Atmos. Chem. Phys., 9, 3643662 2009 iy —* -
www.atmos-chem-phys.net/9/3641/2009/ Atmospherlc
© Author(s) 2009. This work is distributed under Chemlstry

the Creative Commons Attribution 3.0 License.

and Physics

Tropospheric NO, column densities deduced from zenith-sky DOAS
measurements in Shanghai, China, and their application to
satellite validation

D. Chent, B. Zhoul, S. Beirlé?, L. M. Chen?, and T. Wagner

1Department of Environmental Science & Engineering, Fudan University, Shanghai, China
2Max-Planck-Institute for Chemistry, Mainz, Germany

Received: 20 June 2008 — Published in Atmos. Chem. Phys. Discuss.: 3 September 2008
Revised: 28 April 2009 — Accepted: 29 April 2009 — Published: 5 June 2009

Abstract. Zenith-sky scattered sunlight observations us-exhibits also a great challenge. Our comparison shows good
ing differential optical absorption spectroscopy (DOAS) agreement, considering in particular the different spatial res-
technique were carried out in Shanghai, China (34,3 olutions between the two measurements. Remaining system-
121.8 E) since December 2006. At this polluted urban site, atic deviations are most probably related to the uncertainties
the measurements provided N@tal columns in the day- of satellite data caused by the assumptions on aerosol prop-
time. Here, we present a new method to extract time series oérties as well as the layer heights of aerosols and.NO
tropospheric vertical column densities (VCDs) of Nftom
these observations. The derived tropospherie NODs are
important quantities for the estimation of emissions and for
the validation of satellite observations. Our method makes!t

use of assumptions on the relative NBeight profiles and ) o ) ]

the diurnal variation of stratospheric NOCDs. The main ~ Nitrogen dioxide (NQ) is one of the most important trace
error sources arise from the uncertainties in the estimate@@S€S in tropospheric chemistry. It directly participates in
stratospheric slant column densities (SCDs) and the dete'® Photochemical formation of tropospheric ozone and con-
mination of tropospheric N©air mass factor (AMF). For a tributes !ocally to radiative forcing (Splomon et al., 1999).
polluted site like Shanghai, the accuracy of our method is! "€ main NQ (NO;+NO) sources include both anthro-
conservatively estimated to be25% for solar zenith angle PC9enic and natural emissions, such as fossil fuel combus-
(SZA) lower than 70. From simultaneously performed long- 10N, biomass burning, lightning and soil emission. Con-
path DOAS measurements, the N6urface concentrations Sidering the importance of NOto human health and at-

at the same site were observed and the corresponding trop820SPheric chemistry, there have been many ground-based,

spheric NQ VCDs were estimated using the assumed sea2il"P0rne and space-bome instruments carrying ouj bi>

sonal NQ profiles in the planetary boundary layer (PBL). By servations. In situ sampling using chemiluminescence tech-

making a comparison between the tropospherie MGDs nique has been adopteq as a routine monitoring method to
from zenith-sky and long-path DOAS measurements, it ismeasure N@ concentrations near the ground. With the de-

found that the former provides more realistic information velopr_nent Of remote Sensing techniques, especially the dif-
about total tropospheric pollution than the latter, so it's moreferéntial optical absorption spectroscopy (DOAS), the to-
suitable for satellite data validation. A comparison betweent@ amount of NQ in the atmosphere can be acquired ei-
the tropospheric N@VCDs from ground-based zenith-sky ther from space or ground. After the launch of ERS-2

measurements and SCIAMACHY was also made. Satellitd” 1995, the global distribution of total and tropospheric
validation for a strongly polluted area is highly needed, butN©2 iS mapped by the Global Ozone Monitoring Experi-
ment (GOME) (Burrows et al., 1999b) which helps to im-

prove the knowledge of atmospheric pollution and its trans-
Correspondence tdB. Zhou portation. Additional satellite instruments were launched
m (binzhou@fudan.edu.cn) since then, continuing the GOME time series: in 2002
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the SCanning ImagingAbsorption spectroMeter for Atmo- path) are described. In Chap. 3, the determination of tro-
spheric CHartographY (SCIAMACHY) was launched on pospheric NQ vertical columns from these observations is
ENVISAT (Bovensmann et al., 1999); in 2004 the Ozone outlined. Chapter 4 presents a comparison between both
Monitoring Instrument (OMI) was launched on AURA (Lev- ground-based data sets and finally with satellite observations.
elt and Noordhoek, 2002); in 2006 the first GOME-2 instru-
ment (in total three instruments are scheduled) was Iaunched ) i
on METOP (EUMETSAT, 2008). Ground-based instruments and spectral analysis
Ground-based instruments (like e.g. Systeme d’Analys
par Observations Zenithales, SAOZ or similar UV/vis in-
struments) (see e.g. Noxon, 1975) installed at a numbep 4 1
of NDACC stations over the globe continuously provide

the total NQ columns for trend analysis and satellite data Ground-based observations of zenith-sky scattered sunlight
validation (Pommereau and Goutail, 1988; lonov et al.,were firstly performed from 16 December 2006 to 18 Decem-
2006a). Moreover, as an advanced improvement of Zenithper 2006 at Chongming Island (3118, 121.8 E), which

sky DOAS, Multi AXis Differential Optical Absorption |ies to the northeast of Shanghai on the Pacific Ocean, and
Spectroscopy (MAX-DOAS) instrument was developed t0 s |ocated at the estuary of Yangtze River. Considering the
retrieve vertical profile of N@concentrations, as well as tro- geographical location of this island and the few industries
pospheric and stratospheric columns, so it is suitable for theyn it, it can be concluded as the most suitable rural site
validation of satellite tropospheric datadkhinger and Platt,  around Shanghai with small tropospheric N@llution. The
2002; Heue et al., 2005; Celarier et al., 2008; Brinksma et al.recording of Zenith_sky scattered Sun“ght was performed au-
2008). tomatically when the solar zenith angle (SZA) was below

Richter et al. (2005) reported a significant increase of tro-g .

pospheric NQ columns over East Central China from 1996—  After the three-day experiment, the instruments were
2004 observed by GOME and SCIAMACHY. By attributing moved to Fudan University (31°8!, 121.5 E), carrying out
such increase to the growth of N@mission, the authors continuous ground-based measurements since 22 December
pointed out the necessity of detailed inventory studies to con2006. Located near the middle circle viaduct of Shanghai,
firm the satellite data. However, considering the sensitivity this urban site suffers from heavy traffic pollution. The NO
of satellite observations to pO”UtiOﬂ located near the groundabsorption Signa| can be eag"y detected in the Spectra' in
as well as the uncertainties contained in satellite retrieval prowhich the contribution of the tropospheric part is usually
cess (Boersma et al., 2004), it seems necessary to carry owjuch larger than the stratospheric one, especially at small
ground-based measurements of Nébirface concentrations SzAs. The instrument mounted on the top roof stairs of
and total tropospheric column densities in east central Ching 20 m-tall building comprises three parts, including a tele-
to investigate the tropospheric pollution status and Va"datescor)E, a spectrometer and a PC. The scattered Sun”ght is
the satellite observations. Ground-based instruments can ifeceived by a telescope with 46 mm diameter and 300 mm
particular yleld additional valuable information on finer Spa- focal length, and led to spectrometer via a quartz fiber. The
tial scales and about the diurnal variation. HR4000 high resolution fiber optic spectrometer (Ocean Op-
For this purpose, zenith-sky DOAS and long-path DOAS tics, Inc.) is used to acquire UV-visible zenith-sky spectra
measurements were performed in Shanghai, China{8l.3  with a 1200 grooves/mm grating and a 10® wide entrance
121.53 E). By combining these two observations, both the gjit, which yields a full-width half-maximum (FWHM) reso-
tropospheric columns and surface concentrations of 88D |ution of about 0.73 nm. The detector is a linear CCD array
be acquired. In contrast to previous studies, which measuredjith 3648 pixels (each 8Bmx200xm). A PC controls the
only twilight NO, columns (e.g. Petritoli et al., 2004; lonov automatic measurements and stores the spectra. The dark
etal., 2006b), the present study observed zenith-sky scatterelirrent and electronic offset are removed automatically dur-
|Ight during the whole day and retrieved the diurnal variation |ng the Spectra recording process. The Signa| of dark current
of the total NQ columns. By using some simple but rational js measured every night and subtracted from each spectrum
assumptions, the tropospheric NColumns were extracted according to the corresponding average exposure time. De-
from the total ones. Such studies provide comprehensivgending on the intensity of the received scattered sunlight,
information about surface emissions and total tropospherighe exposure time is adjusted automatically to maximize the
pO”UtiOﬂ, which is necessary for satellite data validation andtota| Signa|_ Simu|taneous|y, the number of accumulations
total emission investigation. A comparison between the twocomprising a spectrum also varies to restrict the average time

measurement results (zenith-sky and long-path DOAS) camnterval between two spectra to about 5 min. The wavelength
also provide some indications about the diurnal variation ofrange is 345-565 nm.

