Atmos. Meas. Tech., 7, 3373386 2014 Atmospheric
www.atmos-meas-tech.net/7/3373/2014/

doi:10.5194/amt-7-3373-2014 Measurement
© Author(s) 2014. CC Attribution 3.0 License. TeChan ues

Long-path averaged mixing ratios of G; and NO, in the free
troposphere from mountain MAX-DOAS

L. GomeZ2, M. Navarro-Comast, O. Puentedurd, Y. GonzaleZ, E. Cuevas, and M. Gil-Ojeda?

Linstituto Nacional de Técnica Aeroespacial (INTA), Area de Investigacion e Instrumentacion Atmosférica, Ctra Ajalvir km4,
28850, Torrejon de Ardoz, Madrid, Spain

2Groupe de Spectrométrie Moléculaire et Atmosphérique, URM CNRS 7331, UFR Sciences Exactes et Naturelles,

Moulin de la Housse, BP 1039, 51687 Reims CEDEX 2, France

3Centro de Investigacion Atmosférica de Izafia (Agencia Estatal de Meteorologia —~AEMET), Santa Cruz de Tenerife, Spain

Correspondence td:. Gomez (lauragm.madrid@gmail.com)

Received: 7 May 2013 — Published in Atmos. Meas. Tech. Discuss.: 5 September 2013
Revised: 28 August 2014 — Accepted: 29 August 2014 — Published: 7 October 2014

Abstract. A new approximation is proposed to estimatg O 1 Introduction

and NG mixing ratios in the northern subtropical free tro-

posphere (FT). The proposed method usgsiant column

densities (SCDs) at horizontal and near-zenith geometries td he knowledge of reactive trace gas distributions in popu-
estimate a station-level differential path. The modified geo-lated areas around the world has greatly improved recently
metrical approach (MGA) is a simple method that takes ad-due to the extensive deployment of measurement networks
vantage of a very long horizontal path to retrieve mixing ra- N local to regional scales. Field instrumentation generally
tios in the range of a few pptv. The methodology is presentedPrOVideS information on the surface concentrations, rather
and the possible limitations are discussed. Multi-axis differ-than the vertical distributions, of the measured species. As a
ential optical absorption spectroscopy (MAX-DOAS) high- consequence, knowledge of free troposphere (FT) tracer dis-
mountain measurements recorded at the Izafia observatoffibutions is lacking. Recently, remote sensing instrumenta-
(28°18 N, 16°29 W) are used in this study. The results show tion based on spectroscopic analysis Multi-axis differential
that under low aerosol loading,sGnd NG mixing ratios ~ Optical absorption spectroscopy (MAX-DOAS) has demon-
can be retrieved even at very low concentrations. The obStrated success in obtaining profiles in polluted areas and
tained mixing ratios are compared with those provided by inhas been used extensively for pollution studies (i.e. Baidar
situ instrumentation at the observatory. The MGA reproduce<et al., 2013; Hendrick et al., 2014) and satellite validation
the O; mixing ratio measured by the in situ instrumentation Purposes (Peters et al., 2012; Ma et al., 2013). The use of
with a difference of 28 %. The different air masses scanned/AX-DOAS has been essentially restricted to the boundary
by each instrument are identified as a cause of the discregayer (BL) where most of the pollutants are located. Under
ancy between the observed by MAX-DOAS and the in stable conditions, a BL thermal inversion limits the upward
situ measurements. The NG5 in the range of 20—40 ppt, ventilation of pollutants and other surface-produced tracers;
which is below the detection limit of the in situ instrumenta- &s @ result, the FT concentrations of gases such asa\®©

tion, but it is in agreement with measurements from previousmuch lower (possibly by orders of magnitude). Occasionally,
studies for similar conditions. due to favourable weather conditions or to mechanical forc-

ing on given orographies, polluted air masses may be injected
into the FT (Thakur et al., 1999).

The knowledge of tracers in the FT is relevant to deter-
mine atmospheric reference background conditions for pol-
lution studies (Engardt et al., 2009; Beelen et al., 2009)
and to study chemical processes occurring during long-range

Published by Copernicus Publications on behalf of the European Geosciences Union.



