
Atmos. Meas. Tech., 4, 2659–2684, 2011
www.atmos-meas-tech.net/4/2659/2011/
doi:10.5194/amt-4-2659-2011
© Author(s) 2011. CC Attribution 3.0 License.

Atmospheric
Measurement

Techniques

Ability of the MAX-DOAS method to derive profile information for
NO2: can the boundary layer and free troposphere be separated?

T. Vlemmix1,2, A. J. M. Piters1, A. J. C. Berkhout3, L. F. L. Gast3, P. Wang1, and P. F. Levelt1,2

1Royal Netherlands Meteorological Institute, KNMI, The Netherlands
2Eindhoven University of Technology, The Netherlands
3National Institute for Public Health and the Environment, RIVM, The Netherlands

Received: 2 June 2011 – Published in Atmos. Meas. Tech. Discuss.: 24 June 2011
Revised: 12 October 2011 – Accepted: 20 November 2011 – Published: 9 December 2011

Abstract. Multiple Axis Differential Optical Absorption
Spectroscopy (MAX-DOAS) instruments can measure from
the ground the absorption by nitrogen dioxide (NO2) of scat-
tered sunlight seen in multiple viewing directions. This paper
studies the potential of this technique to derive the vertical
distribution of NO2 in the troposphere. Such profile infor-
mation is essential for detailed comparisons of MAX-DOAS
retrievals with other measurement techniques for NO2, e.g.
with a lidar or from space.

The retrieval algorithm used is based on a pre-calculated
look-up table and assumes homogeneous mixing of aerosols
and NO2 in layers extending from the surface to a variable
height. Two retrieval models are compared: one including
and one excluding an elevated NO2 layer at a fixed altitude
in the free troposphere. An ensemble technique is applied to
derive retrieval uncertainties.

Sensitivity studies demonstrate that NO2 in the free tro-
posphere can only be retrieved accurately if: (i) the retrieved
boundary layer profiles for aerosols and NO2 correspond to
the real ones, (ii) if the right a-priori choice is made for
the (average) height of free tropospheric NO2, and (iii) if
all other error sources are very low. It is shown that re-
trieval models that are capable of accurate NO2 retrievals in
the free troposphere, i.e. models not constrained too much
by a-priori assumptions, have as a major disadvantage that
they will frequently find free tropospheric NO2, also when
it is not present in reality. This is a consequence of the fact
that NO2 in the free troposphere is poorly constrained by the
MAX-DOAS observations, especially for high aerosol opti-
cal thickness values in the boundary layer. Retrieval of free
tropospheric NO2 is therefore sensitive to a large number of
error sources. For this reason it is advised to firmly constrain
free tropospheric NO2 in MAX-DOAS retrieval models used
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for applications such as satellite validation. This effectively
makes free tropospheric NO2 a source of error for MAX-
DOAS retrieval of NO2 profiles in the boundary layer.

A comparison was performed with independent data,
based on MAX-DOAS observations done at the CINDI cam-
paign, held in the Netherlands in 2009. Comparison with
lidar partial tropospheric NO2 columns showed a correlation
of 0.78, and an average difference of 0.1× 1015 molec cm−2.
The diurnal evolution of the NO2 volume mixing ratio mea-
sured by in-situ monitors at the surface and averaged over
five days with cloud-free mornings, compares well to the
MAX-DOAS retrieval: a correlation was found of 0.94, and
an average difference of 0.04 ppb.

1 Introduction

1.1 Background and motivation

Nitrogen dioxide (NO2) is an atmospheric constituent worth
monitoring for several reasons: it is an indicator for high
temperature combustion processes (traffic, power plants),
and therefore an indicator of air pollution caused by anthro-
pogenic activities; it plays an important role in atmospheric
chemistry, both in the stratosphere (ozone destruction), and
in the troposphere (ozone formation), seeCrutzen(1970);
it is involved in aerosol formation (Chan et al., 2010), and
therefore indirectly affects the global radiation budget (Shin-
dell et al., 2009).

NO2 is monitored worldwide in national observation net-
works of in-situ monitors (mostly NOx = NO + NO2), often
both in urban and in rural regions. Since the last decade,
NO2 is also monitored from space (total, stratospheric and
tropospheric NO2 columns) by satellite instruments, namely
GOME (Richter and Burrows, 2002), SCIAMACHY (Blond
et al., 2007), OMI (Boersma et al., 2011) and GOME-2
(Richter et al., 2011). Whereas in-situ measurements have
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the advantage of being specific to the air that is inhalated by
humans, space borne observations have the advantage of ob-
serving not only NO2 at the surface, but the entire vertical
NO2 column. Although the first quantity is more directly
related to the effect of NO2 on human health, the second
quantity is more relevant for studies of transport and trends
in NO2 abundances (Richter et al., 2005; van der A et al.,
2008). Observations from space have the additional advan-
tage of global coverage (depending on the satellite orbit) with
only a single instrument, making studies of regional transport
and trend studies of NO2 abundances much less dependent
on instrumental and calibration differences between national
in-situ monitoring networks.

Validation of tropospheric NO2 column observations from
space is challenging as it demands a measurement technique
that is sensitive to the same spatial domain (vertical and hor-
izontal) as the satellite observation (Brinksma et al., 2008;
Hains et al., 2010). This requirement makes a comparison
with in-situ surface observations problematic: surface ob-
servations in principle apply solely to one location at the
surface, and can only be extended into the vertical (e.g. a
boundary layer column) if information on the boundary layer
height is available from other measurement techniques and if
an NO2 profile shape is assumed within the boundary layer
(e.g. homogeneous mixing), seeBoersma et al.(2009). The
NO2 profile shape is not routinely monitored. A new devel-
opment which would enable this in the future is the moni-
toring of NO2 from radiosondes (Sluis et al., 2010). This
technique is currently under development and is not as well
established nor as widely used as that for e.g. ozone.

Another candidate for validation of tropospheric NO2
columns derived from space borne observations is the MAX-
DOAS technique which is based on spectral analysis of
scattered sunlight (UV/VIS) measured from the surface at
multiple angles in the vertical plane (elevations), see e.g.
Hönninger et al.(2004) andWittrock et al.(2004). MAX-
DOAS instruments can be used to retrieve many trace gases
and aerosols (Irie et al., 2011), are relatively low-cost, can
run autonomously and therefore are a suitable candidate for
global monitoring networks. MAX-DOAS observations can
be used to derive tropospheric NO2 columns by using multi-
ple elevations (e.g.Pikelnaya et al., 2007; Irie et al., 2008b
andVlemmix et al., 2010), and its zenith sky measurements
can be used for stratospheric NO2 retrieval (Pommereau and
Goutail, 1988, Hendrick et al., 2004 and Vandaele et al.,
2005).

This paper describes the development of a retrieval algo-
rithm to derive the tropospheric NO2 profile from MAX-
DOAS measurements. This is not only relevant to enhance
the accuracy of the MAX-DOAS tropospheric NO2 column
retrieval, but also to improve the comparison with satellite re-
trievals for which the unknown vertical distribution of NO2 is
one of the main sources of uncertainty (Boersma et al., 2004).
Since it is well known that MAX-DOAS NO2 measurements
have a strong dependence on the aerosol extinction profile

(Wagner et al., 2004; Frieß et al., 2006), the retrieval algo-
rithm is designed to simultaneously retrieve an aerosol ex-
tinction and an NO2 profile.

1.2 Profile retrievals with MAX-DOAS

The retrieval of vertical profiles of aerosols and trace gases
from ground based MAX-DOAS observations is a typical ex-
ample of an ill-posed inversion problem: a problem where
the information contained in the observations is too limited
to identify a unique solution, which – in this application –
would be a vertical profile defined at some vertical resolu-
tion. The profiling potential of MAX-DOAS observations
comes from the differences in the vertical sensitivity of the
different viewing elevations. The information content of the
MAX-DOAS observations is however limited due to the fact
that the vertical sensitivity functions for different elevations
(i) all peak at the same altitude, namely the surface, (ii) are
relatively broad, and (iii) decrease with altitude in a mu-
tual similar manner (see Fig.1 and Sect.3.1). The sensi-
tivity functions are thus by no means orthogonal with respect
to one another, especially above 1–2 km (depending on the
aerosol extinction in the boundary layer).

As a consequence, the potential of any profile retrieval al-
gorithm based (solely) on MAX-DOAS observations is lim-
ited to only a few (2–5) degrees of freedom to describe
the vertical distribution of aerosols or trace gases (seeFrieß
et al., 2006). Under realistic conditions values above three
are rarely encountered (see e.g.Clémer et al., 2010, and Sect.
4 and 5 below). Despite this limitation, it is important to
derive such “profiles”, since any additional profile informa-
tion could improve both the retrieval accuracy of the tropo-
spheric columns and the validity of inter-comparisons with
other measurement techniques such as space-borne observa-
tions and lidar.

Until now, several approaches have been reported in the
literature, describing retrieval algorithms to derive aerosol
and/or NO2 profile information from MAX-DOAS observa-
tions. Some of them have their strength in relative simplic-
ity (e.g. Sinreich et al., 2005; Li et al., 2010). Others (e.g.
Frieß et al., 2006; Irie et al., 2008a; Clémer et al., 2010) are
based on the more sophisticated optimal estimation formal-
ism described inRodgers(2000). Retrieval algorithms de-
signed according to the optimal estimation method not only
find solutions (e.g. vertical profiles), but distinguish them-
selves by the diagnostic information that accompanies this
solution (averaging kernel, error estimates). Those diagnos-
tics are important in many contexts: validation, assimilation,
using the data to derive climatologies, and so on.

Here we use the following approach: a simple profile
parametrization that gives a first order description of typi-
cal vertical distributions of aerosols and NO2, namely well
mixed layers starting at the surface, with possibly an addi-
tional elevated layer. Because of the low number of inde-
pendent pieces of information contained in the MAX-DOAS
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Fig. 1. Height dependent sensitivity to NO2 (height-dependent differential air mass factors) of MAX-DOAS measurements at five viewing
elevations, for two cases: (i) a relatively low amount of aerosols (AOT = 0.2) in a boundary layer with a vertical extent from 0–1.5 km and
(ii) a relatively high amount of aerosols (AOT = 0.5) in a boundary layer with a vertical extent from 0–0.5 km. SZA = 60◦, AZIM = 180◦,
λ = 477 nm.

measurements, such a conservative approach is expected to
be less sensitive to unrealistic solutions, e.g. strong oscilla-
tions in the retrieved profile, than a retrieval based on many
vertical layers.

Our approach builds on the method described inLi et al.
(2010). Their MAX-DOAS retrieval of aerosol extinction
profiles is based on simple aerosol block-profile parametriza-
tions and a least-squares minimization strategy, and showed
good agreement with surface aerosol extinction measure-
ments performed in China. We propose to extend this ap-
proach to a combined aerosol and NO2 retrieval (similar to
e.g.Sinreich et al., 2005andWagner et al., 2011). We study
the feasibility of retrieving NO2 above the boundary layer,
by including in the retrieval model a second NO2 layer at a
fixed altitude in the free troposphere. The same is done for
aerosols. Additional diagnostic information (error estimate,
goodness of fit) is determined using an ensemble technique
that is described in Sect.3.3. In Sect. 4.4 it is discussed to
which extent the conclusions drawn about the profiling po-
tential of the MAX-DOAS technique are specific to the re-
trieval approach followed in this study, or have a more gen-
eral scope.

2 MAX-DOAS measurements and uncertainties

The MAX-DOAS measurement technique has been de-
scribed in detail in e.g.Hönninger et al.(2004) andWittrock
et al.(2004) and will be described here only shortly.

Ground based MAX-DOAS observations consist of spec-
tral UV and/or VIS observations of scattered sunlight at var-
ious elevationsα within the vertical plane. The raw mea-
surements of MAX-DOAS instruments have a relatively high

spectral resolution (typically well below 1 nm). After the raw
spectra are corrected for electronic effects (e.g. as described
in Vlemmix et al., 2010), the DOAS method (Platt and Stutz,
2008) is applied to the corrected spectraI (λ) in order to de-
rive “differential slant columns”1NS (S refers to “slant”)
for the various absorbers present in the spectral window of
interest.