planetary boundary layer (PBL) height.
The paper is organized as follows: in the next chapter the
two ground-based DOAS instruments (zenith-sky and long-

1 Zenith-sky measurements

Instrument and experiments
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2.1.2 NQO total column retrieval at a distance of 507 m east of the experimental building and
the same altitude as the telescope. Led by a quartz fiber, the
The NG column densities are retrieved by means of Dif- light enters a spectrometer. Spectra in a wavelength range of
ferential Optical Absorption Spectroscopy (DOAS) (Platt, 372—444 nm are recorded by a Czerny-Turner spectrograph
1994), using the spectral region between 434 nm and 462 nnwith a focal length of 0.3 m, and detected by a 1024-pixel
The WinDOAS-software (Fayt and Roozendael, 2001) is ap-photodiode array detector cooled tal5° C. With a fixed
plied to analyze the zenith-sky spectra. The logarithm of anumber of 20 scans (with an individual exposure time from 5
Fraunhofer reference spectrum as well as several trace gdae 30s), the average time resolution is about 4 min, which is
absorption cross sections are fitted to the logarithm of eaclsimilar to that of the zenith-sky measurements. The average
measured spectrum by means of a non-linear least squares fifO, concentrations along the optical path are analyzed using
ting routine (allowing shift and squeeze of the fitted spectra).the DOASIS software package (Kraus, 2001) in the spectral
The Fraunhofer reference spectrum is measured by the sanregion of 424-435 nm, with the cross sections of NBur-
instruments in a similar way as all other spectra, but takingrows et al., 1998) and £(Burrows et al., 1999a) at 293K,
into account two requirements to ensure that it contains as well as the “background Fraunhofer structure” induced by
rather small NQ absorption: first it was measured during the scattered sunlight received by the telescope (Zhou et al.,
noon to minimize the stratospheric contribution; second it2005) taken into account. The retrieved amounts are taken as
was measured during a day with little pollution (as concludedthe NG, surface concentrations {Gracd at the experimental
from simultaneous surface observations) to minimize the tro-site.
pospheric contribution. More details on the determination
of the respective contributions to the W@bsorption in the ) )
Fraunhofer reference spectrum are given in Sect. 3.1.3. Alsg Deduction of the tropospheric NG VCDs from
a low order polynomial (representing the slow variation con- ~ ground-based instruments
tribution of broad-band absorption, as well as the Rayleigh-

and Mie-scattering processes) and a Ring spectrum (calmﬁ'1 Ttr)opospheric NG, VCDs derived from zenith-sky
lated by WinDOAS) are included. The cross sections of observations

NO, (Burrows et al., 1998), ©(Burrows et al., 1999a), O . . . .
As mentioned in Sect. 2.1.2, the differential slant column
(Greenblatt et al., 1990), ancB from HITRAN (Rothman, densities (DSCDs) of N@retrieved from zenith-sky mea-

12?&”5;;;?(” |nnéozz;%cgunrt. Thz crcr)]zstsect:ons fop t||\lon surements are the differences between totab NGlumns
:t cold ?em eratire are ortr?oe g:aelizé?j WithereCSO:itiiih%SScontained in the measured and Fraunhofer reference spectra.
P 9 P th order to extract the tropospheric N@ertical column den-

at high temperature) to account for the partitioning bewVeensities (VCDs), there are three steps that should be followed:

the (warm) troposphere and (cold) stratosphere of these two

trace gases. Thus the NQit results are a good approxi- (1) The NQ, SCD in the Fraunhofer reference spectrum
mation for the NQ absorptions at the high temperature. It (SCDyef) is added to the retrieved DSCDs to derive the
should be noted that even in cases where this approximation {441 SCDs in the measured spectra (SER:

is not well fulfilled, the effects on the tropospheric results are

negligible because our technique includes the subtraction of(2) The stratospheric NOSCDs (SCRyato) are subtracted
the stratospheric NOSCD from the measured total column from the total ones to get the tropospheric N&CDs
(step 2 as described in Sect. 3.1). As result of the DOAS (SCDopo);

analysis, the differential slant column densities (DSCDs) of _ o

NO, were retrieved, which are the differences between the (3) The tropospheric NOSCDs (SClopo) are divided by
NO slant column densities (SCDs, the integrated trace gas ~ Corresponding tropospheric air mass factors (AMFs) to
concentrations along the absorption path) of the measured g€t the tropospheric NEVCDs (VCDiropa zenith) from
spectra and the Fraunhofer reference spectrum. zenith-sky measurements.

2.2 Long-path DOAS measurements The strategy can be described by Egs. (1-3) as below:

In order to get the information about the M®urface con- SChineas= DSCD+ SCher @
centrations, a long-path DOAS instrument was installed ASCDyopo = SCDeas— SCDstrato 2
the same location as the zenith-sky instrument. Detailed de-

scription of the instrument can be found in Yu et al. (2004). VCDyqpo zenith = SCDropo/ AMFtropo (3)

In short, the collimated beam of white light from a 150 W Xe

short-arc lamp is transmitted by a co-axial telescope to theTo perform these steps, several parameters have to be de-
open atmosphere and folded back into the telescope by an atermined, including the tropospheric and stratospherie NO
ray of quartz corner cube retroreflectors, which was mountedAMFs (AMFropo and AMFstratg), SCDef and SCRyrato as
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Fig. 1. Perturbation on zenith-sky measurements obN@used by  Fig. 2. Example of the diurnal variation of NODSCDs, which is
strong tropospheric NQemissions (diurnal variation of the NO  dominated by the stratospheric absorption (observed at Chongming
DSCDs on 2 February 2007). Even during the twilight period, the Island on 17 December 2006).

measurements are dominated by the tropospherig &8orption.

NO, DSCDs indicates a strong interference of tropospheric
described in the following sections. For that purpose, someNO, pollution. Because such influence is always large in the
assumptions are made; the N@urface concentrations ac- urban site, the twilight data fail to provide useful information
quired by long-path DOAS measurements are also used (foabout the stratospheric N@olumns.
the selection of rather unpolluted days and for the determi- |nstead, the three-day zenith-sky observations at Chong-
nation of NG absorption in the Fraunhofer reference spec-ming Island serve for this aim. Figure 2 shows the measured

trum). NO, DSCDs on 17 December 2006 with a Fraunhofer ref-
) ) erence spectrum taken at local noon of the same day. The
3.1.1 Separation of the stratospheric N@ column U-shape variation suggests a low or constant tropospheric
densities NO, amount. Considering the meteorological condition of

: . that day, including all-day sea wind with high speed and the
For practical reasons, here we do not strictly follow the Orderobservation of a clear sky with high visibility, the N@on-

described above (Eqgs. 1 to 3). Instead, step 1 will be de- o
. ; . o centration in the boundary layer must be very low. Therefore,
scribed in Sect. 3.1.3, because it makes use of quantities de- . . .
we use these observations to estimate the stratosphetic NO

fined in the current section. The observation of stratosphericSCDS First, the stratospheric NOYCDs (VCDsyard are
. , ra

NO, colu.mr?s IS poss.lble dur.mg the tvv|I|g'ht period, in which educed from the twilight measurements with the equations
the sensitivity of zenith-sky instruments is greatly enhance . .
elow (following from Eqg. 1):

as the result of a long light path in stratosphere but a shor
path in troposphere. When the sun is low, the stratospheriySCD = SCDpeas— SCDref

AMF is much larger than the tropospheric one, which is al-

ways close to unity except in the presence of tropospheric = VCDstratox AMFmeas— VCDstratox AMFrer  (4)
clouds (e.g. Wagner et al., 1998; Pfeilsticker et al., 1998)./CDg 0= DSCD/DAMF (5)
Therefore, our first idea was to retrieve daily stratospheric

NO, columns from sunrise and sunset spectra at SZAs neawhere SCLx; and SCDQheasare the N@ SCDs in the Fraun-
9(°. However, as Roozendael et al. (1994) pointed out, everhofer reference spectrum and that measured during twi-
during twilight period, the pollution episodes near the groundlight, respectively; while AMk and AMFRyeasare the cor-
could significantly increase the measured total absorptiorresponding stratospheric AMFs (see Sect. 3.1.2); DAMF
and thus introduce large errors in the observations of stratois the difference between AMasand AMRes. The di-
spheric NQ. Unfortunately, this is the case at the presenturnal variation of the stratospheric NO/CDs was ig-
urban site, which always suffers from heavy traffic pollution. nored for the determination of the VGl during twi-
The perturbation caused by tropospheric2N®the twilight light according to Egs. (4) and (5); however, the corre-
retrieval results is illustrated in Fig. 1, which shows the di- sponding errors are only small (about 2%), because for
urnal variation of NQ DSCDs on 2 February 2007 with a large SZA, AMRneasis typically much larger than AME.
Fraunhofer reference spectrum measured at the noon of 2By averaging the VCEyao between 88-90 SZAs, the
February 2007 (clear day). The non-U-shape variation of thea.m. and p.m. stratospheric N®ertical column densities

Atmos. Chem. Phys., 9, 3643662 2009 www.atmos-chem-phys.net/9/3641/2009/
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Table 1. Seasonal aerosol scenarios for the simulation of troposphercAMFs. The asymmetry parameter (0.68) and single scattering
albedo (0.95) were assumed to be constant for all seasons.