3374 L. Gomez et al.: Long-path averaged mixing ratios in the free troposphere

transport (Thakur et al., 1999). Pollutants can be transportedhethod to obtain concentrations of trace gases in the BL. The
over long distances through the FT where fast winds existmethod can be applied when light paths for the lowest eleva-
and the lifetime of minor species is longer than that in thetion angles do not differ significantly, which is a consequence
BL (Stohl and Trickl, 1999; Stohl et al., 2003; Liang et al., of the high aerosol loading in the atmosphere. The optical
2004). Unfortunately, little is known of the amounts of BL path is then obtained from the differential SCD (DSCD) of
active species in the FT that are anthropogenically producethe O, (Wagner et al., 2004; Sinreich et al., 2005; Friel3 et
(Wenig et al., 2003); the downward exchange between theal., 2006; Clémer et al., 2010), which is the difference be-
FT and the lower troposphere is also unclear (Zyryanov etween the SCD at low instrumental elevation angles (IEAs)
al., 2012). and the zenith SCD. However, if the aerosol load is too high,
Routine measurements of background levels of chemicallyscattering at all elevations (high and low) occurs close to the
active trace gases in the FT are very scarce. FT measuremerdstector, which leads to a poor performance of the model.
have been recorded during limited time periods on airborneSinreich et al. (2010) and Mahajan et al. (2012) use a similar
platforms with high-quality instrumentation (Robinson et al., approximation for their studies in the marine boundary layer
2005; Mao et al., 2006; Martin et al., 2006; Oltmans et al., (MBL).
1996; Thompson et al., 2011; Baidar et al., 2013), but the In general, the different approximations used to obtain
high cost of the flights prevents their use for long-term stud-tracer concentrations from MAX-DOAS measurements re-
ies. Continuous monitoring programmes have been limitedquire multiple scattering mode in the radiative transfer calcu-
to the use of in situ instruments located in the few existinglations due to the (a) high air density, (b) large concentrations
mountain observatories around the world. However, the meaef pollutants and often water vapour, and (c) high aerosol
surements provided by these instruments are local and areading. Here, we propose a modified version of the MAX-
usually affected by the so-called “mountain breeze effect’DOAS geometric approximation (Hénninger et al., 2004) to
(MBE) (e.g. Cuevas et al., 1992; Reidmiller et al., 2010). estimate FT tracer mixing ratios at very low concentrations.
Therefore, these measurements are not representative of the particular, at the 1zafia observatory, where the air density
background conditions. is low and the atmosphere is extremely clear, single scat-
Here, we present results of data that are representativeering can be used. Aerosols are not considered here, thus
of the FT using the MAX-DOAS remote sensing technique assumptions on the aerosol vertical distribution and prop-
at the Izafia station, a high-mountain observatory located irerties are not necessary, and therefore uncertainties related
the Canary Islands in the Subtropical Atlantic Ocean. Unliketo the aerosols are avoided. This new method, which we
in situ measurements, MAX-DOAS integrates optical pathscall the “modified geometrical approach”, takes advantage
over a few tens of kilometres. As a result, inhomogeneitiesof the possibility of horizontal measurements to obtain gas
are averaged in the path, which in turn minimises the impacimixing ratios, which provides a straightforward inversion.
of the small-scale upwelling of air masses from the BL. Mea-Here, the horizontal optical path is considered to be the dif-
surements can be recorded continuously as long as diffusterence between the optical paths of the zenith and horizon
sunlight is available; the best results of the proposed methodiews; it is calculated using two procedures. The first proce-
are provided at solar zenith angles (SZAs) up t&, & dis-  dure, called @ MGA (modified geometrical approach), uses
cussed in Sect. 3. the & dimer (hereafter referred to ag;Omeasurements at
Using the MAX-DOAS technique, the slant column den- the level of the station. The second procedure, called RTM-
sity (SCD) of a given gas is measured, i.e. the amount ofMGA, uses a RTM to obtain the required paths. This method
gas along a given line of sight. To remove the dependence of valid for a single-scattering atmosphere and for scattering
the observation angle from the data, the SCD is converted tohat occurs very close to the detector. Similar assumptions
the vertical column density (VCD) using a conversion fac- have been considered in some airborne MAX-DOAS studies
tor known as the air mass factor (AMF). The AMF, which (Melamed et al., 2003; Baidar et al., 2013) for nadir observa-
can be calculated from radiative transfer models (RTMs),tions. In Baidar et al. (2013), all the photons are assumed
is closely related to the effective optical path (EOP), whichto be scattered only once (single scattering) very close to
is a single path that is equivalent to all ray paths that con-the ground or reflected from the surface before they reach
tribute to the measurement. The EOP is needed to obtain ththe airborne detector. In that study, the validity of these as-
density at a given altitude; it can be calculated using vari-sumptions was confirmed. Here, the MGA is applied to es-
ous approaches. The simplest one was introduced by Horntimate the @ and NG concentrations at the Izafia observa-
ninger (Hénninger and Platt, 2002; Honninger et al., 2004).tory, where the required conditions are satisfied. The results
This approach only considers single scattering and does nare then compared with in situ measurements of both species.
take into account surface albedo or aerosol extinction. MoreéBecause in situ measurements are based on different tech-
realistic methods consist of using RTMs together with the niques/principles than DOAS (UV absorption cell fog &d
optimal estimation method (OEM) (Rodgers, 2000; Steck,chemiluminescence for N, they are an independent and
2002). These methods are similar and are computationallgxcellent set of measurements to validate the consistency of
very costly. Later, Sinreich et al. (2013) presented a newour method. The MGA can also be extended to other species
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with structured absorption spectra in the near-UV and visibl
ranges, such asj®, HCHO, CHOCHO and IO. Path 1

This paper is organised as follows: in Sect. 2, the sta
tion and meteorology of the area are presented. In Sect. J
the methodology is described and the assumptions and lim
itations are discussed. Sections 4 and 5 address the instr :
mentation and data. The results and discussion are providg "\~ T TR
in Sect. 6. Finally, the main conclusions are summarised ir
Sect. 7.

2 lzafa station

The Izafia Atmospheric observatory {28 N, 16°29 W) peak
is located in Tenerife (Canary Islands) at an altitude of
23r3ma.s.l. This observatory is part of the Global Atmo- Figure 1. Schematic representation of a simplified optical path of
spheric Watch (GAW) programrp(_e and is rganaged by thescattered solar radiation for real (blue) and MGA-approximated
Centro de Investigacion Atmosférica de Izafia (CIAI) of the (black) geometries.