The essence of the DOAS approach lies in the separa-
tion of fine scale spectral differential absorption structures
1σi(λ) – that uniquely characterize absorbers – from broad
band absorption and scattering effects (Rayleigh and Mie
scattering, and broad band part of trace gas absorption cross
sections). The differential slant column of each of then

trace gases in the selected spectral window is found using
the DOAS equation:

ln

[
I (λ)

Iref(λ)

]
= −

n∑
i=1

1σi (λ)1NS
i +P (λ), (1)

whereP (λ) denotes a low order polynomial (order 2–5) that
accounts for the broad band effects. The above equation is
numerically solved for1NS

i andP (λ) using a fitting routine
minimizing the differences between both sides of the equa-
tion.

In this work, the DOAS analysis is applied to mea-
surements with a Mini MAX-DOAS instrument (Hoffmann
GmbH, Germany), performed during the CINDI campaign
(Sect.5). This instrument is equipped with an Ocean Optics
USB2000+ spectrometer which has a linear CCD detector
with 2048 pixels and covers a wavelength range from 400
to 600 nm. The spectral resolution is approximately 0.9 nm.
The DOAS fit was performed using the Qdoas software pack-
age (Fayt et al., 2011), within the spectral window from 425
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to 490 nm. The zenith spectrum observed at noon served as
a reference (Inoon

α=90◦ = Iref). Apart from NO2 (295 K, Van-
daele et al., 1996) and O4 (296 K, Hermans) the following
absorbers were fitted: O3 (223 K,Bogumil et al., 2003), H2O
(Vandaele et al., 2005), along with a Ring spectrum (Chance
and Spurr, 1997), and a third order polynomial. We used the
viewing elevations 2◦, 4◦, 8◦, 16◦, 30◦ and 90◦ (reference).

This selection of viewing elevations is chosen to find a
balance between on the one hand a sufficiently small total
integration time needed for the scan of one vertical profile,
which is important to prevent errors due to changing atmo-
spheric conditions, and on the other hand to make optimal
use of the differences in vertical sensitivity of the various el-
evations (Fig.1). This difference is largest for the smallest
viewing elevations. The set of elevations is comparable to the
set used inClémer et al., 2010, but with only one instead of
three elevations between 8◦ and 30◦, since it is shown in Fig.
1 that these elevations have a quite similar (flat) vertical sen-
sitivity. The highest elevation is needed to put a constraint on
the tropospheric NO2 column (this elevation is almost insen-
sitive to the vertical profile shape), the lowest elevations con-
tain most information with respect to the the aerosol and NO2
profile shapes. Although an observation forα = 1◦ could im-
prove the profiling potential even more (see Fig. 5 in Wagner,
2011) it was decided not to use this elevation, firstly because
it cannot be used at many sites where the horizon cannot be
seen, and secondly because this elevation is, for conditions
with a high visibility, extremely sensitive to small errors in
the instrument alignment. This affects both the aerosol and
NO2 retrieval step of the algorithm. For the set of elevations
used in this study, the elevation viewing angle accuracy needs
to be highest for the 2◦ elevation: 0.3◦ or better.

As there can be many changes in the atmosphere in the
time between the observation of each individual spectrum
and the noon reference spectrum (due to atmospheric dynam-
ics, chemistry and the changing position of the sun), there is
little to no meaning in the differential slant columns acquired
with this procedure (denoted below as1NS,noon

α ). Therefore,
the so-called “instantaneous” differential slant column1NS

α

is derived, which does not have this deficiency. It is acquired
by subtracting the zenith differential slant column1N

S,noon
α=90◦

from the differential slant column at elevationα both linearly
interpolated to the same time of observation (t0):

1NS
α (t0) = 1NS,noon

α (t0)−1N
S,noon
α=90◦ (t0). (2)

Throughout this work, we will make use of these instan-
taneous differential slant columns, and refer to them as dif-
ferential slant columns or simply as the (MAX-DOAS) mea-
surements.

An estimate of the measurement uncertaintyε forms an
important ingredient in the retrieval algorithm described be-
low. It is determined for each measurement parameter
(1N

S,O4
α , 1N

S,NO2
α and I rel

α ) from its temporal variations.
Measurement time series of the various parameters and ele-

vations are first put on the same time grid, using linear inter-
polation between the times of measurement. Subsequently a
one-hour running average (1T = 1 hr) is applied to the mea-
surements, yielding1N̄S

α (t). Variations of the raw measure-
ments with respect to these averaged measurements are used
to determine the RMS.

εα (t) =

√√√√ 1

1T

∫ t+ 1T
2

t− 1T
2

[
1NS

α (t)−1N̄S
α (t)

]2
dt (3)

This procedure yields a measure for uncertainty that is
generally larger than if the uncertainty estimate would be
based on the residual of the DOAS fit and combined with the
uncertainty estimates of the NO2 cross section and the ver-
tical temperature profile, although the latter approach would
give a more accurate uncertainty estimate for individual dif-
ferential slant column observations. From the perspective of
NO2 and aerosol profile retrieval, this alternative uncertainty
estimate is however not representative since it applies to an
observation at one moment in time, whereas the measure-
ments at other viewing angles are taken at another moment
in time, several minutes earlier or later, thus for changed at-
mospheric conditions. The uncertainty estimate defined in
Eq.3 and used in Eqs.11 and12 focuses on the precision of
measurements given the variations in time.

3 Retrieval algorithm

3.1 Retrieval model

The retrieval algorithm is based on a conceptual atmospheric
model (see Fig.2) consisting of:

– Lower NO2 layer, indicated by N1: from the surface to
heightHN1 with partial NO2 columnNN1 and constant
volume mixing ratio in the layer,

– Lower aerosol layer, indicated by A1: a layer from the
surface to heightHA1 with partial aerosol optical thick-
nessτA1 and constant extinction coefficient in the layer,

– Upper NO2 layer (optional), indicated by N2: from 3.0
to 3.5 km altitude containing partial NO2 columnNN2

– Upper aerosol layer (optional), indicated by A2: from
3.0 to 3.5 km altitude with partial aerosol optical thick-
nessτA2.

The two upper layers are optional: in Sect.4 we will as-
sess the use of the two optional upper layers by studying the
behavior of the retrieval algorithm including and excluding
each of the two layers. The retrieval algorithm thus has 2
or 3 free parameters describing the aerosol extinction profile,
and 2 or 3 free parameters describing the NO2 profile.

The choice for this parametrization, or conceptual model,
is based on (1) the fact that tropospheric NO2 is most often
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Fig. 2. Schematic description of the aerosol and NO2 profile
parametrization of the MAX-DOAS retrieval model used in this
work. The conceptual model consists of an aerosol layer (A1) and
a NO2 layer (N1), which both go from the surface to a variable
height, optionally extended with one or two second layers: A2 and
N2, placed at a fixed altitude (3–3.5 km). The retrieval model thus
has a minimum of four and a maximum of six free parameters. The
use of the two optional layers (A2 and N2) is studied in Sect.4.

found in the boundary layer, especially in the vicinity of pol-
lution sources, but may also be present higher up in the free
troposphere, and (2) on the specific altitude dependent sen-
sitivities to NO2 of the MAX-DOAS technique, as shown in
Fig. 1.

This figure shows the elevation- and altitude-dependent
differential air mass factors of NO2, which may be inter-
preted as the vertical sensitivity to NO2 of the MAX-DOAS
measurements at different elevations (see also Sect.3.2.2).
Our interpretation of this figure is that the potential of MAX-
DOAS to discriminate between NO2 at different altitudes is
limited to roughly the lowest kilometer of the atmosphere
(depending on the aerosol extinction profile), and for this rea-
son we parametrized our profile with a lower NO2 layer (N1)
with variable height.

Above this altitude of approximately 1 km, the sensitivity
functions of the different elevations are practically parallel
and therefore contain almost no independent pieces of infor-
mation from which to determine the altitude of a second NO2
layer. We therefore decided to locate the second “free tropo-
spheric” model layer, quite arbitrarily, at 3–3.5 km altitude,
i.e. somewhere in the range where the sensitivity functions
are parallel. It should be noted here that the sensitivity func-
tions already indicate that it is very difficult to determine the
actual height of an elevated NO2 layer above a certain height
(approximately 2 km for low AOT, and approximately 1 km
for a high AOT, see Fig.1). As a consequence, one should be
careful to interpret NO2 retrieved in the second layer as free
tropospheric NO2. If, for example, the true NO2 layer would
extend from 0 to 2 km, then it is conceivable, especially for

high AOT, that the retrieval algorithm would put part of the
NO2 in N2, NO2 that is in reality located in the highest part of
N1. The second NO2 layer should therefore be interpreted as
“the partial NO2 column above approximately 1 km, with un-
known altitude”. This interpretation will be consistent with
other retrievals based on alternative parametrizations for the
free troposphere. If, for example, another vertical extent
would have been chosen for the elevated layer, e.g. 2.5 in-
stead of 0.5 km, but with the same average height (3.25 km),
then retrievals will appear different in plots (see e.g. Fig.12),
but the integrated amount of NO2 in the second layer (NN2)
would be approximately the same. Thus whereas the visual
impact of other parametrizations can be high, in essence the
changes may be mostly cosmetic. In Sect.4.3.2 it is dis-
cussed if it is feasible to add a fourth free parameter for the
average height of the elevated layer.

Although the argumentation based on height-dependent
sensitivity to NO2 does not equally apply to aerosols – the
altitude of which may be expected to have a more noticeable
effect on O4 measurements – it was chosen to put a second
aerosol layer at the same fixed altitude, and to study the effect
of this choice in the sensitivity study.

In order to separate the different versions of the retrieval
model, we use the following names: M1n

1a for the basic model
with only the layers A1 and N1, M2n

1a for the model including
also the second NO2 layer N2, and M1n

2a for the model with
one NO2 layer and two aerosol layers. The latter model is
only used in sensitivity study E (Sect.4.3.1). Based on the
conclusion of sensitivity study E, it was decided not to use
the models M1n

2a and M2n
2a in the application to real measure-

ments.
Apart from the six primary retrieval parameters, described

above, there are four other “derived” parameters that will fre-
quently be referred to in this work:

– total tropospheric NO2 column:NT r = NN1+NN2

– total AOT: τtot = τA1+τA2

– average aerosol extinction of A1:kA1 = τA1/HA1
[km−1]

– average NO2 volume mixing ratio within N1: XN1
[ppb], derived fromNN1 andHN1

The calculation of the average NO2 volume mixing ratio
depends on the temperature and pressure profile for which
we use US standard profile shapes scaled with the surface
temperature and pressure at the time of the measurement.

3.2 Forward modeling

The plane parallel multiple scattering radiative transfer
model DAK (Doubling-Adding KNMI, seeDe Haan et al.,
1987, Stammes et al., 1989, andStammes, 2001) was used to
simulate measurements corresponding to model states. The
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layer height grid used in the DAK radiative transfer simula-
tions is defined as follows: 25 layers of 1 km from 0-25 km
altitude, followed by 10 layers of 2.5 km vertical extent be-
tween 25 and 50 km, and finally 10 layers of 5 km between 50
and 100 km. For forward simulations additional intermediate
layers were defined. For example, the S-shape parametriza-
tion was realized using 7 sub-layers. Ozone was not included
in the forward simulations since the ozone layer has almost
no influence on the differential slant NO2 columns deter-
mined with the (simultaneous) zenith observation as a ref-
erence, especially at 477 nm. For NO2 a stratospheric profile
was assumed as defined by the U.S. standard mid-latitude
summer profile (Anderson et al., 1986). The forward simula-
tions accounted for the absorption cross section temperature
dependence of NO2.

