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Abstract. Ground-based Multi-Axis Differential Optical Ab- night-time accumulation, followed by a decrease to values of
sorption Spectroscopy (MAX-DOAS) measurements of ni- about 0.1-0.4 ppb around local noon. The HONO AN@&tio
trous acid (HONO) and its precursor NQnitrogen dioxide)  shows a similar pattern with a maximum in the early morn-
as well as aerosols have been performed daily in Beijing citying (values up to 0.08) and a decrease-10.01-0.02 around
centre (39.98N, 116.38 E) from July 2008 to April 2009 local noon. The seasonal and diurnal cycles of the HONO
and at the suburban site of Xianghe (39.R5 116.96 E) near-surface concentration are found to be similar in shape
located~ 60 km east of Beijing from March 2010 to Decem- and in relative amplitude to the corresponding cycles of the
ber 2012. This extensive dataset allowed for the first timeHONO total VCD and are therefore likely driven mainly by
the investigation of the seasonal cycle of HONO as well asthe balance between HONO sources and the photolytic sink,
its diurnal variation in and in the vicinity of a megacity. Our whereas dilution effects appear to play only a minor role.
study was focused on the HONO and pi@ear-surface con- The estimation of OH radical production from HONO and
centrations (0-200m layer) and total vertical column den-Os photolysis based on retrieved HONO near-surface con-
sities (VCDs) and also aerosol optical depths (AODs) andcentrations and calculated photolysis rates indicate that in the
extinction coefficients retrieved by applying the Optimal Es- 0—200 m altitude range, HONO is by far the largest source of
timation Method to the MAX-DOAS observations. Monthly OH radicals in winter as well as in the early morning at all
averaged HONO near-surface concentrations at local nooseasons, while the contribution og@ominates in summer
display a strong seasonal cycle with a maximum in latefrom mid-morning until mid-afternoon.

fall/winter (~ 0.8 and 0.7 ppb at Beijing and Xianghe, re-

spectively) and a minimum in summer Q.1 ppb at Beijing

and 0.03 ppb at Xianghe). The seasonal cycles of HONO and

NO, appear to be highly correlated, with correlation coeffi- 1  Introduction

cients in the 0.7-0.9 and 0.5-0.8 ranges at Beijing and Xi-

anghe, respectively. The stronger correlation of HONO with Since the late 1970s, nitrous acid (HONO) has been identi-
NO, and also with aerosols observed in Beijing suggests posfied as a key chemical species in the troposphere, especially
sibly larger role of NG conversion into HONO in the Beijing ~ through its photolysis which leads to the formation of the hy-
city center than at Xianghe. The observed diurnal cycle ofdroxyl radical OH (Perner and Platt, 1979). OH is known as
HONO near-surface concentration shows a maximum in théhe major oxidant (“detergent”) of the atmosphere responsi-

to the formation of ozone and PANs (peroxyacyl nitrates)
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causing the so-called “photochemical smog” in polluted re-of oxidants (OH, @, PANSs) (e.g., Kleffmann et al., 2005;
gions, as well as to the formation of aerosol particles from theSérgel et al., 2011b). Consequently, the largely unknown
oxidation of volatile organic compounds (VOCs). The pho- HONO daytime source can have a significant impact on air
tochemistry of HONO has been and is still extensively dis- quality and chemistry-climate modeling (Elshorbany et al.,
cussed in the literature (see e.g., Sorgel et al., 2011a; Li et al2012 and references therein).

2012; Elshorbany et al., 2012). The heterogeneous conver- So far, HONO has been measured mainly using the long-
sion of nitrogen dioxide (N© on wet organic and inorganic path DOAS (Differential Optical Absorption Spectroscopy)
ground surfaces (soil, buildings, vegetation, and aerosols) isind in-situ LOPAP-like (Long-Path Absorption Photometer)
believed to be a major source of HONO, and very probablytechniques. LOPAP is a wet chemical technique based on the
its main source during the night (Wojtal et al., 2011 and ref- dissolution of HONO in the liquid phase as nitrite (N §fol-

erences therein): lowed by its detection as an azo dye (compound bearing the
R — N = N — R’ functional group) with a long-path absorp-
2NO; + H20 + surface—~ HONO+ HNO3 (R1)  tion photometer (Heland etal., 2001; Kleffmann et al., 2002).

i . ., _The LOPAP instruments can generally be operated only for
Recent field studies and laboratory measurements have 'de'&'limited period of time, from a few weeks to a couple of

ti,ﬁ,Gd other hgterogeneous daytime sources like photosenﬁmnth& due to instrumental and logistics issues. Long-path
s:tlzggoge.dsuctlon IOf NQ IO nzg:)ge;anlc ;u:acehs ((.?eqrgef etj DOAS is an active (i.e. using an artificial light source) DOAS
al, ; Stemmer et al,, ) and the photolysis of a “technique consisting of the measurement of the trace gas con-

Z(())E)bged Snitric ?ci%nlitlratel at ;JV WZVEIength erhouh et_ ?'-’ centration integrated along a light path of several hundred
)- Suetal. ) also showed that soil, throug NItNte- 1 etres to a few kilometres between the light source and the

producing microbes, can release important HONO arm)untsspectrometer (Honninger et al., 2004; Platt and Stutz, 2008).

Other HONO sources are direct emissions from combustiony o, fi-st detection of HONO by long-path DOAS was made
processes and the following gas-phase reaction: over the Los Angeles air basin in the late 1970s (Perner and
Platt, 1979). Both long-path DOAS and LOPAP show a high
sensitivity to HONO and have the advantage to be indepen-

Reaction (R2) operates only during daytime, when the oHdent of daylight, enabling nighttime measurements.

and NO concentrations are high. HONO sinks include dry Here we present four years of ground-based Multi-Axis
deposition during nighttime, and photolysis (Reaction R3) (MAX-) DOAS observations of HONO and its main precur-
during daytime, at a rate close to1s~! around noon (see ~ SOf NG and aerosols in the Beijing area from July 2008

NO+OH+M — HONO+M (R2)

Sect. 3.3): till December 2012. It is the first time that measurements
of HONO in or in the vicinity of a megacity are reported

HONO+ hv(A < 400nm) — OH+ NO (R3) over such a long time period, allowing investigation of the
seasonal variation of this species in urban conditions. MAX-

HONO+ OH — H,0+ NO, (R4) DOAS is a passive DOAS technique based on measurements

of scattered sunlight at zenith and at different elevation an-

The reaction of HONO with OH (Reaction R4) is compara- gles towards the horizon (the so-called off-axis geometry),
tively very slow. The rapid photolysis of HONO accumulated increasing therefore the sensitivity to absorbers present close
during the night is the main source of OH radicals in early to the ground compared to the zenith scattered sunlight tech-
morning when other radical sources, i.e. the photolysis ofnique (Honninger et al., 2004; Platt and Stutz, 2008). Due to
ozone and carbonyls, are still weak. It should be noted that rethe use of daylight and the need to minimise the contribution
cent measurements in the Los Angeles Basin have suggested the stratosphere for absorbers with strong stratospheric
that nitryl chloride (CINQ) can be, together with HONO, concentration like N@here, our MAX-DOAS observations
an important source of radicals in the morning in urban en-are performed from- 85> SZA (solar zenith angle) sunrise
vironments (Young et al., 2012). This study also showed thato 85 SZA sunset with a time resolution ef 15 min (time
vertical gradients of radical precursors should be taken intaneeded for a complete MAX-DOAS scan). The instrumen-
account in radical budgets, especially in case of HONO.  tal set up including data transfer is fully automated, allow-