Agencia Estatal de Meteorologia (AEMET, Spain). In the

Canary Islands, the influence of the descending branch of the

Hadley cell creates a high stability regime in the FT, whereas3  Modified geometrical approach (MGA)

quasi-permanent NNE trade winds blow in the MBL (Palmén

and Newton, 1969). The FT and MBL are well differenti- 3.1 Methodology

ated by a quasi-permanent strong temperature inversion that

ranges between 800 and 1500 m a.s.l. (Font, 1956; Milford effhe MGA is an extremely simple concept. It assumes a
al., 2008). The temperature inversion defines an upper limisingle-scattering geometry and a scattering point altitude
to the MBL, which prevents pollution of the lower levels close to the instrument. Under these simplified conditions,
from reaching the FT. Therefore, the Izafia station is locatedhe column of the gas under consideration in the horizontal
well above the MBL and, during the night, is representativepath ¢ in Fig. 1) is the differential column between zenith

of the FT conditions. Below the station, at the base of the in-(IEA =90°) and horizontal (IEA= 0°) measurements simul-
version, a layer of clouds is present on most days at the norttaneously obtained, because the slant paths are identical in
side of the island. The clouds form as a result of the con-both cases and cancel out. Alternatively, the zenith measure-
densation of the humid air masses that are forced to ascen@ent can be used as a reference to evaluate the horizontal
by the trade winds that arrive at the north face of the island measurement; then, the outcome of the evaluation is directly
The Canary Archipelago is under the influence of a subtropihe gas in the horizontal path. Therefore, the concentration
ical high-pressure system, which provides many days with &f the gasr at the level of the statior, s, can be obtained

clear sky above the cloud layer. simply from the difference of both slant columns divided by
The strong temperature inversion defines a discontinuity inthe length of the horizontal pat):
the vertical distribution of gases, such agd{ NGO, and Q. SCDhoriz.x — SCDiertx

During the night, subsiding air increases thedhd reduces ¢y st= ,

the HLO and NQ; the opposite is true during the day. In par- d

ticular, humid MBL air masses that move upslope due to thewhere SCRorizx and SCRQert,» are the slant columns in the

diurnal mountain breeze can reach the observatory; thus, typhorizontal and vertical views, respectively. If measurements

ically, H2O increases by 60 % and the M@creases a few are not simultaneously taken, then Sgl;, has to be multi-

hundred ppt at the level of the station. In contrast, the O plied by a correction factoy to reference them to the same

suffers a decrease of 6.5% (Cuevas et al., 1992; Puentedu®ZA, which is defined as

et al., 2012). These variations in concentrations can be used

as signatures of the origin of the air masses over the stationf = AMF(sza)/AMF (sz&), )

As for gases, the strong temperature inversion prevents Sed re AME is a factor of the zenith geometry (IEAOC°)

salt and other aerosols below from reaching the observatory. . i
. L . .. ’and sza and sza are the solar zenith angles at the times of

Two typical situations occur at Izafia: very clean days with

an aerosol optical depth (AOD) below 0.05 at 500 nm or Sa_tmhgnklgnzontal (IBA=0%) and vertical (IEA=907) measure-

haran dust days in which the AOD can reach values larger Within the MGA. two different methods have been con-

than 1 wher_1 Saharan dust transported from North Africa ar'sidered to estimate: Os-MGA and RTM-MGA. The first
rives at the island.

method obtaing/ from the SCD of Q (SCDp,), which is

@)
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Figure 2. Horizontal optical paths obtained from the SPDISORT Figure 3. Differential box-AMFs (with respect to the zenith) for the

solver when single (green diamonds) and multiple (red diamonds)_~_ :
. . g “Jzafia observatory. The calculations were performed at 440 nm.
scattering are considered. The blue diamonds correspond to the dit-

ferences between the single and multiple scattering paths.
to 70 are as high as 5%. These results confirm that in the

measured simultaneously with the gases in which the concerpr's’::ne |zana atlmozpherde, S'nﬁle scattering C?}” behused. I
tration is to be retrieved and with the monthly mean oxygen | "€ MGA is also based on the assumption that when eval-

concentrationdo,) at the level of the station. An advantage UY&tin9 & spectrum in the horizontal direction (elevatotr)
of the method is that no RTMs are needed: using the zenith spectrum as a reference, the vertical com-

ponents cancel out. To prove that this is true for the condi-
d= SChhoriz,04 — SCDrert 0, 3) tions of this research, we use the SDISORT radiative transfer
(coy,)? ' model (Dahlback and Stamnes, 1991) to calculate the single-

) scattering @ differential box-AMFs defined as
In the second method (RTM-MGA), the horizontal paths

for each geometryd() are obtained from the radiative trans- DiffAMF = [AMF («) — AMF(90)]Az, (6)
fer model (at szg. Then, the gas concentration can be esti-
mated in a similar manner as in Eq. (1): whereq is a given elevation angle, anlz is the thickness
of the layers of constant concentration considered in the ra-
- SChhorizx — SCDlert x () diative transfer model (100 m in this case). This magnitude
Cx,St ’ * . . .
d provides the difference of the optical paths for both eleva-

The radiative transfer model used in this paper does nofion angles (0 and 99 for each of these layers. The results

directly supply the optical path. In this case, the following &€ Shown in Fig. 3 for an SZA 40°. For an elevation an-
equation is used for the calculationdt gle=0°, the differential box-AMF is the maximum at the

level of the station but becomes zero near an altitude of 3km
_ SCDhorizx — SCDert x 5) and higher, which is only 0.6 km above the station. Simi-
h Cx ’ lar results are observed for other SZAs, except for twilight
_ ) (SZA > 70), for which the method is not applicable (shown
wherex refers to Q or NO,. In this case, the concentration |4 This result proves that the slant contribution (before

of these species;,, at the level of the station is obtained the scattering point) of the paths at IEAs of 0 and 8ancel
from the Air Force Geophysics Laboratory (AFGL) standard  + and that only the horizontal path remains.

atmosphere for tropical latitudes (Anderson, 1986).

