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Abstract. We performed MAX-DOAS measurements during and the pointing direction of the telescope). The slant column
the PRIDE-PRD2006 campaign in the Pearl River Delta re-density (SCD), which is the concentration of a species inte-
gion (PRD), China, for 4 weeks in July 2006 at a site lo- grated along the paths where the registered photons traveled,
cated 60 km north of Guangzhou. The vertical distributionscan be derived from a DOAS fit. Despite the simplicity of the
of NO,, HCHO, and CHOCHO were independently retrieved experimental setup, the conversion from measured SCDs to
by an automated iteration method. The Nfixing ratios  trace gas concentrations or profiles is a demanding task. As
measured by MAX-DOAS showed reasonable agreementillustrated in Tablel, along with the numerous MAX-DOAS
with the simultaneous, ground based in-situ data. The tro-applications in the past decades, different methodologies for
pospheric NQ vertical column densities (VCDs) observed deriving the trace gas concentrations have been developed.
by OMI on board EOS-Aura satellite were higher than with The geometric approach, which is based on the assumption
those by MAX-DOAS. The 3-D chemical transport model that the last scattering of a photon happens above the ab-
CMAQ overestimated the NVCDs as well as the surface sorber layer, was used for estimating the trace gas concentra-
concentrations by about 65 %. From this observation, a retions in remote areat éser et al.2003. However, for MAX-
duction of NG, emission strength in CMAQ seems to be nec- DOAS observations in the UV or at high aerosol loads the
essary in order to well reproduce the pl@bservations. The single scattering assumption is not valid. Under these condi-
average mixing ratios of HCHO and CHOCHO were 7 ppb tions, radiative transfer models (RTMs) are required to derive
and 0.4 ppb, respectively, higher than in other rural or semirutrace gas profiles from measured SCDs. The different RTMs
ral environments. The high ratio of 0.062 between CHOCHO(see Tablel) calculate SCDs for trace gases on the basis of
and HCHO corresponds to the high VOCs reactivity and hightrace gas profiles as input to the model. In order to optimize
HO turnover rate consistent with other observations duringthe model input an inversion method is needed. This can ei-
the campaign. ther be optimal estimationRpdgers 2000 or an iteration
procedure as presented Bykelnaya et al(2007). Both al-
gorithms consist of two steps, i.e. first the aerosol extinction
profile is retrieved from the measured oxygen dimeg)(O
1 Introduction absorptions, then the trace gas profile is retrieved from the
measured trace gas absorptions taking the aerosol extinction
Multi-axis differential optical absorption spectroscopy profile into account. Given that routine MAX-DOAS mea-
(MAX-DOAS) is an effective remote sensing method for gyrements often generate large data sets, an automated in-
measuring tropospheric trace gases such ag, $ICHO,  yersion method (e.glrie et al, 2011 is highly preferable.
NOz, CHOCHO (rie et al, 2011 Wagner et al.2011, and  |nherently, only 2—3 independent pieces of profile informa-

references therein). MAX-DOAS uses scattered sunlight atjon can be retrieved from the MAX-DOAS measurements.
different elevation angles (i.e. the angle between horizon
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Table 1. Overview of MAX-DOAS trace gas measurements.

Location Period # Species RTM Methodology Ref.
Alert, Canada Apr—May 2000 6 BrO - Geometric approach 1
Atlantic Ocean Oct 2000 6 N£ Bro - Geometric approach 2
Montserrat island May 2002 10 $0OBroO - Geometric approach 3
Ny-;xlesund Svalbard Jul 2002 5 NO SCIATRAN  Predefined trace gas profile 4
+ RTM calculation
Po-valley, Italy Sep 2003 5 HCHO SCIATRAN  Manual iteration method 5
Cambridge & Gulf of Maine, USA  Jul-Aug 2004 5 NOHCHO, CHOCHO TRACY Manual iteration method 6
Reunion Island Aug 2004-Jun 2005 5 BrO DISORT Predefined preﬁ[éEMb 7
Mount Tai, China Jun 2006 5 HCHO, NO MCARaTS  Parametrized profile- OEM 8
Cabauw, Netherlands Jun-Jul 2009 6 ,SBCHO, NG, CHOCHO MCARaTS Parametrized profieOEM 9
Po-valley, Italy Sep 2003 5 HCHO, NO McArtim Parametrized profile- LMA® 10
Pearl River Delta, China Jul 2006 7 NCHCHO, CHOCHO McArtim Parametrized profileLMA 11

& Number of elevation angIeE,OptimaI Estimation Method, Levenberg-Marquardt Algorithm
1 Honninger and Plat2002), 2 Leser et al(2003, 3 Bobrowski et al(2003 4 Wittrock et al.(2004, ° Heckel et al(2005, © Pikelnaya et al(2007); Sinreich et al(2007), 7 Theys et al.
(2007, 8 Inomata et al(2008; Irie et al.(2008, ? Irie et al.(2011), 10 Wagner et al(2011), 11 this work.

Therefore, during the inversion process, either a-priori infor-2 Experimental

mation on the profile needs to be provided or a profile pa-

rameterization needs to be applied based on assumptions hl Field campaign and measurement site

the profile shape. Recent studies have compared the MAX- . , )
DOAS measured trace gas (e.g. NBICHO) concentrations "€ PRIDE-PRD2006 field campaign took place in July
in the boundary layer to those obtained by in-situ techniques2008 in the Pearl River Delta (PRD) region in Southern

In general, the differences were within 30 BiKelnaya et a). China within the_framework_of the_“Program of Regional
2007 Inomata et al.2008 Irie et al, 2011 Wagner et al. Integrated Experiments of Air Quality over the Pearl River

2013). In addition, MAX-DOAS can serve as a tool to val- Delt2” (PRIDE-PRD2006). The campaign focused on pho-

idate satellite-borne trace gas observations. The difference@chemistry and the formation of secondary pollutants like
between MAX-DOAS and satellite measured N@opo- ozone and particleZbang et al.2012. The MAX-DOAS

spheric vertical column densities were found to be 10-50 9gneasurements were conducted at one of the campaign su-
for selected regiondrie et al, 2008 Brinksma et al.200§.  Persites Back Garden (BG) located 23.80and 113.03E.

