and NQ. Scattering aerosols located above NO CRFs (right panel) by implicitly interpreting aerosols as ad-
will attenuate the radiation reaching M@i.e., acting like  ditional clouds. The CF increases by about 0.1 for a unity of
clouds) with a negative effect on the AMF of NCas op-  AOD decremented (left panel). A modest correlation is found
posed to if scattering aerosols are below or collocated with(R? = 0.66) between the amounts of decremented AOD and

5.3 Effects of aerosol optical effects
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Fig. 7. Similar to Fig. 6 but for the absolute changes in the AMF of N@ft column) and the absolute (middle column) and percentage
(right column) changes in the VCD of NO

the amounts of incremented CF, and there is large scatterindle panel). The percentage changes ino,NOlumns are as

in the increments of CF when AOD exceeds 1.0. The changefarge as—40-90 % for the 44 pixels (right panel). Compared
in CP do not correlate with the amounts of decremented AODto the reference retrieval, assuming no aerosol optical effects
(R? =0.10, middle panel), due to the compensating effect ofin case 12 leads to a smaller mean bias relative to MAX-
excluding aerosol absorption versus excluding aerosol scatbOAS NO, data (NMB decreases from46 % to —39 %)
tering. These results suggest complex effects of aerosol opwith lowered capability in capturing the day-to-day variabil-
tical characteristics on the cloud retrieval. Comparisons ofity of MAX-DOAS NO> (R? decreases from 0.96 to 0.90).

the cloud properties between case 12 and DOMINO-2 (OM- The capability of aerosols to absorb solar radiation is de-

CLDO2) are presented in Appendix D.

fect both the cloudy-sky and clear-sky AMFs of pl/ore-

termined mainly by black carbon. Emissions of black car-
Figure 7a shows the effects of excluding aerosols on thébon in China have been under debate recently (Fu et al.,
retrieved NQ in case 12. As discussed above, aerosols af2012; Wang et al., 2013). The top-down constraint by Fu et

al. (2012) suggested Chinese black carbon emissions to be

over, aerosol scattering and absorption lead to different efunderestimated by about 60 % by the INTEX-B inventory.
fects on the radiation fields relevant to the AMFs of both In contrast, Wang et al. (2013) suggested consistent magni-
0,—0O and NQ. Thus, the exclusion of both aerosol scatter- tudes of emissions between their top-down calculation and
ing and absorption has large and complex impacts on the rethe INTEX-B data after filtering out high pollution plumes
trieved NG columns for individual pixels, particularly when and large precipitation events (for which cases they deter-
AOD is high. Of the 44 pixels with AOD of 0.8 or more, case mined that the CTM was limited by model resolution and
12 results in larger N@columns than the reference retrieval wet deposition errors). In light of these studies, we test the

by 0-50x 10 molec cnt? for 18 pixels, with negative ef-
fects by 0—26 101> molec cnt2 for the other 26 pixels (mid-

