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Abstract

A new approximation is proposed to estimate O3 and NO2 mixing ratios in the North-
ern Subtropics Free Troposphere (FT). Multi Axis Differential Optical Absorption Spec-
troscopy (MAX-DOAS) high mountain measurements, recorded at Izaña Observatory
(28◦18′ N, 16◦29′ W), are used in this work. Proposed method uses horizontal and near-5

zenith geometries to estimate the station level differential path. Two different methods
are described. First one uses retrieved Slant Column Densities (SCD) of O4. On second
method, path is estimated from LIBRADTRAN radiative transfer model for the region
and season. Results show that under low aerosol loading, O3 and NO2 mixing ratios
concentrations can be retrieved with moderately low errors. Obtained concentrations10

have been compared with in situ instrumentation on the observatory. O3 concentration
in FT is found to be in the range of 40–80 ppb, approximately. NO2 is in the range of
20–30 ppt, below the detection limit of in situ instrumentation. The different air masses
scanned by each instrument have been identified as a cause of discrepancy between
O3 observed by MAX-DOAS and in situ.15

1 Introduction

Distribution of minor species in the Free Troposfere (FT) allows determining the ref-
erence background conditions for pollution studies (Engardt et al., 2009; Beelen et
al., 2009). Furthermore it is also of particular interest when studying chemical pro-
cesses that take place during long-range transport (Thakur et al., 1999). Pollutants20

can be transported over long distances through the FT, where fast winds exist and
lifetime of minor species is larger (Stohl and Trickl, 1999; Stohl et al., 2003; Liang
et al., 2004). Mechanisms involved require the pollutants uplifting over the Boundary
Layer (BL) when meteorological conditions are favourable (Takur et al., 1999; Kolb et
al., 2009). In recent years, extensive measurement programmes (Martin et al., 2009;25

Roscoe et al., 2010; Wagner et al., 2010) greatly improved our knowledge of global
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distribution of minor species such as O3 or NO2 near the surface. Unfortunately, lit-
tle is know so far concerning both the quantity of pollutant reaching the FT (Wenig et
al., 2003), and the downward exchange between the FT and the lower troposphere
(Zyryanov et al., 2012). Nevertheless, a better understanding of these processes can
be obtained from measurements recorded in FT mountain observatories.5

In FT stations, minor species measurements have traditionally been carried out by
airborne devices such as chromatographs, Electro Chemical Cell (ECC) or UV ab-
sorption cell (Robinson et al., 2005; Mao et al., 2006; Hintsa et al., 2004; Martin et
al., 2006; Oltmans et al., 1996; Thompson et al., 2011). Despite the high accuracy of
such measurements they are seldomly performed due to their high cost. A continuous10

monitoring of background levels of chemically active trace gases in the FT is then lim-
ited to in situ instruments located in the few existing mountain observatories. However,
measurements provided by these instruments are local and usually affected by the so
called “mountain breeze effect” (MBE) (e.g. Cuevas et al., 1992; Reidmiller et al., 2012).
Therefore these measurements are not representative of background conditions. The15

MAX-DOAS technique solves all of the above mentioned issues. On one hand, un-
like the in situ measurements, MAX-DOAS integrate optical paths over few tens of km.
Therefore it averages inhomogeneities in the path, which in turn minimizes the impact
of the up-welling of air masses from the BL (MBE). On the other hand, MAX-DOAS
allows continuous measuring as long as there is day light.20

MAX-DOAS technique allows obtaining the so called Slant Column Density (SCD),
which is the density of a given gas along the optical path. In order to remove the obser-
vation angle dependence on the data, SCD can be converted to the Vertical Column
Density (VDC) using the Air Mass Factor (AMF). AMF, which can be calculated from
Radiative Transfer Models (RTM), is closely related with the effective optical path of the25