With the fast economic growth, the air quality has been TN BG site is approximately 60km NW of downtown
of increasing concern in the Pearl River Delta (PRD) re- Guangzhou. Itis located next to a water reservoir and is sur-
gion in Southern China. In the last years, PRD was iden_rounded by farmland and small forests. During the campaign,

tified by satellite measurements as one of the “hot-spotsth€ local traffic was quite limited. However, road works,
of NO,, HCHO, and CHOCHORichter et al, 2005 Wit- building constructions, and biomass and cable burning were

trock et al, 2006 Vrekoussis et al2009. The observed high occasionally observed in the surrounding areas. The biomass
NO; levels reflect the prevailing anthropogenic emission and cable burning events were intense and prevailing in the

sources, e.g. vehicles and industrial sources. Since HCH@eriod between 23 July and 25 July leading to high concen-

and CHOCHO are mainly produced through the oxidationtrations of aerosols and trace gas€aiand et al. 200§
of volatile organic compounds (VOCs), their high concentra--0U €t al, 2010. The entire campaign was characterized
tion levels indicate the large photochemical turnover in thePY tropical weather conditions with high temperatures (28—

PRD atmosphere. However, only a few ground-based HCHO36 “C) and high humidities (60-95% RH). Extended rain-

and CHOCHO measurements were reported for this regionfa!l occurred in periods influenced by typhoons Bilis (15—

During the PRIDE-PRD2006 field campaign, we performed 18 July) and Kaemi (26-29 July). The wind speed at BG
one month of continuous MAX-DOAS observations fo,O site was usually low (less than 2m% in most of the time,
NO,, HCHO, and CHOCHO. An automated aerosol retrieval which is a typical situation for inland areas in PRD during
method using @absorption was developed, and the retrievedSUmmer timekan et al. 2011). Such meteorological condi-
aerosol extinction agreed well with the total aerosol scatter-t'(_)ns favor th_e formation an_d accu.mulatlon_ of air pollution.
ing measured by a nephelometer ét al,, 2010. Here, we High OH radical concentrations with noontime peak values
] . 1 7 _3 . P
present the retrieval method and results forANCHO, and ~ ©f (1.5-2.6)x 10"cm aséwell as h|gh10H reactivitieon
CHOCHO concentrations. These results are discussed with/ith values between 20's and 120s~ were observed at

respect to simultaneously measured in-situ data, satellite o€ BG site during the campaighdu et al, 2010 Lu et al,

servations, and chemical transport model simulations. 2012. These observations indicate a strong photochemical
processing compared to those in other places in the world.
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A comprehensive suite of instruments was simultaneously 0.002
operated at the BG supersite for the characterization of trace 0.001
gaseslua et al, 2008 Hofzumahaus et 312009 Lou et al, o 0000
201Q Lu et al, 2012 Li et al., 2011) and aerosolsGarland 5
et al, 2008 Li et al, 201Q Yue et al, 201Q Xiao et al, T oo
201)) in the local atmosphere. Measurements of,NOs, -0.002
SOy, Hp0,, CO, CH,, C3-C12 VOCs, CHOOH, HCHO, -eoosp L ]
CHOCHO, aerosol physical and chemical properties, and 335 340 345 350 355
photolysis frequencies were performed on top of a hotel Wavelength [nm]
building (10 m a.g.l.) which was exclusively used by the mea- 0.006
surement team. OH, HOHONO, and OH reactivities were
measured on top of a two stacked sea containers located | ~ooos
about 200 m away from the hotel building. Detailed infor- S 0010
mation with respect to the instrumentations, the accuracy and
precision of the measurements can be foundafzumahaus —o012
et al.(2009, Yue et al.(2010, andLi et al. (2011). 0014 L : ‘ : ‘
420 425 430 435 440
22 MAX-DOAS Wavelength [nm]
0.001
Our MAX-DOAS measurements were conducted by a com- 0.000|
mercial Mini-MAX-DOAS instrument (Fa. Hoffmann, % ‘
Rauenberg, Germany). Since the instrument setup was de- o ~0.001
scribed in detail byLi et al. (2010, only a brief outline © -0.002
follows. The Mini-MAX-DOAS instrument was installed on ~0.003
top of the hotel building, pointing East. It uses a miniature 100 45 430 ass 440
crossed Czerny-Turner spectrometer unit USB2000 (Ocean Wavelength [nm]

Optics Inc.) for spectrum recording. The spectrometer cov-
ers the spectral range of 292 nm to 443 nm with a spectraFig. 1. Example of DOAS fit results fofa) HCHO, (b) NO2, and
resolution of~ 0.7 nm full width at half maximum (FWHM). ~ (€) CHOCHO. The evaluated spectrum was recorded on 19 July
The scteredsunihtwas collcted and focuse by  quarf e 52 Lot 7 S e et e e s
lens and was led into the spectromete_r ur_1|t by a q_uar_tz flb_ezet species. Detailed settings of the DOAS fit are listed in Table S1
bundle. A step motor was used for adjusting the viewing d|-in the Supplement.
rection to a desired elevation anglei.e. 90, 30°, 2(°, 17,
10, 5°, and 3. During daytime, one measurement cycle con-
sisted of the sequential recording of the scattered sunlight
spectrum at the seven elevation angles and took 10-15 min.
For each spectrum, a constant signal level (i.e. 80 % of thamer, 1993. For the fit of the absorbing trace gases, we used
saturation of the detector) was achieved by adjusting the inhigh resolution absorption cross sections which were con-
tegration time. During night, the instrument was set to recordvolved with the wavelength dependent instrument’s slit func-
dark current and offset spectra. A fully automated programtion to match the resolution of the instrument (except for the
(MiniMax, Udo Friess, University of Heidelberg) was em- O4 spectrum which was interpolated). These references in-
ployed for the MAX-DOAS measurements. clude HCHO WMeller and Moortgat2000, BrO (Wilmouth

The differential slant column density (DSCD) is defined et al, 1999, CHOCHO {/olkamer et al.2005, H,O (Roth-
as the difference of the slant column density (SCD) betweeman et al. 2005, NO> (MVoigt et al, 2002, O3 at 280K
a #90° anda =90° (c.f. Wagner et al.2011). DSCDs of  (Voigt et al, 2001, and Q (Greenblatt et al.1990 with
NO2, HCHO, and CHOCHO were determined by DOAS fit a manual adjustments of wavelength axis (R. Sinreich, per-
in the wavelength range where they have prominent absorpsonal communication, 2007). In addition, the solgeffect
tions. Figurel illustrates an example of the DOAS fit for the (Platt et al, 1997 was corrected for N@ and & refer-
spectrum recorded on 19 July 2006 at 10:59, at a solar zenitence spectra with slant column density of %.50'" cm—2
angle of 28 and an elevation angle of 3For each measure- and 1.5x 10?2°cm2, respectively. The wavelength calibra-
ment cycle, the corresponding zenith spectram @°) was  tion and the wavelength dependent instrument’s slit function
taken as Fraunhofer reference spectrum (FRS) for the offwere calculated from a fit of the measured Fraunhofer refer-
axis elevation angles (i.e. = 90°). This largely eliminates ence spectra to a high resolution Fraunhofer spectiun (
the stratospheric contributions to the DSCDs. The Ring specrucz et al, 1984). It should be noted that in the first version
trum was calculated from each measured spectiBusge-  of our manuscriptli et al., 2012 we used a constant slit
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Table 2. Parameter settings of RTM calculations for N®ICHO, tribution was frequently observed in polluted regions (e.g.,
and CHOCHO DSCDs. Fried et al, 2003 Junkermann2009 Klippel et al, 2011).
The concentration profile(z) can be described with a lim-