www.atmos-chem-phys.net/14/1441/2014/

effects of aerosol absorption in retrieving clouds and,NO
by excluding or doubling the absorption in cases 13 and 14,
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respectively. Assuming no aerosol absorption in case 13 reease 16 increases the retrieved N®©lumns with a reduction
duces the amounts of CF and CRF (Fig. 6c). It leads to rein NMB relative to MAX-DOAS (from —46 % to —39 %).
duced NQ columns in many but not all pixels (Fig. 7c), with Putting all aerosols to the tropopause (case 17) further re-
a NMB of —54 % relative to MAX-DOAS NQ. Doubling  duces the NMB to-29 %; this test acts as another extreme
aerosol absorption in case 14 has opposite effects on the re&ase for analyzing the effect of aerosol vertical shape on the
trieved clouds and N© NO> retrieval. The artificial adjustments in aerosol vertical
Figures 6b and 7b further present the sole effect of aerosashape in cases 16 and 17 significantly reduce the correlation
scattering by contrasting case 12 (neglecting both scatteringp MAX-DOAS NO, data (Table 4).
and absorption) to case 13 (neglecting absorption). Neglect-
ing aerosol scattering is compensated by increases in CF arfd4 Summary of sensitivity tests and consistency
CRF (Fig. 6b) with high correlationk? = 0.84 (0.82) for between OMI and MAX-DOAS NO;
the incremented CFs (CRFs) against the amounts of decre- i )
mented scattering. This is consistent with the analysis by Nat our reference retrieval captures the day-to-day vari-
Boersma et al. (2011) for the southeastern US. The change‘%b'zl'ty of MAX-DOAS NOz much better than DOMINO-2
in CP do not correlate with the amounts of aerosol scatterinng =0.96 versus 0.72) is caused by multiple factors. The
omitted (Fig. 6b). Furthermore, Fig. 7b shows that neglect-'2rg€st contribution comes from the pixel-specific RTM cal-
ing aerosol scattering can either increase or decrease the rédlation in place of the use of a LU'IR_@ increases from
trieved NG columns, with no obvious dependence on the 0-72 10 0.85; see Sect. 4 and Appendix C). Additional im-
amounts of aerosol scattering neglect&? €0.20 and the provemegts are derived from the inclusion .of aerosol optical
percentage changes range frem0 % to-+160 %). This is effects R< decreases by 0.06 vyhen excluding aerosols, case
because aerosol scattering increases the absorption both ) @nd surface reflectance am;otroﬁﬁ (lecreases by 0.03
black carbon and by Nwith compensating effects on the when adopting the'OMI glbedo mstead of the MODIS BRDF,
AMFs of NO, (Lin et al., 2012). Also, aerosol scattering case 6). Chgnge§ |n_\_/ert|cal profile of l&one do not affect
affects the AMFs of N@ indirectly through its impacts on the correlation significantly for the OMI data analyzed here

cloud fraction and cloud pressure. (Depending on the cloudcase 8). There may be nonlinear interactions between the ef-
pressure, the existence of clouds can either increase or gdects of these individual factors affecting the overall retrieval

crease AMFs of N@) Our results suggest complex influ- esults. ,
ences of aerosol scattering on the N@trieval. Our reference retrieval leads to lower Bl@olumns than

MAX-DOAS by 46 % on average. The difference is caused
5.3.2 Effects of the vertical shape of aerosols under largely by the inevitable spatial inconsistency between OMI
given AOD and SSA and MAX-DOAS measurements (effects roughly estimated
at 20-30%). This factor can be weakened in future stud-
The MAX-DOAS sites are located in urban or suburban ar-1€S Using MAX-DOAS measurements taken at places with
eas; therefore aerosols and Né@re dominated by anthro- & More homogeneous horizontal distribution of N@.g.,
pogenic sources and are collocated in the lower tropospherdura! areas). Other possible factors include errors in MAX-
Figure 3c illustrates the vertical distributions of aerosol EC POAS measurements (by 11-149%; Irie et al., 2012; Hen-
and SSA assumed in the reference retrieval for a pixel on odlrick et al., 2013) and uncertainties in our reference retrieval
December 2008. Cases 15-17 test the influences of the vefSSociated with SSA of aerosols (by 15 % based on cases 13-
tical shape of aerosols on the retrievals of clouds ang NO 14). vertical distribution of aerosols (by 15 % based on case
without altering AOD and SSA (Table 4). 16), and vertical p_rof_lle qf N@(by 10-20% based on cases
Case 15 assumes constant EC and SSA of aerosol§&9)- The uncertainties in a given parameter may also influ-
throughout the troposphere as an extreme situation for th€"C€ the importance of other parameters in retrieving.NO
vertical distribution of aerosols. It enhances both scattering O average, the magnitude of N@olumns in DOMINO-
and absorption of aerosols at high altitudes, thus reducing 'S higher than our reference retrieval by 76 % and is close to
the AMF of 0,—O, that is compensated for by an increase AX-DOAS. This is caused in part _by a significant overes-
in CP. This case increases the CFs for 71 % of the pixels iffimate in surface pressure adopted in DOMINO-2 (the effect

compensating for the effect of enhanced aerosol absorptioft €Stimated at 25% in Sect. 4). The higher Nfalumns in
on the R1oa. Overall, putting more aerosols above Nen- DOMINO-2 are contributed also by the exclusion of aerosols

hances the retrieved NQtolumns with a NMB of—32 % (effect at 14 %, case 12), a stronger vertical gradient o NO

relative to MAX-DOAS. (effect at 13 %, case 8), and possibly the use of a DAK-based
Case 16 puts all aerosols at the PBL top, thus lowering thé-UT (effectat 4 %, case 1).