There are three types of simulated measurements con-
tained in the look-up tables (see Sect.3.2.1): differential
slant NO2 columns, differential slant O4 columns, and rel-
ative intensities, for which we use the symbols1NS,NO2,
1NS,O4, andI rel respectively (S refers to slant). The slant
columns of absorbera (either NO2 or O4) for elevationα are
simulated for a single wavelength according to:

NS,abs
α = −

ln
(

Iabs
α

I0
α

)
σabs

, (4)

whereI0
α is the simulated sky radiance without the absorber

andIabs
α is the simulated sky radiance with the absorber.σabs

denotes the absorption cross section of the absorber of inter-
est. Thedifferentialslant column is subsequently calculated
according to:

1NS,abs
α = NS,abs

α −N
S,abs
90◦ . (5)

Relative intensities are defined as:

I rel
α =

Iα

I90◦

. (6)

3.2.1 Look-up tables

Look-up tables of differential slant NO2 columns, differen-
tial slant O4 columns and relative intensities were generated
for each value of the parameters in Table1. The number of
values of each parameter is limited, often because of practi-
cal limitations of disk storage and computation time. Given
these limitations, it is essential to use a non-equidistant grid
for several parameters, such as the height of the NO2 and
aerosol layers, the aerosol optical thickness, the elevation and
solar zenith angle. The range for the AOT is chosen to be re-
alistic for the Netherlands. Depending on the measurement
site, it may be needed to extend this range.

Simulations are performed for a single wavelength:
477 nm. This wavelength falls within the absorption spec-
trum of NO2, but was primarily selected because it coincides
with a local maximum of the absorption cross section of O4.

Note that it is demonstrated inFrieß et al., 2006that com-
bination of four wavelength bands (360, 477, 577, 630 nm)
leads for aerosol extinction retrievals to one additional piece
of information compared to a single wavelength approach. It
depends on the wavelength range of the instrument used if
this can be realized.

The disadvantage of the choice for a single wavelength is
that the wavelength dependence of the air mass factor, within
the spectral window that is used for the DOAS analysis of the
measurements, is not taken into account. However, since (a)
the variation of the air mass factor within the fitting window
(425–490 nm) is relatively small (<2 %), and (b) the selected
wavelength is not on one of the extremes of the fitting win-
dow, errors introduced by using single wavelength simula-
tions are small compared to other sources of uncertainty.

The value of the single scattering albedo and asymmetry
parameter of aerosols, namely 0.90 and 0.72 respectively,
are also fixed. The choice for the values is based on an av-
erage of AERONET observations in Cabauw (the Nether-
lands) on blue sky days throughout the years 2007–2009.
For the entire period of three years (not only blue sky days)
the AERONET level 1.5 product forλ = 440 nm shows an
average of 0.72± 0.03 for the asymmetry parameter and
0.92±0.06 for the single scattering albedo. The impact on
the MAX-DOAS retrievals of errors in these parameters (see
e.g. Vlemmix et al., 2010) is relatively small compared to
other sources of uncertainty, see Sect.4.

3.2.2 Temperature effects

Absorption of sunlight by NO2 and O4 is temperature de-
pendent (see e.g.Vandaele et al., 1998andGreenblatt et al.,
1990). For NO2 this is a consequence of the temperature de-
pendency of the absorption cross section, for O4 it is due to
the relation between temperature (and pressure) and the num-
ber density of (oxygen) molecules, as described by the ideal
gas law, and to the temperature dependence of the absorption
cross section of O4 itself. Since measurements and simula-
tions of the differential slant column densities are combined
in the cost function of the retrieval algorithm (see Sect.3.3),
it is important to have a consistent approach that accounts
for temperature effects on both. The temperature correction
applied in this work is different for NO2 and O4 as will be
described below.

The correction for NO2 consists of two parts: firstly to de-
termine the effective NO2 temperature, and secondly to de-
rive two correction factors: one for the simulations and one
for the measurements, see below. The effective NO2 temper-
ature is calculated as follows:

T eff
α (9) =

2∑
i=1

T i1mi
α (9)NNi

1mi
α (9)NNi

, (7)

wherei = 1 corresponds to the lowest NO2 layer, andi = 2
to the second NO2 layer. 9 refers to the dependency on the
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Table 1. Parameter values for which the look-up table was calculated. For each of these values, the look-up table contains simulated
measurements of differential slant NO2 columns, differential slant O4 columns, and relative intensities. Multidimensional linear interpolation
is used in the retrieval algorithm, in order to obtain simulated measurements in between the values for which the look-up table was calculated.

parameter values

wavelength [nm] 477
single scattering albedo 0.90
asymmetry parameter 0.72
viewing elevation angle [◦] 1,2,3,4,5,8,9,15,16,17,23,30,40,50,60,70,90
solar zenith angle [◦] 0,20,30,40,50,60,67,73,74,75,81,82,85,86,87,88,89
relative azimuth angle [◦] 0,10,20,40,60,80,100,120,140,160,180
surface temperature [◦C] 0,25
surface pressure [hPa] 990,1030
partial aerosol opt. thickness A1 0.0,0.05,0.1,0.15,0.2,0.3,0.4,1.0
partial aerosol opt. thickness A2 0.0,0.05,0.1,0.2,0.4,1.0
partial trop. NO2 col. N1 [1015molec cm−2] 1,60
partial trop. NO2 col. N2 [1015molec cm−2] 0,60
height of A1 [km] 0.05,0.1,0.2,0.4,0.8,1.6,2.4
height of N1 [km] 0.05,0.1,0.2,0.4,0.8,1.6,2.4

model parametersHN1, HA1, τA1 andτA2 and to the posi-
tion of the sun relative to the instrument viewing direction.
NNi is the partial vertical NO2 column, andT i the (aver-
age) layer temperature.1mi

α (9) denotes the elevation and
height-dependent differential air mass factor (elevation de-
pendent vertical sensitivity to NO2) which was calculated ac-
cording to:

1mi
α (9) =

1N
S,NO2,i+
α (9)−1N

S,NO2,ref
α (9)

NV,i+ −NV,ref
, (8)

by adding NO2 to layer i (indicated by “i+”), relative to a
background NO2 profile (indicated by “ref”). NV denotes
the total vertical NO2 column.

The elevation dependence of the effective NO2 tempera-
ture is a consequence of the elevation dependence of1m.
T i is determined using a US standard mid-latitude summer
temperature profile scaled with the observed surface temper-
atures to have a close correspondence to the real atmosphere
at the time of the MAX-DOAS observation.

To account for the differences between the actual effec-
tive NO2 temperature and the fixed temperatures used in the
look-up table simulations and in the DOAS fitting proce-
dure, two temperature correction factors are derived:Cabs

α

andCdiff
α . The first corrects thesimulateddifferential slant

NO2 columns that were calculated for a fixed NO2 cross sec-
tion temperatureσ(TLUT), see Table1. The second corrects
the measureddifferential slant NO2 columns that were de-
rived from a DOAS fit based on an NO2 cross section at a
fixed temperatureσ(Tfit) (295 K). Note that these correction
factors do not compensate since the part of the measurement
error induced by assuming a wrong temperature in the DOAS
fit is related to the temperature dependency of thedifferential
cross section, whereas the error in the simulated differential

Add Noise
Create 200 measurement 
samples using artificial 
Gaussian noise, scaled with 
the uncertainty estimate of 
each measurement

Aerosol Retrieval
• iteration 1: based on a‐priori NO2 profile
• iteration 2: based on NO2 profile retrieved in first iteration

NO2 Retrieval
• iteration 1: based on aerosol profile retrieved in first iteration
• iteration 2: based on aerosol profile retrieved in second iteration

Retrieval Result 
• Average value, based on 200 runs, for each model parameter (HA1 , τA1 , 
[τA2], HN1 , NN1 , [NN2] ) and derived parameter (kA1 , XN1 , τtot , NTr)
• Retrieval uncertainty range for each model and derived parameter
• Distribution of χ 2 values

Measurements:
• NO2 Differential Slant Columns
• O4 Differential Slant Columns
• Relative Intensities (only in 
sensitivity study E )

Viewing elevations: 2°, 4°, 8°, 16°, 30°
X 200

X 1

Fig. 3. Schematic of the tropospheric aerosol and NO2 retrieval
algorithm. This algorithm is used both in the sensitivity study (using
simulated measurements) and in the analysis of measurements taken
during the CINDI campaign.

slant NO2 columns is related to the temperature dependency
of the cross section itself (see Fig.4).

Cabs
α is calculated at 477 nm according to:

Cabs
α =

σ (TLUT)

σ
(
T eff

α

) . (9)

Cdiff
α is calculated as:

Cdiff
α =

1σ (Tfit)

1σ
(
T eff

α

) , (10)
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o30σΔ
o20−

Δσ

o30σ o20−
σ

Fig. 4. NO2 cross section spectrumσ at two different tempera-
tures (Vandaele et al., 1998). The figure illustrates that a change
in effective NO2 temperature (see Sect.3.2.2) leads to a relative
change in thedifferentialcross section (1σ ), used in the DOAS fit-
ting, that is larger than the relative change of the cross section itself.
A correction based on the temperature dependency of1σ is ap-
plied to the measured differential slant NO2 columns, since they are
derived from a DOAS fit performed with an NO2 cross section of
295 K. A correction of simulated measurements (that are calculated
in the look-up table for only two values of the surface temperature
(Sect.3.2.1)) is based on the temperature dependency ofσ .

using an average of several local maxima and minima of the
NO2 cross section in the DOAS spectral fitting window, one
of which is indicated in Fig.4. In a typical situation where
T eff

= 283 K andTfit = TLUT = 298 K, we haveCabs
= 1.02

andCdiff
= 0.92.

Note that the most important aspect of the temperature cor-
rection is the use of the independent observations of the sur-
face temperature. This allows a first order temperature cor-
rection, based on an assumed vertical profile shape. The tem-
perature correction factors are most accurate for cases where
the real NO2 profile is adequately described by the NO2 pro-
file parametrization in the retrieval model, and where in ad-
dition the temperature profile is comparable to the U.S. stan-
dard profile scaled with the surface temperature. The effect
of an error in the temperature profile has been tested (for the
same settings as in sensitivity study F), and it was found that
if the temperature of the NO2 layer at 3-3.5 km is estimated
wrong by 10◦C, then the error on the partial NO2 column re-
trieved for this layer (NN2) is about 1%. This indicates that
the errors due to the assumed temperature profile shape are
small compared to the uncertainties in the NO2 profile shape.
However, errors in the profile retrieval due to a wrong tem-
perature profile assumption are generally higher than that,
due to the fact that the temperature correction factorsCabs

α

andCdiff
α are frequently determined for the wrong NO2 pro-

file shape. This effect is included in the results reported in
the sensitivity studies in Sect.4.

As noted above, the absorption due to O4 is dependent on
the temperature and pressure profiles. We accounted for this
effect by using the observed surface temperature and pres-
sure at the time and location of the MAX-DOAS observation
as input in the retrieval algorithm. The look-up table simu-
lations are performed for two surface temperatures and pres-
sures with which a US standard mid-latitude summer tem-
perature and pressure profile is scaled. Linear interpolation
is applied between those surface temperatures and pressures
to obtain the simulated O4 measurements.

3.3 Inversion

The inversion step of the retrieval algorithm (Fig.3) is based
on two successive least-squares minimizations: first the
aerosol parameters are retrieved and then the NO2 parame-
ters. As the aerosol retrieval is not completely independent of
the NO2 retrieval, due to the broad band absorption by NO2,
which is more pronounced at small elevations, an iteration is
performed after the first retrieval, where an improved guess
of the NO2 profile is used in the aerosol retrieval. The initial
value used for NO2 in the first step of the algorithm (aerosol
retrieval) is:NN1=15×1015 molec cm−2, HN1=0.4 km. The
initial aerosol extinction state is:τA1=0.5 andHA1=0.4 km.
In the subsequent NO2 retrieval, the first guess for NO2 is:
NN1=30×1015 molec cm−2 andHN1=0.4 km.