Despite the numerous field campaigns and laboratorying continuous daily operation throughout the year. More-
experiments conducted during the last three decades, thever, by applying appropriate inversion methods like the Op-
main HONO formation mechanisms are still not fully char- timal Estimation (OEM; Rodgers, 2000), some information
acterised, and their relative contributions to the observedn the vertical distribution of the target trace gases can be re-
HONO concentrations are not well quantified. Model sim- trieved in addition to the vertical column density (e.g., Hen-
ulations accounting only for anthropogenic emissions anddrick et al., 2004; Hénninger et al., 2004; Wittrock et al.,
the known gas phase formation through Reaction (R2) gener2004; Friess et al., 2006; Clémer et al., 2010; Vlemmix et
ally largely underestimate the measured daytime HONO lev-al., 2011). It should be noted that altitude-resolved measure-
els, with possibly important consequences for the predictiorments of trace gases are also possible with long-path DOAS
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or in-situ techniques, generally with a better vertical reso-ating continuously from March 2010 until now. At both lo-
lution and signal-to-noise ratio than MAX-DOAS, but these cations, the azimuthal scan option was not activated and the
require more sophisticated instrumental set up like, for ex-telescope points towards a fixed azimuth direction (north). A
ample, placing retro-reflectors or in-situ instruments on dif- full MAX-DOAS scan requires~ 15 min and comprises the
ferent floors of a building (e.g. Stutz et al., 2002; Wang et al.,following 9 elevation angles: 2 4°, 6°, 8, 1, 12°, 15°,
2006; Wong et al., 2012; Villena et al., 2011). 30°, and 90 (zenith).

In the present study, MAX-DOAS observations of HONO,
NO,, and aerosols have been performed from July 2008 t2.2 DOAS analysis

April 2009 in the Beijing city centre (39.98\, 116.38 E) , .
and from March 2010 until December 2012 at the subur- 1€ Measured scattered light spectra are analysed using the

ban site of Xianghe (39.73, 116.96 E) located~ 60 km spectral fitting software suite QDOAS developed at BIRA-

east of Beijing. From these datasets, the diurnal and seasonHSB  (nttp://uv-vis.aeronomie.be/software/QDOASThe

variations of the HONO and Nfvertical column densities Principle of the DOAS technique is to separate the absorp-

(VCDs) and near-surface concentrations and aerosol optilon of molecular species which usually display narrow fea-
ures from a broadband background resulting mainly from

cal depths (AODs) in the Beijing area are investigated. The! , : : '
OH production from HONO s also estimated based on theMie and Rayleigh scattering and instrumental effects (Platt

retrieved HONO concentrations and calculated photolysis2"d Stutz, 2008). The direct product of the DOAS spectral fit-
rates. In Sect. 2, the MAX-DOAS measurements of HONO,t'ng method is the differential slant column density (DSCD)
NO;, and aerosols are introduced, including a description ofVNich is the concentration of a given absorber integrated
the instrumental set up, DOAS analysis settings, and verti&/ong the effective light path relative to the amount of the
cal profile retrievals. HONO, N§ and AOD retrievals have Sa@me absorber in a measured reference spectrum. For pro-

been also verified through comparisons with correlative datafll® retrieval in the troposphere, it is a common way to select

Section 3 presents the results: the seasonal variation of dayl'€ Zenith measurement of a MAX-DOAS scan as the ref-
time HONO and NG VCDs and near-surface concentrations €"€Nce for the off-axis DSCDs of the same scan in order to
and AODs, their diurnal variation and an estimation of the minimise the stratospheric signal (Clémer et al., 2010; Peters

OH production from HONO and ozone. Concluding remarks &t @l 2012). This is particularly important for NQvhich
are given in the last section. displays a significant concentration in the stratosphere.

HONO DSCDs are retrieved in the 337-375nm wave-
length range, taking into account the spectral signature of
NO, at 220 and 296 K (Vandaele et al., 1998 & 218 and
243K (Brion et al., 2004), @ (Hermans et al., 2003), BrO
at 223 K (Fleischmann et al., 2004), HCHO at 293 K (Meller
and Moortgat, 2000), and the filling-in of the solar Fraun-

The MAX-DOAS instrument used in this study has been Nofer bands by the Ring effect (Grainger and Ring, 1962).
extensively described in Clémer et al. (2010). It is a dual- | "€ HONO absorption cross-sections at 296 K are obtained

channel system composed of two grating spectrometers CO\j_.rom Stutz et al. (2000). A fifth-order polynomial is used to
ering the UV and visible wavelength ranges (300-390 nmfit the low frequency spectral structure due to molecular and

and 400-720 nm, respectively). The output of both spectromMi€ scattering. An example of DOAS fit for HONO is pre-

eters is connected to cooled CCD detectors. The spectronsented in Fig. 1.

eters and detectors are mounted inside a thermo-regulated I the case of N, the 425-490 nm fitting window is used
box in order to minimise thermal stress on optical and me-&d, in addition to the N&cross-sections at 220 and 296 K

chanical parts. The instrument function is close to a Gaussiafvandaele etal., 1998), the following trace gas cross-sections
with a full width at half maximum (FWHM) of 0.4nm and &€ taken into account in the DOAS analysis; & 241K
0.9nm for the UV and visible channels, respectively. Scat-(Burrows et al., 1999), (Hermans et al., 2003), anc,8
tered light is collected at various elevation and azimuth an-(Harder and Brault, 1997). A Ring spectrum and a third-order
gles by an optical head mounted on a commercial sun trackep®lynomial closure term are also included. An example of
(INTRA, Brusag) and the light is guided to the two spectrom- POAS fitfor NO; is also shown in Fig. 1. o _
eters through optical fibres. The O; DSCDs needed for the aerosol extinction profile

The instrument, which was designed and assembled Jietrieval (see Sect. 2.3) are retrieved in the UV and visible
BIRA-IASB in Brussels, was installed during the July 2008— '€9ions (338-370nm and 425-490nm, respectively) using

April 2009 period on the roof of the Institute of Atmospheric € Q: cross-sections from Hermans et al. (2003). The other
Physics (IAP) of the Chinese Academy of Sciences located® OAS settings are described in Clémer et al. (2010).