measurement. The latter, needed to obtain the density at a given altitude, can be calcu-
lated using different approaches. The simplest one was introduced by Honninger (Hon-
ninger and Platt, 2002; Honninger et al., 2004). This approach only considers single
scattering and does not take into account surface albedo or aerosols extinction. A more
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realistic method that takes into account these factors consists in using RTMs together
with Optimal Estimation Method (OEM) (Rodgers, 2000). OEM needs to assume an a
priori profile and its corresponding covariance matrix (Rodgers, 2000). Constrains of
the concentrations obtained with this method are expressed by the a priori covariance
matrix. Steck (2002), introduced a modification of OEM where constrains are given by5

a regularization matrix. Both methods are similar and are computationally very costly.
To solve this, Sinreich et al. (2012) presented a new method to obtain concentrations
of trace gases in the BL when high aerosol loads are present. It considers a uniform
BL where the light paths for the lowest elevation angles do not differ significantly. The
optical path is then obtained from the differential SCD (DSCD) of O4 between the ob-10

servations at low Instrumental Elevation Angle (IEA) and the zenith observations. Nev-
ertheless, when using this method, one must pay attention to situations of very high
load of aerosols. In this case, scattering towards the detector happens close to it and
optical paths of low and high IEA are similar, which leads to a poor performance of the
model. In order to test this method, the authors used it to estimate NO2 concentrations15

in the Mexico City, where high NO2 volume mixing ratios are observed. These results
are in good agreement with those obtained with another similar technique (Long Path
DOAS).

Here we propose a modified version of MAX-DOAS geometric approximation (Hon-
ninger et al., 2004) to estimate FT tracers at very low concentrations. This new method,20

that we have called Modified Geometrical Approach (MGA), makes use of the horizon-
tal path to obtain gases mixing ratios. Here, we consider this parameter to be the
difference between the optical paths of the zenith and horizon views, and is calculated
using two procedures. The first one, called O4-MGA, makes use of the O2 dimer mea-
surements at the level of the station. The second one, named AMF-MGA, uses RT25

libradtran model to obtain the required paths. Moreover, we apply our method (MGA)
to estimate the O3 and NO2 concentrations at Izaña Observatory. The obtained results
are then compared with in situ measurement of both species. Since in situ measure-
ments are based in different techniques/principles than DOAS (UV absorption cell for
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O3 and chemiluminiscence for NO2), they are an independent and excellent set of mea-
surement to validate the consistency of our method (MGA). MGA can also be extended
to other species with structured absorption spectra in the near UV and visible ranges,
such as H2O, HCHO, CHOCHO, IO.

In Sect. 2 the station and meteorology of the area is presented. In Sect. 3 the MGA is5

described, and Sects. 4 and 5 deal with the different instrumentation and data. Results
and discussion are provided in Sect. 6. Finally, the main conclusions are summarized
in Sect. 7.

1.1 Izaña station

Izaña Atmospheric Observatory (28◦18′ N, 16◦29′ W) is located in Tenerife (Canary Is-10

lands), at an altitude of 2373 m a.s.l. This observatory is part of the Global Atmospheric
Watch (GAW) programme and is managed by the Centro de Investigación Atmosférica
de Izaña (CIAI) that belongs to the Agencia Estatal de Meteorología (AEMET, Spain).
In Canary Islands, the influence of the descending branch of the Hadley Cell creates a
high stability regime that results in a large number of days with clear sky and a quasi-15

permanent strong temperature inversion ranging between 800 and 1500 m a.s.l. (Font,
1956; Milford et al., 2008). The temperature inversion defines an upper limit to the ma-
rine boundary layer (MBL), thus it prevents pollution from lower levels to reach the FT.
Therefore the Izaña station is located above the MBL and is representative of FT con-
ditions. Another feature of this station is the sea of clouds present in most of the days at20

the inversion base (see Fig. 1). The formation of this sea of clouds results mainly of: the
forced ascend of the winds arriving to the north face of the island, and the convection
by solar heating.