The first assumption required for the validity of the MGA 3.2 Error estimation
is a single scattering atmosphere. To estimate the adequacy of
this approximation for the conditions given in this research, The error in the concentration using Eq. (1) depends on the
the horizontal optical paths as a function of the SZA for sin- measurements (SCD of the considered gas) and the path er-
gle and multiple scattering are calculated for the |zafia ob+rors. The average measurement relative error for typical val-
servatory conditions. The SDISORT radiative transfer modelues of NQ and G and their corresponding molecular errors
(Dahlback and Stamnes, 1991) is used to obtain these hori- as defined in Platt and Stutz, 2008 (using mean values dur-
zontal paths from @SCDs. The inputs of these calculations ing 2011 to 2013 at Izafia) — are 23 and 6 %, respectively.
are summarised in Table 2. The results are shown in Fig. 2However, the path error depends on theSCD fitting error
The differences for the SZAs that are lower than or equal(approximately 0.1% and negligible), the air density error

d/
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(lower than 2% at Izafia in summer) and the cross-sectior ¥——T——T—— T T T —T——T1—]
error. Major uncertainties stem from a potential bias of the 2 14 Sza |7
O4 cross-sections (Wagner et al., 2002, 2009; Clemer et al. %[ g 0% 11
2010); nevertheless, they are under debate. If only the ai 212 —10°| 3
density error is considered, the path error following Eq. (3) is 32: §_ e————'/ 58: E
approximately 4 %. Taking into account all these values, the - 5 ‘; 200
typical relative errors of the N©and & concentrations are g s T — 5oe|]
23.3 and 7.4 %, respectively. = »f O e ey " 60°| 3
The estimation of the error of the concentrations obtainec2 %[ — 7001

from this method must also be considered. Actually, the scatT [ — g80° |1
tering occurs at a certain heightibove the station. The blue FE E
line in Fig. 1 represents the EOP, which is defined as the ge 21 ]
ometrical ray equivalent to the zenith integrated flux at the :f ]
station. Accordinglyk is the “effective” scattering height. In L ]
this more realistic geometry, the difference betweenthe hor 85 o1 0z ~ 05 04 05 06 07
izontal and vertical measurements is WF*z
SCDhoriz — SCDyert = SCDx Figure 4. Scattering height versus weighted intensity times the alti-

=(S14+S2+D)—(S1+ H) tude for different SZAs.

= D+ H (AMF(sza)—1), (7)

Figure 4 shows thadt is nearly constant up to an SZA of 70—

whereSy, 52, D and} are gas partial columns along the con- 75°. Howeverg increases exponentially towards large SZAs.

zidel_;ecljf pathsy, s, d andh, respectively, and AMF(sz&) If the length of the horizontal patt is obtained with the
2/H. help of the Q, which is retrieved simultaneously with the

g = AMF(sza)— 1, (8) NO; and & columns (Eg. 3), then the {path is also over-
estimated. The actual concentration of the ga the level

then of the station is
D =SCDx — gH. ) SCDx, —gH (coc0? SCDp ., — ghéy (13)
i . . . Cxst=————— = (COy, — .
The second term in the right-hand side of the equation =~ d 257 SCDa,0, — &'héo,
is the overestimation factor. Both parametersnd H, are The second terms above and below the fraction bar are the
SZA dependent. _ correction factorsé, andéo, are the mean concentrations
The relative error can be given as in the layer between the station and the scattering altitude,
gH ghc, ghR 10 which can be written as fraction®, and R’, of the concen-
&= devst dexst  d (10)  trations at the level of the station:
where¢, is the mean concentration in the layer between., ¢ = (co,.s)? SCDA x — ghRex st - (14)
the station and the scattering altitude, which can be written SCDa,0, — 8'hR'(coy,st)
as a fractionR of the concentration at the level of the sta- which, with reassigning, yields
tion, ¢y st. scD
To estimate the relative error versus the SZA, the scatterc, o= 2. (15)

SCDs o,
(cOp.s02+h(Rg—R'g’)

ing heights must be calculated. Ldt(z) be the contribution
of the flux scattered at levelto the total flux at the surface.

We define a weighed intensity (W) as The error in the path, the teriRg — R'g’), depends on
1) the vertical distribution of the tracer under consideration and

—. (11)  the differences in the AMF between the tracer and thelO
J1@d: the vertical distribution does not vary much with height, we
For a given SZA, WI represents a normalised contributioncan estimate the error as differences in the AMF. Figure 5
of the ray! scattered at leve] to the total flux observed at shows the relative error in£and NG assuming a horizon-
the station (Solomon et al., 1987), and can be calculated withal path of 60 km (approx. AOgo nm= 0.02) and a constant

RTMs. Thenj is vertical volume mixing ratio (VMR). As observed, the best
TOA results of the MGA are obtained for SZAs up t0°70
> (WI(2)-2) Note that the observed errors do not increase if a moderate
_ Statng _ (12) amount of aerosols are present (A§3Pnm=0.1) because

both the numerator and denominator in Eq. (15) are reduced

2. Wi by approximately the same ratio.

station
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4 MAX-DOAS measurements and data -5.0x10*