The cost functions that are minimized, are:

χ2
aero=

5∑
i=1

fsc ·1N
S,O4
αi

−1̂N
S,O4
αi

ε
O4
αi

2

+

(I rel
αi

− Î rel
αi

εI rel
αi

)2


optional

,(11)

and

χ2
NO2

=

5∑
i=1

Cdiff
αi

·1N
S,NO2
αi

−Cabs
αi

·
̂

1N
S,NO2
αi

ε
NO2
αi

2

, (12)

whereε to denotes the measurement uncertainty, see Sect.2.
The indexi is used to number the viewing elevations:αi =

{2◦,4◦,8◦,16◦,30◦
}. Simulated measurements are indicated

with a hat. fsc is an empirically determined scaling factor
(see below). The added value of relative intensities, the sec-
ond part of the aerosol cost function, is studied in Sect.4.

The numerical minimization process of the two cost func-
tions is performed with the Nelder-Mead method, also known
as downhill simplex method (Nelder and Mead, 1965). This
algorithm is fast and does not require derivatives. Each it-
eration of this algorithm requires a multidimensional linear
interpolation within the domain of the look-up table in or-
der to calculate simulated measurements corresponding to a
certain model state.
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median
average

Fig. 5. Examples of the ensemble of 200 retrievals of the NO2 layer height (left) and of the NO2 volume mixing ratio (right). Note that the
right plot has a logarithmic scale on the y-axis. This example demonstrates that although the ensemble average and median ofHN1 differ
by only a small amount (4 %), which indicates that the distribution ofHN1 is almost symmetric, the corresponding ensemble ofXN1 can be
highly asymmetric, and consequently have a large difference between median and average (42 %). For this reason, the median is used for the
volume mixing ratio, see also Fig.7.

The empirical scaling factorfsc was first reported by
Clémer et al.(2010), also used inZieger et al.(2011), and
found to have the approximate value of 0.8. Clémer et
al. found that measured differential slant O4 columns had
such high values that they could not be simulated with their
model. This difference could not be due to aerosols, since the
measurements were done for conditions with low aerosol op-
tical thickness (AOT< 0.1) whereas aerosols generally de-
crease the differential slant O4 columns. We did a similar
study as Cĺemer et al., using a different radiative transfer
model and instrument, and found the same result. The ori-
gin of the discrepancy is still unknown.

An important aspect of our retrieval algorithm is the use
of multiple runs (200) of the inversion to create an ensemble
of retrieval outcomes. In each new run, we provide the inver-
sion algorithm with a slightly different set of measurements
(NO2 and O4 differential slant columns, each at five eleva-
tions) that are created from the original set of measurements,
but changed within their estimated uncertainty range using
artificially generated Gaussian noise. The perturbations are
independent for each elevation and for each parameter. The
final aerosol and NO2 solutions, after 200 steps, are defined
by the average aerosol and NO2 model parameters within the
ensemble of retrieval outcomes. Only for the volume mix-
ing ratio (XN1) and the aerosol extinction (kA1), which are
“derived parameters”, and not directly fitted (Sect.3.1), the
ensemble median is used instead of the ensemble average.
The reason for this is that their distributions are frequently
asymmetric due to the fact that they are proportional to the
reciprocal ofHN1 andHA1 respectively. The skewness is es-
pecially large ifH is low, and if in addition the uncertainty
in H is high, as illustrated in Fig.5. The uncertainty range
of each model parameter, and each derived parameter (e.g. a
sum or ratio of model parameters) is determined from the
lower and upper boundaries of the middle 90 % of the re-
trieval ensemble for that derived parameter, i.e. the extreme
values on each side of the distribution are discarded. The

number of 200 repetitions is selected to have a reasonable
description of the ensemble properties and at the same time
to have a reasonable computing time. Without special efforts
to optimize for speed, a performance was realized of 16 sec-
onds for 200 runs. For a typical day with 12 hours of obser-
vation, with an analysis for each half hour, the total analysis
time would be 6 minutes. Although more runs would lead
to a more accurate distribution for each retrieval parameter,
tests have shown that the average and extremes of the dis-
tribution are almost unaffected by increasing the number of
repetitions to 2000. For fewer runs (e.g. 20), these values
become unstable.

An advantage of the ensemble based procedure is that it
takes into account the propagation of the uncertainty in the
aerosol retrieval to the uncertainty in the NO2 retrieval in a
natural manner, because each of the 200 individual NO2 re-
trievals follows a different aerosol retrieval. Another benefit
is that the same method to determine the uncertainty can be
used for normal and derived parameters (Sect.3.1). Each
derived parameter is determined from two “normal” param-
eters. Because normal parameters are not fully independent,
their uncertainties cannot simply be combined according to
standard rules for error calculation applicable to independent
parameters. For example: the two partial NO2 columns in the
double NO2 layer retrieval model (NN1 andNN2) may both
have relatively large uncertainty, whereas their sum (NT r ) is
less uncertain.

A third advantage of the ensemble approach is that it yields
a distribution ofχ2 values for both the aerosol and for NO2
retrieval. Values ofχ2 obtained for individual runs cannot be
used to judge the appropriateness of the retrieval model, be-
cause measurement uncertainty may lead to sometimes high
χ2 values, even for an appropriate model. However, the
ensemble median of the reducedχ2 (χ2

ν,median), based on
200 runs, is a more reliable quantity from which to judge
the appropriateness of the retrieval model. Note that “re-
duced”, denoted withν, here refers to a correction for the
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Table 2. Overview of the variable settings in the sensitivity studies. In each sensitivity study, the retrieval is tested for different values of the
variable of which the range is indicated in boldface. Measurements are simulated for the settings given by the table, and analyzed with the
retrieval models given in the final column. Note that the variablesSN1, SA1, HN2, andHA2, have fixed values in the retrieval models, but are
varied in the simulation of measurements for this sensitivity study. All partial NO2 columns (NN1 andNN2) are given in 1016 molec cm−2

and all heights are given in km.

NN1 NN2 HN1 HN2 SN1 τA1 τA2 HA1 HA2 SA1 noise retr. models

A 2 0 0.05–2.3 n.a. 1 0.2 0 0.8 n.a. 1 0–15 % M1n
1a, M2n

1a
B 2 0 0.8 n.a. 1 0.2 0 0.05–2.3 n.a. 1 0–15 % M1n

1a, M2n
1a

C 2 0 0.5 n.a. 1 0.2 0 0.5 n.a. 0–2 0 % M1n
1a, M2n

1a
D 2 0 0.5 n.a. 0–2 0.2 0 0.5 n.a. 1 0 % M1n

1a, M2n
1a

E 1.5 0 0.6 n.a. 1 0.2 0.2 0.6 0.05–20 1 0 % M1n
1a, M1n

2a
F 0 1 n.a. 0.05–20 1 0.2 0 0.6 n.a. 1 0–15 % M1n

1a, M2n
1a

Table 3. Comparison of NO2 volume mixing ratios derived from in-situ monitors and MAX-DOAS. The average difference is defined as
(MAX-DOAS (y) minus in-situ (x)), and the linear fit parameters are defined for the in-situ values on the horizontal and the MAX-DOAS
values on the vertical axis. The upper part of the table shows the results of the comparison when each observation is considered independent,
the bottom part shows the results when all observations (within the five days) that fall within the same hour of the day are averaged prior to
the statistical analysis (see Fig.15).

Retrieval Model Correlation Av. x [ppb] Av. y [ppb] Av. Diff. [ppb] Slope Intercept [ppb]

one NO2 layer 0.75 4.69 3.85 −0.84 1.14 −1.51
two NO2 layers 0.80 4.69 4.77 0.07 1.31 −1.39
selection based onχ2

NO2
0.79 4.69 4.73 0.04 1.31 −1.43

(averaged) one NO2 layer 0.93 4.66 3.82 −0.85 0.83 −0.07
(averaged) two NO2 layers 0.94 4.66 4.75 0.10 1.10 −0.34
(averaged) selection based onχ2

NO2
0.94 4.66 4.70 0.04 1.09 −0.36

number of degrees of freedom, i.e. a division by the num-
ber of independent observations (differential slant columns at
five elevations) minus the number of model parameters (two
or three, depending on the model version).

If the value ofχ2
ν,medianwithin the ensemble is much larger

than 1, then it is likely that the retrieval model is not appro-
priate. This would be the case, for example, if there was
mostly free tropospheric NO2 present when measurements
were made, and retrieval model M1n

1a without the second NO2
layer would be used. The relation between the appropriate-
ness of the model and the value ofχ2

ν,median is illustrated in

the next section. For simplicity we will use the notationχ2
NO2

or χ2
aer in the remainder of this work, meaningχ2

ν,median,NO2

andχ2
ν,median,aerosol, respectively.

4 Sensitivity study

In this section we test the behavior of the algorithm in six
situations (indicated with the capitals A–F), see Fig.6 and
Table2. Firstly, the algorithm is tested with simulated mea-
surements that are calculated for atmospheric states that ex-
actly match the model, i.e. homogeneously mixed NO2 and
aerosol layers (sensitivity studies A and B). Here we also

study the effect of noise. In sensitivity studies C and D we
perform tests to see the effect on the retrieval accuracy of in-
homogeneous mixing of NO2 and aerosols in the lowest lay-
ers, whereas homogeneous mixing is assumed in the retrieval
model. Finally we test the sensitivity to elevated layers of
aerosols (sensitivity study E), including the role of relative
intensities in the cost function, and study how effective the
algorithm retrieves elevated NO2 layers (sensitivity study F).

In most sensitivity studies below, just one aerosol layer
was used in the retrieval models (M1n

1a, M2n
1a), only in the

study of elevated aerosol layers a second aerosol layer was
added to the retrieval model (M1n

2a). All sensitivity studies
were done for a solar zenith angle of 40◦, and a relative az-
imuth angle of 180◦, which is representative for summer time
measurements with an instrument located in the Netherlands,
looking towards the North. The dependence on the solar po-
sition is not further studied. It may however be expected that
this geometry is relative advantageous to determine aerosol
extinction and NO2 profile characteristics because retrievals
for a relatively small relative azimuth angle (< 60◦) would
be more challenging due to the increased sensitivity to the
aerosol phase function, which is fixed in our approach.
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Fig. 6. Schematic of the six sensitivity studies (A–F) performed
to test the behavior and robustness of the NO2 profile retrieval al-
gorithm. Each diagram only shows the parameter that is changed,
other fixed parameters are given in Table2. The top row shows the
first two studies, that were done to check the behavior of the al-
gorithm for various levels of artificial noise, under conditions that
coincide with the model assumptions. The second row illustrates
the study that was done to test the effect of inhomogeneous distri-
butions within the boundary layer of aerosols or NO2 (whereas the
retrieval model assumes homogeneous distributions for both). The
shape parameter S defines the various profile shapes. Finally we
tested the sensitivity of the NO2 retrieval to elevated aerosol and
NO2 layers (third row).

4.1 Homogeneous boundary layer

In sensitivity study A we simulated measurements with var-
ious heights for the lowest NO2 layer (N1), none of which
corresponds exactly to one of the heights on the look-up ta-
ble grid. The aerosol layer height (HA1) was fixed at 0.8 km.
All other parameters were as the fixed parameters in the look-
up table (Sect.3.2.1), except for the temperature (20◦C) and
pressure (1013 hPa).

The results are shown in Fig.7. The top row shows rela-
tively accurate retrievals for the one NO2 layer model (M1n

1a),
of the NO2 layer height, tropospheric NO2 column and NO2
mixing ratio. Increasing the level of Gaussian noise slightly
affects the ensemble average of the tropospheric NO2 col-
umn retrieval, leads to a small systematic underestimation of
the NO2 layer height and an overestimation of the NO2 vol-
ume mixing ratio, which would be large for the highest noise
levels if the correction that is discussed in Sect.3.3 would
not have been applied.