Season Aerosol optical  Altitude range/
depth (AOD) PBL height (km)

Winter (December, January and February) 0.6 0-0.5

Spring (March, April and May) 1 0-0.8

Summer (June, July and August) 1.2 0-1

Autumn (September, October and November) 0.8 0-0.8

were derived, which are 2:810moleculescm? and
4.0x 10 molecules cm?, respectively.
According to Lambert et al. (2002), the typical N©y-

are not included in the simulation. The surface albedo is
set to 0.18. The monthly and latitudinal-averaged vertical
profiles for pressure, temperature and ozone at3@lC® N

cle in the daytime displays a quasi-linear slow increase dueare taken from the McLinden climatology contained in SCI-
to the NGQ/NO photochemical equilibrium and photolysis of ATRAN database (Institute of Remote Sensing University
N»Os. Therefore, the diurnal NPstratospheric VCDs can of Bremen, 2004). In the AMF calculation, the N®erti-

be estimated by making a linear interpolation between thecal profile is a key parameter affecting the results. For the
a.m. and p.m. VCByato0ver the whole day. Finally, by mul-  stratospheric AMFs, the NOprofiles in McLinden clima-
tiplying VCDstrato by the corresponding stratospheric AMF, tology are used with no NObelow 2km. While for the
the SCRyratoWas derived. These SGRuowere then used in  tropospheric AMFs, the assumed seasonap lffiles rep-

Eq. (2). resenting winter (December, January and February), spring
The SCRyrato calculated in this way were taken as the (March, April and May), summer (June, July and August)
typical stratospheric columns in Shanghai from 22 De-and autumn (September, October and November) respec-

cember 2006 to 31 March 2007, and used to deducdively are adopted with constant tropospheric Néncen-

the tropospheric VCDs from observations at the urbantration (5.4<10' moleculescm?, equal to 20ppb at the
site. The underlying assumption of spatial and tempo-ground level) within the PBL, which extends to different
ral invariance of stratospheric NOis certainly an er- altitudes according to the seasons. It should be noted that
ror source in the extraction process. However, for pol-the assumed profiles can only be seen as a rough estimate.
luted areas, the uncertainty caused by the stratospheric paftccurate information on the PBL height is difficult to ob-
should be rather small (especially for small SZAs). In or- tain and the selected values should at least reflect the correct
der to reduce this error, another two pairs of a.m. andrange of height variations. But fortunately, the tropospheric
p.m. stratospheric values (k10" moleculescm? and  AMF does only weakly depend on these assumptions (see
5.9x10% moleculescm?, 2.6x10"®moleculescm? and  Sect. 3.1.5). Aerosol is assumed to be located at the same al-
5.6x 10 molecules cm?, respectively) measured at the ur- titude range as the tropospheric N@ith the uniform asym-

ban site during twilight periods on 22 May 2007 and 17 metry parameter (0.68) and single scattering albedo (SSA,
September 2007 were chosen to process data from April t®.95) for all seasons. According to Duan and Mao (2007),
July and August to December 2007, respectively. These twdhe maximum atmospheric aerosol optical depth (AOD) over
days are also characterized by ideal meteorological condithe Yangtze River Delta occurred in summer, followed by

tions and low surface N©concentrations (demonstrated by Spring, autumn and the minimum value in winter. There-
the results of long-path DOAS measurements). fore, we adopted the similar seasonal aerosol scenarios in

TRACY-II (see Table 1) and modeled the corresponding sea-
sonal tropospheric NOAMFs, as shown in Fig. 3.

However, it is important to note that due to the changes of
meteorological and pollution conditions, in reality the PBL
The stratospheric and tropospheric N@MFs used in this  height and AOD do not remain constant, neither does the tro-
study for SCD to VCD conversion were calculated at 448 nmpospheric AMF. The uncertainties caused by the tropospheric
with the radiative transfer model TRACY-II (Deutschmann NO; profiles, aerosol settings, as well as the PBL height are
and Wagner, 2006; Wagner et al., 2007), in which the ra-discussed in Sect. 3.1.5.
diative transfer equation (RTE) is solved in a spherical three
dimensional slice of the atmosphere, using the backward
Monte Carlo formalism. Clouds and aerosol above 2km

3.1.2 Calculation of the stratospheric and tropospheric
AMFs

www.atmos-chem-phys.net/9/3641/2009/ Atmos. Chem. Phys., 9, 3662-2009
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3.1.3 Determination of NG, SCDs in the Fraunhofer ST Fan H
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z I = [
The SCDs in the Fraunhofer reference spectra can be divided g " Ve
into the stratospheric and tropospheric parts. 5 7 e - .H,,;
3 r
Q.
9 1 " 1 " 1 " 1 " 1 "
SCDet = SCDstrataref + SCDyropo.ref (6) = L S 10 12 14 16 18
The derivation of the former had been described in tocaltime (hours)
Sect. 3.1.1. The latter is determined by the equation below: _
(\"E 14 J —m— Tropospheric VCD (SCD"OpO/AMF"DpO) ‘ ©
SCDropcuef = VCDtropQref * AMFtropCLref (7) 2 :\."- l..
3 )
The calculation of tropospheric VCDs in the Fraunhofer ref- 2 21 . o L"'
erence spectra (VGRpa.ref) is performed using the sur- gE ."L,-,- ;\4
. o
face concentrations measured by the long-path DOAS ex- g 10 I-/ L >
periment. From the assumed W@rofiles (as described in Q i -\ ."
Sect. 3.1.2), the corresponding tropospheric VCDs can be g“ sl r . ]'
calculated by multiplying the N@concentrations at the bot- ) ,.J" \ \. -’
tom of the profiles by the height of PBL. Following this £ | e \.\ 'L/ J
method, the tropospheric VCD in the Fraunhofer reference g -"1‘."\-7 4 '-___/'
spectrum was derived by using the average,N@ncentra- e .
tion observed by the long-path DOAS measurements. 6 8 10 12 1 1 18
Here, the average of 5 surface concentration data Local time (hours)

measured around the time when the Fraunhofer refer-

ence spectrum was recorded was multiplied by the asfig. 4. Extraction of the tropospheric NOVCD from zenith-sky
sumed seasonal PBL heights to deduce the tropospherigbservations.(a) Diurnal variation of the total N9 SCD and the
NO, VCD in the Fraunhofer reference spectrum. The deduced stratospheric SCD on 2 February 2qY tropospheric
SCDef (e.g. in the Fraunhofer reference spectrum mea-NO, SCDs;(c) tropospheric N@ VCDs.

sured at noon on 26 February 2007) was determined

to (8.0+1.0)x10®moleculescm?.  The SCRyataref

and SChxopa ref Were (4.5:-0.5)x 10 moleculescm? and  errors in the determination of SGHwould affect all obser-
(3.5+£0.5)x 10" molecules cm?, respectively. It should be vations in a similar way. Thus, in particular the relative vari-
noted that a single Fraunhofer reference spectrum was useation of the derived tropospheric VCDs does hardly depend
for the analysis of a large period of time. Thus the potentialon the determined absolute value of SgD

Atmos. Chem. Phys., 9, 3643662 2009 www.atmos-chem-phys.net/9/3641/2009/
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With the above parameters, the troposphericoN@r- E; describes uncertainties which directly scale with
tical columns were finally extracted from the zenith-sky VCDyopa zenith These errors are caused by the uncertainty
observations. Figure 4 shows the deduction process 06f NO, absorption cross section and its temperature depen-
the diurnal VC@Qyopo_zenith ON 2 February 2007, includ- dence. We estimate these uncertainties to 10% (Vandaele et
ing the variation of the total SCDs (SGiga9, the strato-  al., 1998; Burrows et al., 1998). In this study we don’t correct
spheric SCDs (SCato (Fig. 4a), the tropospheric SCDs for the changing near surface temperature during the mea-
(SCDyopo) (Fig. 4b) and the deduced tropospheric VCDs surement period. Thus, the values during winter are system-
(VCDyropo_zenith (Fig. 4c). Comparing Fig. 4c with Fig. 4a, atically overestimated (e.g. by about 8% for a temperature
we can find that the tropospheric VCDs and total SCDs dis-of 273K). In future applications, a correction of the temper-
play the same variation, which indicates the dominance ofature effect should be applied. However, here we are mainly
the tropospheric part in the total column, as well as a severénterested in the comparison of the different data sets which
pollution in the lower atmosphere. are affected by the temperature dependence of thedias

section in a similar way.