Parameter Value :

NO,  HCHO CHOCHO ited set of parameters
Wavelength 435nm  339nm 440nm @ {VCD~F/H z<H @
Surface albedo 7% c(z) = _
Single scattering albedo (SSA) 0.85 B -exp(—z/§) > H
Asymmetry factor (g) 0.68 . .
Aerosol profile from Q DSCDs at 360 nfh wherez is the height above ground, VCD denotes the trace
03 profile USSA filled with 40 ppb from 0—1 km gas tropospheric vertical column density of the respective
T andP profiles USSA trace gas/F is the fraction of the VCRy, residing in the
NO profile 0-15km: ff’%ﬁg%sgf at4ssnm ML, and H is the height of ML .3 is the normalization factor

andé¢ is the scaling height for the trace gas in the free tro-

Ezeggtzzzgfgoalt%osphere posphere. We performed test runs of the retrieval and found
that the results were not sensitive&ainder the conditions

encountered here since most of the trace gas was present in

function to calculate the references which led to different val-the mixing layer. Thug was set to a constant value of 5km.

ues for all trace gases. The normg is calculated from the integral @f(z) over the
The conversion from measured DSCDs to troposphericentire troposphere VCE: folﬁrﬁmc(z)dz leading to

vertical column density (VCD) is usually done by the differ-

ential air mass factor (DAMF). The air mass factor (AMF) , _ (1-F)-VCD 3)

can be regarded as the path enhancement of SCD compared &(exp(—H /&) —exp(—15 knv§))

to VCD. DAMF is defined as the the difference of air mass _ _ ) .
factor (AMF) betweeny - 90° anda = 9C°. For photons re- With the input given above, the McArtim program calculates

ceived by the MAX-DOAS telescope, if their last scatter- the set of trace gas DSCDR() at the six elevation angles of

ing event happens above the trace gas layer, the AMF fofne me\?étgementz. In order to ?ch|evehthe bestfeinmRa}P;/ls for
the zenith and the off-axis view can be estimated as 1 and H, rtm (Subscript rtm refers to the use of the ’

1/sina, respectively. Thus, the trace gas tropospheric vcp'h contrast to the geometric approach) we minimized

can be written as 3° a R (VCDyum. F. H) 2
2 a — Ny rtm, £,
DSC DSC x2(VCDym, F.H) = > ( ) (4)
VCDgeo: Dil - D)t (1) a=3° G(Ma)

DAMF,  (1/sina)—1
whereM,, represents the measured DSCDs. The weights are

whereq Is the elevation angle of the telescope. This methOdpresented by the statistical error (precision) of the measured

Is called "geometric approach”. For photons received by th.edata,a (My). In order to reduce the atmospheric variations as

telescope qt higher elevatiop angles, the probability of the'.rwell as measurement noise of a single observation, the profile
!ast scaftering event occurring above the trace gas layer Petrieval was applied to measured DSCDs averaged over one
gﬁr(e)z(;\:s:g. fThustr\]/v € calculate((jj_\/ @ggégoz't?hcio’han? & hour. The minimization procedure was conducted automati-
ith el r?m eclorr_esp_ogojlng s attheghesto “cally using an implementation of the Levenberg-Marquardt
zenith elevation angie, 1.e.= 5% .. algorithm (mpfit, realized in IDL).
Compared to the simple geometric approach, the radiative Since the PRD region is characterized by wide spread

trflr(ljsfetrhmo[gisegrlljg of ?SICES IS a demanfdmg tdasbk. :\r/|1 Ez'semission sources, most of the trace gases reside in the ML
study, the s caictiations were pertormed by WICA an the trace gas concentrations in the ML are much higher

tim, which is a backward Monte-Carlo RTM with the treat- than those in the layer aloft. Therefore, the modeled DSCDs

ment of multiple scattering in a fully spherical geometry o
are not sensitive to change &f(see above), and values of
(Deutschmann et aR011). For each trace gas (NOHCHO, F are close to 1. The three parameter (MG F, and H)

and CHOCHO), its vertical distribution was retrieved by it- retrieval yieldedF > 0.95 for almost all cloud-free periods.

eratively adjusting the profile until the measured DSCDs n addition, the statistical error of the retrievédwas large
best fit with the modeled DSCDs. The parameter settings OLssociated’ With a cross-correlation betweerand H. In-
McArtim are listed in Table. FollowingLi et a_l.(2019,w9 creasingH or decreasingF have the same effect on the
used a two-layer setup fqr the trace gas distribution in .themodeled DSCDs. In order to overcome this issue, we finally
troposphege (0-15km height). The trace gas concentrationg, o g he values of to 1; only VCD andH were retrieved.
(unit: cm) were assumed to be. homogeneous in a IayerThis approach resulted in a “box shape” profile. The trace
near the ground surface (called mixing layer, ML), while the

concentrations in the layer aloft (i.e. the free troposphere) de- 1C. B. Markwardt, mpfit — Robust non-linear least squares curve
crease exponentially with height. This type of trace gas disHitting, http://cow.physics.wisc.edutraigm/idl/fitting.html

Atmos. Chem. Phys., 13, 2132151, 2013 www.atmos-chem-phys.net/13/2133/2013/
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Scattered Sunlight results in~25% change of the retrieved VGR and cg.
Spectra During the campaign, the systematic errors of the measured
| = /is = | SSA and AOD were 10 % and 30 %, respectively, and the un-
__________________________________________________________________________________________________________ certainty ofg was 10 % Garland et a].2008 Li et al., 2010).
l l Therefore, we conclude that the total systematic error of the
i P : retrieved VCDim andcg are around 35 %.
[omscn]  [romsos] | 550 | | Beme | "
i P ' ¥ 2.3 In-situ NO, measurement
RTM = RTM RTM RTM 1
| ' s L) L In-situ NO» concentrations were measured by a commercial
1 I | T — | Vool | instrument Takegawa et al.2008. The inlet of the sam-
| El 1 |VCDNT, Hioz oo Hetiooro pling line was located on top of the hotel building. N®
the sampled air was converted to NO in a photolytical reac-
[ e ] [ cotHcHO) | [eocHOCHO) |

| co(NO2) I

g || ) i tor (Droplet Measurement Technologies, Model BLC) with

o e 5 an conversion efficiency of 30 %. The NO was then detected

Fig. 2. Flow diagram of MAX-DOAS trace gas vertical distribution by NO-G Chem_"ummes_cen(_:e ,(Thermo Electron, Model

retrieval. 42CTL). The 1 min detection limit for Ne@was 170 ppt, and
the corresponding accuracy was 13 %.