The effect of noise (measurement uncertainty) is some-
what more complicated in the two NO2 layer model (2nd
row of Fig. 7). Higher noise levels not only lead to larger
overestimation of the NO2 volume mixing ratio than in the
single layer model, but also to a false distribution of the NO2
between the two layers: elevated NO2 is retrieved in N2, al-
though the true NO2 profile in the sensitivity study does not
include NO2 above the BL. This leads to small overestima-
tion of the tropospheric NO2 column up to 15 %. The effect
of noise on the retrieval may explain the sometimes high val-
ues of N2 seen in the retrievals based on CINDI observations,
as seen in e.g. Fig.12 (Sect.5.1).

A similar study was done to test the sensitivity of the
aerosol layer height to noise (sensitivity study B). This ef-
fect is generally small (<5 %). Only the highest noise level
included in the study (15 %) leads to potentially large over-
estimation ofHA1 (>50 %), especially for low aerosol layer
heights (< 0.5 km).

4.2 Inhomogeneous distribution in boundary layer

One of the assumptions of the retrieval model is that aerosols
and NO2 are homogeneously mixed in the two model layers
A1 and N1. This may however not be the case in reality. We
therefore test the effect of the assumption of homogeneity by
simulating measurements for such cases where the aerosol
or NO2 distribution is not homogeneous. In order to simu-
late these measurements, we used the shape parameter S (see
Fig. 6) to parametrize a set of boundary layer profile shapes
for either aerosol extinction or NO2 concentration. In each
simulation of the sensitivity studies C and D, the total amount
of NO2 and aerosols is kept constant, a height of 0.5 km was
used for both profiles, and the S-parametrization was only
used for one of the two profiles (homogeneous mixing was
used for the other).

Figure8 shows the effect of the different profile shapes for
aerosols (top row) and NO2 (bottom row) on five selected re-
trieval parameters,HA1, HN1, kA1, XN1, NT r , and onχ2

NO2
.

For both constituents, it can be seen that values ofS < 1 lead
to an overestimation, and S> 1 leads to an underestimation
of the retrieved layer height. ForS > 1, this leads to rela-
tively small differences with the “surface” extinction in the
aerosol study and “surface”XN1 in the NO2 study. For S
< 1 the deviation is large, due to the inappropriateness of
the retrieval model for such profile shapes:S = 0 describes
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Fig. 7. Sensitivity study A. The retrieval accuracy of the NO2 layer height, NO2 column amounts and NO2 volume mixing ratio for the 1
NO2 layer model (top row) and the 2 layer model (bottom row), for different levels of Gaussian noise, as a function of the NO2 layer height
HN1. The black dashed lines (which are almost covered by the solid red lines) indicate prescribed values in the sensitivity study, i.e. the truth
in the simulation.

SN1                                             SN1 SN1 SN1 SN1 SN1

SA1                                             SA1 SA1 SA1 SA1 SA1

inhomogeneous distribution of NO2 in boundary layer

inhomogeneous distribution of aerosols in boundary layer

HA1                                   HN1                                      kA1                                     XN1                                     NTr χ2
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retrieval model: 1 NO2 layer                    2 NO2 layers

Fig. 8. Sensitivity study C (top row) and D (bottom row): inhomogeneous boundary layer distributions of aerosols and NO2. The black
dashed lines indicate prescribed values in the sensitivity study, i.e. the truth in the simulation. The aerosol retrieval was performed with the
single aerosol layer retrieval model.
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a profile shape that could better be described by an elevated
layer between approximately 0.25 and 0.5 km than by a layer
extending from the surface.

Although values ofS < 1 lead to unrealistic surface vol-
ume mixing ratios, the effect on the retrieval of the tropo-
spheric NO2 column is much smaller, and somewhat differ-
ent for the single and double NO2 layer models. In the case
of low S-values for aerosols, the double NO2 layer model
retrieves part of the NO2 in the second layer, leading to a
small overestimation of the total tropospheric column, not
only compared to the truth, but also with respect to the single
layer model.

The last column of Fig.8 shows the effect of the different
S-values onχ2

NO2
. High values forχ2

NO2
coincide with small

inaccuracies in the retrieval of the tropospheric NO2 column,
and with large errors of the surface NO2 volume mixing ratio.

4.3 Elevated layers

4.3.1 Elevated aerosols

The study for elevated aerosol layers (sensitivity study E) has
three purposes: (i) to quantify inaccuracies in the NO2 re-
trieval due to elevated aerosol layers, if the retrieval would be
based on O4 measurements and a single aerosol layer model,
(ii) to see if the NO2 retrieval improves if a second aerosol
layer, at a fixed altitude, is included in the retrieval model,
and (iii) to assess if the addition of relative intensity mea-
surements to the aerosol cost function leads to further im-
provements.

The simulated atmosphere here consists of an elevated
aerosol layer – with a vertical extent of 0.1 km and with
partial AOT of 0.2 – placed at different heights. In addi-
tion there is a low aerosol layer: a block profile extend-
ing from the surface, with a height of 0.6 km and partial
AOT = 0.2. These choices for the elevated aerosol pro-
file are considered to be realistic for the Netherlands, where
the mean total aerosol extinction optical thickness observed
by the AERONET sun photometer in Cabauw (2007-2009)
is 0.26±0.20 (λ = 440 nm). The vertical extent of the el-
evated layer (0.1 km) was considered realistic for a resid-
ual aerosol layer and in addition much less relevant than the
vertical extent of aerosol layers starting at the surface. The
NO2 profile here consists of a block profile extending from
the surface, with a height of 0.4 km and an NO2 column of
1.5×1016 molec cm−2.

Figure9 shows the results of this sensitivity study. First
of all it may be concluded from these results that the effect
of elevated aerosol layers on the tropospheric NO2 column is
relatively small, independent of the aerosol retrieval model
and cost function. Secondly, it is clear from this study that
the use of relative intensities in the cost function significantly
improves the aerosol optical thickness retrieval, especially in
the double aerosol layer model where the addition of rela-
tive intensities leads to a better separation of low and high

aerosols; this was already found byFrieß et al.(2006). De-
spite this improvement, Fig.9 also demonstrates that sev-
eral other parameters are negatively affected by the inclu-
sion of relative intensities in the cost function. The second
and third column of Fig.9 show the effect of the different
aerosol cost functions on the retrieval of aerosol extinction
and NO2 volume mixing ratio. Here we see that using the
two layer aerosol model in combination with relative inten-
sities improves the aerosol extinction and NO2 volume mix-
ing ratio for low elevated aerosol layers (< 3 km) with re-
spect to the O4 based aerosol retrievals, but that there is a
larger inaccuracy of these two parameters for high elevated
aerosol layers (> 5 km, even in the two-layer aerosol retrieval
model. The increased sensitivity to high aerosol layers, due
to the use of relative intensities, causes the retrieval to put
aerosols in the highest possible model layer, which is either
A1 (retrieval model M1n

1a) or A2 (retrieval model M1n
2a). In

both cases the resulting aerosol distribution in the model does
not correspond to the reality. This leads to a discrepancy be-
tween O4 differential slant columns simulated for the sensi-
tivity study and those in the look-up table. This discrepancy
is larger than for the relative intensities because O4 measure-
ments contain more information on the exact vertical distri-
bution of aerosols (in the lowest kilometers). Especially in
the single aerosol layer model, this leads to high values of
χ2

aer.
Altogether we conclude that from the perspective of

aerosol profile retrieval alone, it is advantageous to use a
second aerosol layer, and possibly a third at 10 km, together
with relative intensities in the cost function since only then
elevated aerosol layers can accurately be retrieved. Please
note that this aerosol profile retrieval, is only possible under
cloud free conditions. From the perspective of NO2 profile
retrieval it is therefore better not to include relative intensi-
ties in the cost function, and therefore not to use the second
aerosol layer with a fixed altitude: there is no positive effect
on the tropospheric NO2 column retrieval, a decrease of ac-
curacy in the averageXN1 for high aerosol layers and under
cloudy conditions, and only a small improvement in this re-
trieval parameter for low aerosol layers. For this reason, both
retrieval model versions M1n

2a and M2n
2a will not be used in the

application to real observations performed during the CINDI
campaign (Sect.5).

4.3.2 Elevated NO2

Here we test the effectiveness of the separation between high
and low NO2 in the double NO2 layer retrieval model. Is
NO2 – that in the simulations is located in elevated layers –
actually retrieved in the second model layer?

The simulated atmosphere here consists of an elevated
NO2 layer with a vertical extent of 0.1 km and with a par-
tial NO2 column of 1×1016 moleccm−2 placed at different
heights. The aerosol profile is fixed in this study: a block
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Aerosol cost function based on O4

Aerosol cost function based on O4 and relative intensity

retrieval model: 1 aerosol layer              2 aerosol layers

τ kA1                                   XN1                                   NTr χ2
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Fig. 9. Sensitivity study E (elevated aerosol layers). The top row shows aerosol retrievals based solely on differential slant column
measurements of O4. The retrievals shown in the bottom row are done with a cost function where not only O4 but also relative intensity
measurements were used. The black dashed lines indicate prescribed values in the sensitivity study, i.e. the truth in the simulation. In the
first column not only the total AOT is shown (0.4), but also the AOT of the boundary layer (0.2). Only the 1 NO2 layer retrieval model was
used for the NO2 retrieval. Note that the 2nd, 3rd and 5th column have a logarithmic scale on the y-axis.

profile with a height of 0.6 km and AOT = 0.2, see also Fig.6.
The results of this sensitivity study are shown in Fig.10.

The one NO2 layer model underestimates NO2 already by
more than 30 % if it is located at 1 km, and this underesti-
mation rapidly decreases with altitude. The two NO2 layer
model is clearly more sensitive to elevated NO2, underes-
timating the partial column only> 3 km and even overesti-
mating if it is below<3 km (due to the choice to locate the
second NO2 layer between 3 and 3.5 km in the model). Note
that relatively high overestimation (up to 40 % of the tropo-
spheric NO2 column) only applies to that part of the total tro-
pospheric NO2 column that is actually found in an elevated
layer; in this study no NO2 was located near the surface.

If the second NO2 layer in the retrieval model would have
been put at a higher fixed altitude, then there would be an
overestimation up to that altitude, if it would have been put
lower, then the underestimation would have started already
from that altitude onwards. It could therefore be preferable
to use the measurements to retrieve the height of the second
NO2 layer, instead of having it at a fixed altitude, and thus
to add another degree of freedom to the retrieval model. The
right hand side plot of Fig.10 – showing the behavior of

χ2
NO2

as a function of the height of the elevated NO2 layer –
indicates that this may be possible for measurements with a
high measurement accuracy.

It is interesting to note that the retrieval of the partial and
total NO2 columns (left plot of Fig.10) not strongly depends
on noise, for both the retrieval models M1n

1a and M2n
1a. How-

ever, theχ2
NO2

values show a much stronger dependence. The

lower absolute values ofχ2
NO2

for higher noise are due to
the fact that higher noise in our algorithm corresponds to
higher values of the measurement uncertaintyε, which leads
to lower values ofχ2

NO2
, see Eq. (12).

Not only the absolute level of theχ2
NO2

curves changes as a
result from noise, but, more interestingly, also the shape. Es-
pecially for the two NO2 layer model (M2n

1a) it is clear that the
minimum ofχ2

NO2
corresponds roughly to the height where

the layer N2 is placed in the retrieval model. This indicates
that in the absence of noise the NO2 differential slant column
measurements contain some information on the height of the
elevated NO2 layer. For higher noise the minimum has al-
most disappeared: at most a distinction can be made between
NO2 below and above approximately 15 km. This implies
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Fig. 10. Sensitivity study F (elevated NO2 layers). On the left partial and total NO2 columns are shown for both the one and two NO2
layer retrieval model, for two noise levels. On the rightχ2

NO2
values are shown for both models and noise levels. The elevated NO2 layer

in this experiment had a partial NO2 column of 1.0×1016 molec cm−2. Note that height of the elevated NO2 layer (HN2) is varied in this
sensitivity study, whereas it is fixed in the two NO2 layer retrieval model, see Sect.3.1.

that for realistic situations, a-priori assumptions about the
free tropospheric part of the NO2 profile are critical. Flex-
ible a-priori assumptions allow more accurate retrievals, but
frequently with low precision. Less flexible a-priori assump-
tions may have a higher precision, but only for specific cases
where the a-priori assumption corresponds to the real situa-
tion at the time of measurement.