3.1.4  Error estimation E,> describes uncertainties which do not depend on the

There are several error sources contributing in a different wayVCDt“”m-Zenith They arise from several sources:

to the total errorAVCDyropa zenith Of the tropospheric N® (a) The error from the spectral retrieval. It is estimated
VCDs (VCDyopa zenith- They can be divided into three cat- from the magnitude of the residual structures of the DOAS
egories &, Ez, and B, which affectAVCDyop zenitnin dif-  analysis to about 510 molecules cm?.

ferent ways: (b) The error from the determination of SCD in the

AVCD _ (8) Fraunhofer reference spectrum. It is estimated to about
tropa.zenith 1x 10 molecules cm? from the NG concentrations ob-

= E1 % VCDrropo_zenith+ E2 (SZA) served by the long-path DOAS instruments during the time

+E3(SZA) * VCDyropo_zenith of measurement of the Fraunhofer reference spectrum.
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Fig. 6. Case studies of the influence of aerosol settings, profile assumptions, and surface albedo on the tropospAddiedN®odeled
with the radiative transfer model TRACY-II. The tropospheric N@MFs deduced under the assumpti@) that the aerosol layer extends
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parameter settings of each case can be found in Table 2.
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Table 2. Tropospheric N@ and aerosol settings for different test cases.

Case The extension of  The extension of tropospheric ~ Aerosol single Surface AP AOD

aerosol layer (km) N@layer (km) scattering albedo  Albedo
1 0-0.8 0-1 0.95 0.18 0.68 1.2
2 0-1 0-1 0.95 0.18 0.68 1.2
3 0-1 0-0.8 0.95 0.18 0.68 1.2
4 0-0.8 0-0.8 1 0.18 0.68 1.2
5 0-0.8 0-0.8 0.95 0.18 0.68 1.2
6 0-0.8 0-0.8 0.9 0.18 0.68 1.2
7 0-0.8 0-0.8 0.95 0.18 0.68 04
8 0-0.8 0-0.8 0.95 0.18 0.68 0.8
9 0-0.8 0-0.8 0.95 0.18 0.68 1.5
10 0-0.3 0-0.3 0.95 0.18 0.68 1.2
11 0-0.6 0-0.6 0.95 0.18 0.68 1.2
12 0-0.8 0-0.8 0.95 0.18 0.6 1.2
13 0-0.8 0-0.8 0.95 0.18 075 1.2
14 0-0.8 0-0.8 0.95 0.05 0.68 1.2
15 0-0.8 0-0.8 0.95 0.1 0.68 1.2
16 0-0.8 0-0.8 0.95 0.25 0.68 1.2

(c) The error from the determination of stratospheric The total error calculated according to Eq. (7) as function
SCDs, which typically constitutes the largest contribution of the solar zenith angle and the total tropospheric VCD is
to E;. This contribution is estimated from the variation of shown in Fig. 5. In general, for small tropospheric VCDs,
the stratospheric NOVCDs over Shanghai as observed in the largest contribution is caused by the uncertainties of the
SCIAMACHY limb observations, which are only sensitive to estimation of stratospheric SCDs, whereas for large tropo-
the stratospheric part of the total columniti et al., 2008;  spheric VCDs, the uncertainties in the determination of tro-
Pukte et al., 2008). Part of the seasonal variation of thepospheric AMFs dominate. The largest absolute errors occur
stratospheric VCDs over Shanghai is accounted for by sefor large SZAs and large VCEpo_zenith- The largest relative
lecting different reference values for different seasons (seerrors occur for large SZAs and small V&&o zenith FOr
Sect. 3.1.1). The remaining variation of the stratospherica VCDyropa zenith Of 5x 10 molecules cm? the relative er-
VCDs as estimated from the SCIAMACHY limb observa- roris <25% for SZA<70°. It should be noted that this error
tions is up to about 10 moleculescm?2. Taking into  estimate is rather conservative, since the individual contri-
account also the uncertainty of the stratospheric AMFs, thébutions in Eq. (7) are simply added. In reality, the different
total uncertainties of the stratospheric SCDs result in val-contributions, however, will partly cancel each other.
ues between 1:110'° molecules cm? (for SZA of 20°) and
1x 10" molecules cm? (for SZA of 85’). 3.1.5 The influence of aerosol settings and profile as-

Es describes the errors which scale with Vg zenith sumptions on the tropospheric AMF
but depend also on other effects, mainly the SZA. A large

fraction of these errors is caused by the uncertainties of therne sets of tropospheric NOAMFs shown in Fig. 3 are
tropospheric AMFs. From detailed sensitivity studies usingpased on aerosol and profile properties reflecting their sea-

various input parameters for the radiative transfer simula-g55] variations. One important assumption is that the tropo-

tions (see Sect. 3.1.5), these uncertainties are estimated heric NQ and aerosol layers are located within the same
range between 10% and 20% for SZA of°28nd 83, re-  gjtitude range. This assumption is the most feasible one

spectively. we can make here (the possible location and extension of
tropospheric N@ and aerosol layers are too variable to be

www.atmos-chem-phys.net/9/3641/2009/ Atmos. Chem. Phys., 9, 3662-2009



3650 D. Chen et al.: Zenith-sky DOAS measurements of tropospheriochidmns

AMFs deduced under the assumptions that the aerosol layer
4500 30 May 2007 (clear day) extends lower (case 1) and higher (case 3) than the tropo-
I @ spheric NG, respectively. Because of the multiple scatter-
ing effect of aerosol, when the top of aerosol layer is lo-
m cated above the tropospheric PG greater fraction of the
H observed photons passes the N@yer on a vertical rather
2500 [ \ than on a slant path (depending on the SZA). Thus, the de-
duced tropospheric AMFs are reduced, especially for SZA
larger than 70. Similarly, the tropospheric AMFs can be en-
hanced if the top of the aerosol layer falls below that of the
tropospheric NQ@. It should be noted that since the dominant
fraction of VCDyopo_zenith Was observed at small SZAs, the
A i L differences become rather small. Thus potential variations of
s 6 8 10 12 14 1 18 2 the relative locations of tropospheric M@nd aerosol layers
would not cause large error to the results.
Secondly, in order to investigate the influence of the layer
height itself, we assume that the layers of both the tropo-
4500 31 May 2007 (cloudy day) spheric NQ and the aerosol simultaneously extend to differ-
2000 |- T."; (b) ent altitudes (cases 2, 5, 10, 11 in Table 2). The results shown
"y in Fig. 6b indicate that the layer height has only a very small
influence on tropospheric AMFs.
L -4: Thirdly, the influence of aerosol single scattering albedo
_f Py 7 ; ,\_' (SSA) on the derived tropospheric AMFs is tested (cases 4-6
) 'v{. "1. in Table 2). Itis found that (Fig. 6¢) the tropospheric AMFs
I ﬂF . . increase with increasing single scattering albedo. Since 0.95
1500 - l& \_ﬂ,- . ‘Ti' is probably the most realistic value of aerosol single scatter-
I el pN ing albedo, the errors caused by an assumed uncertainty of

1000 - N
I = '_# . Jﬂ the single scattering albedo in the range of 0.9 to 1 are below

4000
3500

3000

2000
1500 -

1000

0, DSCD (1040 molecules? cm's)

500 -

Local time (hours)

3500 |- .