gas concentrationg are universal in the box and equal to 2.4 Numerical simulation of NG,

VCDrim/H. co can then be compared to ground-based meayq4e|3-CMAQ version 4.5.1 was employed to simulate the

surements which were done at the BG site. ~ NO;, concentrations during the period of the campaign. De-
Figure 2 depicts the flow diagram of the trace gas verti- tails of the model configuration are described Wang

cal distribution retrieval procedure. In order to well simulate o al.(2010. The CMAQ model uses SAPRC99 as chemical

the aerosol scattering effects by RTM, aerosol vertical dis’mechanism, and is driven by MMS for meteorology field and
tributions were retrieved beforehand from DSCDs in the SMOKE for source emissions. The time step of the model

way as described bly et al. (2010. The derived aerosol €x- g set to 1 h. There are three nested domains in the model
tinction profiles were used as input to the trace gas vert|calSystem with grid spacing of 36km, 12km, and 4km. All
distribution retrieval. The retrieval of NOvertical distribu- rids have 13 layers vertically exte;nding f,rom the surface

tion was performed as the second step. Given the influence g, 5 altitude of 17 km above the ground, with seven lay-
NO absorption on the HCHO and CHOCHO DSCDs calcu- g1 pejow 1 km and the first layer thickness of 18 m. While

lation (Tabled), the retrieved N@ vertical distribution was 1o TRACE-P anthropogenic emission inventory was used
used as RTM input during the vertical distribution retrieval ¢, the 36 km domain. the emission inventories used for the
for HCHO and CHOCHO. HCHO and CHOCHO vertical 15 ym domain and the 4 km domain were updated according

distributions were retrieved independently. ... to recent studies in PRD regioZieng et al.2009. Mo-
The errors of the retrieved trace gas vertical distribution ;i sources and power generation point sources contribute

consi_st of statistical errors which arise_ mainly from the UN- ahout 47 % and 39 %, respectively, to the total ;Nénis-
certainty of the DSCDs, and systematic errors which origi-jons in PRD while mobile sources, evaporation losses of

nate from the uncertainty of the RTM input parameters andgqyents and petroleum, and biogenic sources are the three
of the DSCD simulation. The statistical errors were der|ved|argest contributors to VOC emissions, accounting for 38 %,
from the mpfit' procedure. Within RTM intercomparison ac- o4 %, and 23 %, respectively. Spatially, both Nend VOC
tivities (Hendrick et al. 2006 Wagner et a].2007 the un-  gissions are concentrated over the inland urban areas of

certainty of DSCD calculations by McArtim were found to Guangzhou, Foshan, and Dongguan; the coastal areas of

be less than 10%. The sensitivities of the modeled DCSDSbongguan and Shenzhen; and the urban core of Hong Kong.
with respect to RTM input parameters are listed in Teble '

The surface albedo, the field of view of the telescope (FOV),

and the surface 9and NQ have minor influences on the 3 Results

modeled DSCDs. The major uncertainty sources to the mod-

eled DSCDs are the aerosol properties, namely the singldhe MAX-DOAS instrument was operated for the campaign
scattering albedo (SSA), the asymmetry factgrunder the ~ period from 3 July to 25 July 2006. However, as already dis-
Henyey-Greenstein approximation), and the aerosol opticafussed byLi et al. (2010, only 9 virtually cloud-free days
depth (AOD). While the increase of SSA apdead to a si- Were suitable for aerosol and trace gas vertical distribution
multaneous increase of modeled DSCDs at all elevation antetrieval. Measured DSCDs of NOHCHO, and CHOCHO
gles, the increase of AOD results in a decrease of modele@n these 9 days are displayed in Fig. S1 in the Supplement.
DSCDs. It was found that 30 % change of modeled DSCDs

www.atmos-chem-phys.net/13/2133/2013/ Atmos. Chem. Phys., 13, 273%4, 2013
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Table 3. Sensitivities of the RTM inputs on the calculated N®ICHO, and CHOCHO DSCDs.

Surface FOV SSA g AOD \[9) O3
albedo g1km) (<1km)
A Param. +15% +40.I° +10% +15% x 3 x 10 x 10
A DSCDs
NO» +24% +4+04% 4+76% +93% —-477% - —0.04%

HCHO +18% +05% +68% +9.1% —-495% -83% —-0.04%
CHOCHO +21% +03% +7.6% +109% -493% -101% -0.01%
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o "t ) ] )
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06:00 09:00 12:00 15:00 18:00 06:00 09:00 12:00 15:00 18:00 06:00 09:00 12:00 15:00 18:00
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Fig. 3. Time series of N@ vertical column densities (VCDs) on the 9 cloud-free days during the PRIDE-PRD2006 campaign. The grey
circles represent NOVCDs calculated by the geometric approach (i.e.Bgthe red diamonds refer to NO/CDs derived from the N@
vertical distribution retrieval (i.e. Fig2), the blue triangles are NOVCDs calculated by the CMAQ model, and the yellow dots are;fNO
VCDs observed by OMI from space.

The vertical column densities using the RTM re- around noon or late afternoon. Considering the measurement
trieval (VCDim) of NOp, HCHO, and CHOCHO are and retrieval errors, NOVCDs calculated by the geomet-
shown in Figs.3-5. The mean values of VCi, were  ric approach (VCIge) are nearly identical with the VClx,.
7.2x10%cm2, 1.5x 10%cm 2, and 1.2< 10°cm 2 for ~ For the whole data seM = 109), the slopes of a linear
NO,, HCHO, and CHOCHO, respectively. The N@CDymn regression forced trough the origin (V@& versus VCim)
showed higher values around early morning before 09:00 LTare 1.06+ 0.14 (R% =0.95) for NG (Fig. S2). With respect
(local time, LT=UTC+8h) and late afternoon (after to HCHO and CHOCHO, the geometric approach overesti-
17:00LT). VCDm of HCHO and CHOCHO displayed sim- mated their VCDs, especially during early morning and late
ilar diurnal variation patterns having their peak values atafternoon hoursBg was found to be 1.1% 0.07 (R =0.67)
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Fig. 4. Time series of HCHO vertical column densities (VCDs) on the 9 cloud-free days during the PRIDE-PRD2006 campaign. The grey
circles represent HCHO VCDs calculated by the geometric approach (i.&),End the red diamonds refer to HCHO VCDs derived from
the HCHO vertical distribution retrieval (i.e. Fig).

for HCHO (Fig. S3), and 1.1%0.08 (R?=0.40) for During the days 23 July—25 July when intense biomass and