in the Beijing city centre (39.98\, 116.38 E). Then, it was

moved to the suburban site of Xianghe (39.K5116.96 E)

located about 60 km east of Beijing where it has been oper-

2 MAX-DOAS measurements

2.1 Instrumental set up

www.atmos-chem-phys.net/14/765/2014/ Atmos. Chem. Phys., 14, 78552014
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Beijing, 17/01/2009, 01:58:55 UT, 69.6° SZA, 8° Elevation path length through the atmosphere (and thus the measured
[ e — ' ' ' ' HONO or N& DSCD) strongly depends on the aerosols
6 — calculated 1 and therefore a good estimate of the vertical distribution of
the aerosols is needed to perform accurate HONO ang NO
profile retrievals. Further details regarding our aerosol re-
trieval (aerosol optical depth (AOD) and extinction coeffi-
cient), including the corresponding bePRO settings, are ex-
tensively described in Clémer et al. (2010). The only differ-
ence with the latter study is the use of two separate wave-
lengths (360 nm and 477 nm) instead of four (360, 477, 577,
0 3 3w 3 3 s o as and 630 nm). In the second step, the bePRO algorithm is ap-
Wavelength (nm) plied to the measured HONO and NOSCDs in order to re-
trieve vertical profiles of these trace gas species. In the OEM,
the weighting function matrixK) and the a priori profile,
af :I‘f:fciﬁf:; ' ' ' ' ] are two important retrieval parameteks expresses the sen-
sitivity of the measurements (DSCDs) to changes in the trace
gas profile and it is calculated using the linearized discrete
ordinate radiative transfer model (LIDORT; Spurr, 2008) as
forward model. This code includes an analytical calculation
of the weighting functions allowing for near real time auto-
mated retrievals without the need of pre-calculated look-up
tables. Since the present retrieval problem is ill-conditioned
(no unique solution for the trace gas or aerosol extinction ver-
230 40 L\ll‘\élgvelengtio(nm) a0 480 490 tical profile due to the too small informatiqn content gf fitted
DSCDs from one MAX-DOAS scan), a priori constraints are
Fig. 1. Example of DOAS fit for HONO (upper plot) and NO  heeded to reject unrealistic solutions and to stabilise the in-
(lower plot) at Beijing. Similar DOAS fit results are obtained at Xi- version. For HONO and Ng@vertical profile retrievals, ex-

Differential optical density (x 10‘3)

Differential optical density (x 10‘2)

anghe. ponentially decreasing a priori profiles have been used with
a fixed scaling height of 0.5km according to the following
expression:

2.3 HONO, NOy, and aerosol profile retrievals

HONO and NQ vertical profiles can be retrieved for each x4(z) = VCDae—& (1)

MAX-DOAS scan by applying an inversion algorithm to the

corresponding sets of DSCDs measured at the different elwherex,(z) is the a priori profile (HONO or N@concentra-
evation angles. This profiling technique is based on the faction as a function of the altitude), SH is the scaling height
that the mean scattering height rises into the atmosphere witlfixed to 0.5km) and VCR s the a priori vertical column
the increase of the elevation angle and probes the Iayeraensity of HONO or N@. For each scan, VCDis derived
where the tropospheric absorber is present. So, each megsing the geometrical approximation, i.e. the HONO orNO
sured DSCD of a MAX-DOAS scan is representative of the |ayer is assumed to be located below the scattering altitude
absorber concentration in a given altitude range and thereat 3¢° Elevation, so that tropospheric HONO or N@CDs

fore the observed DSCD variation as a function of the ele-can be derived by applying a geometrical AMF to measured
vation angle depends on the vertical distribution of the ab-DSCDs at 30 Elevation (Hénninger et al., 2004; Brinksma
sorber. In this study, we used the bePRO inversion algorithnet al., 2008).

developed at BIRA-IASB (Clémer et al., 2010). Itisbased on  The other important retrieval parameter settings, which are
the Optimal Estimation Method (OEM; Rodgers, 2000) andthe a priori and measurement uncertainty covariance matrices
uses a two-step approach. First, the aerosol extinction verti(sa ands;, respective|y), have been constructed as in Clémer
cal profiles are retrieved separately at 360 and 477 nm foet al. (2010). Profile retrievals have been performed at the
each MAX-DOAS scan from the corresponding measuredfollowing wavelengths: 354 nm for HONO and 460 nm for
O4 DSCDs. The principle of this retrieval is the following: NO,. The pressure and temperature profiles were taken from
since the Q@ vertical profile is well-known and nearly con- the US Standard Atmosphere and the retrieval grid was cho-
stant (it varies with the square of the @onomer concen-  sen as in Clémer et al. (2010): ten layers of 200 m thickness

tration), & DSCD measurements can provide information petween 0 and 2 km, two layers of 500 m between 2 and 3 km
on the vertical distribution of aerosols (Wagner et al., 2004;and 1 layer between 3 and 4 km.

Friess et al., 2006). This first step is required since the light
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Fig. 2. Example of HONO vertical profile retrieval (Beijing, 21 Jan- rig 3. Same as Fig. 2 but for NO
uary 2009,~10:15 local time). The upper plots display the a pri-
ori and retrieved profiles (left) and the smoothing and noise errors

(right). Averaging kernels and fit results (comparison between mea- 3 3
sured DSCDs and those calculated with the retrieved profile) are 25 ., Smoothing error
shown in the lower plots. Error bars on the measured DSCDs are o smoothing*noise erfors
the DOAS fit errors. E’ 2
§ 1.5 1.5
% 1 1
0.5 0.5
Examples of HONO, N@ and aerosol extinction coef- o o
ficient profile retrievals for winter conditions are presented 0 o2 3 0 0z - 04 06
aerosol extinction (km ™) errors (km )

in Figs. 2, 3, and 4, respectively. The examination of the
averaging kernels, which give information on the sensitiv- 3 1200

ity of the retrievals to the vertical distribution, shows that o oskmll € 1000

the HONO and aerosols inversions are mostly sensitive close _ sl 8 500

to the surface (0—200 m layer) and to the overhead column % 0okl E oot ©
above 200 m. In the case of N(three layers can be distin- 2 *° ore1e | 2

guished: 0—200 m, 200-400 m, and the column above 400m, < 1 g 0

It should be noted that a similar vertical sensitivity is ob- 05 2« 200 o Measured DSCD
tained for summer conditions. Since our study is mainly fo- 0 Caiated DD
cused on HONO, we decided to investigate the HONO and ° Averagingol.(SErneI ! ° Elovation azr?gle ) %

NO, concentrations in the 0-200 m layer as well as the ver-

tical column densities of these species. The retrieval of botHFig. 4. Same as Figs. 2 and 3 but for aerosol extinction vertical
columns and near-surface concentrations is the main strengtpofile retrieved from @ DSCDs at 360 nm.

of the MAX-DOAS technique: it helps to distinguish be-

tween photochemical and vertical transport influences on the

diurnal cycle of HONO and N@given that columns are less than the HONO one, leading to a significantly higher sensi-
sensitive than concentrations to the growth of the boundarytivity of the MAX-DOAS observations to N@

layer. Regarding the information content, it should be noted From the error budgets presented in Figs. 2, 3, and 4, the
that the number of independent pieces of information, alsccontribution of the smoothing error, which represents the dif-
called degrees of freedom for signal (DOFS) and given byference between the retrieved profile and the true profile due
the trace of the matriA (Rodgers, 2000), is generally larger to vertical smoothing by the retrieval algorithm (Rodgers,
for NO, than for HONO (2.7 and 1.8 in the examples shown 2000), is seen to be significantly larger than the noise (DOAS
in Figs. 2 and 3). This is due to the fact that the Ngbsorp-  fit) error, except in the lowest layers. The sum of smoothing
tion strength is larger by more than one order of magnitudeand noise errors on the HONO volume mixing ratio (VMR)

www.atmos-chem-phys.net/14/765/2014/ Atmos. Chem. Phys., 14, 78552014
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Table 1. Error budget of the retrieved HONO and N@ear-surface (0—200 m) concentrations and vertical column densities (VCD). The
total uncertainty is calculated by adding the different error terms in Gaussian quadrature.