MAX-DOAS measurements were recorded at a terrace or  -1.5x10°
the Izana station using an INTA spectrometer, the RASAS- 20110 25 4"10 . 450 . 4;50 . 4;0 . 4;30 . 460 . 560 . 51'0 =20
I, in the summer of 2011. In Table 1, the instrument settings Wavelength (nm)

are summarised. Further details can be found in Roscoe &.

al. (2010) and Puentedura et al. (2012). Note that the fieldjgyre 6. Example of a horizontal DOAS fit using a zenith spectrum

of view of the light collector was narrowed (with respect to s a reference. Values of 405 and 8.7 10 molecules crm2
previous studies) to°] which reduced the uncertainties of for NO, (upper panel) and ©(middle panel), respectively, were

the scanned air masses. Most of the instrument-collected rasbtained during this cycle. The residual is shown in the lower panel.
diation originated from the FT (Puentedura et al., 2012), and

the largest contribution was from the station level. RASAS-

Il'is pointed north and collects scattered radiation from sev-2010). Although the truncation of the spectral upper range at
eral elevation angles betweeri and 90. However, because 500 nm improves the fitting, an inspection of the remaining
the sun is directly overhead at noon during the subtropicakesiduals clearly shows systematic structures in the flanks of
summer, the zenith data were not collected at that time tdhe water cross-sections’ weak bands centred 445 and
avoid damage due to direct sunlight on the detector. Data~ 487 nm and the strong 477 nmg®and. The structures

at IEA=7( are instead used in our calculations. Conse-were removed using a pseudo-cross-section generated as the

quently, SCRert in the equations correspondsdce= 7C° in- residual mean of 3 days of clear data (approx. 1000 spectra).
stead of 90. The impact of this change was tested and foundCareful testing was performed to ensure that no interference
to be negligible. occurred. The results had almost no impact on the retrieved

Spectra recorded by RASAS-II were processed to obtairamounts, and the stability of the IEA cycles (differences be-
the SCDs of @, O4 and NQ. This retrieval was performed tween the contiguous cycles) improved.
using a code developed at INTA (Gil et al., 2008) based on Although the differential absorption signal betweer? 70
the standard DOAS technique (Platt and Stutz, 2008). In theand the horizon was small in the unpolluted FT, the mea-
present analysis, a spectral range from 430 to 500 nm wasurements were of good quality. Following Platt and Stutz
chosen. This range differs from that suggested by the Net{2008), the typical instrumental detection limits (DL) for
work for the Detection of Atmospheric Composition Change the measurements used in the present study werd 43
(NDACC) for O3 [450-550 nm]. An extension to 430 nmwas and 8x 10 molecules cm? for NO, and G, respectively,
chosen to perform a single NGand G analysis that cov-  for the typical root mean square error of the residuals of a
ers the large @477 nm absorption. The longest wavelengths 2.5x 10~ differential optical depth (DOD). Assuming no er-
were truncated to avoid the strong®l absorption band at ror occurred in the optical path estimation, this DL was lower
500-510 nm. HO bands cannot be accurately fitted becausethan 1 ppt for NQ and 1 ppb for Q. As mentioned previ-
the effective absorption cross sections are dependent on thausly, the contribution of the fitting error ofQvas negligi-
actual HO concentration due to saturation (Clémer et al., ble (0.1 %). Major uncertainties stem from the potential bias
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Table 1. Instrumental characteristics and parameters used in the fit of the spectra.

Instrumental
FWHM 0.52-0.58 nm
Linear dispersion 0.11 nm pixet
F.O.V. r
Instrument elevation angles (IEAS) 90, 70, 30, 10, 5, 3, 2, 1,10,
Azimuth Fixed to north
Time for collecting a single spectrum From 0.2 s at noon to 10 s aSZA
Time for a single measurement Spectra co-added for 120 s
Time of a complete cycle 4min

Fit parameters

Spectral interval 430-500 nm

Orthogonalisation polynomial 3rd degree

Offset Inverse of the reference

Reference spectrum A single one for the entire period. At zenith and=SZR

Absorption cross-sections

Molecule Temperature  Reference

03 (Ig = 10 molec cn?) 223K Bogumil et al. (2001)

NO, (Ig =5 x 108 molec cn1?) 220K Vandaele et al. (1998)

H>0 296K HITRAN update 2009 (Rothman et al., 2008)

Oy 298K Hermans et al. (1999)

Rot. Raman Scatt. (Ring effect) WINDOAS package (Fayt and Van Roozendael, 2001)

* Data can be found dittp://spectrolab.aeronomie.be/o2.htm

in the Oy cross-sections (Wagner et al., 2002, 2009; Clémerl0s. The quality control for ozone (Cuevas et al., 2013) in-

et al., 2010) used to obtain the optical path. An example ofcludes a 15 min daily check of zeros, calibration of the O

the DOAS fitting is shown in Fig. 6, and the standard diurnal analyser with a primary standard model 49C-PS, and qual-

evolution of DSCDs of @, NOy, O4 and HO on a clear day ity audits periodically performed by the World Calibration

for all IEAs is shown in Fig. 7. Note that NCand G DSCD Centre (WCC-EMPA). The calibration of the N@nalyser

plots have a u-shape due to their high concentration in th€Gonzalez, 2012) is performed using a multi-gas calibrator

stratosphere. This signature is not observed in the DSCDs adind certified gas bottles provided by Air Liquide Inc. The

O4 because most of the oxygen resides in the troposphere. Environmental Protection Agency of the United States (EPA)
and the European Union have declared these measurement
techniques as reference methodologies. Furthermore, these