3000

2500 \

2000

0, DSCD (210%™ molecules® cm™®)

r 10% for SZAs lower than 85
. s s 10 12 14 1 1 Fourthly, the influence of the aerosol asymmetry param-
eter (AP) is investigated (cases 5, 12, 13 in Table 2). As
shown in Fig. 6d, especially for small SZAs, uncertainties of
the asymmetry parameter can cause relatively large errors in
Fig. 7. Diurnal variations of the @ DSCDs on a clear (30 May the tropospheric AMFs (up to about 10%).
2007,a) and a cloudy day (31 May 200), respectively. Fifthly, the effect of AOD settings on the tropospheric
AMFs is investigated, with AOD assumed to be 0.4, 0.8,
1.2 and 1.5 (cases 5, 7-9 in Table 2). Like the layer height
comprehensively included in this study). Also the single (Fig. 6b), also the aerosol optical depth has only a relatively
scattering albedo and asymmetry parameter are fixed to vakmall influence on the tropospheric AMFs (Fig. 6e).
ues of 0.95 and 0.68, respectively. However, still rather large  Fina|ly, we investigate the influence of the surface albedo
uncertainties exist about the aerosol properties as well as OfValues from 5% to 25%) on the modeled tropospheric AMFs
the individual altitude profiles of the aerosol properties a”d(cases 5, 14-16 in Table 2). It is demonstrated in Fig. 6f that
NO concentrations. In this section, we investigate these Unthe uncertainties of the surface albedo cause rather small er-
certainties by varying the different input parameters for theyqrs in the tropospheric AMFs (up to about 5% for the as-
radiative transfer simulations. As reference case, the tropogymed range of albedo values).
spheric NQ AMFs simulated for a layer height (aerosoland  From the above discussions we conclude that though the
NO) of 0.8km, aerosol optical depth of 1.2, single scatter- respective uncertainties in several groups of cases are up to
ing albedo of 0.95, asymmetry parameter of 0.68 and surfacg oo, the errors caused by the uncertainties of aerosol prop-
albedo of 0.18 are selected (case 5 in Table 2). erties, as well as the aerosol and N@ofile settings might
First, we investigate the effect of the relative location partly cancel each other. In this study we estimate the total
of the tropospheric N@and the aerosol layers on the tro- yncertainty of the tropospheric NGAMF to range between

pospheric AMFs by extending them to different altitudes 1094 and 20% for SZA at 20and 85, respectively.
(cases 1-3, 5 in Table 2). Figure 6a shows the tropospheric

Local time (hours)
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Fig. 8. Typical examples of comparisons between the troposphericWLDs from zenith-sky observations (VGha zenith) and long-path

3.2 Tropospheric NO, VCDs derived from long-path
DOAS observations

nally, a comparison between the tropospheric,NECDs
derived from SCIAMACHY observations and ground-based

measurements is presented.
In order to validate the extraction results, the hourly-

averaged N@ surface concentrations measured by long- 41
path DOAS observations are also converted into the corre-
sponding tropospheric VCDs (VGlgpa surfacd by multiply-

ing by the assumed seasonal PBL heights, and compared
with the hourly-averaged VC3po zenith It is interesting
to note that, in contrast to the VGlha zenith, €rrors in the
VCDyropa_surface@s a result of a wrong PBL height setting are
directly proportional to the errors of the PBL height.

Comparison between the tropospheric N@ VCDs
deduced from zenith-sky and long-path DOAS mea-
surements

Before the comparison, the potential influence of tropo-
spheric clouds should be discussed. As demonstrated by
Wagner et al. (1998) and Pfeilsticker et al. (1998), the photon
diffusion in optical thick clouds and the multiple reflections
between layers and patches of clouds can greatly enhance
the light path. If there is N@located at the cloud level, the
absorption would become much larger than that under clear
In this section, the resulting tropospheric N@CDs derived  sky condition. On the other hand, in the presence of high
from zenith-sky measurements are firstly compared with thethin clouds, the tropospheric absorption can also be slightly
VCDs converted from the surface concentrations. Then facdecreased. If in cloudy conditions, the tropospheric AMFs
tors affecting the comparison are explored and discussed. Fiealculated under cloud-free assumption are used to retrieve

4 Results and discussion
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Fig. 9. Regression analysis of the tropospheric/N@CDs derived ~ Fig- 10. Monthly-averaged diurnal Planetary Boundary Layer
from long-path DOAS observations (VGlgpa surface and zenith- (PBL) height for Shanghai in October and December 2006, modeled

sky observations (VCRypa zenith for 98 days under cloud-free gnd prov_ided by Patrickatkel, modeling group at MPI for Chem-
condition. istry, Mainz, Germany. The model results were taken from the S2

simulation of the Modular Earth Submodel System (MESSy), see
Jockel et al., 2006.

the tropospheric VCDs, large errors can occur. Without the

information about the location and extension of clouds, as ] i ]

well as the distribution of N@inside clouds, it is difficultto N the third group (including 33 days), VGiho zenith and
correctly extract the tropospheric NOVCDs from zenith-  YCDtropo surfacehave different values and relative variations.
sky measurements. Therefore, in this study, only the reln the last group (including 28 days), the curves of diurnal
sults for clear days are selected for comparison. Here th&/ CDtropo_zenith@nd VCDropa surfaceintersect, but with differ-
daily meteorological observations and the diurnal variation€nt relative variations. As there are only one third of the days
of the retrieved @ columns are combined to select days P€longing to the first and second groups, the \ieda zenith

in which the cloud impact can be neglected. Because thénd VCDhropa surfaced0 not agree well.

04 concentration in the atmosphere mainly depends on the The overall regression analysis of V&&a surface and
square of the @concentration, and the atmospherig @I|-  VCDiropo_zenith for cloud-free observations from 98 days is
umn varies 0n|y S||ght|y (depending on pressure) (Perner an(performed. Since there are uncertainties in both data sets,
Platt, 1980; Greenblatt et al., 1990; Wagner et al., 2002; Wit-the standard least-squares method, which only minimizes
trock et al., 2004), the Pabsorption can be used as a cri- the distances between the fitted line and the data in the y-
terion to identify the existence of clouds and aerosols. Fordirection, is not appropriate. Here a weighted bivariate least-
a trace gas with constant amount in the atmosphere, the otsquares method (Egs. 5 and 6 in Cantrell, 2008), which con-
served diurnal SCD variation shows a smooth increase wittsiders the errors in both y- and x-variables, and minimizes
the increasing SZAs in clear sky condition (Meena et al.,the perpendicular distances between the fitted line and the
2004). Therefore, here the U-shape diurnal variation of thedata, is adopted. Such an algorithm allows assigning indi-
retrieved Q DSCDs is taken as an indicator for a clear day. vidual uncertainties to all data points. Therefore, an absolute
As shown in Fig. 7, using this criterion, it can be well distin- plus a relative uncertainty of both measurements was esti-
guished between a clear day (30 May 2007) and a cloudy daynated and applied to the regression. For \igda zenith the

(31 May 2007). Following the above criteria, data from 98 €rror is estimated to bex210'> molecules cm?£20%; For
days under cloud-free conditions during 22 December 2006/CDtropo_surface the assumptions on the PBL height and on
to 31 December 2007 are chosen for comparison. The resul§e homogenous mixing within the PBL are the dominant er-
are separated into four groups. Figure 8 shows typical examror sources. Thus, a relative error of about 40% is estimated
ples for the selected days of each group. In the first group (in{See also sections below). Using these assumptions, the fit-
cluding 12 days), both the hourly-averaged values and related regression line, shown in Fig. 9, indicates a rather low
tive diurnal variations of the tropospheric NOCDs derived ~ correlation between the two data seks<(0.50).

from zenith-sky observations (VGlgpo_zenith) and long-path As mentioned in Sect. 3, the standardized seasonal shapes
DOAS observations (VCldpa surface Present good agree- of NO, profiles were adopted to convert the surface con-
ments. In the second group (including 25 days), only the relcentrations into the tropospheric VCDs (V&d3o surfacs-
ative variations of VClopo_zenithand VCDyopa_surface@gree. However, due to the change of meteorological conditions

Atmos. Chem. Phys., 9, 3643662 2009 www.atmos-chem-phys.net/9/3641/2009/



D. Chen et al.: Zenith-sky DOAS measurements of tropospherig ¢éd@imns

06:00~11:00 LT

— ()
€
o
1%]
[}
=
(5}
L7
°
£
©
=)
o
o .
> R=0.41
e ., ] Slope = 1.07+0.06
xL Intercept = 0.94+0.10
0 1 n 1 1 1 1 n 1 n 1 n 1 n 1
0 2 4 6 8 10 12 14 16 18
NO, VCD, (10" molecules cm™)
ropo_zenith
11:00~15:00 LT
- 18 |- (b)
5 16 |- .
(%]
k] L
3 14 -
o -
g 12} -
° P
R -
) -
o
S
~ R=0.80
] Slope = 0.784+0.03
Intercept = 0.08 £0.05
= 1 1 1 1
0 2 4 6 8 10 12 14 16 18
16 -2,
NO, VCDmpﬂ_Zemm (10 molecules cm™)
15:00~19:00 LT
— 18 (c)
E
S 16 F
1723
o
3 14|
K e
g 12k //
£E -
o
a4 10 - - e
o - e
8 . e 7
;‘ 8 . ] " // " Ll
§ - e
o 6F aovt . -
o A ! y R=0.67
z oL . Slope = 0.65+0.05
= Tk Intercept = 1.09+0.09
o ) ! ! ! ! ! ! ! !
0 2 4 6 8 10 12 14 16 18

Fig. 11. Regression analysis of the tropospheric N@CDs de-
rived from long-path DOAS observations (V@Bha surface and
zenith-sky observations (VGpa_zenith) for three selected peri-
ods during the daytime (06:6.1:00 LT, 11:00-15:00 LT and

15:00~19:00 LT).