CHOCHO (Fig. S4), respectively. electric cable burning events occurred in the previous night
The retrieved mixing layer heightd of the three trace in the surrounding areas, high levels of HCH® Z0 ppb)
gases are shown together with tHeof aerosols (i et al., and CHOCHO £ 0.8 ppb) were found in the early morning

2010 in Fig. 6. HNno,, HHcHo, HcHocHo, and Haerosol hours. In the same time periods, N@ixing ratios up to
showed similar diurnal variation patterns. In genefalwas 40 ppb were observed by both MAX-DOAS and in-situ tech-
increasing after sunrise and started decreasing before sunseigues. The mixing ratio of N@shows clear diurnal vari-
Values ofHno, were lower than those diHcro, HcHocHo ation having its maxima in the early morning hours in all
and Haerosol In early morning hours, whefno, was below  days. In contrast, the diurnal variations of the mixing ratios
400 m, HycHo, HcHocHo, @and Haerosolwere in the range of  of HCHO and CHOCHO are less prominent. In most days,
400 m to 1 km. WhileHcHocHo increased dramatically dur-  higher values of the mixing ratios of HCHO and CHOCHO
ing the day and reached peak values of 2—4 km in the afterwere observed in morning hours. However, there are days
noon, peak values dfino, and HucHo Were usually below  (i.e. 20, 21, and 23 July) in which a slight increase of the
2km. CHOCHO mixing ratio was identified around noon. While
The trace gas mixing ratios (in ppb) at ground level canthe mixing ratio of NQ varied in a similar way as its VCDs
be calculated aso = VCD/H x Mg with Mg being the con-  during the day, the variation of the HCHO and HCHO mixing
version factor from cm?® to ppb. Figure7 shows the time  ratio were to some extent opposite to their VCDs.
series of the derived NOHCHO, and CHOCHO mixing ra-
tios. The average daytime mixing ratios of N®ICHO, and
CHOCHO were 6.3 ppb, 7.0 ppb, and 0.4 ppb, respectively.
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Fig. 5. Time series of CHOCHO vertical column densities (VCDs) on the 9 cloud-free days during the PRIDE-PRD2006 campaign. The grey
circles represent CHOCHO VCDs calculated by the geometric approach (i.£), Bqd the red diamonds refer to CHOCHO VCDs derived
from the CHOCHO vertical distribution retrieval (i.e. F@).

4 Discussion betweenAVCD and other measured parameters can be ex-
pected.
41 NO Simultaneous in-situ N@measurements can be used to

validate the N@ mixing ratios derived from the MAX-
During the campaign, we encountered high aerosol loads aDOAS observations. The scatter plot of N@ixing ratios
BG site Garland et a].2008 Li et al., 2010. Onthe 9 cloud  derived from MAX-DOAS vs. in-situ chemiluminescence
free days, the AOD measured by MAX-DOAS ranged from data (Fig8) provides a high degree of correlatidk? = 0.83
0.15to 4.18 with mean value of 1.860.97 (i et al., 2010. for a data set oV = 107 simultaneous measurements. At this
Even though, good agreement between,NLDyyn and  high degree of correlation, the slogg, forced through the
NO> VCDygyeo (Figs.3 and S1) was found, indicating that the origin, is 0.88+ 0.14. Considering the errors in both coordi-
geometric approach is well suited for estimating the tropo-nates, the goodness-of-fit paramege(ct. Press et a]2007)
spheric NQ VCDs at the BG site. Similar results were found equals 0.9 indicating that the scatter of the data points around
by Wagner et al(2011) in the Po Valley area, i.e. differences the regression line can be explained by the measurement er-
between NQ@ VCDgeo and VCDy, were within 12 %. How-  rors of both techniques. Here we included the fit error (usu-
ever, different towagner et al(2011), we did not observe ally small) and the errors of the SSA,and AOD, since these
a dependence of the relative difference between gD can vary with the different conditions during the campaign.
and VCDyeo (AVCD = (VCDytm — VCDgeo)/VCDym) on the The 12 % difference between MAX-DOAS and the in-situ
mixing layer height ino,) at the BG siteAVCD andHno,  technique is in line with those obtained Bykelnaya et al.
are uncorrelatedR? = 0.01). Since the differences between (2007); Irie et al.(2008; Wagner et al(2011) where differ-
VCDgeo and VCDim are rather small and in the order of the ences of 30% or less were observed. This 12% difference
measurement and data retrieval uncertainties, no correlation
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Fig. 6. Time series of mixing layer heights of NOHCHO, CHOCHO and aerosol extinction (tf. et al., 2010 on the 9 cloud-free days
during the PRIDE-PRD2006 campaign.

can be caused by two reasons, i.e. the inhomogeneous disnd the aerosol vertical distribution used in the RTM calcula-
tribution of NOy, and the uncertainty of parameters used intion were derived from the MAX-DOAS observations, they
the RTM calculation. During the campaign, the Nemis- are sensitive to the values of SSA apdLi et al., 2010.

sion usually occurred in the second half of the night or in theDuring the campaign, the uncertainty of SSA,and AOD
early morning. However, the relative difference of Nix- were 10 %, 10 %, and 30 %, respectively, which can lead to
ing ratios between the two techniques (¥/CD) correlates  an uncertainty ok 25 % for the retrieved N@mixing ra-
neither with the time of the dayR? = 0), nor with the NQ tios. In addition, the uncertainty of the RTM DSCDs simula-
layer height £2=0.01), nor the wind speed?f =0.04), tion contributes another 10 % systematic error and the accu-
suggesting the emission or transport effects, which can reracy of the in-situ NQ measurements was 13 %. Therefore,
sult in the imhomogenity of N@distribution, have minor the 12 % difference between the N@ixing ratios observed
influence on the intercomparison results in this study. As dis-by MAX-DOAS and by the in-situ technique are within the
cussed in Sect. 2.2, the aerosol properties, namely $SA, range provided by the systematic errors and the error of the
and AOD, are the major contributors to the systematic er-slope.

ror of the MAX-DOAS NO retrieval. In the RTM calcula- The ground-based MAX-DOAS observations can also be
tion, SSA was fixed to the measured average value 0.85 andsed as an effective way for the validation of trace gas VCDs
we assumeg to be constant at 0.68. However, due to the derived from satellite measurements, since both methods are
change of aerosol compositions and size distributions, thdased on the DOAS technique but differ in the viewing direc-
values of SSA ang change. Using the RTM we performed tions (i.e. one looking up to the sky, the other looking down to
a number of sensitivity studies showing that an increase othe earth). Here, we compared the tropospherie NGDs
SSA andg lead to higher values of modeled NODSCDs  measured by MAX-DOAS and by OMI (Ozone Monitoring
and higher retrieved N©mixing ratios. Although the AOD  Instrument on board NASA's EOS-Aura satellite) for the BG
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Fig. 7. Time series of N@ (black cross), HCHO (blue diamond), and CHOCHO (pink triangle) mixing ratios near the ground surface
derived from the MAX-DOAS measurements, and N@ixing ratios measured by in-situ chemiluminescence instrument (grey circle) on
the 9 cloud-free days during the PRIDE-PRD2006 campaign.