Beijing \ Xianghe
0-200 m VCD \ 0-200 m VCD
HONO NO, HONO NO \ HONO NO, HONO NO
Smoothing+ noise errors (%) 19 4 8 23 8 10 3
Uncertainty related to the aerosol retrieval (%) 18 21 7 5 21 25 8 6
Uncertainty related to the a priori (%) 7 10 20 0 11 14 23 10
Uncertainty on HONO or N@cross sections (%) 5 3 5 5 3 5 3
Total uncertainty (%) 28 24 23 1 33 30 27 12

in the 0-200m layer and on the HONO vertical columns rived threshold value (3.5 10'*molec cnt? for HONO and
amount on average to 19 % and 8 %, respectively at Beijing2.4 x 10'® molec cnt? for NOy), (2) DOFS larger than 0.7
and to 23% and 10 % at Xianghe. The corresponding valuesneaning that the information comes mainly from the mea-
for NO, are 4 % and 3 %, respectively at Beijing and 8 % and surements and not from the a priori profile, (3) scans with bad
3% at Xianghe. One of the main forward model error sourcesOy fit results (RMS of the fit larger than 30 % of the mean O
in HONO and NQ profile retrievals is the uncertainty on the DSCD of the scan), which can be obtained, e.g. for changing
retrieved aerosol extinction profiles in step 1. If we combine aerosol loading or/and cloud conditions during a scan, are
the smoothing and noise errors on the retrieved aerosol verejected, and (4) scans with very large AOD values (> 6) are
tical profile (see Fig. 4) to a systematic error of 20% on O also rejected given the significantly larger uncertainties on
DSCDs (Clémer et al., 2010; Wagner et al., 2009), the corthe trace gas retrievals in such conditions. Using these four
responding impacts on the HONO and Nf@trievals are in  criteria, about 35 % of the scans are rejected at both stations.
the 18—-25 % and 5—-8 % ranges for surface concentrations and
VCDs, respectively. The uncertainty related to the choice 0f2.4 Verification of the HONO, NO, and aerosol
the a priori profile for the HONO and N{Jetrievals has been retrievals
estimated by varying the scaling height (SH; see Eq. 1) defin-
ing the a priori profile, more precisely, by adopting a value of The NG, and aerosol retrievals have been evaluated through
either 0.5 km (standard retrieval) or 1 km. At Beijing, using comparison with correlative observations. In the case of
a SH value of 1km instead of 0.5 km leads to the following NO2, the VCDs retrieved in the Beijing city centre have
average changes on the retrieved quantities:and+10 % been compared to MAX-DOAS measurements performed by
on the HONO and N@near-surface concentrations, respec- Ma et al. (2013) at the China Meteorological Administra-
tively, and+20 and+10 % on the HONO and Ng&vertical tion (39.95 N, 116.32 E) located at about 10 km southwest
columns, respectively. The corresponding changes for Xi-of the Institute of Atmospheric Physics where our MAX-
anghe aret+11 and+14% (HONO and N@ near-surface  DOAS spectrometer was installed. It is important to note that
concentrations) angt23 and+-10 % (HONO and NQ verti- both instruments were pointing towards the same direction
cal columns). Total uncertainties are estimated by combiningNorth) and that Ma et al. (2013) have used the simple ge-
the above error sources to the systematic uncertainty on themetrical approximation to derive the NO@CDs (nho Opti-
HONO and NQ cross-sections (5% and 3 %, respectively, mal Estimation step such as in the present study). Figure 5
according to Stutz et al., 2000 and Vandaele et al., 1998). Thehows the comparison of seasonally averaged diurnal varia-
error budget on HONO and Nhear-surface concentrations tions of the tropospheric NOVCDs for the period August
and vertical column densities is presented in Table 1. 2008 to April 2009. As can be seen, a very good agreement
It is known that clouds and aerosols might bias the MAX- is obtained, with both MAX-DOAS datasets displaying very
DOAS trace gas retrieval (Wagner et al., 2004; Friess etimilar diurnal variation in both shape and absolute values.
al., 2006). Instead of explicitly applying a could filter- In fall and summer, however, our retrieved VCDs are notably
ing approach, HONO, N& and aerosol profile retrievals noisier than in Ma et al. (2013). It is likely related to the
have been quality-checked for each MAX-DOAS scan by smaller number of available retrievals during these seasons,
comparing the measured DSCDs to those calculated usdue to the more strict scan selection criteria imposed in the
ing the retrieved profiles (see examples of retrieval fit re-OEM-based method (see Sect. 2.3) compared to the Ma et
sults in Figs. 2, 3, and 4 for HONO, NQand aerosols, al. (2013) approach. Regarding aerosols, AODs at 360 nm
respectively). In practice, the selection of good profile re-retrieved at Beijing and Xianghe have been compared to
trievals is based on the following criteria: (1) residual correlative data from co-located CIMEL sunphotometers of
(RMS) of the retrieval fit smaller than an empirically de- to the AERONET networkHttp://aeronet.gsfc.nasa.gos
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Table 2. Compilation of existing daytimef3 h around local noon)
HONO surface concentration measurements performed in or in the
vicinity of big cities in East Asia. Beijing and Xianghe values cor-
respond to the present study while other data are taken from Li et
al. (2012; see also references therein). PRD is for Pearl River Delta
region.

Daytime HONO surface

Location concentration (ppb)

Spring/summer

o

771

=)

~

=)

[ —%— summer (this study)

T T
—@— spring (this study)
= O - spring (Ma et al.)

—\/ - summer (Ma et al.)
fall (this study)
fall (Ma et al.)
winter (this study)
winter (Ma et al.)

w S o
T T T

Tropospheric NO, vCD (><1015 molec/cmz)
N
T

[
T

Xia_‘!‘_]ghe (C_hina) 0.15 % 8 10 12 14 16 18 20
Beljlng (C;hma) 0.17 Relative difference between this study and Ma et al. (%)
Yufa (China) 0.43 g 40 : : :
Backgarden (PRD, China) 0.24 8 20} /" \
Guangzhou (PRD, China) 2.00 3 OMAV%,i,,“'
Seoul (Korea) 0.36 2 0l M

Falliwinter T S T R R

Local time (h)

Xianghe (China) 0.40
Beijing (China) 0.55 Fig. 5. Comparison of seasonally averaged tropospherig NOD
Shanghai (China) 0.35 diurnal variations from MAX-DOAS measurements performed at
Xinken (PRD, China) 0.80 the Institute of Atmospheric Physics (present study) and at the
Tokyo (Japan) 0.05 China Meteorological Administration (Ma et al., 2013) in the Bei-

jing city centre. The period covered by the observations is August
2008-April 2009. Ma et al. (2013) is taken as reference for the

A . . calculation of relative differences. The calculated mean biases are:
shown in Fig. 6, a good consistency is found between MAX +3-£9% in spring.+3 - 20% in summer.+4- 12 % in fall, and

DOAS and CIMEL instruments at both sites, with correlation _, oo 0o o
coefficients and slopes very close to 1, in agreement with
Clémer et al. (2010). These results indicate that the first step
of our OEM-based trace gas retrieval, i.e. the aerosol profil-
ing, is robust and reliable.