NO, VD, (10" molecules cm™®)

po_zenith

3653
10
@ —m— PBL height = 0.3 km
-~ 9 —e— PBL height = 0.6 km
g sl PBL height = 0.8 km
2 —v— PBL height = 1 km
3 T
Q@
g or
2 °r
o
g 3
[a)
(@)
> 2F v
~ —y—¥ .
oL e
0 1 1 1 1 1 1 1
4 6 8 10 12 14 16 18 20
Local time (hours)
10
b v —u— PBL height = 0.3 km
~ of ® N —e— PBL height = 0.6 km
g ol PBL height = 0.8 km
2 /v —v— PBL height = 1 km
3 7+ hd
3 /
IS 6 v/V
<Q o
S 5 ,./ \°\ v /v
E L /.,/ \ v
i e v/
g 3t \
8 U v T
v—
9 oL ./././ \ \\y— .//./
s N e -—"
4 1k —n
—a—a
0 ! 1 1 1 1 1 1
4 6 8 10 12 14 16 18 20

Local time (hours)

Fig. 12. (a)Corresponding tropospheric NO/CDs from zenith-
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shows the monthly-averaged diurnal PBL heights for Shang-
hai in October and December 2006, modeled and pro-
vided by Patrick dckel, modeling group at MPI for Chem-
istry, Mainz, Germany. The model results were taken from
the S2 simulation of the Modular Earth Submodel System
(MESSYy, see dckel et al.,, 2006). The PBL height fluc-
tuates sharply from 06:00 LT to 11:00 LT, and then re-
mains relatively unchanged until 18:00 LT. In order to in-
vestigate the influence of the PBL height variation in more
detail, the time from 06:00 LT to 19:00 LT is divided into
3 periods, which are 06:6011:00 LT, 11:00-15:00 LT and
15:00~19:00 LT, respectively. The orthogonal regression
analysis of VCRopo_surface@Nd VCDyopa zenith IN €ach pe-

during the day, the PBL height does not remain constant, esriod (for all selected days) is shown in Fig. 11. As ex-
pecially in the situation of a temperature inversion. Daily pected, the best correspondence happens in the second pe-

comparison of VCRopo_surface aNd VCDyropo_zenith always
shows higher VClopa surface in the morning, which in-
dicates an overestimation of the PBL height.

www.atmos-chem-phys.net/9/3641/2009/

riod, from 11:00 LT to 15:00 LT, in which the PBL height
is more constant compared with the other two periods, and
Figure 10the influence of uncertainties caused by the stratospheric
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DOAS observations (VCfpg_surface 0N 9 June 2007 under differ-
ent PBL height assumptions. The circles indicate times when bot
data sets agree.
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NO, VCD deduction is minimized because of the small
SZAs. In addition, the correlation between V&dda surface
and VCDyopa zenith in the third period is better than that in
the first period, which further demonstrates the influence of
PBL height variation on the comparison results.

It might be interesting to note that in Fig. 9 and Fig. 11, in
general, a positive y-intercept is found. Although the values
are rather small, this might indicate the influence of NO
the free troposphere which will contribute to V&£3o_zenith
but not to VCDropa_surface

4.1.1 The influence of PBL height variations on the
VCDyropa_zenith @nd VCDyropo_surfaceCalculations

Figure 12a and b show the VGEhozenith and
VCDyropo_surface in 9 June 2007, deduced under the
four PBL height assumptions defined in the previous section.
The much larger deviations for the different profiles of
VCDyropo_surface than those for VClopo_zenith demonstrate
the big uncertainties of the conversion from surface concen-
trations to VCQyopo_surface Thus one important conclusion
of this comparison is that VCEpo_zenith IS more reliable
and probably more suitable for satellite validation. However,
it should be pointed out that because the calculation of
VCDyropo_ref also involves the conversion of the M®urface
concentration into the tropospheric VCD using the PBL
height information, it is important to choose a “clean”
Fraunhofer reference spectrum, in which the N®llution
in the lower atmosphere is small, to reduce the proportion
of VCDyropa_ref t0 the deduced VClapo_zenithy and thus to
enhance the reliability of VCpa zenith

In addition, the comparison between V§d3a zenith and
VCDyropo_surface deduced under the above different PBL
height assumptions was made (see Fig. 13). The different
extent of agreement in each group indicates the systematic
variation of the PBL height during the course of the day
(see also Fig. 10). Thus, from the comparison between
VCDyropo_zenith and VCDyopo_surface ON Clear days, valuable
information about the PBL height can be derived, which
should be investigated in more detail in the future.

4.2 Comparison with SCIAMACHY tropospheric NO»
VCDs

4.2.1 SCIAMACHY instrument and data analysis

SCIAMACHY (SCanning Imaging Absorption spectroMe-
ter for Atmospheric CHartographY) is a 8 channel spectrom-
eter aboard the European Space Agency’s (ESA) Environ-
mental Satellite (ENVISAT), and designed to measure the
sunlight upwelling from the earth’s atmosphere in different
viewing geometries in the UV, visible and near infrared re-

hgion (240-2380 nm) to retrieve the amounts and global dis-

tribution of various atmospheric trace gases (Bovensmann et
al., 1999). Compared to GOME (Global Ozone Monitoring

www.atmos-chem-phys.net/9/3641/2009/
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Experiment), i.e. 42320 kn?, SCIAMACHY has a better The multiplicative part of the error (30%) is caused by two

spatial resolution of 3R30kn? to 30x240kn? (typically  sources:

30x 60 kr?), which is of great importance to accurately de- (a) Temperature dependence of NEoss section. The

tect the enhanced NCamount over some hot spots, which seasonal temperature changes can cause variations pf NO

are always smoothed out in the GOME data (Beirle et al.,absorption of about 8%.

2004). Global coverage is achieved after every 6 days at the (b) Errors in the AMF calculation. These are dominated

equator. _ by uncertainties due to the assumed albedo of 5% (causing
Details on the spectral anqu3|s for GOME (adopted aI;o togn uncertainty in tropospheric NO&YCDs of about 20%) and

SCIAMACHY) can be found in Leue et al. (2001) and Beirle gryors in the AMFs due to uncertain cloud properties (below

etal. (2003). The N@columns are retrieved in the spectral 1004 in most cases for an uncertainty of 0.02 (absolute) in
window between 430-450 nm (channel 3). In order to sepagq g fraction).

rate the stratospheric N@olumns, the slant columns mea-
sured over the Pacific Ocean at the same latitude are taken
the stratospheric N9background values, which were sub-
tracted from the total slant columns to obtain the tropospheri
NO, SCDs. Then, the tropospheric NO&CDs are derived

by dividing the tropospheric SCDs by the corresponding tro-
pospheric AMFs (Richter and Burrows, 2002). Here, the

?g:é?:ﬁalstﬁ c?lﬁulgted W'ttth thg ]fadl'\?t've trapls fgr mOdeIHowever, especially for clouded scenes and heavy aerosol
“Il for the following settings: for N@ a profile is as- loads, the choice of the tropospheric p@rofiles has a

. 0 :
sumed with 80% of the tro_posphenc column located betw_ee tronger impact on the satellite AMFs than for ground-based
the surface and 1km altitude (homogenous concentration

- . bservations. The influence of the cloud properties on the
0, —
and the remaining 2(.)/0 in the free troposphere fromll 15 kmcomparison between ground-based and satellite data is in-
(constant mixing ratio); an aerosol layer of 1 km thickness,

1o .~ "'vestigated in more detail in Sect. 4.2.2.
0.5 km+ extinction, asymmetry parameter 0.68, and single . .
scattering albedo 0.9 (all the aerosol optical parameters are The SCIAMACHY.plers usgd here are those covering the
for 440nm) is assumed; the ground albedo is set to 5%_gr_ound—bz_ised experimental site (31N 121_'8 E). Consid-
These setting are globally unique in our standard retrieval of™MY the impact of clouds on the observations of trace gases
tropospheric N@ columns. And it should be paid attention below clou_d top, we separated the data to those measured for
that though these standard settings for satellite retrieval arQIOUd fra<_:t_|ons higher or lower than 0.2 (cloudy and (_:Iear-
different from those used for the deduction from zenith-skySky con_d|t|ons_, respgcnvely), and chus on the latter in the
observations, as discussed in Sect. 3.1.5, the influence on grf@mparison with zenith-sky observations.
results of zenith scattered light observations is rather small . )
(see also Fig. 6). AMFs according to these settings are firsf-2-2 Comparison between tropospheric N@ VCDs
modeled separately for cloud free and clouded scenes for dif- from SCIAMACHY and ground-based measure-
ferent cloud top heights (CTH). For the clouded scenes, sim- ments
plified assumptions on the cloud properties are made (verti-
cal extension of the cloud: 1 km, single scattering albedo: 1,For the comparison with the SCIAMACHY results, the one-
asymmetry parameter: 0.85). In the second step, the actudlour average tropospheric NO&/CDs from the zenith-sky
AMFs for a given observation are calculated by weighting measurements during 10:6Q1:00 LT were used, which
the AMFs for the clear and cloudy parts according to the ef-were observed around the time of SCIAMACHY overpass
fective cloud fraction (CF) given for the observations, and the(SCIAMACHY’s overpass over Shanghai for the coinci-
modeled radiances of the clear and cloudy parts, respectivelyences is found about 10:20 LT). Here also tropospherig NO
The effective cloud fractions and cloud top heights are takenVCDs from zenith-sky measurements, for partially clear days
from the FRESCO (Fast Retrieval Scheme for Cloud Ob-(with cloud free sky during the satellite overpass) were in-
servables) algorithm (Koelemeijer et al., 2001, 2002). Thecluded in the comparison.