To decide for a given measurement situation which re-
trieval model is preferable, the one or the two NO2 layer re-
trieval model (or alternative parametrizations), it is best to
look at the model with the lowest value ofχ2

NO2
. However,

if both are about one, for example in a situation with high
noise, then the measurements do not contain information to
constrain more than two free parameters to describe the NO2
profile, and it is advised to use the one layer retrieval model.

A final conclusion that may be drawn from Fig.10 is that
both the single and double NO2 layer retrieval have little,
but still some, sensitivity to NO2 to the low stratosphere (a
typical stratospheric NO2 profile may start at approximately
10 km and peak at around 25 km, seeHendrick et al., 2004).

4.4 Limitations of MAX-DOAS profiling potential and
dependence on the retrieval approach

In this section we discuss to which extent the conclusions
drawn after the sensitivity studies depend specifically on the
retrieval approach followed in this work, and which conclu-
sions have a wider scope.

Retrieval approaches to derive NO2 profile information
from MAX-DOAS observations can roughly be separated in
those using the “optimal estimation method” (OE-method)
(Rodgers, 2000) and those using a “parametrized profile
method” (PP-method). In the following, we refer to the OE-
method specifically as those implementations of OE which
use a profile parametrization for aerosols and NO2 that is de-

fined for a relatively high number of independent layers, each
with a vertical extent of typically 200 meters (see e.g.Frieß
et al.(2006) andClémer et al.(2010)). With the PP-method,
we here refer to retrieval approaches where the vertical pro-
file (of aerosols and/or NO2) is parametrized by a low num-
ber of well-selected parameters, which may have different
dimensions, such as a column amount and a scale height (see
this paper,Sinreich et al.(2005), Li et al. (2010) andWagner
et al. (2011)). The number of selected parameters is usu-
ally approximately equal to a realistic estimate of the num-
ber of independent pieces of information contained in the
MAX-DOAS measurements, and may vary between 1 (over-
determined) and no more than 5 (under-determined). The so-
lution is found by a least-squares minimization of differences
between the measurements and forward simulations.

A major advantage of OE-method is the flexibility to re-
trieve a wide range of different profile shapes. In the here
presented sensitivity study it has been shown that the MAX-
DOAS measurements are sensitive to the profile shapes (of
aerosol extinction and NO2) especially for the lowest part
of the boundary layer. In this part of the troposphere, such
shapes can be retrieved using the OE-method without assum-
ing them in the a-priori. A disadvantage of the OE-method is
that under some conditions the retrievals tend to be unstable
and consequently yield profiles showing unrealistic oscilla-
tions. This effect is highest in that part of the troposphere
(typically above 1-2 km) where the MAX-DOAS sensitivity
functions (Fig.1) are parallel, and therefore do not contribute
with independent pieces of information. This height signifi-
cantly decreases for higher AOT.

In this study, where the PP-method is used, it has been
shown that a too much simplified description of the bound-
ary layer profile shape, e.g. assuming homogeneous distri-
bution of aerosols and NO2, may lead to errors in the re-
trieval of both boundary layer and free tropospheric NO2.

www.atmos-meas-tech.net/4/2659/2011/ Atmos. Meas. Tech., 4, 2659–2684, 2011



2674 T. Vlemmix et al.: NO2 profile information from MAX-DOAS observations

For PP-approaches this problem may be solved by adding a
third free parameter to describe the NO2 and aerosol bound-
ary layer profiles, such as the parametrization as used in the
sensitivity studies, using the shape factor S. A similar ap-
proach is taken byWagner et al.(2011). The need for non-
homogeneous boundary layer profile descriptions is also sup-
ported byMorgan et al.(2010) where aerosol extinction pro-
files are reported that typically show an increase with altitude
in the boundary layer.

An advantage of the PP-method, when compared to the
OE-method, is that frequently occurring profile shapes, such
as those showing a sharp decrease at the top of the bound-
ary layer, can be retrieved for many different boundary layer
heights. Because the MAX-DOAS sensitivity functions are
so broad (Fig. 1), it is almost impossible to realize this
with OE-methods, except when such a sharp decrease (for
one particular height) would be defined in the a-priori and
a-priori error estimates of the vertical profile.

With respect to the free troposphere both approaches are
equally limited by fact that the vertical sensitivity functions
of all elevation viewing angles are flat, and in addition de-
crease to zero towards the top of the free troposphere. This
implies that for both approaches a-priori assumptions are
critical in this part of the atmosphere. When the NO2 ra-
diosonde (Sluis et al., 2010) will be further developed and
validated, a long-term data set of profiles NO2 can be used
to make a realistic, well-founded a-priori assumption for free
tropospheric NO2. Such an assumption would probably have
to take seasonal variations into account.

4.4.1 Consequences for satellite validation

MAX-DOAS observations of tropospheric NO2 can be used
for validation of satellite observations. A comparison of in-
dividual tropospheric column measurements of satellite and
MAX-DOAS should take into account the differences in as-
sumed profile shapes and the difference in vertical sensitivi-
ties, as described byRodgers and Connor, 2003. For exam-
ple, the profile shape assumed for the OMI tropospheric NO2
product (DOMINO) is taken from the TM4 chemistry trans-
port model (Boersma et al., 2011). For MAX-DOAS a basic
profile shape can be retrieved from the observations them-
selves, but, as noted above, the retrieval strongly depends
on a-priori assumptions. Space-borne observations are more
sensitive to NO2 in the free troposphere than to NO2 in the
boundary layer (see Fig. 1 inBoersma and Eskes, 2003),
whereas the opposite is the case for ground based MAX-
DOAS observations (Fig.1 shown above). Flexible a-priori
assumptions are the only way to accurately retrieve free tro-
pospheric NO2 if it is present. However, for most of the time
this will not be the case: the boundary layer partial NO2 col-
umn is usually much higher than the free tropospheric partial
column. As a consequence, flexible a-priori assumptions for
the free troposphere will for the majority of cases lead to less
accurate and less precise retrievals.

Long term data sets of MAX-DOAS profile observations
can be used to validate the profile description generated by
chemistry transport models, which are used as an input for
the satellite retrieval. For this application it is especially im-
portant that the MAX-DOAS profile retrievals produce real-
istic first order profile descriptions for NO2 in the boundary
layer.

5 Application to measurements performed at the
CINDI campaign

The single and double NO2 layer retrieval algorithms are
applied to MAX-DOAS observationsperformed during the
Cabauw Intercomparison campaign for Nitrogen Dioxide
measuring Instruments (CINDI), held at the Cabauw Ex-
perimental Site for Atmospheric Research (CESAR) near
Cabauw (51.970◦ N, 4.926◦ E), the Netherlands, in June and
July 2009 (seePiters et al., 2011, andRoscoe et al., 2010).

5.1 Retrieval results for selected days

We have selected six days (18, 23, 24, 30 June, 2 and 4 July
2009) from the CINDI campaign to illustrate the outcome
of the retrieval algorithm for three parameters: aerosol opti-
cal thickness, tropospheric NO2 columns, and average NO2
volume mixing ratio (see Fig.11). The last five days are
“category A” days according to Piters et al. 2011, and for
this reason are most optimal for the retrieval approach which
assumes cloud free conditions. In practice, such conditions
occurred mostly in the mornings. The algorithm is applied
also under cloudy conditions, to illustrate the effect of such
conditions on the accuracy of the retrieval (which decreases
significantly, especially for the two layer retrieval model).
The in-situ observations show that the five category A days
have quite the same behavior in terms of the temporal evo-
lution of the volume mixing ratio measured at the surface.
June 18 is shown in addition as an example of a day with an
a-typical behavior in this respect. The three parameters are
compared to independent observations from an AERONET
sun photometer, NO2 lidar and in-situ monitors, respectively.
Also shown are tropospheric NO2 columns from the OMI in-
strument (Levelt et al., 2006) and from the NO2 sonde, (Sluis
et al., 2010). The MAX-DOAS retrieval algorithm was run
with a single aerosol layer, not using relative intensity mea-
surements in the cost function (see Sect.4.3.1), and both for
one and two NO2 layers: the models M1n

1a and M2n
1a. Only re-

sults for the model with the lowest value of the reducedχ2
NO2

are shown in the Fig.11. Because only one aerosol layer was
used, this choice only affects the NO2 parameters. The fourth
column of Fig.11 shows the maximum height up to which
the lidar measurements were performed – this height was de-
termined by the quality of the lidar return signal, which is
determined by atmospheric conditions, such as the presence
of clouds – and the height below which 95 % of the NO2
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Fig. 11. Results of retrieval algorithm applied to MAX-DOAS observations on six selected days during the CINDI campaign, and comparison
with independent observations: aerosol optical thickness from AERONET (first column), tropospheric NO2 columns from lidar, OMI and
sonde (second column), and NO2 volume mixing ratios from in-situ monitors located at two different altitudes in the Cabauw tower (third
column). MAX-DOAS retrievals based on the one NO2 layer model are indicated with a light gray error bar, whereas dark gray indicates
the use of the two NO2 layer model. The selection of the retrieval model is based on the lowest value ofχ2

NO2
, see also Sect.5.1. The fourth

column shows the height up to which the lidar profile was reported, and the height below which altitude 95 % of the lidar NO2 column was
found. For OMI only the pixel with its center closest to Cabauw was selected. On two occasions Cabauw was exactly between two pixel
centers, and both were plotted.
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was present in the measured lidar profile. This information
is taken into account in the comparison with MAX-DOAS
retrievals, following the procedure described in Sect.5.2.

The aerosol optical thickness retrievals shown in the
first column of Fig.11 show a reasonable agreement with
AERONET, considering the differences in measurement
technique (scattered versus direct sunlight observations).
AERONET level 2.0 data were used and interpolated to
477 nm using the Angstrom relation and the AERONET
measurements at 440 and 675 nm. Note that discontinuities
in the AERONET data give an indication of the presence of
clouds. Large uncertainties are seen for retrievals in the sec-
ond half of some days. This may be due to the fact that the in-
strument was looking in the direction of the sun in that period
(the instrument was always looking towards the North-West).
Such observations for a small relative azimuth angle more
critically depend on a proper modeling of the forward scat-
tering by aerosols (described by the asymmetry parameter).
As the asymmetry parameter is not included as a free model
parameter – the look-up table is calculated for just one fixed
value of the asymmetry parameter – the retrieval uncertain-
ties will increase with decreasing relative azimuth angle. In
addition, external stray light levels are higher at small relative
azimuth angles. This might also contribute to larger differ-
ences between AERONET and MAX-DOAS aerosol optical
thickness. The sometimes large differences between tropo-
spheric NO2 columns (second column of Fig.11) from lidar
and MAX-DOAS, seen in about half of the cases, catch the
eye. We think that in many cases this difference is not an in-
dication of a large retrieval error, but due to the limited height
up to which the lidar profile is reported (as was mentioned
above). This is most apparent on the 24 June 2009. The first
five retrievals of lidar and MAX-DOAS agree within their
uncertainty estimates, whereas the last four show large dif-
ferences. These differences coincide with a sharp decrease
in the maximum height up to which lidar measurements are
done, as shown in the fourth column.

The retrievals of tropospheric NO2 columns (Fig.11), are
relatively stable in time and internally consistent in the morn-
ings, but tend to have larger uncertainties in the afternoons.
As noted above, discontinuities in the AERONET data (first
column of Fig.11) indicate the presence of clouds. These
discontinuities sometimes coincide with high uncertainties in
the tropospheric NO2 column. For periods in which the fre-
quency of AERONET observations is high (continuous cloud
free periods), the uncertainty estimates forNT r are relatively
low. Scattered clouds lead to a significant increase in the
uncertainty estimate of the measurements, which is defined
in Sect. 2. In combination with the double layer retrieval
model, which is less stable than the single layer model, this
may lead to large uncertainties in the tropospheric NO2 col-
umn.