A thorough validation of HONO retrievals such as those
carried out for NQ and aerosols is currently not possible due
to the lack of correlative datasets at both stations. However,
as in Li et al. (2012), MAX-DOAS HONO surface concen-
trations have been compared to other existing measurement3
made in or in the vicinity of big cities in East Asia. As can be
seen in Table 2, Beijing and Xianghe values are atthe lowend 0
of existing measurements in spring/summer while they are
comprised between the concentrations measured at Shangyg. 6. Scatter plots of the AODs at 360 nm retrieved from MAX-
hai and Xinken (Pearl River Delta region) data in fall/winter. DOAS and sunphotometer measurements at Beijing (left plot, Au-
These results show that our MAX-DOAS HONO retrievals gust 2008—April 2009) and Xianghe (right plot, March 2010-
at Beijing and Xianghe are reasonably consistent with otheiDecember 2012). The linear regressions appear in red and the green
existing measurements in East Asia, giving us confidencelashed lines correspond to thelllines.
on the reliability of our HONO datasets. This compilation
of HONO measurements also further confirms that the Pearl
River Delta region is among the most important HONO hot
spots in the world.

Xianghe/2010-2012

Beijing/2008-2009

N
N

EL AOD (360 nm)
w
A
\

LMt Tr-003
" Slope = 1.07

= N
3 ..
&
s
>
CIMEL AOD (360 nm)

4
MAX-DOAS AOD (360 nm)

3 4
MAX-DOAS AOD (360 nm)

Results and discussion

3.1 Seasonal variation of daytime HONO, N@, and
aerosols

Time-series of daytime (local noon) HONO and N€urface
concentration and VCD as well as AOD (360 nm) monthly
means are presented in Fig. 7. A marked seasonality of
the HONO surface concentration and VCD is observed at
both stations, with a maximum in late fall/winter and a
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Beijing (39.98°N, 116.38°E) Xianghe (39.75°N, 116.96°E) the late fall/winter maximum, but its role is minor due to the
""""" [—e— Hono VMR ] dominance of other NQsources in Eastern China (Zhang
et al., 2007). The HONO seasonality is the result of both
enhanced production in winter (due to the N@aximum)
and more efficient photolysis in summer. Furthermore, the
boundary layer height (BLH) is higher in summer than in
winter, about 3 and 1 km in summer and winter, respectively,
according to ECMWF ERA-Interim data, leading to a larger
dilution of HONO in summer and therefore to lower concen-
trations close to the surface. This effect seems minor, how-
ever, since the seasonal cycle of HONO VCD has an only
slightly lower relative amplitude (peak-to-trough ratio be-
tween 5 and 10) compared to the near-surface concentration
(ratio around 10). Figure 7 also shows that the AOD has a
distinct seasonality with a maximum in spring/summer and
a minimum in winter. Such a seasonal variation of the AOD
over Beijing was also reported by Yu et al. (2009a) using

i
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o
o

o

i
T

o
o
T

o

nNow
o O
T

NO, VMR (ppb)  HONO VCD (x10** molecicm?) HONO VMR (ppb)
=
o
;

§ AERONET observations. It can be mainly attributed to par-
é °r ticles emitted from massive agricultural fires in the region

O surrounding Beijing during the May-July period with a peak

3 2t in June (Xia et al., 2013) as well as to long-range transport
? 0 of dust particles during spring/summer (Yu et al., 2009a).

Related to Fig. 7, it should be also noted that the corre-
sponding monthly mean DOFS range between 2.0 and 3.0
for NOy, and 1.8 and 2.2 for aerosols, indicating that the re-
trieved surface concentration or extinction coefficient is in-
dependent from the corresponding VCD or AOD. It is also
the case for HONO during the late fall/winter/early spring
period with a DOFS around 1.8-2.0. In summer, the DOFS
Fig. 7. Time-series of monthly averaged HONO and N@ear- ~ decreases to values around 1.5, suggesting that the surface
surface concentrations (filled circles) and vertical columns (VCD; concentration is to some extent not independent from the re-
empty circles) at local noon{2 h) at Beijing (July 2008-April  trieved VCD and a priori profile shape. The number of days
2009) and Xianghe (March 2010-December 2012). AODs atused for the calculation of monthly means exhibits a sim-
360 nm retrieved from MAX-DOAS measurements appear in thejlar seasonality with a maximum in fall/winter/early spring
lower plot. The error bars represent the standard deviation of tth 25-30 days) and a minimum in summer 15 days) due
mean. to the low daytime HONO amounts observed during this pe-

riod making the OEM-based retrieval less stable and leading

therefore to a larger number of rejected scans.
minimum in summer. The HONO surface concentration (0— The HONO, NQ, and aerosol seasonal variations at both
200 m layer) ranges between0.1 and 0.8 ppb in Beijing stations are further illustrated in Fig. 8 where the monthly
and between~0.03 and 0.7 ppb in Xianghe. These values near-surface concentrations, VCDs, and AODs around lo-
are consistent with published daytime surface measurementsal noon have been averaged over the whole measurement
of HONO performed in or in the vicinity of big cities and period. The HONO concentrations and columns are found
ranging from 0.05 to 2 ppb (Li et al., 2012), the lowest andto be generally larger at Beijing than at Xianghe, as a re-
highest values having been observed in Tokyo (Kanaya esult of the larger N@ concentrations observed in the Bei-
al., 2007) and in Guangzhou City, South China (Qin et al.,jing city centre (Figs. 7 and 8). The largest difference be-
2009), respectively (see also Table 2). From Fig. 7, it istween the sites concerns the 90th percentile of HONO sur-
found that the HONO seasonal variation follows well the face concentrations (Fig. 8) which can reach up to 2 ppb at
seasonality of N@which is believed to be its main precur- Beijing in winter while the corresponding values do not ex-
sor. The late fall/winter maximum is a well-known feature of ceed 1.25 ppb for the same period at Xianghe. The hetero-
NO, columns over industrialized areas at mid-latitudes andgeneous conversion of NOnto HONO appears to be very
in particular over Northeastern China (Richter et al., 2005)probably the dominant source of HONO at both sites and
and is mainly attributed to the longer photochemical life- especially in Beijing, given the high correlation coefficient
times caused by the winter depletion of OH radical levelsfound between HONO and Nhear-surface concentrations
(Stavrakou et al., 2013). Domestic heating also contributes t§ RHono/No,) and between HONO concentration and the

w

N
T

AOD @ 360 nm
=
T
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Fig. 9. Seasonal variation of the HONO to N@ear-surface con-

Fig. 8. Seasonal variation of the HONO and M®urface concen- ; . )
{ centration ratio, the HONO to N£VCD ratio, and the HONO ver-

tration and vertical column density (VCD) and AOD at 360 nm ai -
Beijing (left plots) and Xianghe (right plots). Data correspond to sus NQ, HONO versus aerosol, and N@ersus aerosol correlation

monthly averages over the time interval-s2 h around local noon.  coefficients (0-200m VMR and vertical column density (VCD)) at