site during the PRIDE-PRD2006 campaign. The OMI tro- the cloud. When taking all measurement days into account,
pospheric vertical column densities of NQVCDomi) were  we found poor correlationR? = 0.34) of VCDomi against
downloaded fromhttp://www.temis.nl(DOMINO Version  VCDgeo(Fig.9a). This is mainly caused by the large discrep-
2.0). The DOMINO products also include information on ancy between VCERyi and VCDyeo in cloudy days. When
cloud fraction (CF). Details on the NO/CDomi and CF re-  we restrict to observations during the virtually cloud-free
trieval are described Bgoersma et af2007) with recentup-  days, VCQmi were found to correlate better with VGE
dates in the DOMINO Product Specification Documédntt; ~ (R%=0.71, Fig. 9a) and VCR, (R?=0.67, Fig.9b). How-
[Iwww.temis.nl/docs/OMINO2 HE5.1.0.2.pdj. The uncer-  ever, VCQyyi are on average 25% and 53% higher than
tainties of NQ VCDgmi and CF arex 30 % and< 5 %, re- VCDgeo and VCDim, respectively. The majority of previous
spectively, according t@oersma et al(2007). Figure S5 studies demonstrated that the tropospherio NODs mea-
shows the time series of NO/CDgeo, VCDytm, and VCDymi sured by OMI were between 10 % and 50% lower than those
during the entire campaign period. Given the ground pixelmeasured by ground-based instruments, like MAX-DOAS
size of the OMI observation340kn?) and the satellite and direct sun measuremenBrifhksma et al.2008 Celar-
overpass timex£ 14:00 LT) the cloud-free days discriminated ier et al, 2008 Irie et al, 2008 Boersma et al.2009. In
from our sky-webcam images are only a subset of those byontrastHalla et al.(2011) observed at a rural site in South-
the OMI cloud fraction (i.e. Ck 0.5). The relationship be- western Ontario, that the NO/CDs measured by OMI can
tween MAX-DOAS and OMI measured tropospheric NO be 50% higher than those derived from MAX-DOAS mea-
VCDs is shown in Fig9. The NQ VCDomi were signifi- surements. Both, the overestimation and the underestimation
cantly lower than NQVCDgeowhen CF> 0.5, which can be  were mainly attributed to the inhomogeneous distribution of
expected since OMI only detects the N@bsorption above NO, especially for measurements in or near source regions,
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- I At 2 sulted in the simulated Nfoconcentrations being 5-8 times
100+ Siope: 0881(‘)“ A of the measured values. In other time periods, although the
[ 2 o3 -~ -7/ 112 modeled wind speeds were either comparable with or higher

L N 107 ‘ 1 than the locally measured values (Fig. S6), which is not in fa-
vor of the accumulation of air pollutants, the simulatedNO
concentrations are stitk 65 % higher than the measurement
results.

When strong vertical mixing occurs, N@mitted or pro-
duced near the ground can be effectively transported to
higher altitudes. The strength of the vertical mixing is re-
flected by the mixing layer height of N(GdHno,). Figurel0
shows the time series of the N@oncentrations modeled
by CMAQ in different height ranges. In the early morning
(before 07:00LT) and late afternoon (after 17:00LT), the
modeled NQ@ concentrations in the surface Iaye'@'le&l)
were usually 5 times higher than those in the layer of 0—1 km
(cg‘i’zl ) indicating that most of the Nfwas concentrated
in a shallow layer above the ground affio, being less

NO, (in—situ) [ppb] than 1km. After 08:00 LT, the differences betwegt?g .,
NO,

NO> Oz

Fig. 8. Comparison of N@ mixing ratios measured by MAX- €0-1 km;\lgndCOH3 km b(.acame.smaller, ancggl km Nearly
DOAS and in-situ chemiluminescence technique during the PRIDE-€qualsc, % ¢ - Suggesting an increase Biyo, to more than
PRD2006 campaign. Data displayed here are obtained on the 4 km. The Hyo, estimated from the modeled N@iistribu-
cloud-free days. The regression line is forced through the origin.  tions were almost the same as those derived from the MAX-

DOAS observations (ctHno, in Fig. 6). Since the CMAQ

model can reproduce the observBgo,, it is unlikely that
since OMI observations effectively average thefN®ncen- thg vertical .mixing' of NQ@ in the model was underest@ma_lted.
trations over its field of views 340 kn?) while the ground- Given the dlscussu_)n abov_e, we conclude that the d|IL_Jt|on ef-
based instruments measure at a single spot. fects can not explain the higher modeled i\_tﬁbncentraﬂons

The NG, simulations of the CMAQ model were also com- than the measurements. In order to obtain better_ agreement

pared to MAX-DOAS and in-situ measurement at the BG sitePetween the modeled and measuredzOncentrations re-
during the cloud-free days. As shown in Figsand 10, the duced NQ emissions in the source inventory of the CMAQ
modeled NQ concentrations follow the observations, but on Model seem to be necessary.
average they are about 94 % higher than the observed val-
ues. The linear regression of VGRyqVs. VCDim yielded 4.2 HCHO and CHOCHO
a slopeBg =1.94+ 0.25 while the surface layer NCcon-
centrations of the CMAQ model and the insitu instrument The HCHO and CHOCHO concentrations observed in this
gave Bp = 1.384+ 0.18. However, in the morning of 23 July work are high for a rural site (cf. Tab#. This is consistent
and 24 July, the CMAQ modeled NO/CDs and surface  with PRD being identified as one of the hot spot regions of
layer concentrations are only 20—40 % of the measured valHCHO and CHOCHO by satellite measuremeiis Smedt
ues. This was caused by local emission events (i.e. biomasst al, 2008 Myriokefalitakis et al, 2008 Vrekoussis et a/.
and electric cable burning) which are not included in the2009. Given HCHO and CHOCHO are mostly produced
source inventory of the CMAQ model. The occurrence of through the oxidation of different VOCSs, their observed high
the local emission events were identified by measurements afoncentrations indicate high levels of the precursor VOCs
aerosol optical properties and OH reactivities at the BG siteand the enormous HQturnover in the atmosphere of PRD
as described bgarland et al(2008 andLou et al.(2010, region, which have also been demonstratedLby et al.
respectively. After excluding the data in these periods, the(2010 andLu et al.(2012. HCHO and CHOCHO at the BG
modeled NQ concentrations exceed the measured values byite showed different diurnal variation than the observations
150 % on average. In the CMAQ model, the simulatedbNO in other places in the world (e.gMunger et al. 1995 Lei
levels are mainly determined by the dilution effects and theet al, 2009, i.e. the maximum mixing ratios always occurred
NOy emissions. The dilution effects are related with the wind in early morning hours (Fig?) instead of around noon. The
speed and the vertical mixing. In the morning of 12 July andearly occurrence of HCHO and CHOCHO peaks can be at-
19 July, when the modeled wind speeds were quite small andributed to the oxidation of VOCs by OH radicals in the pre-
much lower than the local observations (Fig. S6), the accuvious night. During the campaign, nighttime OH concentra-
mulation of trace gases in the model can be expected and rdions were constantly higher than zero and had an average of

NO, (MAX—DOAS) [ppb]
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Table 4. Overview of campaign average values of HCHO and CHOCHO mixing ratios (unit: ppb}@gth different environments in the
world. Results shown here are in conditions that simultaneous HCHO and CHOCHO measurements are available.