It should be noted that, though the parameter settings for
LTIAMACHY tropospheric AMF simulation do not com-
é)letely agree with those used in ground-based tropospheric
AMF simulation, which takes the seasonal variation into ac-
count, the differences would not cause large deviation to
the deduced tropospheric VCDs, considering the magnitude
of tropospheric AMFs in cloud free condition (close to 1).

errors of the tropospheric NOVCD derived in this way Figure 14a shows the orthogonal regression of the tropo-
are estimated to be10'> molecules cm?+30%, which are spheric NQ VCDs derived from SCIAMACHY and zenith-
adopted in the orthogonal regression analysis below. sky measurements under all cloud fractions in 2007 (data

Here the additive part of  the error from 45 days), with a relative low correlation (black line,
(1x10"® moleculescm?) is caused by the stratospheric R=0.68). The separate regression analyses for data under
correction, which neglects longitudinal variations of clear-sky and cloudy conditions (red and blue, respectively,
stratospheric N@ in Fig. 14a) are also performed, which show a better corre-

lation for the former R=0.75) but worse correlation for the
latter (R=0.58).
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Fig. 14. Comparison between the tropospheric N@CDs deduced from SCIAMACHY and zenith-sky observatiorfa) Orthogonal
regression of the tropopheric NO/CDs from SCIAMACHY and zenith-sky measurements under all cloud fractions (black fitted line).
Red points represent the data for days under clear-sky condition, while the blue points represent the data for clo(lyREyrgssion
analysis of data for days with GF.2 & CTH<1km (black points), and CE0.2 & CTH>1km (red points) respectively¢) Comparison
between the tropospheric NOCDs from SCIAMACHY and zenith-sky measurements under clear-sky conditior Q). Open squares
and circles represent the satellite and zenith-sky data for days with<@kikh, respectively.

Since the correlation between the two measurements is ndhe true AMF could be high (due to the multiple scattering
improved much when only the data under clear-sky conditionwithin a scattering aerosol layer, or low cloud in the pol-
are taken into account, we take a closer look at the correluted layer) or low (in case of absorbing aerosol or pollution
sponding days. It is found that there are more than half oflocated below the cloud). Therefore, the tropospherigo NO
the days (15 days) in which the FRESCO cloud top heightVCDs from SCIAMACHY (having AMF of about-1.2 for
(CTH) in the target SCIAMACHY pixels are below 1km. these scenes) could be over- or underestimated. Considering
These cases cannot be processed in the usual way of dathe uncertainties of the satellite data for days with<©F2
retrieval, in which the model cloud is 1 km thick. Such ob- and CTH<1 km, we mark those data and analyze the correla-
servations are probably related to the presence of substantiéibn for the remaining clear-sky data (days with €%2 and
aerosol loads; hence these scenes (as long as cloud fracti@ilr'H>1 km). As shown in Fig. 14b, the correlation is greatly
is below 0.2) are all treated as if they are cloud free with aimproved R=0.86) when the days with CTHL km are ex-
homogenous aerosol layer. Depending on the actual sceneluded. It should be noted that because of the small number

Atmos. Chem. Phys., 9, 3643662 2009 www.atmos-chem-phys.net/9/3641/2009/
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Table 3. Comparison between SCIAMACHY tropospheric VCD (under two tropospherig ptofile assumptions) and the VGbha zenith
for different cloud conditions. Bold values indicate the correlation coefficients between the satellite data ang suef&li@ concentrations.

. 80% of tropospheric N@ 95% of tropospheric N®
Cloud condition column located between 0-1km  column located between 0—1 km
R Slope Intercept R Slope Intercept
All 0.68 0.54-0.06 —0.25+0.10 0.71 0.680.08 —0.20+0.14
0.65 0.58
Cloudy (CE~0.2) 0.58 0.380.07 -0.03:0.11 0.64 0.660.13 —0.32+0.20
0.69 0.74
Clear-sky (Ck0.2) 0.75 0.580.09 0.2&:0.20 0.75 0.580.10 0.25:0.23
0.62 0.59
Clear-sky (Ck0.2, CTH>-1km) 0.86 0.5@-:0.12 0.150.33 0.83 0.560.14 0.3@0.42
0.73 0.70
Clear-sky (Ck0.2, CTH<1km) 0.63 0.520.14 0.2&0.30 0.63 0.680.15 0.210.35
0.64 0.66

of data points, the correlation results should be treated wittcussed, with the focus on the errors of the satellite data. In
care and should be confirmed by additional studies in the fu-general, the most important sources of error in tropospheric
ture. NO> retrieved from SCIAMACHY data arise from the pa-
Figure 14c shows the comparison between tropospheriéameter settings in the calculation of tropospheric AMFs.
NO, VCDs from SCIAMACHY and zenith-sky measure- Besides the errors caused by the determination of the strato-
ments under clear-sky condition (€B.2). The data for days spheric column and the surface albedo, which have been dis-
with CTH<1km are also marked. The relative variations of cussed in Richter and Burrows (2002), the different assump-
the two data sets match well, while the absolute values otions on the vertical and horizontal distribution of the tropo-
tropospheric N@ VCDs from zenith-sky measurements are spheric NQ column, as well as the aerosol single scattering
1.8+0.6 times as large as those retrieved from SCIAMACHY albedo of satellite and zenith-sky AMF simulations also ac-
data. count for the deviation of the final comparison. Here it is
Additionally, we investigate the correlation between the interesting to note that the AMFs for satellite observations
tropospheric N@ VCDs from SCIAMACHY measurements &€ more strongly affected by these a_ssumptions, especially
and the NQ surface concentrations measured by Iong-pathfor (part!y) clouded scenes. As mentioned before, the tro-
DOAS observations, which have been used for satellite vali-PoSPheric AMFs used to deduce V&dgo zenithare modeled
dation in previous studies (see e.g. Petritoli et al., 2004). Asunder the assumption that all the tropospherici&Jocated
shown in Fig. 15, the correlation coefficient for data under Within the PBL, which varies with different seasons. How-
clear-sky condition is 0.62 and that for data with €2  €ver, in the calculation of the SCIAMACHY AMFs, only
and CTH>1km is 0.73, both of which are worse than the 80% of the tropospheric Nfcolumn is assumed to be lo-
correlations between tropospheric N®CDs from SCIA- cated between 0-1km altitude. In order to investigate the
MACHY and zenith-sky measurements. These findings alsdmpact of such different assumptions, we re-calculate the tro-
demonstrate the advantage of our VigR zenifor satellite  Pospheric N@ VCDs from SCIAMACHY with 95% of the
validation. The quality of satellite validation using surface tropospheric N@ column located between 0-1km. The re-
concentration data will strongly depend on the time of the Sults are mostly 15% larger than the old ones under clear-sky

day and will be best for satellite instruments with overpasscondition, with a few columns enhanced by a higher percent-
times during the noon. age. Thus, the absolute values of the new satellite tropo-

spheric VCDs are closer to that of the VEd3o zenith The
correlations between satellite tropospheric VCDs under these
two distribution assumptions and the V&do zenith as well

as the NQ surface concentrations from long-path DOAS
measurements are presented in Table 3 for different cloud
conditions. The correspondence between the tropospheric
%IOZ VCDs from satellite and zenith-sky measurements is