The cross symbol and the lower (upper) error bars represent the md2Cal noon at Beijing (left plots) and Xianghe (right plots). In the
dian and the 10th (90th) percentiles of the data, respectively. two upper plots, thg cross symbol and the lower (”Pper) error bars
represent the median and the 10th (90th) percentiles of the data,

respectively.

aerosol extinction coefficienRyono, Aero) retrieved in the

0-200m layer. Figure 9 shows th&HLono,No, lies in the

range 0.7-0.9 at Beijing and 0.5-0.8 at Xianghe, while the(summer or winter), the short-term variations of the daily
correspondingRyono, AERo Values are comprised between means exhibit the same patterns with peaks and troughs on
0.60 and 0.95 and between 0.55 and 0.85, respectively. Ithe same days for both trace gases and aerosols. Although
should be noted that a strong correlation is also obtained strong correlation is expected between Ngdd HONO,
between NG and aerosols in the 0—200 m layer with cor- since NQ is recognised as the main precursor of HONO,
relation coefficients ranging between 0.6 and 0.9 at boththe same is not true for the correlation between,N@d
stations. Similar correlation coefficient values are obtainedaerosols. Therefore, the high correlation is, more than likely,
between integrated concentrations, i.e. between HONO andhainly of meteorological origin, given the relative similar-
NO, VCDs, between HONO VCD and retrieved AOD, and ity in the spatial distribution of aerosols and NGQwvhich
between NQ@ VCD and retrieved AODs, suggesting that the both have a strong anthropogenic component. For HONO
high correlation obtained for surface concentrations is notand aerosols, the high correlation might be further enhanced
due to changes resulting from the variation of the boundaryby the expected role of aerosols as mediator in the het-
layer height. As can be seen from Fig. 10, the high correla-erogeneous conversion of N@ HONO. Due to the high
tions found between HONO, NDand aerosols are driven concentrations of PhMy and PM s usually observed in the

at both stations by day-to-day changes: within one monthBeijing area, heterogeneous reactions on aerosols have been
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Beijing/December 2008 Beijing/July 2008 and the season-averaged concentrations, vertical columns
[ and ratios are summarised in Tables 3 and 4. The scaling

W(’jw of HONO to NGO, or NOy is often used to make the link

between HONO and its possible sources, i.e. as an indica-

R, =0.73

HONO/NO2
Rianoiero™0-80

HONO VMR
N
HONO VMR
<}
3

175 10 15 20 25 W T 10 15 20 2 3 tor of the efficiency of the conversion of NOGnto HONO
(e.g. Sorgel et al., 2011a; Wojtal et al., 2011; Li et al., 2012).
. fromen 07 | & 50 e SN The HONO/NQ ratio values are usually sorted into the
J ) three following regimes (Wojtal et al., 2011 and references

therein): direct emission (HONO /NQess than 0.01) and
surface sources in low and high relative humidity environ-
5 ments (HONO/NGQ in the 0.01-0.03 and 0.03-0.1 ranges,

/\/\M\/‘/\_ respectively). It should be noted that HONO/pN@atio

values up to 0.30 have been derived from nighttime long-

o
o

1 5 10 15 20 25 30 1 5 10 15 20 25 30

4

Ext. Coef.
Ext. Coef.

%775 10 15 20 25 3 T 5 10 15 20 25 =0 path DOAS measurements in Kathmandu, Nepal by Yu et
Xianghe/December 2012 Xianghe/June 2012 al. (2009b) and were explained by high pollution and rel-
g’ Rionomoz=0-65 g 0% R =0.77 i idi i i -
: rovonerore | 2 | movoner 2 ative humidity and low inversion layer. The monthly aver
g2 2 \,W/\/\}\ aged HONO/NGQ@ ratio observed in the 0—200m layer is
2, 2, comprised on average between 0.007 and 0.028 at both sites

e 1018 2020 s 101 2020 (Fig. 9). Although there are significant differences (up to
N e L O — a factor of 2) betwe_gn the nea_lr—surface concentrat_ions ra-
S 50 ~ Z \jZ’C"\/./\,\\/\ tios observed at Beijing and Xianghe, the VCD ratios are
g’ g’ remarkably similar at both sites, and show only little sea-
e 10 15 20 25 30 S50 15 20 25 30 sonal variations, with values varying between 0.008 in sum-

mer and 0.013 in fall and winter (see Table 4 and also Fig. 9).

s s The summertime minimum is consistent with the higher pho-
I\N-\/\,\_/\_/\/\j ; j\r\j\ tolytic sink in that season. Higher ratio values are obtained
o o f\A\& in the 0-200 m layer, by a factor ranging between 1.5 and 2,

15 Sgyofltﬁe 20 2% L5 [}gyml;e 202 % due to the shorter HONO lifetime and hence the stronger ver-
tical gradients for HONO compared to N@see e.g. Figs. 2
Fig. 10. Day-to-day changes of daytime HONO and pN6urface  and 3). Although the photolytic loss of HONO is likely an
concentrations and aerosol extinction coefficient for one summeiimportant driver of these daytime HONO/N@atios, dif-
and one winter months at both stations. Data correspond to dailferences between the seasonal variations of the near-surface
averages over the time interval &2 h around local noon. Similar  ~gncentration ratios at both sites are observed (see Fig. 9),
fgatures are obtained for VF:Ds apd AODs. The correlation Coefﬁ'suggesting that other processes can play a significant role.
cient values are also given in the figure. These could be, e.g. differences in vertical mixing or ef-
fects of horizontal transport of N especially during the
winter when lifetimes are long. The 90th percentile of the
estimated by Li et al. (2011) to contribute as much-&80 % monthly-averaged near-surface HONO /N@tios indicates
to the total HONO production in the Beijing region using that this ratio can reach values of up to about 0.05 at both
a model constrained by observations of HONQ, ©M;, sites (Fig. 9). The mean and 90th percentile values reported
and PM 5. A significant role played by PM is further sup-  here are consistent with those measured around local noon in
ported by the high correlation coefficients derived by Qin big cities and ranging from 0.003 to 0.075 (Li et al., 2012;
et al. (2009) from long-path DOAS and particulate moni- Elshorbany et al., 2012, and references therein).
tor measurements in summer in the Guangzhou city, China
(RHoNoO/NO, @and RHoNoypm,, Close or larger than 0.7). In - 3.2 Diurnal variation of HONO and NO»
contrast, ourRHono,No, and RHono, AERO Cofrelation co-
efficients are significantly higher than those reported by LiSince the MAX-DOAS instrument operates continuously
et al. (2012) at a rural site in Southern China in summerfrom about 88 SZA sunrise to 85 SZA sunset with a time
(RHoNo/NO, ~ 0.4 andRHono, aERO ~ 0.6), suggesting that  resolution of~ 15 min, the diurnal variation of HONO and
the formation of HONO from N@is more dominant in an NO, surface concentrations and VCDs can be thoroughly
urban environment, while other sources (e.g. soil emissionsnvestigated throughout the year at both stations. Figure 11
or the photolysis of nitrate and nitric acid deposited on vege-presents the diurnal variations of HONO and N€urface
tation) appear to play a larger role in rural areas. concentrations and HONO/NGOratios (VMR/VMR) ob-
The seasonal variation of the ratio of HONO andNfon- served at Beijing and Xianghe. Measurements have been av-
centrations (HONO/N@) at local noon is shown in Fig. 9, eraged per season using 1 h bins.