contributions of @—0, and NG in the PBL. It increases the

CFs for half of the pixels with negative effects for one-third

of the pixels, due to the competing effects of aerosol scat-

tering and absorption. Compared to the reference retrieval,

Atmos. Chem. Phys., 14, 14411461, 2014 www.atmos-chem-phys.net/14/1441/2014/
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6 Conclusions When excluding aerosols in the cloud retrieval, the in-
crease in retrieved cloud fraction is highly correlated to the

Based on LIDORT v3.6, we improved the AMF calcula- amount of aerosol scattering omittel%(= 0.84). However,
tion ("AMFv6” code) in order to retrieve VCDs of tro- the effect of omitting aerosol scattering on retrieved cloud
pospheric N@ from OMI and to evaluate the effects of pressure and the effect of omitting aerosol absorption on both
aerosols, surface reflectance anisotropy, and vertical profileloud fraction and cloud pressure are complex and nonlinear.
of NO; in the retrieval process. To derive the VCDs, our Compared to DOMINO-2, the inclusion of aerosols increases
reference retrieval calculated the AMFs of N@hdepen- the number of valid OMI pixels with low cloud coverage
dently after adopting the tropospheric SCDs from the widely (CRF < 50 %, the criterion for cloud screening) by about
used DOMINO-2 product. We retrieved the cloud properties25 % for the data set investigated here.
prior to the retrieval of N@ using consistent ancillary pa- In retrieving NQ, the inclusion or exclusion of aerosol op-
rameters including but not limited to surface pressure, surdical effects results in very different AMFs and VCDs of tro-
face reflectance, and aerosols. We accounted for surface r@ospheric NQ for individual pixels. Particularly when AOD
flectance anisotropy by adopting the MODIS BRDF data. Weexceeds 0.8, the retrieved N©olumns differ by—70-90 %
used vertical profiles of N@simulated by the nested GEOS- with versus without the inclusion of aerosols. This supports
Chem model. Also, we explicitly accounted for the effect of a better treatment of aerosols in retrieving N@ith impor-
aerosols on the solar radiation during the retrieval process byant implications for further applications such as emission
incorporating aerosol information from GEOS-Chem simu- inversion at fine spatial or temporal scales. Meanwhile, the
lations and observations. difference is about 14 % for the 30-day average,NGlumn

We compared DOMINO-2 to our Nfretrieval, using  with or without explicitly accounting for aerosols in the re-
the ground-based MAX-DOAS measurements at three urtrieval process, suggesting that the effect of aerosols may be
ban/suburban sites in East China as reference and focusingduced by spatiotemporal averaging.
on the 127 OMI pixels in 30 days complying with our spa-  Adopting the vertical shape of NCGrom TM4 or MAX-
tial constraints (pixel-center distange25 km, VZA < 30°). DOAS increases the retrieved M@olumns by 13-19%
Compared to DOMINO-2, our reference retrieval better cap-on average. This sensitivity calls for a better representa-
tures the day-to-day variability in MAX-DOAS N(R? = tion of NOy vertical profile in the retrieval process. In ad-
0.96 versus 0.72 for the 30 days). This is due to the LIDORT-dition, a variety of assumptions on surface reflectance (e.qg.,
based pixel-specific radiative transfer calculations instead oMODIS BRDF, MODIS black-sky or blue-sky albedo, and
interpolation from a DAK-derived LUT R? increases by OMI albedo) lead to similar N©columns on average (within
0.13), the explicit inclusion of aerosolsk{ increases by  10%). This reflects the compensation between the direct ef-