This scenario gives place to a given vertical distribution of gases and aerosols in
the station surroundings. The above mentioned temperature inversion defines a dis-25

continuity in the vertical distribution of gases such as H2O and O3. In particular, humid
MBL air masses carried out until the station by the diurnal mountain breeze, result in
typical H2O increases of 60 % at the level of the station. On the contrary, O3 suffers
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a decrease of 6.5 % (Cuevas et al., 1992; Puentedura et al., 2012). These variations
in concentration can be used as signatures of the origin of the air masses over the
station. Concerning the aerosols content, two typical situations can be found at Izaña:
very clean days with Aerosol Optical Depth (AOD) below 0.05, or dusty days with AOD
ranging between 0.2 and 0.8, due to Saharan dust transported from North Africa.5

1.2 Modified Geometrical Approach (MGA)

MAX-DOAS is an extension of DOAS technique in which SCD of absorbers can be
obtained from solar scattered radiation collected at multiple viewing directions. SCD is
defined as the gas density (c) integrated along the effective light path (s). The effective
light path is actually the average of an infinite number of different light paths, weighted10

by the radiation intensity reaching the instrument. In other words, it is the most probable
path followed by light under given conditions:

SCD =
∫

c(s)ds (1)

In the proposed MGA the SCDs of the gas of interest for two instrument elevation
angles (IEA): α=0◦ and α=90◦ are considered. Also it is assumed that for both ge-15

ometries the scattering altitude is the same and is close to the station level. Under
these assumptions, the horizontal path (d) is the difference between the optical paths
of both situations (see Fig. 2). Then, for a homogeneous layer, the concentration of the
gas at the level of the station (cSt), can be estimated as follows:

cSt =
SCD(α = 0◦,θ1, t1)−SCD(α = 90◦,θ2, t2)f

d
, (2)20

where θι is the SZA of the measurements at time ti , and f = cos (θ2)/cos(θ1) is a
correction factor accounting for the difference in SZA between horizontal (IEA=0◦)
and zenith (IEA=90◦) measurements.
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Within the MGA, two different methods have been considered to estimate d : O4-MGA
and AMF-MGA. The first one uses SCD of O4 (SCDO4

) measured simultaneously to
the gases which concentration is to be retrieved. O4-MGA also uses mean O4 density
(cO4

) of the layer between the station altitude (hs) and the effective scattering altitude
(h) (see Fig. 2). O4 density at a given altitude can be easily estimated from oxygen5

density, whose vertical distribution in the atmosphere is proportional to air density. This
first procedure has the advantage that no radiative transfer models are needed.

d =
SCDO4

(α = 0◦,θ1, t1)−SCDO4
(α = 90◦,θ2, t2)f

cO4

, (3)

In the second method (AMF-MGA), the AMF of the considered gas is used to obtain
f and d . AMF gives the ratio between the SCD and the VCD, being VCD the gas10

concentration integrated over the vertical path (z) along the atmosphere:

VCD =
∫

c(z)dz, (4)

AMF depends on the wavelength (λ), the SZA (θ), the IEA (α), and the relative az-
imuth angle (φ) between the sun and the instrument. Assuming a single scattering
atmosphere and neglecting the refraction, AMF can be written as:15

AMF(α,θ,φ,λ) =
SCD(α,θ,φ,λ)

VCD
=

s
H

, (5)

where H is the height between the scattering altitude and the top of the atmosphere,
and s is the optical path followed by the solar beams until the scattering altitude. The
correction factor (f ′) within the AMF-MGA is then given by:

f ′ =
s(α = 90◦,θ1, t1)

s(α = 90◦,θ2, t2)
=

AMF(α = 90◦,θ1, t1)

AMF(α = 90◦,θ2, t2)
, (6)20
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and the horizontal paths for each geometry (d ′) are obtained from the radiative transfer
model (at θ1). Then, the gas concentration can be estimated similarly as in Eq. (2):

cSt =
SCD(α = 0◦,θ1, t1)−SCD(α = 90◦,θ2, t2)f ′

d ′ . (7)

For the calculation of d ′ with the radiative transfer model, n layers (1 km wide in this
calculation) of constant concentration and width are considered, from the top of the5

atmosphere to the station level (See Fig. 3). If the optical path of each layer before and
after the scattering is named as ∆sb and ∆sa respectively, and we consider that the
scattering happens in the layer where the instrument is placed (layer n), we can write
(Beer–Lambert law):