5 In situ measurements techniques fulfil the Global Atmospheric Watch Programme
requirements.
The performances of ©MGA and RTM-MGA were tested The main drawback of the measurements provided by

by comparing their estimated concentrations gfadd NG these instruments is that they are usually affected by the ra-
with the in situ measurements available at the Izafia observadiatively induced local circulation. During the day, the ups-
tory. The NG and Q in situ concentrations were measured lope wind transports tracers from the lower levels (MBE, e.qg.
with a chemiluminescence NO-NENOy analyser (Model  Cuevas etal., 1992; Reidmiller etal., 2012), whereas at night,
42C-TL, Thermo Electron Corporation) and two UV photo- a quasi-permanent katabatic NW flow is normally present at
metric Q3 analysers running in parallel (Model 49C, Thermo the level of the station, except during Saharan air mass intru-
Electron Corporation), respectively. Detection limits of thesesions (Cuevas et al., 2013). As a result, only night-time in situ
instruments are 50 ppt and 1 ppb, respectively. The sampletheasurements are representative of FT conditions. The diur-
air masses were captured by two inlet systems on the top ofial intensity of the MBE is modulated by insolation and the
the observation tower, which is located 4 m above the ter-synoptic wind. The stronger the synoptic wind, the smaller
race. One of the inlets is used for thg @etermination, and the influence of the MBE (Cuevas et al., 2013).

the second inlet is used for measuring the remaining tracers. Ozone sounding data of the NDACC programme are also
A laminar vertical flux manifold ensures that the residenceavailable. Ozonesondes are launched on a weekly basis from
times of the air masses along the sample are smaller thathe Orotava station (225 N, 16°18 W) in Puerto de la
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Figure 7. MAX-DOAS measured DSCD of ©(top left), NG, (top right), Oy (bottom left) and HO (bottom right) for day 204 and for all
elevation angles.

Cruz (Tenerife) at a horizontal distance of approximately

13km from Izafia. Ozone soundings provide €édncentra-

tions and meteorological data (pressure, temperature and ht ~ °¢ T
midity) from sea level to 30-35km altitudes with a vertical July
resolution of 100-150m (Cuevas et al., 1994} i® mea- '
sured by the standard ECC method (Thompson et al., 2011 _ o, | J

. £
Smit, 2011). S
8, 03 4
[a)
o
<
0.2 E
6 Results and discussion o
The OG; and NOQ concentrations at the lzafia station were oo Bhat
180 185 190 195 200 205 210 215 220

estimated using both AMGA and RTM-MGA. To ensure
that the assumptions of the approximation are met (single
scattering atmosphere and scattering close to the detectorl}'igure 8. Integrated AOD at 500 nm obtained at the Izafia station
only measurements at SZAs lower thari Were used. Mea- o gays 180-220 of 2011.

surements taken on clear days (AOD below 0.05) were con-

sidered here. Figure 8 shows the AERONET level 2 (cloud-

screened and calibrated data) AOD at 500 nm obtained by

the CIMEL sun photometer over the station during July andthe last day, only the first hours were considered because Sa-
the beginning of August 2011. Five well-identified Saharanharan dust arrived at the station in the early afternoon.

events occurred during this period. The rest of the days ex- Oz, NO; and Q SCDs were simultaneously measured by
hibited clear skies with typical AODs below 0.05. In this pe- the MAX-DOAS spectrometer. For thesMGA, the path

riod, we selected a set of 9 summer days (days 200-208 ofvas directly obtained by Eq. (3). Because the pressure vari-
2011) in which the first 8 correspond to clear sky days. Onation from one day to another is only 2 % in summer, the air

Day Number
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Table 2. Input parameters used in libRadtran for the optical pathto the G in situ measurements (black). The concentrations
calculations. based on @MGA yield diurnal evolutions similar to those
obtained using RTM-MGA. The MGA captures the day-to-
day variability well. However, the mean difference between
Atmosphere model Standard atmosphere for tropical latitudes: afglt  the in situ and the MAX-DOAS values for the selected period

LibRadtran inputs

éleorjjc"s ggtg%zo;fh 5 0.6-11Km was 28%. In general, larger values are observed by MAX-
Albedo 0.07 ' DOAS. The possible causes of this discrepancy are described
Instrument azimuth Fixed to north below.

Solarazimuth Variable _ The Q-MGA relies on the accuracy of the Gabsorp-
Solar zenith angle From O to 7(n 1° intervals . . h K h | .
Elevation angle 0.1 and 70 t!on cross-sections that are known to have large uncertain-
Wavelength 440 nm (9and NG), 477 nm (Q) ties (Wagner et al., 2002). Even at room temperature, the
Scattering ( Single Iscattler(ing N ) 04 cross-sections reported in the literature (Greenblatt et al.,
Cross-section (6) Bogumil et al. (2001) (223K . ; ; _
Cross-section (N§  Vandaele et al. (1998) (220 K) 1.990, Hermanos et al., 1999) seem to provide an overestlm.a
Cross-section (§)  Greenblatt et al. (1990) (296 K) tion (up to 30 %) of the DSCD (Wa_gner et al., 2002, 2_009,
Solver SDISORT Clémer et al., 2010), but the magnitude of the correction to