0.06), the inclusion of surface reflectance anisotrap¥in- fect of surface reflectance errors in retrieving Ned its in-
creases by 0.03), and the potential interactions between thdirect impact through the cloud retrieval for the OMI pixels
effects of these factors. investigated here. Zhou et al. (2010) suggested larger sen-

Our reference retrieval leads to N@olumns about 54 %  sitivity of the NO, retrieval to surface reflectance data over
of MAX-DOAS data on average. The difference is due to Europe.
the inevitable spatial inconsistency between the ground- and As a concluding remark, the effects of aerosols and sur-
space-based remote sensing (by 20-30 %, a rough estimatdace reflectance anisotropy found here also have important
errors in MAX-DOAS measurements (by 11-14 %), and un-implications for retrievals of other species (sulfur dioxide,
certainties in our OMI NQ@retrieval associated with aerosols formaldehyde, glyoxal, etc.) from OMI and/or other UV-—
(SSA and vertical distribution, by 15% each) and vertical visible backscatter instruments. We recommend that aerosols
shape of N@ (by 10-20 %). The magnitude of N@olumns  and surface reflectance anisotropy be explicitly accounted for
retrieved by DOMINO-2 is closer to the MAX-DOAS mea- in future satellite retrievals, especially when a near-real-time
surements, due in part to the overestimate in surface pregetrieval (fast computation) is not required, so that these fac-
sure, the exclusion of aerosols, a stronger vertical gradientors can be well characterized for individual pixels in the re-
of NOg, and possibly the adoption of a DAK-based LUT in trieval process without the use of a LUT. Aerosol informa-
the retrieval process. Note that our estimate for the effect otion can be adopted from observations or model simulations
spatial inconsistency is preliminary since the spatial inhomo-(especially after constrained by independent measurements).
geneity of NQ strongly depends on the locations, time, and Even when accurate aerosol information is not available, a
meteorological conditions (Brinksma et al., 2008; Irie et al., retrieval that explicitly accounts for the effects of aerosols
2012; Maetal., 2013). Comparisons with MAX-DOAS mea- can provide an alternate product for comparisons with a near-
surements and Nfsondes (Sluis et al., 2010) in places with real-time product with no explicit consideration of aerosols.
a more homogenous distribution of N@ill be less subject  In addition, we suggest using high-resolution vertical profiles
to the effect of spatial inconsistency, and will help separateof tracers in the retrieval process to better characterize their
the effects of individual ancillary assumptions in retrieving spatial inhomogeneity.
NOo.
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(a) Slope: MAX-DOAS v.s. DOMINO-2 (b) RE: MAX.DOAS v.s. DOMING-2 The general structure of the aerosol simulations is presented
- o ] by Park et al. (2004, 2006). The sulfate—nitrate—ammonium
% sob ] aerosols are simulated by the thermodynamical equilibrium
fus fuf : scheme of ISOROPIA-II (Fountoukis and Nenes, 2007).
;;: ;:: ] Emissions of mineral dusts adopt the DEAD scheme (Zender
o ol et al., 2003). Aerosol microphysical properties follow Drury
2 2 et al. (2010), including dry size distributions, hygroscopic
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Figure Al shows the dependence of the consistency between
daily OMI and MAX-DOAS data on the spatial constraints
080 030 080 080 1% 0£0 070 080 080 100 by pixel-center distance (from 25km to 50 km) and VZA
(from 30 to unlimited). For both DOMINO-2 and our ref-
RMA regression (slope ank) for the daily NGy columns between erence retr.ieval, qusenjng the distance constraint results in
MAX-DOAS and OMI retrievals. The lower left tile in each panel a mono_tonlc reduction in the slope (from the RMA regres-
represents distanee25 km and VZA< 30°. The rest of the criteria SI(.)n) WIT[h respect to the_ MAX-DOAS data (Fig. Ala, c).
for pixel selection are unchanged (row-anomaly-free, ice/snow-free,WIth a Q'Ve” VZA ConStram,t’ the slope reduce; b.y 0,'09_0'31
CRF < 0.5). Overlaid on(d) is the number of days with suitable "0M distance<25km to distance< 50 km. This indicates
NO; data for conducting the RMA regression. that NG, measured by MAX-DOAS (mostly at IAP) repre-
sents a local maximum. The findings here are consistent with
those by lIrie et al. (2012) for the polluted Yokosuka site in
Japan. Varying the VZA constraint does not lead to a mono-
tonic change in the slope, since the spatial coverage of a pixel
also varies.