The agreement between average NO2 volume mixing ratio
derived from the MAX-DOAS retrieval and in situ measure-
ments at the surface and 200 meters altitude in general looks

reasonable (third column of Fig.11). The most striking mo-
ments of disagreement between the in situ measurements and
the MAX-DOAS retrievals are seen in some of the mornings.

When looking in more detail at 24 June, it can be argued
that the underestimation of volume mixing ratios by MAX-
DOAS is due to an overestimate of the NO2 layer height
(HN1) since the NO2 column – the other model parameter
from whichXN1 is determined – shows good agreement with
the column measured with the lidar, which was up to rela-
tively high altitude for this specific morning (see Fig.11, row
three, columns two and four). This overestimation may be
explained by the difference between the actual NO2 profile
shape, indicated by the lidar, and the profile shapes assumed
by the MAX-DOAS retrieval model, as shown for NO2 in
Fig. 12.

The sensitivity study in the previous section has shown
that sometimes fictitious elevated NO2 layers are retrieved
by the double NO2 layer retrieval algorithm, for various pos-
sible reasons (measurement uncertainty, other profile shapes,
inaccurate aerosol extinction retrieval). This may raise the
question how realistic the retrievals of the two NO2 layer
model are. Does the selection of the two layer model in-
dicate that NO2 is present above the boundary layer? For
most days the answer cannot be given by the lidar measure-
ments, as they do not go high enough. For 24 June how-
ever, evidence for the presence of an elevated NO2 layer
is also found with the NO2 radiosonde (Sluis et al.(2010),
Fig. 11c), launched around 10:30 UTC. Note that the large
difference with the NO2 sonde on 30 June may well be due
to instrumental effects affecting the sonde observations that
were tested in this week for the first time (Sluis, personal
communication, 2011).

5.2 Comparison to other NO2 measurement techniques

5.2.1 Partial Tropospheric NO2 columns: MAX-DOAS
and Lidar

Lidar measurements of NO2 profiles in the low troposphere
taken during the CINDI campaign have shown to be very ac-
curate when compared to in situ monitors at 3, 100 and 200 m
altitude (Berkhout et al., 2012), and therefore provide a good
standard against which the profiling capabilities of the MAX-
DOAS technique can be tested (see alsoVolten et al., 2009).
It should however be emphasized that the vertical represen-
tativeness of the two techniques is different.

MAX-DOAS NO2 retrievals based on either the single or
the double NO2 layer models (see above), are sensitive to
NO2 in the entire troposphere, although sensitivity is de-
creasing with altitude (Fig.10). The MAX-DOAS measure-
ments do not contain the information to assign a height to
NO2 above an altitude of 1–2 km (Sect.3.1).

Lidar observations on the other hand are not expected to
have a height dependent bias, but are limited in the height up
to which measurements can be made, due to loss of return
signal. Measurements taken during the CINDI campaign
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MAX-DOAS retrieval model
1 NO2 layer (averaged)
2 NO2 layers (averaged)

Lidar
uncertainty

highest meas. alt.

Fig. 12. Lidar NO2 profiles and MAX-DOAS retrievals measured at the CINDI campaign on the 24 June 2009. The lidar profile is shown
in black, with uncertainty estimate in gray and the highest measurement altitude shown with the dashed horizontal line. The average profiles
retrieved with the MAX-DOAS one and two NO2 layer algorithms are shown in red and blue respectively, they are obtained by averaging all
block shaped profiles of the ensemble of 200 runs. During the first part of this day the agreement between the two measurements techniques
in terms of tropospheric NO2 columns was high, whereas the average NO2 volume mixing ratio derived from MAX-DOAS was significantly
below the NO2 volume mixing ratio measured at the surface (Sect.5.1). Note that NO2 retrieved in the second layer of the two layer retrieval
model should be interpreted as: NO2 above approximately 1 km, with unknown altitude (see Sect.3.1).

rarely exceeded an altitude of 2 km. The highest altitude
up to which NO2 concentrations were reported was deter-
mined for each measurement sequence separately, based on
the quality of the lidar return signal. A decrease in the qual-
ity of the lidar signal does not necessarily coincide with low
NO2 concentrations, which means that NO2 concentrations
above the last reported altitude should be considered un-
known. A comparison between MAX-DOAS and lidar thus
needs to take into account this difference in vertical repre-
sentativeness.

The following procedure was followed to select a pair of
partial tropospheric NO2 measurements out of each simulta-

neous measurement of MAX-DOAS and lidar: First a choice
was made between the single and double NO2 layer MAX-
DOAS retrieval models: the retrieval model with the lowest
value ofχ2

NO2
was selected. Then, if the single NO2 layer

model was selected, the retrieved NO2 layer height (HN1)
was compared with the maximum height up to which the li-
dar profile was reported (Hmax

lidar). When this maximum height
was lower thanHN1, then the fraction of the tropospheric
NO2 column of the MAX-DOAS retrieval was determined
that was belowHmax

lidar and the fractional column was used in
the comparison. ForHmax

lidar > HN1, nothing was changed.
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Fig. 13. Example of lidar NO2 profile measured at the CINDI
campaign. In gray the individual lidar measurements are shown,
where the vertical bar shows the range to which the concentration
applies, and the horizontal bar shows the uncertainty range of the
average concentration. Note that the vertical ranges sometimes do
and sometimes do not overlap. The black line shows the continuous
profile derived from the discrete measurements (according to a pro-
cedure explained in Sect.5.2.1) that is used to determine the inte-
grated partial NO2 column. The blue and red profiles are used to de-
fine the uncertainty range of the partial NO2 column: the blue pro-
file is based on conservative estimates, the red on non-conservative
estimates. The horizontal dashed black line indicates the height
above which no measurements were reported.

A similar procedure could not be applied if the double
NO2 layer model was selected due to the uncertain height
of the NO2 that is retrieved in the second layer. For exam-
ple, NO2 retrieved in the second layer could in reality be
located at around 4 km, but just as well at 1 km: the infor-
mation is not included in the measurements, as discussed
in Sect.3.1. We therefore made the pragmatic choice not
to change the retrieved total tropospheric NO2 column from
the MAX-DOAS retrieval, as in the case of the single NO2
layer model, but only to select the pair of MAX-DOAS and
lidar NO2 columns if the maximum reportedlidar height
was above 1.5 km. This procedure is meant to exclude cases
where the MAX-DOAS retrieval indicates possible elevated
NO2 layers (because the double NO2 layer model has the
lowest value ofχ2

NO2
) and where the lidar measurements stop

at relative low altitude.
An example of a lidar NO2 profile is shown in Fig.13.

An interpolation method needs to be defined in order to cal-
culate partial NO2 column from the lidar profile. The lidar
profile is defined for discrete vertical layers that may or may
not overlap. For each of those layers the NO2 volume mix-
ing ratio and its uncertainty is reported in the lidar data files.
We applied the following interpolation procedure to obtain a
best, lower and upper estimate of the partial NO2 column: for

the best estimate, linear interpolation was used in between
heights where either no volume mixing ratio was reported,
or where two regions showed overlap. The lowermost pro-
file layer was extended to the surface without changing the
volume mixing ratio. The same method was applied for the
upper estimate, however based on the upper estimate of the
average volume mixing ratio of each layer. The method used
for the lower column estimate was based on the lower esti-
mate of the volume mixing ratios, and on the additional as-
sumption that no NO2 was measured in regions that are not
covered by the measurements (in between non-overlapping
layers).

The results of the lidar versus MAX-DOAS comparison
are shown in Fig.14. The correlation of 0.78± 0.03, low
average difference (0.1±0.2×1015 molec cm−2), and slope
of linear fit (0.92±0.05) indicate that the two measurement
techniques compare quite well. A bi-variate fitting method
was used, where the squared orthogonal distance of each x-y
point to the fitted line was minimized. Errors were taken into
account by varying each x and each y within its uncertainty
estimate (using random Gaussian noise) and repeating the fit
procedure a thousand times (the fit results did not change
significantly when this number would either be ten times
lower or ten times higher). The resulting fit parameters were
found to change as expected after the x- and y-axis were in-
terchanged. It is remarkable that the slope found in this com-
parison is comparable to the slope reported inRoscoe et al.,
2010(their Fig. 6), where differential slant column measure-
ments from the KNMI instrument used in this study are com-
pared to an average of other MAX-DOAS instruments used
at the CINDI campaign. If the MAX-DOAS measurements
used in this study would be artificially corrected using those
results, then a slope would have been found of almost one,
and a small intercept. Note that the result of this lidar ver-
sus MAX-DOAS comparison does not apply to tropospheric
NO2 columns in general, but only to partial tropospheric
NO2 columns up to the maximum height where lidar mea-
surements are reported.

5.2.2 NO2 Volume Mixing Ratio: MAX-DOAS and
In-situ monitor

The in-situ measurements of the NO2 volume mixing ratios
were performed with an M200E chemiluminescence nitro-
gen oxides analyzer from Teledyne Advanced Pollution In-
strumentation. It was equipped with a photolytic converter,
from the same company, to make it insensitive to nitrogen
compounds other than NO2 and NO. The lowest detection
limit of the instrument was 0.4 ppb for NO and NOx and
0.8 ppb for NO2. Its precision was 0.5 % of the reading or
of the lowest detection limit, whichever was greater.

A comparison with MAX-DOAS volume mixing ratios
derived with the algorithm described in this paper should
be interpreted with care, as the observed surface volume
mixing ratio of NO2 and the average NO2 volume mixing
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MAX-DOAS 
retrieval model

1 NO2 layer
2 NO2 layers

Fig. 14. Comparison of partial tropospheric NO2 columns retrieved
from lidar and MAX-DOAS at the CINDI campaign. For each lidar
measurement, a choice was made which MAX-DOAS retrieval to
compare with: the single (red) or double NO2 layer retrieval (blue).
This choice was based on the value of the reducedχ2

NO2, see text.
The solid line shows a linear fit. It has a slope of 0.92 and an in-
tercept of 0.9×1015molec cm−2. The two data sets have a corre-
lation of 0.78 and an average difference of 0.1×1015molec cm−2

(n = 39).

ratios in the lower NO2 layer of the MAX-DOAS retrieval
model (layer N1) are two distinct physical quantities. A cer-
tain amount of disagreement may be due to differences in
assumed profile shape (model versus true profile, also for
aerosols) or to uncertainties in the measurements.

Because the look-up table was created for cloud free con-
ditions, the presence of clouds will generally increase the er-
rors in the retrieval, e.g. of the layer NO2 layer heightHN1
and as a consequence on the NO2 mixing ratio XN1. The
effect of clouds on the retrieved mixing ratio is strongest for
situations where the NO2 is relatively close to the surface,
mostly in the morning hours, because then the largest relative
errors in the retrieval of the NO2 layer height will occur. For
this reason, a selection was made of CINDI days included
in this comparison. Only days with cloud free mornings
were selected: the 23, 24 and 30 June and the 2 and 4 July.
Observations from the Baseline Surface Radiation Network
(BSRN) at Cabauw were used to examine the occurrence of
clouds (Knap, 2009).

It should be noted that the sensitivity to clouds in combi-
nation with low NO2 layers, would not occur if a fixed NO2
layer height would have been chosen, such as inIrie et al.
(2011), their Fig. 8. However, their choice for a fixed layer
height (1 km) may also provide a partial explanation for the
systematic underestimation of the NO2 volume mixing ratio
found in their study in the morning hours.

in-situ monitor at the surface

MAX-DOAS retrieval model
one NO2 layer
two NO2 layers
selection based on χ2

NO2

Fig. 15. Diurnal cycle of theNO2 volume mixing ratio measured
with an in-situ monitor at the surface, averaged over five days of
the CINDI campaign with cloud free mornings (Sect.5.2.2), and
average NO2 volume mixing ratio derived by the MAX-DOAS, for
the one and two NO2 layer retrieval models, and for a composite
retrieval approach where the choice between the one and two NO2
layer retrieval model is based on the lowest value ofχ2

NO2
. The thin

vertical lines indicate the root mean square error.