4.2.3 Discussion

Unlike Sect. 3.1.4 and 3.1.5, which focus on the errors of
the tropospheric N@VCDs from zenith-sky measurements,

in this section, the reasons for the deviation between dat
from SCIAMACHY and zenith-sky measurements are dis-

www.atmos-chem-phys.net/9/3641/2009/ Atmos. Chem. Phys., 9, 3662-2009
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Fig. 15. Comparison between the troposphericA\NXCDs deduced from SCIAMACHY and the NGurface concentrations from long-path
DOAS observations(a) Orthogonal regression of the tropopheric N&¥CDs from SCIAMACHY and the N@ surface concentrations

under all cloud fractions (the black fitted line). Red points represent the data for days under clear-sky condition, while the blue points
represent the data for cloudy day®) Regression analysis of data for days with<€F2 & CTH<1km (black points), and CE0.2 &
CTH>1km (red points) respectivelyr) Time series of comparison between the tropospherie NODs from SCIAMACHY and NQ

surface concentrations under clear-sky condition€<GR). Open squares and circles represent the satellite VCDs and surface concentrations
for days with CTH<1 km.

slightly improved by the use of the new profile assumption, for the satellite AMFs compared to the AMFs for zenith-sky
but still cannot explain the major part of the deviation be- observations.

tween the two data sets. After excluding the possibilities of the above two error

Additionally, as shown in Fig. 6c, the tropospheric AMFs sources as the main reasons for the deviation between satel-
deduced for an aerosol single scattering albedo of 0.95 aréite and zenith-sky tropospheric VCDs, we finally turn to
about 7% larger than those for a single scattering albedo ofhe difference of spatial resolutions between the two mea-
0.9 (for the SZA of SCIAMACHY overpass, lowerthan®§0  surements. According to Obilez et al. (2006), the agree-
Since 0.95 is probably the most realistic value of aerosol sin-ment between the tropospheric N®CDs from satellite and
gle scattering albedo, the derived tropospheric,N@Ds ground-based in situ measurements in slightly polluted sta-
from SCIAMACHY observations (with SSA assumed to be tions was better than that in heavily polluted or average pol-
0.9) are probably too high. Therefore, the correction of luted stations. Since our experimental site suffers from heavy
aerosol single scattering albedo settings would even enlarggaffic pollution, strong spatial gradients are to be expected,
the deviation between the two data sets. Again it should bavhich cannot be resolved by the satellite observation. Thus
noted that the effects of different aerosol settings are strongethe satellite observations should yield systematically lower

Atmos. Chem. Phys., 9, 3643662 2009 www.atmos-chem-phys.net/9/3641/2009/
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Fig. 16. Spatial distribution of N@ (top) and nighttime light pollution (bottom) around Shanghai. The&ta are the average tropospheric
VCDs from SCIAMACHY observations for 2007 with cloud fraction below 0.2. The nighttime light data are measurements from the
“Defense Meteorological Satellite Program” DMSP-OLS. The numbers in the title gives the “spatial averaging effect”, i.e. the ratio of the
maximum at Shanghai and the mean of the satellite observations at a resolutior & l8€?. The circle indicates the ground-based
experimental site. The black line represents the coastline of the East Sea.

values compared to those from zenith-sky measurements. Ified in a similar way for the nighttime light data. For the NO
order to further demonstrate this effect, we investigate themeasurements we find a ratio of 1.30, which can be regarded
spatial gradients around Shanghai to estimate the expectea the lower bound of the spatial sampling effect, because
difference of zenith-sky versus satellite columns due to thethe NG gradients were measured with the coarse spatial res-
extent of the satellite pixels (3660 kn?). Figure 16 shows olution of the satellite itself. In contrast, the light pollution
the spatial distribution of N@and nighttime light pollution  at night might be a more realistic proxy for N®ources, as
around Shanghai. The N@ata are the average tropospheric it was measured at higher spatial resolution. Hence, from
VCD from SCIAMACHY observations for 2007 with cloud the nighttime light pollution, we find a value of 1.46, which
fraction below 0.2. The nighttime light data are measure-might be a good approximation of the upper bound of the
ments from the “Defense Meteorological Satellite Program” spatial averaging effect. Therefore, the difference of zenith-
DMSP-OLS for 2003 (Cinzano et al., 2001). The number sky versus satellite columns caused by spatial sampling effect
in the title gives the “spatial averaging effect”, i.e. the ratio ranges from 1.30 to 1.46, which can account for the main part
of the maximum at Shanghai and the mean of the satelliteof the deviation between the presented data sets.
observations at a resolution of 860 kn? (according to our

selection criterion, see Sect. 4.2.1). Like for the Ndata

themselves, the spatial averaging effect can also be quanti-

www.atmos-chem-phys.net/9/3641/2009/ Atmos. Chem. Phys., 9, 3662-2009
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Remaining systematic deviations are most probably retions. It is concluded that the “spatial averaging effect” can
lated to uncertainties of the satellite data caused by the asaccount for a large part of the difference between zenith-sky
sumptions on the aerosol properties as well as layer heightand satellite observations. Since over Shanghai the distribu-
of aerosols and N® To sum up, considering the pollution tion of pollution within the SCIAMACHY footprint shows
level of the experimental site, the difference in the spatialtypically strong and systematic gradients (with the maximum
resolutions of the satellite and ground-based observations, adose to the measurement site of the ground-based observa-
well as the errors of both measurements, the present agred¢ions), the satellite observations fail to reproduce the high
ment level is rather good. In order to further validate the NO, amounts over the polluted experimental site. Therefore,
satellite measurement, it is necessary to extend the obsein order to further validate the satellite measurements, the
vation of zenith-sky DOAS measurement to the areas withextension of ground-based zenith-sky DOAS measurements
different pollution levels to cover the whole footprint of the is demanded to cover areas with different pollution levels
satellite measurements. Also more detailed information onwithin the whole satellite footprint.
the tropospheric N@profile would decrease the uncertain-
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is an important quantity for the estimation of emissions and!® calculate stratospheric NOAMF is also acknowledged. The
for the validation of satellite observations. A detailed er- DMSP-OLS Nighttime Lights data were processed by NOAAS

. . National Geophysical Data Center, and the DMSP data were
ror analysis shows that the accuracy of the tropospherig NO

VCDs derived by thi tracti thod is tvbi 50¢ collected by US Air Force Weather Agency. Finally, we are grateful
s derived by this extraction method is typical25% 1, Howard Roscoe and other two anonymous reviewers for their

for SZA below 70. positive and constructive reviews during the interactive discussion
The NQ surface concentrations measured by long- period of this paper.

path DOAS were also converted into tropospheric VCDs

(VCDrropasurface by multiplication with the assumed sea- Edited by: A. Richter
sonal PBL heights. The comparison between the hourly-
averaged VClopo surface aNd VCDyopa_zenith provides a
deeper insight on the influence of PBL height variation on
the tropospheric N©VCDs derived from the surface con- Bassford, M. R., McLinden, C. A., and Strong, K.: Zenith-sky ob-

Cemrat'ons' It _'S concluded that the Vg@u?”ith IS more servations of stratospheric gases: the sensitivity of air mass fac-

reliable and suitable for satellite data validation. tors to geophysical parameters and the influence of tropospheric
A comparison between the tropospheric N@CDs from clouds, J. Quant. Spectrosc. Ra., 68, 657-677, 2001.

SCIAMACHY and zenith-sky measurements was made. TheBeirle, S., Platt, U., Wenig, M., and Wagner, T.: Weekly cycle of

relative variations of the two data sets under clear-sky con- NO, by GOME measurements: a signature of anthropogenic

ditions (cloud fraction below 0.2) correspond well, while  sources, Atmos. Chem. Phys., 3, 2225-2232, 2003,

the absolute values of the VCDs from zenith-sky measure- http://www.atmos-chem-phys.net/3/2225/2003/

ments are on average 1.8 times as large as those from SCI/€irle, S., Platt, U., Wenig, M., and Wagner, T.: Highly resolved

MACHY observations. The best correlation is found for ob- ~ 8lobal distribution of tropospheric Nousing GOME narrow
servations with CE0.2 and CTH-1km (R=0.86) swath mode data, Atmos. Chem. Phys., 4, 1913-1924, 2004,

. . http://www.atmos-chem-phys.net/4/1913/2004/
Reasons for the deviation of comparison results were €XBoersma, K. F., Eskes, H. J., and Brinksma, E. J.: Error analysis for

plored, including the assumptions on the vertical and hori- 5h0spheric NG retrieval from space, J. Geophys. Res., 109,
zontal distributions of the tropospheric N@oncentration, D04311, doi:10.1029/2003JD003962, 2004.

the aerosol single scattering albedo, as well as the differenBovensmann, H., Burrows, J. P., Buchwitz, M., Frerick, J.ENo
spatial resolutions of the satellite and ground-based observa- S., Rozanov, V. V., Chance, K. V., and Goede, A. P. H.:

5 Conclusions
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