For our reference retrieval, the RMA slope varies from
0.36 to 0.51 across the range of the spatial constraints, and

We used the nested GEOS-Chem model for Asia (v8-3-2; .
Chen et al., 2009), at 0.66Tong. x 0.5° lat. with 47 lay- is consistently smaller than the slope for DOMINO-2 (0.74—

ers, to simulate vertical profiles of NCand aerosol opti- 1.10). As detailed in Sects. 4, 5.2, and 5.3, the higher RMA

cal properties. The model is driven by the GEOS-5 assimi—SIOpe for DOMINO-2 is due.m part to the overestimate in
surface pressure, the exclusion of aerosols, the stronger ver-

lated me.tepr().log|cal'f|elds from the'NASA Qlobal Modeling tical gradient of NQ@, and possibly the adoption of a DAK-

and Assimilation Office (GMAQ). It is run with the full & : . . .

NO,—VOC—CO-HQ gaseous chemistry with online aerosol derived LUT in the retrieval process. In addition, our refer-
X 9 y ence retrieval captures the day-to-day variability of MAX-

oo e g et e e MG S 07056
y P Versus 0.63-0.79; Fig. Alb, d).

McElroy, 2010). The simulation of convection is based on

a modified relaxed Arakawa—Schubert scheme (Rienecker et

al., 2008). Asian anthropogenic emissions are taken from the\ppendix C

INTEX-B data set (Zhang et al., 2009). Lightning emissions

of NOx follow Price et al. (1997) with a local correction pixel-specific LIDORT calculation versus DAK-derived

based on the OTD/LIS satellite measurements (Sauvage etyT

al., 2007; Murray et al., 2012), and are distributed vertically

with a backward “C-shape” profile (Ott et al., 2010). Soil Some differences exist between LIDORT and DAK. LlI-

emissions of NQfollow Yienger and Levy (1995) and Wang DORT assumes no polarization of light with a curved at-

et al. (1998). More model descriptions can be found in Lin mosphere, while DAK accounts for polarization in a paral-

(2012) and Lin et al. (2012). lel atmosphere. Compared to LIDORT, use of DAK leads to
For aerosols, GEOS-Chem simulate sulfates, nitrates, amlarger NG columns by 1-5 % averaged over China (Huan et

moniums (Park et al., 2004, 2006), black carbon, organical., 2013).

carbon (Park et al., 2003, 2006), dust (Fairlie et al., 2010), Furthermore, the use of a LUT in DOMINO-2 involves

and sea salts (Alexander et al., 2005; Jaeglé et al., 2011}he projection of layer AMFs from the pressure coordinate
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Fig. A2. Scatter plots between DOMINO-2 @xis) and our case 12 (assuming no aerosoéis) for cloud properties across the individual

pixels. DOMINO-2 adopts cloud fraction and cloud pressure from OMCLDQO?2. The criteria for pixel selection are presented in Sect. 2.4.
The number of pixels is smaller for cloud pressure because cloud fraction is 0 in some pixels. Also shown are the statistics from the RMA
regression; the dashed line indicates the regression curve and the dotted line denotdsrdiatibnship.

of TM4 (with 34 layers) to the coordinate assumed in the ments in Beijing and Xianghe have been supported through the
LUT (with 24 layers). The projection introduces certain er- EU FP7 project NORS and by the Belgian Science Policy (IBBAC
rors due to the large vertical variability in the layer AMFs contract BL/35/C60, and AGACC project, grant SD/CS/07A).
sure coordinate with no need of a coordinate projection. A864.09.001.

LUT also means that layer AMFs are obtained by linear in- _ . ] .

terpolation based on various parameters (As, Ps, CF, CP, an%d'tec| by: G. Carmichael
light path geometry), as opposed to our pixel-specific RTM

simulations. Further research is required to quantify the ef-

fects of these individual factors. References
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