The comparison is performed in two ways: (i) by compar-
ing the two data sets without averaging, in order to quantify
the agreement between the two data sets for individual obser-
vations, see the upper half of Table3, and (ii) by considering
the average diurnal evolution of the two data sets. In that
case all observations (within the five days) of the two mea-
surement techniques are averaged per hour of the day. This
is shown in Fig.15and the bottom half of Table3.

With respect to the averaged diurnal evolution, a good
agreement is found between the in-situ observations and the
MAX-DOAS derived NO2 volume mixing ratios. The gen-
eral pattern of the diurnal evolution – showing a dilution
caused by thermal convection –is captured best by the two
NO2 layer retrieval model and the combined product of the
two models (where for each observation the model selection
is based onχ2

NO2
). Those two retrieval products agree with

the in-situ observations within their uncertainty range. The
one layer model tends to underestimate the volume mixing
ratios a little: the MAX-DOAS values are 18% lower than
the in-situ values. For the two NO2 layer model a correla-
tion is found of 0.94 and an average difference of 0.10 ppb.
The combined product has the same correlation, and an even
smaller average difference: 0.04 ppb. The slope of the linear
fit, obtained with the same fitting method as used in the com-
parison between MAX-DOAS and lidar (Sect.5.2.1), is 1.10
for the two layer model.
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The comparison based on individual observations shows
larger differences, see Table3. The morning hours some-
times show an over- or underestimation relative to the in-situ
monitor (Fig.11). This effect in the morning is not always
due to clouds or measurement noise in combination with low
NO2 layers, see the discussion above, but may also be due
to errors in the assumed profile shapes for aerosols and NO2.
For compact NO2 layers close to the surface (which are typi-
cal for the morning), volume mixing ratios can only be re-
trieved accurately from the MAX-DOAS measurements if
there is an almost exact agreement between the real profile
shape and the profile shape assumed in the retrieval model
(see Sect.4).

6 Summary and conclusions

This paper describes a retrieval algorithm developed to derive
a first order description of the vertical distribution of NO2
in the troposphere from MAX-DOAS measurements. Such
profile information is essential in validation studies in which
MAX-DOAS retrievals play a role.

A conservative approach was followed in order not to over-
estimate the number of degrees of freedom to parametrize
the aerosol and NO2 profile. The retrieval model is based
on a pre-calculated look-up table and assumes homogeneous
mixing of aerosols and NO2 in layers extending from the sur-
face to a variable height. Two retrieval model versions were
compared: one including and one excluding an elevated NO2
layer at a fixed altitude in the free troposphere. An ensemble
technique is applied to derive retrieval uncertainties.

Sensitivity studies were performed to test the retrieval ac-
curacy for various levels of noise, NO2 and aerosol bound-
ary layer profiles being different from those assumed in the
retrieval model, and elevated NO2 and aerosol layers. This
led to the following conclusions:

– If NO2 is present only in a homogeneously mixed
boundary layer (BL), then the amount of NO2 in this
BL, and its height, can be retrieved accurately. The ef-
fect of noise is different in the one and two NO2 layer
model. In the one layer model, noise does not affect
the accuracy of the tropospheric NO2 column, but leads
to an underestimation of the NO2 layer height. In the
two layer model, noise leads to a small overestimation
of the tropospheric NO2 column, which is related to the
fact that NO2 is retrieved in the upper model layer N2,
although in the simulations it was only present in the
lowest layer N1.

– If NO2 is also present in the free troposphere, then its
presence will be confirmed by the retrieval of the two
NO2 layer model, even for high measurement uncertain-
ties. However, the altitude of this elevated NO2 layer
can only be determined for high measurement accuracy,
and accurate aerosol extinction retrieval. The accuracy

of the partial NO2 column of the elevated layer is there-
fore in practice often quite low. In the one layer model,
NO2 above 2 km is underestimated by more than 50 %.

– NO2 retrieved in the second layer of the two layer model
should not be interpreted as NO2 between 3 and 3.5 km,
but instead as NO2 above approximately 1 km with un-
known altitude.

– When using the two NO2 layer retrieval model, elevated
NO2 layers are frequently found for the wrong reason,
i.e. not because there is an elevated NO2 layer in the real
atmosphere, but due to a low signal to noise ratio, or due
to a BL profile parametrization for aerosols or NO2 that
does not correspond to the real situation. This effect
may lead to an error in the tropospheric NO2 column
up to 10%. Probably an optimal estimation approach
would be more accurate for a wider range of aerosol
and NO2 BL profile shapes.

– Frequent retrieval of “fictitious” elevated NO2 layers
is unwanted, especially from the perspective of satel-
lite validation. MAX-DOAS NO2 profile retrieval ap-
proaches should therefore focus first of all on the BL.
Retrieval models assuming homogeneous distribution
of aerosols and NO2 in the BL are too much restricted
in scope. It is advised to use BL profile parametriza-
tions similar to those in the sensitivity studies, based for
example on an amount, a height and a shape description
(see alsoWagner et al.(2011)).

– Accurate MAX-DOAS retrieval of NO2 in the free tro-
posphere is possible only when (i) there are no clouds,
(ii) the AOT is sufficiently low, (iii) the aerosol ex-
tinction and NO2 profiles are sufficiently constant in
time, (iv) the signal to noise ratio of the MAX-DOAS
measurements is sufficiently high, (v) the BL profile
parametrizations for aerosols and NO2 adequately de-
scribe the real profile shapes, and (vi) the vertical tem-
perature and pressure profiles correspond to those in the
retrieval model. Only when these conditions are ful-
filled, then it may be possible to retrieve the height and
concentration of a free tropospheric NO2 layer. The ac-
curacy and precision for retrieval of NO2 in the free tro-
posphere therefore strongly depend on a-priori assump-
tions. This conclusion is not limited to the retrieval ap-
proach chosen in this work, but equally applies to re-
trieval methods based on optimal estimation.

– The use of relative intensity measurements (in addition
to O4 slant column measurements) leads to a higher ac-
curacy of the aerosol optical thickness retrieval (AOT),
especially if aerosols are present in elevated layers, than
if only O4 measurements would have been used (this
was also concluded byFrieß et al.(2006)). However,
this improvement in AOT retrieval does not have a no-
ticeable effect on the retrieval of the vertical distribution
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of NO2 and for some cases (aerosol layers above 5 km)
it does even lead to considerable underestimation of the
NO2 layer height. Taking this into account, together
with the unwanted increased sensitivity to clouds, it is
from the perspective of NO2 profile retrieval advisable
not to use relative intensity measurements in the aerosol
retrieval in combination with an elevated aerosol layer
with a fixed height.

The various aspects of the sensitivity study indicate that
the profile retrieval potential of MAX-DOAS can be classi-
fied into two vertical domains. Firstly, a domain from the
surface to roughly 0.5–1.5 km (the vertical extent decreases
with increasing aerosol extinction in the BL). In this domain
NO2 can be retrieved with at most three degrees of freedom.
Secondly, a domain above the first, having one (occasion-
ally two) degree(s) of freedom, but only under ideal condi-
tions (see above). Note that the transition level between those
lower and upper domains is not always related to the “mete-
orological” BL height: NO2 retrieved in the upper domain
may be located in the BL, or in the free troposphere, even at
high altitudes, or both.

The retrieval model was applied to observations performed
at the CINDI campaign, held in the Netherlands in 2009. Re-
sults were compared with independent observations: aerosol
optical thickness from AERONET direct sun observations,
partial tropospheric NO2 columns and profile shapes from
NO2 lidar measurements, and NO2 volume mixing ratios
from in-situ observations at the surface. These comparisons
lead to the following conclusions:

– The MAX-DOAS retrievals of aerosol optical thickness,
based on a retrieval model with a single aerosol BL,
and using only O4 observations (instead of combining
it with relative intensity measurements), compare well
to AERONET.

– The MAX-DOAS and lidar have quite a good agree-
ment in partial tropospheric NO2 columns (correlation
of 0.78, average difference of 0.1×1015 molec cm−2).
The differences between NO2 profile shapes measured
by the lidar and retrieved from the MAX-DOAS were
sometimes quite large. This is partly explained by the
fact that lidar measurements did not cover the full free
troposphere, and partly caused by the assumptions made
for the NO2 and aerosol profile shapes in the MAX-
DOAS retrieval model, as indicated by the several sen-
sitivity studies performed in this work.

– The diurnal evolution of the NO2 volume mixing ra-
tio measured at the surface and averaged over five days
with cloud free mornings, compares quite well to the
volume mixing ratio derived from the MAX-DOAS re-
trieval: a correlation was found of 0.94, and an average
difference of 0.04 ppb.

As the lidar measurements during the CINDI campaign
could often not be done above a few kilometers altitude, fu-
ture intercomparison campaigns are needed for further val-
idation of the MAX-DOAS NO2 retrieval in the free tropo-
sphere, e.g. by comparison with NO2 sondes.

To fundamentally improve the NO2 profile retrieval accu-
racy, especially the free tropospheric part, more constraints
on the NO2 profile are needed than can be given by the MAX-
DOAS technique alone. An important step forward could
be the combination of different DOAS techniques: MAX-
DOAS (to measure NO2 in the lower troposphere), zenith
sky (NO2 in stratosphere) and direct sun (total NO2 col-
umn). Measurements from the three techniques should then
be combined in one consistent retrieval algorithm. Important
progress towards such an approach has already been made by
several groups that have developed MAX-DOAS instruments
capable of observing scattered sunlight in all directions (as
opposed to MAX-DOAS instruments that have a fixed view-
ing azimuth) as well as direct sunlight, see e.g.Piters et al.
(2011).
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A., Roscoe, H. K., Scḧonhardt, A., Schwarzenbach, B., Shaigan-
far, R., Sluis, W., Spinei, E., Stolk, A. P., Strong, K., Swart, D.
P. J., Takashima, H., Vlemmix, T., Vrekoussis, M., Wagner, T.,
Whyte, C., Wilson, K. M., Yela, M., Yilmaz, S., Zieger, P., and
Zhou, Y.: The Cabauw Intercomparison campaign of Nitrogen
Dioxide Measuring Instruments (CINDI): design, execution and
early results, Atmos. Meas. Tech. Discuss., 2011.

Platt, U. and Stutz, J.: Differential Optical Absorption Spec-
troscopy, Springer-Verlag Berlin Heidelberg, 2008.

Pommereau, J. P. and Goutail, F.: O3 and NO2 ground based
measurements by visible spectrometry during Arctic win-
ter and spring 1988, Geophys. Res. Lett., 15, 891–894,
doi:10.1029/GL015i008p00891, 1988.

Richter, A. and Burrows, J. P.: Tropospheric NO2 From Gome Mea-
surements, Adv. Space Res., 29, 1673–1683, 2002.

Richter, A., Begoin, M., Hilboll, A., and Burrows: An improved
NO2 retrieval for the GOME-2 satellite instrument, Nature, 437,
129–132, 2005.

Richter, A., Burrows, J. P., Nuess, H., Ganier, C., and Niemeier,
U.: Increase in tropospheric nitrogen dioxide over China ob-
served from space, Atmos. Meas. Tech. Discuss., 4, 213–246,
doi:10.5194/amtd-4-213-2011, 2011.

Rodgers, C. D.: Inverse methods for atmospheric sounding: Theory
and Practice, Ser. Atmos. Oceanic Planet. Phys., World Scientific
Publishing, 2000.

Rodgers, C. D. and Connor, B. J.: Intercomparison of
remote sounding instruments, J. Geophys. Res., 4116,
doi:10.1029/2002JD002299, 2003.

Roscoe, H. K., Van Roozendael, M., Fayt, C., du Piesanie, A.,
Abuhassan, N., Adams, C., Akrami, M., Cede, A., Chong, J.,
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