Ext. Coef.
Ext. Coef.
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Table 3.Mean HONO near-surface concentration (VMR in ppb unit) and vertical column density (VCD-ridec cnt2 units) around
local noon &2 h) at Beijing and Xianghe. The 10th and 90th percentiles of the data are also given.

Beijing \ Xianghe
HONO mean  10th perc. 90th per#:.HONO mean 10th perc.  90th perc.
Spring VMR 0.19 0.04 0.4 0.16 0.03 0.30
VCD 0.31 0.16 0.58 0.24 0.09 0.41
Summer VMR 0.18 0.01 0.4(¢ 0.09 0.01 0.19
VCD 0.25 0.05 0.49 0.15 0.06 0.28
Fall VMR 0.46 0.05 1.14 0.38 0.03 1.01
VCD 0.60 0.15 1.42 0.48 0.10 1.15
Winter VMR 0.48 0.04 1.04 0.34 0.02 0.86
VCD 0.69 0.17 1.33 0.44 0.09 0.96

Table 4. Mean HONO/NQ ratio (VMR/VMR and VCD/VCD) around local noont{2 h) at Beijing and Xianghe. The 10th and 90th
percentiles of the data are also given.

Beijing \ Xianghe

HONO/NGO, mean 10th perc. 90th per¢. HONO/NQO, mean 10th perc.  90th perc.

Spring VMR 0.015 0.006 0.02 0.024 0.006 0.046
VCD 0.010 0.006 0.01 0.012 0.006 0.021

Summer VMR 0.008 0.002 0.01 0.017 0.004 0.035
VCD 0.008 0.005 0.01 0.009 0.004 0.015

Fall VMR 0.020 0.007 0.03 0.018 0.006 0.033
VCD 0.014 0.007 0.02 0.012 0.006 0.021

Winter VMR 0.015 0.007 0.02 0.020 0.004 0.039
VCD 0.013 0.007 0.02 0.012 0.005 0.022

The diurnal cycle of N@ reflects the balance be- a very similar diurnal cycle (see Fig. 12), the surface con-
tween anthropogenic emissions and photochemical sinks. leentration variation during the day is therefore not driven
fall/winter, when photochemical activity is weak, accumula- by dilution effects. This is consistent with the study of Qin
tion of NO; results in a continuous increase of its concen-et al. (2009) which indicated a higher correlation between
trations during the day, whereas in spring/summer, the diurHONO and NQ at Guangzhou than between HONO and
nal cycle is relatively flat. The diurnal cycle of the HONO CO, the latter being used as a tracer for the transport pro-
concentration in the 0—200 m layer exhibits a maximum incesses.
the early morning (1.3-1.6 ppb and 0.7-1.0 ppb at Beijing As shown in Figs. 11 and 12, the HONO/MNQatio
and Xianghe, respectively) due to the nighttime build-up, fol- (VMR /VMR and VCD/VCD) has a marked diurnal cy-
lowed by a decrease. This decrease continues throughout thede at both stations with, as for HONO, a maximum in the
day at both stations in fall/winter, while in spring/summer early morning (ratio values up te-0.05-0.08 in summer)
the HONO concentration remains relatively constant fromand a decrease during daytime to values around 0.01-0.02. It
local noon until~ 16:00, after which time HONO increases should be noted that this diurnal cycle, with the absence of
slightly until sunset. This diurnal cycle shape is similar to a significant increase of the HONO/N@atio around local
the cycle observed in several field campaigns (Qin et al.noon, is very similar to the one derived by Qin et al. (2009)
2009; Li et al., 2012; Elshorbany et al., 2012 and referencedrom long-path DOAS observations in Guangzhou city.
therein). The morning decrease can be attributed to the in- The corresponding diurnal variations of the AOD are also
creasing HONO photolysis rates and vertical mixing, while presented in Fig. 12. There is no marked diurnal cycle, with
the HONO increase in the late afternoon can be caused by thealues around 1-1.5 at both stations, except in Beijing in
progressive absence of photolytic loss and the decrease of ttuimmer where the AOD increases during the morning, with
boundary layer height. However, since the HONO VCD hasa maximum value of 3 around 11:00.
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Fig. 11. Diurnal variation of the HONO and Nfconcentrations  Fig. 12. Same as Fig. 11 but for the vertical column densities
(ppb) and their corresponding ratio in the 0-200 m layer at Beijing (VCDs) and aerosol optical depths (AODs). HONO andN@Ds
(blue curves) and Xianghe (red curves). Data have been averagede inx10'° andx10*® molec cnt2 units, respectively. The corre-
per season using 1 h bins. The error bars correspond to the standaggonding diurnal variations of the AOD are also plotted.

deviation of the mean.

concentrations (up to 60 ppb) observed in summer (Lu et
3.3 Estimation of OH production from HONO al., 2013; Wu et al., 2011), we tested the impact of using
) the diurnal cycle of @ measured by Chou et al. (2011) in
In order to evaluate the importance of HONO as a sourcgpq Beijing city centre during CAREBeijing-2006. Photoly-
of OH radpals, especially compared to the contribution Ofsis rates have been calculated using the TUV package includ-
Os photolysis, the OH production from HONO has been cal- ing the SDISORT radiative transfer code (Madronich and

cn_JIated in the 0-200m Iz_iyer at bo_th stations from t_he "®Hocke, 1998). The effects of clouds are ignored, whereas at-
trieved HONO concentrations and simulated photolysis ratesg, ation by aerosols is estimated from the aerosol optical

J (HQNO)' OH is .formed from @ through the following depths retrieved by MAX-DOAS at Beijing and Xianghe (see
reaction sequence: Sect. 2.3), assuming a single scattering albedo equal to 0.9

O3+ hv(x < 340nm — O(*D) + O, (R5) and an asymmetry parameter equal to 0.7. The albedo is set
to 0.05, except over snow (0.5). Snow presence and ozone to-
O(*D) + H,0 — 20H (R6) tal columns are obtained from ECMWF ERA-Interim fields.