Location Site Period HCHO CHOCHO Rgg Reference
Caribbean Sea and Sargasso Sea Marine  Autumn, Spring 0.4 0.08 0208u and Moppe(1990
Metter, Georgia, USA Rural Summer 3.6 0.02 0.006.ee et al(1995
Pinnacles, Virginia, USA Rural Autumn 0.98 0.04 0.04%Munger et al(1995
San Nicolas, USA Rural Autumn 0.8 0.1 0.132Grosjean et al(1996
Nashvile, USA Rural Summer 4.2 0.07 0.017ee et al(1999
Giesta, Portugal Rural Summer 6.14 1.54 0.25Borrego et al(2000
Pabstthum, Germany Rural Summer 2.58 0.03 0.0Moortgat et al(2002
Anadia, Portugal Rural Summer 1.8 0.08 0.04€erqueira et al2003
Goldlauter, Germany Rural Autumn 0.75 0.04 0.058/{ller et al.(2006
Montelibretti, Italy Rural Summer 5.10 0.55 0.107Possanzini et a{2007)
Autumn 3.38 0.22 0.064
Sierra Nevada, USA Rural Autumn 6.88 0.03 0.00£€hoi et al.(2010; Huisman et al(2011)
Cabauw, Netherlands Rural Summer 25 0.08 0.036e et al.(201))
Sao Paulo, Barzil Urban  Summer 104 0.7 0.09%rosjean et al1990
Los Angeles, USA Urban  Summer 5.3 0.8 0.13Grosjean et al1999
Urban  Autumn 1.0 0.3 0.300 Kawamura et al(2000
Las Vegas, USA Urban  Summer 0.26 0.21 0.808ing et al.(2007)
Winter 0.79 0.14 0.177
Hongkong, China Urban - 11.3 15 0.122Ho and Yu(2002
Elizabeth, New Jersey, USA Urban  Spring 5.29 0.72 0.136u et al. (2006
Summer 3.86 0.71 0.183
Autumn 4.67 0.51 0.109
Winter 5.67 0.45 0.079
Mexico City, Mexico Urban  Spring 12.5 0.45 0.036Lei et al.(2009
Back Garden, China Rural Summer 7.0 0.4 0.062  This work

~1x 10°cm3 (Lu et al, 2012, while the average OH re- can easily accumulate. Moreover, the high HCHO concen-
activities were 30-50% at night. Therefore, nighttime pro- trations in the early morning of 24, 25 July could also orig-

duction of HCHO and CHOCHO is possible under these con-inate from direct emissions of the local combustion events.
ditions. In the absence of photolysis, HCHO and CHOCHO After sunrise, due to the increase of photolysis frequencies
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Fig. 10.Time series of N@ concentrations measured by MAX-DOAS (full pink diamond) and in-situ chemiluminescence instrument (open
grey circle), and simulated by the CMAQ model on the 9 cloud-free days during the PRIDE-PRD2006 campaign. The “ground” (open red
triangle), “1 km” (blue triangle), and “3 km” (open green triangle) represent the averagedi@entrations calculated by the CMAQ model

in the layer of 0—18 m, 0—1 km, and 0-3 km, respectively.

and the mixing layer height, HCHO and CHOCHO mixing be different. First, compared to CHOCHO, HCHO has possi-
ratios started to decrease and became stable in the afternodnly primary sources. A continuous surface source of HCHO
The mixing layer heights of CHOCHOHcHocHo) are  can result in the detected HCHO layer much lower than the
higher than those of NQand HCHO especially in the af- CHOCHO layer. However, at the BG site there was no ev-
ternoon (Fig 6). Different trace gases have different mixing idence that direct emission of HCHO was occurring during
heights were also observed Wagner et al(2011) in sum-  daytime. Second, our recent model studies suggest that the
mer time in Po Valley. The vertical distribution of a trace gas degradation of isoprene was the major pathway producing
is determined by its production and destruction processedHCHO and CHOCHO in the afternoon at the BG site; its
During the campaign, the lifetimes of HCHO and CHOCHO contribution to the HCHO and CHOCHO production was
around noon due to reaction with OH and photolysis werearound 50 %. While the other half of HCHO production was
calculated to bex1.4h and~ 1.2 h, respectively, based on caused by the oxidation of alkenes, degradation of aromat-
the observed OH concentration#fl.4x 10’ cm 3 and the  ics accounted for the other half of CHOCHO production
measured photolysis frequencyeb x 10~°s~1 for HCHO (Li et al., 2013. For isoprene oxidation we found from our
and ~9x 10°s~1 for CHOCHO. The lifetime of NQ, model study that most HCHO was formed as the first genera-
which is mainly defined by the Ok NO, reaction dur- tion product whereas CHOCHO was mostly produced in the
ing daytime, was around 30 min. Due to the short lifetime third and forth generation of the isoprene oxidation. At the
of NOg, lower Hyo, than HcHocHo can be expected. Al-  BG site, the noontime OH concentration of %40 cm3
though the lifetime of HCHO and CHOCHO were compa- resulted in a lifetime of isoprene of around 10 min. This is
rable, the production pathways of HCHO and CHOCHO canshorter than the typical mixing time in the boundary layer of
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1.00F 5 T ere (2000 mro0] RGFgeo (-€. RgF calculated from VCIeo) and RgFrtm is

cor2 eoie cor2s 1 only modest RZ =0.39).
07-14 ' 07-21 e 07-25 ] Rk depends on many factors including primary emis-
e sions, compositions and concentrations of precursor VOCs,
g 2 o * © e ] and OH concentration®kgr higher than 0.5 were found by
Fg-®-c- -9~ T §- -3 - & ] Schauer et al(200]) in biomass burning emissions, whilst
I 1 Rgr were in the range of 0.02-0.09 in vehicle exhausts
0.01 ‘ ‘ ‘ ‘ (Schauer et 811999 20032. Since different types of VOCs
1.00F ‘ ‘ ‘ i (i.e. alkanes, alkenes, aromatics, oxygenated VOCs) have
F 1 different yields of HCHO and CHOCHO, values &g
can be different when the VOCs compositions change. Ta-
ble 4 lists Rgr obtained in different environments around
the world. In generalRgr in rural areas are below 0.1,
whilst values higher than 0.1 exist in urban areas. Besides
i | the lower concentrations of ambient VOCs, most rural ar-
0.01 ‘ ‘ ‘ L eas are strongly influenced by biogenic VOC emissions,
06:00 09:00 12:00 15:00 18:00 e.g. isoprene, terpenes, and 2-methyl-3-butene-2-ol (MBO)
Time [Local] (Lee et al, 1995 Munger et al. 1995 Huisman et al.
2011). Compared to anthropogenic VOCs (e.g. aromatics),