reconcile the models and measurements seems to be depen-
dent on a number of factors. A case study was performed
density radiosonde monthly climatology was used to obtainoVver Izafia on day number 204 at thg4¥7 nm band; a good
the Q concentration at the level of the station. correlation R? = 0.96) was identified between the measure-
Optical paths were also estimated from the radiances obmMents and the RTM, which provides confidence in the mag-
tained by the pseudo-spherical discrete ordinate solver spISnitude of the retrieved optical paths. A similar result has been
ORT (Dahlback and Stamnes, 1991) that is included in theobtained recently by Baidar et al. (2013) using high-altitude
software package libRadtran version 1.7 (Mayer and Kylling, @ircraft measurements, which suggests that pressure, temper-
2005) for the RTM-MGA. This solver considers direct radia- ature or both play a role in the magnitude of the observed
tion in a spherical Earth framework and the scattering of lightdiscrepancy. At our station, smalleg @ross-sections should
in a plane-parallel configuration. Vertical profiles of the gas be required to shift the measured €oncentrations towards
densities were taken from the AFGL standard atmospheréhe in situ values.
for tropical latitudes (Anderson, 1986). Due to the low AOD  The differences between the MGA and in situ measure-
found at the station for the selected days, no aerosols werB1€nts may also be due to the different air masses scanned by
considered in the simulations. Furthermore, to best repro€achinstrument. MAX-DOAS scans a FT area over the ocean
duce the conditions of the site, a homogeneous cloud locatetr from the surface along a 60—-70km path. Therefore, the
between 600 and 1100 ma.s.l. was included in the modelMAX-DOAS spectrometer provides thez®ackground in
The altitude values of the cloud top and base were estimatethe FT. During summer, a subtropical high-pressure system
from the European Centre for Medium-Range Weather Foreinduces subsidence that supplies high &r masses from
casts (ECMWF) using summer conditions from 2008 to 20118bove, whereas at the observatory the effect is the opposite.
for 24 h forecasts computed at intervals of 6 h. These altitude® radiatively induced upslope breeze transporgspOor and
values are consistent with the radio-soundings and present ¥O2-rich air from lower altitudes, which reduces the &nd
small day-to-day variability during summer (J. J. Bustos, per-increases the Nmixing ratio recorded by the in situ in-
sonal communication, 2010). Additionally, we used an opti- Struments. As a result, the averaged differences between the
cal depth of the cloud equal to 5 (at 500 nm), as cataloguedtourly mean surface £and the night-time background level
by the International Satellite Cloud Climatology Project (IS- ¢an be as high as 20 ppbv on certain summer days (Cuevas et
CCP), and a standard marine surface albedo of 0.07. The iral., 2013). This is consistent with the fact that the larger dif-
strumental azimuth is set to zero, and the solar azimuth deferences between the MGA and in sity @easurements ap-
pendence is considered in all of our calculations. The RTMPear when N@in situ measurements are above their respec-
calculations were performed at 440 nm fog &d NG. Un- tive DL (50 pptv), see Fig. 9. In fact, these sudden increases
der these conditions (summarised in Table 2), the values off the in situ NQ concentration are a direct consequence of
the difference between the optical paths for the zenith andhe MBE. Nevertheless, if the air transported by the breeze
horizon views ¢ in the equations) were obtained for SZAs has a NQ mixing ratio lower than 50 pptv, the breeze might
from 0 to 70 in intervals of . To obtain intermediate val- also exist but it will not be detected by the in situ N@ea-

ues, linear interpolation was used. surements. An example of this case was observed on day 205.
Based in the in situ measurements performed prior to or af-
6.1 Ozone concentration ter day 205, we can assume that, also on this day, the in situ

recordings are affected by the MBE. Hence, this might ex-
In Fig. 9, the @ mixing ratios obtained using AMGA plain the observed difference between thg MGA and in
(blue) and single-scattering RTM-MGA (red) are comparedsitu measurements taken on day 205.
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Figure 9. Surface @ mixing ratios (in ppbv) at the Izafia observatory. The red open circles correspond to the ozone mixing ratios obtained
using single-scattering RTM-MGA. The blue diamonds correspondgtm®ing ratios obtained using SAMGA. The black crosses corre-

spond to the in situ measurements. The green point corresponds t@ tten€entration at the altitude of the station as obtained from the
ozone-sounding. Dark grey regions correspond to those periods in whighri\Nsliu measurements are above the detection limit of the in

situ instrument. Light grey indicates an increase in the in sity Nf@asurements on day 205, below the detection limit.

The G; data at the level of the observatory measured by the(i.e. azimuth changes). New experiments are in progress to
ozone sounding launched on day 208 also supports this possidentify the causes of this effect.
bility (i.e. the different scanned air masses as the cause of the
difference between MGA and in situz@nixing ratios), see 2 NO, concentration
Fig. 9. Considering that the ECG;@onde accuracy in the

troposphere is 8-10% (Smit, 201k 8 ppbv on day 208 15 same procedure that was applied to ®as also used
for an 80 ppbv mixing ratio at the level of the station), the 1, gptain the NG concentrations, but hourly profiles were

Oz value from the ozone-sonde at the Izafia level is in rather, o lated to account for photochemical changes. This al-
good agreement with the estimated MGA values. Note thaj,yeq ys to test the sensitivity of the retrieved concentra-

during the study period (days 200-208), the in Situ measureiqp, tq the profile. The hourly profiles were obtained using
ments end around noon for technical reasons. As a result, thg photochemical box model (Denis et al., 2005) derived from

MAX-DOAS and in situ measurements overlap only during yhe ) IMCAT 3-D chemical transport model (Chipperfield,
some daylight hours. This could also be a cause of the °b2006).