The calculated photolysis rates are presented in Fig. 13.
The corresponding OH production has been estimated fronThe J (HONO) values are consistent with those measured
an assumed 9concentration fixed to 30 ppb, water vapour by Li et al. (2012) in the Pearl River Delta region in South-
concentration from ECMWF (European Centre for Medium- ern China, and correspond to a noon photolytic lifetime of
Range Weather Forecasts) ERA-Interim re-analysis fieldsabout 15—-20 min, with little differences between the seasons.
(http://vww.ecmwf.int/research/era/do/get/infileand sim-  The diurnal cycles of OH production due to HONO angl O
ulated photolysis ratg (O3 —O(*D)). Since the value of are depicted in Fig. 14. At both stations, the OH produc-
30 ppb for Q is significantly smaller than the afternoor3 O tion from HONO in the 0—200 m layer exhibits a maximum

Atmos. Chem. Phys., 14, 765781, 2014 www.atmos-chem-phys.net/14/765/2014/
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Fig. 14. Diurnal variation of the OH production from HONO
Fig. 13. Photolysis rates (HONO) andJ (O3 —O(1D)) calcu- (OHhono) and G (OHg,) in the 0-200m layer at Beijing
lated in the 0-200 m layer for Beijing and Xianghe and averaged(blue curves) and Xianghe (red curves). Data have been sea-
per season. The error bars correspond to the standard deviation gbnally averaged using 1h bins. The relative contribution of
the mean. HONO to the OH production (OKono/ OHiota)) IS calculated as
OHuyono/ (OHHono+ OHgg,). The error bars correspond to the
standard deviation of the mean.

in the morning, between 07:00 and 09:00 in spring/summer

and between 08:00 and 11:00 in fall/winter. This maximum Chou et al. (2011) with high afternoon ozone mixing ratios,

is larger at Beijing than at Xianghe, with e.g. winter values and very low values in the early morning. In that case, the

reaching 1.2 ppbht and 0.7 ppb hi, respectively, due to the contribution of Q to OH production reaches a maximum of

generally larger HONO concentration observed in Beijing 80 % in the early afternoon.

(Fig. 11). The shape of this diurnal cycle is similar to the The seasonal variation of the HONO ang €ntributions

one calculated by Sorgel et al. (2011b) from HONO mea-at local noon is displayed in Fig. 15. It is largely explained

surements over a pine forest close to the industrial area oby the seasonal cycle of ozone photolysis rates (Fig. 13) and

Huelva, southwestern Spain in fall. However, the maximumH2O concentrations, which both maximise in summer. These

of OH production from HONO was significantly lower there results show that near to the ground surface in urban areas,

(~0.2ppb Y. HONO is the main source of OH radicals in winter as well
Comparison of the HONO and (Ccontributions to OH  as in the early morning at all seasons, in agreement with our

production reveals that HONO is the main contributor in all current knowledge of the HONO photochemistry (see e.g. Li

seasons except summer, with relative HONO contributionset al., 2012 and references therein).

larger than 70 % (more than 90 % in winter) around 12:00-

13:00. In summer, the contribution og@ominates between

09:30 and 16:00 with a maximum of 70% around 13:00-

14:00. At Beijing, this feature is strengthened by consider-

ing the diurnal cycle of the ozone concentration measured by

www.atmos-chem-phys.net/14/765/2014/ Atmos. Chem. Phys., 14, 78552014
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R Beijing (39.98°N, 116.38°E) Xianghe (39.75°N, 116.96°E) marked seasonality, with a maximum in late fall/winter and
= o a minimum in summer. The strong link between HONO and
g, 1 ‘ NO; is further supported by the high correlation of HONO
% .»—\ with NO2 found throughout the year, with coefficients com-
T os 0'5/*/\\//\ prised in the 0.7-0.9 and 0.5-0.8 ranges at Beijing and Xi-
f anghe, respectively. Like NQDHONO is more abundant at
C O FWAMIIASOND S FMAMIJASOND Beijing than at Xianghe, with mean VMR ranging frepD.1
to 0.8 ppb and from~0.03 to 0.7 ppb, respectively. These
~ 0 s values are found to be consistent with previously reported
g o8- Chouetal L ‘ daytime HONO measurements in urban conditions. A strong
e ‘\ role of NGO, conversion to HONO at Beijing is suggested
5§ os 3 05 from the higher correlation coefficients between HONO and
z JO aerosol extinctions retrieved in the 0—200 m layer at Beijing
S FMAMIJIASOND S FMAMIJIASOND (ranging from 0.60 to 0.95 instead of 0.55 to 0.85 at Xi-
anghe).
B The diurnal profiles of HONO surface concentration and
5— so\ vertical column show a maximum in the early morning
z (1.3-1.6 ppb/1.5-8 x 10® molec cnT2 in Beijing and 0.7—
2 / 1.0 ppb/0.9-1 x 10 moleccnt? in Xianghe) likely ex-
z © R plained by the photolysis of the HONO accumulated during
O T VM AMI JASOND O T MAMI JASOND the night. The subsequent decrease (to about 0.1-0.4 ppb for
Month Month the concentration and 0.1:60< 10'° molec cnt? for the ver-

tical column around local noon) results mostly from a bal-
(OHuono) and G (OHo,) in the 0-200m layer at Beijing ance between HONO sources and the photolytic sink. Dilu-

(left/blue curves) and Xianghe (right/red curves) at local noon. tion effects appear to play only a minor role, given the ob-
Data correspond to monthly averages over the time intervati ~ Served very similar diurnal cycle of the HONO vertical col-
around local noon. Oy is equal to Okono+ OHo,. The error  UMN, which is expected to be insensitive to vertical transport
bars correspond to the standard deviation of the mean. variations. The observed HONO /N@atio diurnal cycle is
very similar at both Beijing and Xianghe with a maximum
in the early morning (values up to 0.08) and subsequent de-
4 Summary and conclusions creases to values ranging between 0.01 and 0.02 around local
noon.
For the first time, the seasonal variation of HONO has been The production of OH radicals from HONO and; @as
investigated in and in the vicinity of a megacity. This has been estimated from observed HONO near-surface concen-
been achieved using MAX-DOAS observations of HONO trations and calculated photolysis rates. At both stations,
and its main precursor NQOand aerosols in the Beijing city HONO is found to be the main contributor to OH production
centre and at the suburban site of Xianghe locatesD km in the 0—200 m layer, except in summer around local noon
east of Beijing. The MAX-DOAS spectrometers have the ad-where the contribution of @dominates. The diurnal cycle
vantage that they can be operated year-round during daytimef the OH production from HONO exhibits a maximum in
in a fully automated way. Moreover, independent informa-the morning between 07:00 and 11:00, depending on sea-
tion on the near-surface concentration and vertical columnson, followed by a rapid decrease. This maximum is larger
of trace gases can be retrieved from multiple elevation an-at Beijing than at Xianghe, especially in winter time where
gle observations using dedicated inversion methods like thehe OH production from HONO reaches1.2 ppb ! and
OEM used here. Our instrument was operated in the Beijing~ 0.7 ppb 1, respectively.
city centre from July 2008 until April 2009, and in Xianghe  To conclude, MAX-DOAS is shown to be a useful tech-
from March 2010 until now. The total error on retrieved near- nique for long-term monitoring HONO near-surface con-
surface concentrations and vertical columns are comprisedentrations and vertical column amounts in polluted ar-
between 23 and 33 % for HONO and between 12 and 30 %eas. Multi-year data sets of HONO observations, such pre-
for NO». Retrieved NQ VCDs and AODs are also shown to sented in this work, offer a better quantitative characterisa-
be in good agreement with correlative measurements. In théon of HONO photochemistry and can provide additional
case of HONO surface concentration, a reasonably good coreonstraints to modelling studies. For example, the diurnal
sistency is found between our retrievals and measurementand seasonal profiles of the HONO / Bli@atio derived in this
performed in or in the vicinity of big cities in East Asia. study could be used in atmospheric models to constrain the
HONO and NQ concentrations retrieved at both stations rate of heterogeneous conversion of NO HONO, in order
around local noon in the 0-200 m layer exhibit the same

Fig. 15. Seasonal variation of the OH production from HONO
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