∆sb(c1 + c2 + . . .+ cn−1) =
1
σ

ln
(

I0
I

)
n−1

, (8)10

where ci is the concentration of the layer i , and σ is the cross section of the given
gas and wavelength. I and I0 are the radiations arriving until the layer n−1, with and
without consider gas absorption of the gas respectively. Similarly, for the layer where
the scattering takes place:

∆sacn =
1
σ

ln
(

I0
I

)
n
−∆sb(c1 + . . .+ cn) =

1
σ

[
ln
(

I0
I

)
n
− ln

(
I0
I

)
n−1

]
, (9)15

Radiances can be obtained with the radiative transfer model. Optical paths of each
layer before and after scattering can then be easily obtained from Eqs. (8) and (9). The
total optical path, s, is then calculated as:

s = (n−1)∆sb +∆sa, (10)

The difference between the total optical path for IEA 0◦ and 90◦ gives d ′.20
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1.3 MAX-DOAS measurements and data

MAX-DOAS measurements were performed at a terrace on Izaña station using INTA
spectrometer RASAS-II, in summer 2011. In Table 1 we summarise all of the instru-
ment settings, for further details we refer to Roscoe et al. (2010) and Puentedura et
al. (2012). Note that the field of view of the light collector was narrowed (with respect5

to previous works) to 1◦, thus reducing the uncertainties on the scanned air masses.
Most of the instrument collected radiation comes from the FT (Puentedura et al., 2012),
with the largest contribution coming from the station level. RASAS-II is pointing toward
North and collects scattered radiation from several elevation angles ranging between
−1◦ and 90◦. However, since during subtropical summer at noon the sun is directly10

overhead, to avoid direct sun on the detector the zenith data was not collected. Data at
IEA=70◦ has been used instead in our calculations. Consequently, SCDy in Eqs. (3)
and (7) corresponds to α = 70◦, instead of 90◦. The impact of this change was tested
and found to be negligible.

Spectra recorded by RASAS-II were processed to obtain the SCDs of O3, O4 and15

NO2. This retrieval was performed using a code developed at INTA (Gil et al., 2008)
that is based on the standard DOAS technique (Platt and Stutz, 2008). The studied
wavelengths, ranging from 430 to 500 nm, differ from those suggested by the Network
for the Detection of Atmospheric Composition Change (NDACC) in order to avoid the
strong H2O absorption band at 500–510 nm. The retrieved SCDs of O3 and NO2 have20

molecular errors of (2–6)×1017 molec cm−2 and (1–3)×1014 molec cm−2, respectively,
being the largest at low IEA=0◦. These errors represent 15–20 % of the typical differ-
ential SCD (DSCD). In the case of the O4, the molecular error of DSCD is bellow 1 %
under clear sky conditions. A standard diurnal evolution of DSCDs of O3, NO2, O4 and
H2O on a clear day for all IEA is shown in Fig. 4. Note that NO2 and O3 DSCD plots25

have a marked u-shape due to their high concentration at the stratosphere. On the
other hand, this signature is not present on the DSCDs of O4 since its concentration
on the stratosphere is negligible.
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1.4 In situ measurements

The performance of O4-MGA and AMF-MGA was tested by comparing their estimated
concentrations of O3 and NO2 with the in situ measurements available at Izaña obser-
vatory. NO2 and O3 in situ concentrations were respectively measured with a chemi-
luminiscence NO-NO2-NOx analyzer (Model 42C-TL, Thermo Electron Corporation),5

and two UV photometric O3 analyzers running in parallel (Model 49C, Thermo Electron
Corporation). The sampled air masses were captured by two inlet systems on the top
of the observation tower, located 4m above the terrace. One of the inlets is used for
O3 determination, while the second is used for measuring the rest of the trace gases.
Furthermore a laminar vertical flux manifolds ensure residence times of the air masses10

along the sampling to be smaller than 10 s. The quality control for ozone (Cuevas et al.,
2003) includes: 15 min daily check of zeros; Calibration of O3 analyzer with a primary
standard model 49C-PS; quality audits periodically performed by the World Calibration
Centre (WCC-EMPA). The calibration of the NO2 analyzer (Gonzalez, 2012) is per-
formed using a multigas calibrator and certified gas bottles provided by Air Liquide s.a.15

The Environmental Protection Agency of Unites States (EPA) and the European Union
have declared these measurement techniques as reference methodologies. Further-
more they fulfil the Global Atmospheric Watch Programme requirements.