9 cloud-free days during the PRIDE-PRD2006 campaign. The dotsthe CHOCHO yield from isoprene or terpenes oxidations are

are values calculated from individually measunesi(pannel) and ~ much lower Fu et al, 2008. Therefore, increase d{cr can
VCDrm (pannelb). Solid lines refer to the average values of the D€ expected when the VOCs composition is changing from
individual points. isoprene dominated to aromatics dominated. For example,

Giesta, Portugal is located in a rural area, however, the strong

influence of anthropogenic emissions from industries in sur-

rounding areas cause high levels of HCHO, CHOCHO, and
~ 15min (c.f. Stull, 1988. When isoprene is degraded the Rgg. On the other hand, given primary emission (e.g. traf-
HCHO production occurs earlier, i.e. at lower altitudes, thanfic) can account for a large fraction of ambient HCHO but
the CHOCHO production. Moreover, due to the faster reac-barely contributes to CHOCHGGosjean et a).199Q Lei
tion rate with OH, the lifetimes of isoprene and alkenes areet al, 2009, the prevailing anthropogenic sources can also
shorter than those of aromatics, which can result in differ-cause a decrease &&g. This is the case that loRgr was
ent vertical distribution between different NMHCs. Accord- observed in urban areas like like Sao Paulo, Brazil and Mex-
ing to the CMAQ model simulation, aromatics were mixed to ico City, Mexico. It was also found that, for the same mea-
higher altitudes (up to 4 km) than isoprene and alkenes at BGurement site (i.e. Montelibretti, Italy, Las Vegas, USA, and
site, especially around noon (Fig. S7). Since aromatics ar&lizabeth, USA)Rgr obtained in summer are higher than in
the other group of CHOCHO precursor of besides isoprenepther seasonsling et al, 2002, Liu et al, 2006 Possanzini
production of CHOCHO at higher altitudes can be expectedet al, 2007). This is because summer time is usually accom-

Both species, CHOCHO and HCHO, are mainly producedpanied by high solar radiation, temperature, and humidity,

through hydrocarbon oxidation. The ratio of CHOCHO to which are in favor of the photochemical reactions produc-
HCHO (Rgp) was used in a number of studies to identify the ing HCHO, CHOCHO, and other secondary produ®sr
sources of VOCs since CHOCHO and HCHO have differ- obtained at the BG site are higher than the values in most ru-
ent precursors or different formation pathways (e\@ek- ral areas but close to those in urban conditions. As described
oussis et a).2010. Figure11 shows the diurnal variation of by Lu et al. (2012, during the PRIDE-PRD2006 campaign,
the CHOCHO to HCHO ratioKgF) in the 9 cloud-free days. the detected air masses were mixtures of anthropogenic and
RgF calculated from the mixing ratio near the ground surfacebiogenic emissions. Additionally, the observed high OH and
(RcEmo) have similar average value as that from VigP  kon level indicate the fast ongoing photochemistry which has
(ReFmo=0.062+0.027, RgF.itm = 0.088+ 0.049). In gen-  rarely been reported for other places in the world. However,
eral, bothRgr mo and Rgr,itm do not show prominent diur-  in the relationship betweeRgr and other measured parame-
nal variations. However, in the early morning of 24 and 25ters (e.g. NQ, Os, VOCs, OH,konH, OH x koH), NO correla-
July, when strong combustion events existed in surroundingions were found. This is probably due R is determined
areas,Rgr were significantly lower than in other periods. In by the combination of several factors (e.g. the concentration
addition, the geometric approach for HCHO and CHOCHO and composition of precursors, the OH level, the photolysis
showed deviations from retrieval using the radiative transferfrequencies, etc), which is difficult to be reflected by a single
(Figs. S3 and S4). It also tends to overestimated the HCH(parameter.
and CHOCHO VCDs. Therefore, the correlation between

RGF,mO
[ppb / ppb]
(@]

)

I
>
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|
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Fig. 11. Diurnal variation of CHOCHO/HCHO ratioRgf) on the
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The spatial distribution oRgr and its implication on VOC ies. This can be attributed to the high photochemical
source types have been investigated \Ingkoussis et al. turnover in the PRD region.
(2010 using satellite measurements. Their obserkeg of
~ 0.04 for Southern Asia is lower than the values obtained at
the BG site. This difference can be explained by the differ-
ent spatial resolution between the satellite and local measure-
ments.Vrekoussis et al2010 suggest thaRgr in the range

of 0.04-0.06 can represent regions where biogenic emissiongased on these findings, simultaneous measurements of
are the dominant primary VOC sources, while values lowerHCHO and CHOCHO and their precursors as well as photo-
than 0.04 indicate elevated anthropogenic VOC emissionsghemical modeling are necessary in order to obtain a clearer
However, referring to Tabld, their suggestion seems only picture on the influence of anthropogenic and biogenic emis-
consistent with the observations for rural areas. The majokions onRgg. We also showed in this case study for pibat
argument ofRgr < 0.04 representing regions influenced by MAX-DOAS can serve as an useful tool for 3-d CTM eval-
anthropogenic emissions is, the primary HCHO from anthro-yation and for satellite validation even under specific condi-
pogenic sources can cause a decreasBdpf (Vrekoussis  tions here. The automated MAX-DOAS retrieval of VCDs
et al, 2010. As discussed above, this is indeed the case forand mixing layer heights are a first step towards using MAX-

Mexico City, Mexico, but might not always be true for areas DOAS product for data assimilation forecast models.

where the primary HCHO concentration is low but anthro-

pogenic VOCs (e.g. aromatics) are at high level. According

to Table4, Rgr in urban areas are in general higher than 0.04Supplementary material related to this article is

by a factor of 2. To solve the difference between the conclu-available online at: http://www.atmos-chem-phys.net/13/

sion ofVrekoussis et a2010 and this study, more simulta- 2133/2013/acp-13-2133-2013-supplement.pdf

neous HCHO and CHOCHO measurements at different loca-

tions and seasons are needed. Furthermore, it is necessary to
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