served differences between the MGA and in situddncen- In Fig. 10, the NQ results of RTM-MGA (red) are shown
trations. To test this hypothesis, the mean diurnal/@ume together with the in situ data (black). The®IGA results
mixing ratios for the RTM-MGA and in situ measurements ;.o shown as blue diamonds. The NCZRM are at the 20—
were calculated. The daily averages for each instrument werg, pptv level. For such low N§concentrations, no tools are
calculated from two sets of data: all available data for each,ilable to decide which of the two retrieva;Is is the most
day and data for the periods of the day when simultaneoug,.c\rate. Nevertheless, the in situ N@easurements are
measurements were available. The results show that, whegy,;\vn for reference because during the night-time, the NO

considering only simultaneous data, the differences betweep,ncentrations are below the DL given by the manufacturer
the MGA and in situ approach are not reduced, which elim-(50 ppt for the 300 s average).

inates the in situ noon blackouts as the cause of the discrep- Contrary to the observations of thesGhe in situ NG
ancy. i , measurements increase to very high concentrations dur-
On some of the analysed days, the diurnal evolution of the,g the hours around noon. This increase is the result of
O3 concentration shc_)ws a d_ec_rease during the day that seemga MBE. The mountain breeze brings anthropogenieNO
too large to be genuine. This is not observed fardDNC,,  \yhich originated over the populated areas of the coast, to the
which suggests that the variation is not optical path relatetyiation Thus, the mixing ratios increase to hundreds of ppt
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Figure 10.Surface N@ mixing ratios at the Izafia observatory for days 200 to 207. The black crosses correspond to the in situ measurements.
The blue diamonds correspond to the N@ixing ratios obtained with the SMGA. The red solid circles correspond to the p@ixing
ratios obtained with the RTM-MGA.

around noon (Volz-Thomas et al., 1993; Puentedura et al.near-zenith geometries to estimate a station level differen-
2012). This local effect, which renders the in situ data non-tial path. Two independent methods were used for the opti-
representative of the FT during the daytime, is no more tharcal path calculation: the first method,MGA, uses MAX-
a few hundred metres above the surface. The relative contribOAS SCDs of Q; the second method, RTM-MGA, ob-
bution of this narrow BML layer to the MAX-DOAS path is tains optical paths from AMFs obtains optical paths from
very low, and it is smoothed out in the long paths that werea RTM. The methodology is useful at high mountain ob-
sampled. At night, a well-developed katabatic regime trans-servatories where horizontal measurements are possible and
ports air masses from higher altitudes, which ensures that thaerosol loading is low. The validity of the assumptions con-
measured N@is representative of the FT conditions. sidered in this approximation and the applicability of this
The NG concentrations obtained from the MGA, as pre- method have been confirmed for SZAs lower thah. 70
sented in this study, were also compared with previous FT Both methods, @MGA and RTM-MGA, were applied to
NO, measurements obtained from research aircraft flightsMAX-DOAS measurements at the Izafia observatory to es-
Bucsela et al. (2008) measured N@ver the eastern Atlantic timate FT G and NGQ mixing ratios. By comparing these
coast of North America during the Intercontinental Chemical results with in situ measurements, it is shown that under low
Transport Experiment — North America, Phase A (INTEX- aerosol loading, the mixing ratios of;@nd NG can be re-
A), and the International Consortium for Atmospheric Re- trieved. Day-to-day @ variations are well captured by the
search and Transformation (ICARTT) aircraft campaigns us-MGA, although mean differences of 28 % between the MGA
ing the research DC-8 of NASA. These measurements wereesults and in situ measurements were observed. The differ-
obtained using the UC Berkeley laser-induced fluorescencent air masses that were scanned by each instrument are pos-
instrument (TD-LIF) whose DL is 4 ppt. These profiles re- sible causes of these discrepancies. The K@hcentrations
veal NG, concentration values that are similar to those foundobtained with the MGA are within the range of 20—-40 ppt,
in this study (approximately 20 ppt) for the same altitude andwhich is below the DL of the in situ chemiluminescent anal-
the same time of the year (Martin et al., 2006; Bucsela et al.yser but in good agreement with other subtropical FT mea-

2008). surements recorded by aircraft (Martin et al., 2006; Bucsela
et al., 2008).
The main advantage of the MGA is that it provides mixing
7 Summary and conclusions ratios that are only slightly affected by the MBE. Because

air masses sampled by a MAX-DOAS spectrometer extend
A new method, the MGA, was developed to obtain mixing a few tens of kilometres, inhomogeneities are smoothed
ratios of trace gases in the FT. The MGA uses horizontal andalong the path. Therefore, unlike in situ data, MAX-DOAS
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measurements are representative of the FT. Furthermore, the 1984-1990, in: Proceedings 19th ITM on Air Pollution Mod-
MGA provides a simple way to estimates@nixing ratios eling and its Applications, NATO/CCMS, lerapetra, Greece, 29
when no in situ instruments are available. In fact, forANO September—4 October 1991, 45-46, edited by: van Dop, H. and
the method provides mixing ratios of a few tens of pptv, Kallos, G., Plenum Press, New York, USA, 1992.

which are below the DL of the standard instrumentation CUévas, E., Lamb, K., and Bais, A.: Total Ozone Contents de-
based on chemiluminiscence rived by Different Instruments and Soundings, Meteorological

Publications No 27, Finnish Meteorological Institute, 105-119,
Helsinki, 1994.
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