The main drawback of measurements provided by these instruments is that they
are local and usually affected by the MBE (e.g. Cuevas et al., 1992; Reidmiller et al.,20

2012). As a result, they are not representative of FT conditions. In addition to the MBE,
dominant synoptic wind exists at the level of the station. The stronger the synoptic
wind the lesser the influence of the MBE on these in situ measurements (Cuevas et al.,
2013).

Ozone sounding data of the NDACC program are also available. Ozonesondes are25

launched on a weekly basis from the Orotava station (28◦25′ N, 16◦18′ W), in Puerto de
la Cruz (Tenerife), at a horizontal distance of about 13 km from Izaña. Ozone sound-
ings provide O3 concentration and meteorological data (pressure, temperature and
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humidity) from sea level to 30–35 km of altitude, with a vertical resolution of 100–150 m
(Cuevas et al., 1994). O3 is measured by the standard ECC method (Thompson et al.,
2011).

2 Results and discussion

In order to prove that the scattering altitude for elevation angles 0◦ and 90◦ is similar,5

one of the assumptions of the approximation presented in this work, we have used
SDISORT (Dahlback and Stamnes, 1991) to calculate single scattering O3 differential
box-AMFs (respect to the zenith) given by this expression:

DiffAMF = [AMF(α)−AMF(90◦)]∆z (11)

where α is a given elevation angle, and ∆z is the widht of the layers of constant concen-10

tration considered in the radiative transfer model (100 m in this case). This magnitude
provides the difference of the optical paths for both elevation angles (α and 90◦) for
each of these layers. The results are shown in Fig. 5. As it can be observed, for ele-
vation angle=0◦ , the differential box-AMFs become zero at around 3 km of altitude.
Above this altitude, the difference between the optical paths of both elevation angles is15

zero. We can then conclude that the differences in scattering take place below 3 km of
altitude. As the observatory is located at 2.4 km of altitude (approximately), this means
that the scattering happens only 0.6 km above the station (as maximum).

O3 and NO2 concentrations at Izaña station were then estimated using both O4-
MGA and AMF-MGA. Only measurements taken on clear sky days were considered20

here. Figure 6 shows AERONET level 2 (cloud screened and calibrated data) AOD at
500 nm obtained by the CIMEL photometer over the station during the month of July
and the beginning of August. Five well-identified Saharan events took place during this
period. The rest of the days presented clear skies with typical AOD below 0.05. In this
period we have selected a set of 9 summer days (days 200–208 of 2011), with the first25
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8 corresponding to clear sky days. In the last day only the first hours were considered
since in the afternoon Saharan dust arrived to the station.

For our O4-MGA simulations, O4, O3 and NO2 SCDs were simultaneously measured
by the MAX-DOAS spectrometer. The other necessary parameter in Eq. (3) is the O4
density (cO4

), which can be easily obtained from the vertical air distribution. Since vari-5

ations of pressure at Izaña Observatory are smaller than 2.3 % in summer and 5 % in
winter, monthly climatology over the station was used in this work.

Concerning AMF-MGA, AMFs were calculated from the radiances obtained by the
pseudo-spherical discrete ordinate solver SDISORT (Dahlback and Stamnes, 1991) in-
cluded in the software package libradtran (Mayer and Kylling, 2005). Vertical profiles of10

gas densities were taken from AFGL standard atmosphere for tropical latitudes. Due to
the low AOD found in the station for the selected days, no aerosols were considered in
the simulations. Furthermore, to reproduce as much as possible the conditions of the
site, a homogeneous cloud located between 600 and 1100 m a.s.l. was included in the
model. The altitude values of the cloud top and base were estimated from the European15

Centre for Medium-Range Weather Forecasts (ECMWF), using summer conditions of
the years 2008 to 2011 for 24 h forecast computed in intervals of 6 h. These altitude
values are in good agreement with radio-soundings, which also demonstrated that they
present a small variability during summer (Juan José Bustos, private communication,
2010). Also, we have used an optical depth of the cloud equal to 5 (at 500 nm), as20

catalogued in the International Satellite Cloud Climatology Project (ISCCP). A stan-
dard marine surface albedo of 0.07 has been used. Since no appreciable difference is
observed in our results when daily solar azimuth variation is considered, the relative
azimuth was set to zero. Calculations were performed at 440 nm for O3 and NO2. Under
these conditions (summarized in Table 1), values of the difference between de optical25

path for zenith and horizon views, (d in the equations) have been obtained for SZA
from 0◦ to 85◦ in steps of 1◦. For intermediate values, linear interpolation was used.
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2.1 Ozone concentration

In Fig. 7, O3 mixing ratio obtained using O4-MGA (grey) and single scattering AMF-
MGA (red) are compared to O3 in situ measurements (black). Note that the approxi-
mation is more adapted to single scattering because of the assumed geometry. Con-
centrations based on O4-MGA yield similar diurnal evolution than those obtained using5

AMF-MGA. In Fig. 7 is also noticeable a periodic pattern on the diurnal variability of
the MGA concentrations. In particular, in contrast with in-situ measurements, decreas-
ing values toward the evening are obtained with the MGA regardless the method used
to calculate the optical path. The inverted U-shape with the maximum around noon
seems to be related with an incomplete correction of the variation in the stratospheric10

AMF. Nevertheless, there is in general a good agreement between MGA methods and
the in situ measurements, with the MGA capturing the day-to-day variability. However,
MGA values are in general larger than the in situ O3 concentrations. Bellow we explain
some of the possible causes that lead to this discrepancy.

The O4-MGA method relies on the accuracy of the O4 absorption cross-sections that15

are known to have large uncertainties (Wagner et al., 2002). Even at room tempera-
ture, O4 cross sections reported in literature (Greenblatt et al., 1990; Hermans et al.,
1999) seem to provide DSCDs that are overestimated up to 30 % (Wagner et al., 2009;
Clemer et al., 2010). Over Izaña, the opposite behaviour is found, since smaller O4
cross sections should be required to shift the O3 concentrations to the in situ ones.20

The difference between the MGA and in-situ measurements might be also related
to the different air masses sampled by MAX-DOAS and in situ instruments. While the
latter provides local information at the site, the former represents the average value
along a path of 60–70 km. Therefore, MAX-DOAS spectrometer is providing the O3
background in the FT. On the other hand, in-situ observations are affected by the MBE25

that yields to lower ozone content during light period. As a result of the MBE, the
averaged differences between hourly mean surface O3 and the night background level
can be up to −20 ppbv on certain summer days (Cuevas et al., 2013). To test if in situ
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concentrations used in this work differ from those of the open background, data from the
only ozone-sounding launched during the reported period (on day 208) has been used
(Fig. 7). O3 value from the ozonesonde at Izaña level agrees well with estimated MGA
values. Note that at the time the ozone-sounding was launched (12:00 UTC), the AOD
was below 0.05, therefore representative of a clean day. It is still worthwhile mentioning5

that during the considered period of time (days 200–208), the in situ measurements
were stopped around noon for technical reasons. As a result MAX-DOAS and in situ
measurements overlap only on some daylight hours. This could also be a cause of
the observed differences between MGA and in situ O3 concentrations. To test this
hypothesis, in Fig. 8, we plot the mean diurnal O3 volume mixing ratios for AMF-MGA10

(black) and in situ (blue) from day 200 to 207. Daily averages for each instrument were
calculated from two sets of data: all available data of each day (squares), and data
for those periods of the day where simultaneous measurements are available (circles).
Results show that if we consider only simultaneous data, differences between MGA and
in situ results are of the same order than those obtained using all the available data of15

each day. Based on this we can safely exclude this in-situ noon blackouts as the cause
of the difference between MGA and in situ data. Daily averaged O3 concentrations of
MGA and in situ are in agreement when considering error bars.

2.2 NO2 concentration

The same procedure used for O3 has been followed to obtain NO2 concentrations. To20

account for photochemical changes, AMFs were calculated using NO2 profiles obtained
either hourly either from a standard atmosphere. This allowed us to test the sensitivity
of the retrieved concentration on the profile. The hourly profiles were obtained using
a photochemical box model (Denis et al., 2005) derived from SLIMCAT 3-D chemical
transport model (Chipperfield, 2006).25

In Fig. 9, NO2 results of AMF-MGA are shown together with the in situ data (black).
Results do not show large differences when hourly (red) or single (green) profiles of
NO2 are considered. Nevertheless, concentrations obtained using hourly profiles are
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a little higher than those estimated using a single profile. A third data set (in grey)
has been computed using O4-MGA. Using this method, lower values are obtained. At
so low NO2 concentrations, there are no tools available to decide which of the three
retrievals is the most accurate. As mentioned previously, in situ NO2 measurements are
shown as a reference since during the night-time the NO2 concentrations are below the5

detection limit given by the manufacturer.
Contrary to what was observed for the O3, in-situ NO2 measurements have higher

concentrations during daytime and lower concentrations at the night-time. This differ-
ence is explained by the MBE. This mountain breeze brings to the station anthro-
pogenic NO2 originated over the populated areas around the coast, and therefore10

increases the mixing ratios up to hundreds of ppts around noon (Fig. 9). In these
conditions, the in situ data are not representative of FT (Volz-Thomas et al., 1993;
Puentedura et al, 2012). However, this local effect of no more than few hundreds of me-
ters above the surface is smoothed away in the long paths sampled by MAX-DOAS. At
night, a well-developed catabatic regime assures that measured NO2 is representative15

of FT conditions.
NO2 concentrations obtained from MGA, presented in this work, were also compared

with previous FT NO2 measurements obtained from research aircraft flights. Bucsela et
al. (2008) measured NO2 over the eastern Atlantic coast of North America during the
Intercontinental Chemical Transport Experiment – North America, Phase A (INTEX-20

A), and the International-Consortium-for-Atmospheric-Research-and-Transformation
(ICARTT) aircraft campaigns using the research DC-8 of NASA. These measurements
were obtained using the UC Berkeley Laser Induced Fluorescence instrument (TD-
LIF), whose detection limit is 4 ppt. These profiles show NO2 concentration values that
are similar to those found in this work (around 20 ppt) for the same altitude and the25

same period of the year (Martin et al., 2006; Bucsela et al., 2008).
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3 Summary and conclusions

A new method, MGA, was developed to obtain surface mixing ratios of trace gases in
the FT. MGA uses horizontal and near-zenith geometries to estimate the station level
differential path. Two independent methods were used for optical path calculation: the
first one, O4-MGA, uses MAX-DOAS SCDs of O4, while the second, AMF-MGA, ob-5

tains optical paths from AMFs calculated using RTM.
Both methods, O4-MGA and AMF-MGA, were applied to MAX-DOAS measurements

at Izaña observatory in order to estimate FT O3 and NO2 mixing ratios. Comparing
these results with in-situ measurements we showed that under low aerosol loading,
the mixing ratios of O3 and NO2 can be retrieved with low errors. The daily averaged10

MGA O3 concentrations are in agreement, within the error bars, with the O3 in situ
measurements. Day to day O3 variations are also well captured by MGA. NO2 concen-
trations obtained with MGA are within the range of 20–40 ppt, thus below the detection
limit of the in situ chemiluminiscent analyzer. Nevertheless they are in good agreement
with other subtropical free troposphere measurements carried out from aircraft (Martin15

et al., 2006; Bucsela et al., 2008).
The main advantage of the MGA methods is that they provide mixing ratios that

are barely affected by MBE. Since air masses sampled by MAX-DOAS spectrome-
ter extend few tens of kms, inhomogeneities are smoothed along the path. Therefore,
unlike in situ data, MAX-DOAS measurements are representative of the FT. Further-20

more, MGA methods provide a simple way to estimate O3 mixing ratios when no in
situ instruments are available. In fact, for NO2 it constitutes the only way to monitor
concentrations of few tens of ppt, which are below the detection limits of the standard
instrumentation based on chemiluminiscence.
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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 pixel−1

F.O.V. 1◦

Instrument Elevation Angles (IEA) 90◦, 70◦, 30◦, 10◦, 5◦, 3◦, 2◦,
1◦, 0◦, −1◦

Azimuth Fixed to North
Time for collecting a single spectrum From 0.2s at noon to 10 s at

90◦SZA
Time for a single measurement Spectra co-added for 120 s
Time of a complete cycle 4 min

Fit parameters

Spectral interval 430–500 nm
Orthogonalization Polynomial 3rd degree
Offset Inverse of the reference
Reference spectrum A single one for all period.

At zenith and SZA=70◦

Absorption Cross-sections

Molecule Temperature Reference

O3(I0 =1019 molec cm−2) 223 K Bogumil et al. (2001)
NO2(I0 =5×1016 molec cm−2) 220 K Vandaele et al. (1998)
H2O 296 K HITRAN update 2009

(Rothman et al., 2008)
O4 298 K Hermans et al. (1999)∗

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

∗ Data can be found in: http://spectrolab.aeronomie.be/o2.htm.
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Table 2. Input parameters used in libradtran for the optical paths calculation.

Libradtran Inputs

Atmosphere model Standard Atmosphere for
Tropical Latitudes: afglt

Aerosols No aerosols
Cloud Optical depth 5, 0.6–1.1 km
Albedo 0.07
Instrument Azimuth Fixed to North
Solar Azimuth Fixed to South
Solar zenith angle From 0◦to 85◦in steps of 1◦

Elevation angle 0.1◦and 70◦

Wave length 440 nm (O3and NO2)
Scattering Single
Cross section (O3) Bogumil et al. (2001) (223 K)
Cross section (NO2) Vandaele et al. (1998) (220 K)
Solver SDISORT

8258

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/8235/2013/amtd-6-8235-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/8235/2013/amtd-6-8235-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 8235–8267, 2013

O3 and NO2 in the
free troposphere
from mountain

MAX-DOAS

L. Gomez et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Spectrometer

FOV = 1º

Fig. 1. Scheme of the Izaña station.
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Fig. 2. Schematic representation of a simplified optical path of solar radiation for zenithal (blue)
and horizontal (red) observational geometries. See text for explanation.
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Fig. 3. Schematic representation of assumed layers model and optical path of solar radiation
for optical path calculation when using AFM-MGA method. Layers have constant concentration
and width.
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Fig. 4. MAX-DOAS measured DSCD of O3 (top left), NO2 (top right) O4 (bottom left)
and H2O (bottom right) for day 204 and for all elevation angles.
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Fig. 5. Differential Box-AMFs (respect to the zenith) for Izaña Observatory. Calculations have
been performed at 440 nm.
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Fig. 6. Integrated AOD at 500 nm, obtained at Izaña station on days 180 to 220 of 2011.
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Fig. 7. Surface O3 mixing ratios (in ppbv) at Izaña Observatory. Red open circles correspond to
ozone mixing ratios obtained using single scattering AMF-MGA. Grey diamonds correspond to
O3 mixing ratios obtained using O4-MGA. Black crosses correspond to in situ measurements.
Blue point corresponds to O3 concentration for the altitude of the station obtained from ozone-
sounding.
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Fig. 8. Daily average values of MGA (black) and in situ (blue) O3 mixing ratios when using
all available data (squares) for each day or data simultaneously recorded (circles) by both
instruments. Error bars correspond to standard deviation of MAX-DOAS measurements.
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Fig. 9. Surface NO2 mixing ratios at Izaña Observatory for days 200 to 207. Black crosses
correspond to in situ measurements. Grey diamonds correspond to NO2 mixing ratios obtained
with O4-MGA. Red solid circles and green open circles correspond to NO2 mixing ratios ob-
tained with AMF-MGA, considering hourly and single profile of NO2, respectively.
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