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Abstract. Multiple Axis Differential Optical Absorption for applications such as satellite validation. This effectively
Spectroscopy (MAX-DOAS) instruments can measure frommakes free tropospheric NG source of error for MAX-
the ground the absorption by nitrogen dioxide (NOf scat-  DOAS retrieval of NQ profiles in the boundary layer.
tered sunlight seen in multiple viewing directions. This paper A comparison was performed with independent data,
studies the potential of this technique to derive the verticalbased on MAX-DOAS observations done at the CINDI cam-
distribution of NG in the troposphere. Such profile infor- paign, held in the Netherlands in 2009. Comparison with
mation is essential for detailed comparisons of MAX-DOAS lidar partial tropospheric N©columns showed a correlation
retrievals with other measurement techniques fonN€g.  of 0.78, and an average difference of 9.10'° molec cnv2.
with a lidar or from space. The diurnal evolution of the N@volume mixing ratio mea-
The retrieval algorithm used is based on a pre-calculatedsured by in-situ monitors at the surface and averaged over
look-up table and assumes homogeneous mixing of aerosofive days with cloud-free mornings, compares well to the
and NG in layers extending from the surface to a variable MAX-DOAS retrieval: a correlation was found of 0.94, and
height. Two retrieval models are compared: one includingan average difference of 0.04 ppb.
and one excluding an elevated N@yer at a fixed altitude
in the free troposphere. An ensemble technique is applied to
derive retrieval uncertainties. 1
Sensitivity studies demonstrate that N{D the free tro-
posphere can only be retrieved accurately if: (i) the retrieved1.1  Background and motivation
boundary layer profiles for aerosols and N€rrespond to
the real ones, (ii) if the right a-priori choice is made for Nitrogen dioxide (NQ) is an atmospheric constituent worth
the (average) height of free tropospheric N@nd (iii) if monitoring for several reasons: it is an indicator for high
all other error sources are very low. It is shown that re-temperature combustion processes (traffic, power plants),
trieval models that are capable of accurateoN€rievals in+ and therefore an indicator of air pollution caused by anthro-
the free troposphere, i.e. models not constrained too muclpogenic activities; it plays an important role in atmospheric
by a-priori assumptions, have as a major disadvantage thathemistry, both in the stratosphere (ozone destruction), and
they will frequently find free tropospheric NQalso when in the troposphere (ozone formation), seeutzen(1970;
it is not present in reality. This is a consequence of the factit is involved in aerosol formationGhan et al. 2010, and
that NG in the free troposphere is poorly constrained by thetherefore indirectly affects the global radiation budggtif-
MAX-DOAS observations, especially for high aerosol opti- dell et al, 2009.
cal thickness values in the boundary layer. Retrieval of free NO, is monitored worldwide in national observation net-
tropospheric N@ is therefore sensitive to a large number of works of in-situ monitors (mostly NO= NO + NG), often
error sources. For this reason it is advised to firmly constrairboth in urban and in rural regions. Since the last decade,
free tropospheric N@in MAX-DOAS retrieval models used NO; is also monitored from space (total, stratospheric and
tropospheric N@ columns) by satellite instruments, namely
GOME (Richter and Burrow2002, SCIAMACHY (Blond
Correspondence toT. Viemmix et al, 2007, OMI (Boersma et a).2011) and GOME-2
BY (vVliemmix@knmi.nl)

(Richter et al. 2011). Whereas in-situ measurements have
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the advantage of being specific to the air that is inhalated byWagner et al.2004 Friel3 et al. 2009, the retrieval algo-
humans, space borne observations have the advantage of otithm is designed to simultaneously retrieve an aerosol ex-
serving not only NQ at the surface, but the entire vertical tinction and an N@ profile.
NO, column. Although the first quantity is more directly
related to the effect of N@on human health, the second 1.2 Profile retrievals with MAX-DOAS
quantity is more relevant for studies of transport and trends
in NO, abundancesRichter et al, 2005 van der A et al. The retrieval of vertical profiles of aerosols and trace gases
2008. Observations from space have the additional advanfrom ground based MAX-DOAS observations is a typical ex-
tage of global coverage (depending on the satellite orbit) withample of an ill-posed inversion problem: a problem where
only a single instrument, making studies of regional transportthe information contained in the observations is too limited
and trend studies of NgDabundances much less dependentto identify a unique solution, which — in this application —
on instrumental and calibration differences between nationawould be a vertical profile defined at some vertical resolu-
in-situ monitoring networks. tion. The profiling potential of MAX-DOAS observations
Validation of tropospheric N@column observations from comes from the differences in the vertical sensitivity of the
space is challenging as it demands a measurement techniq@éfferent viewing elevations. The information content of the
that is sensitive to the same spatial domain (vertical and horMAX-DOAS observations is however limited due to the fact
izontal) as the satellite observatioBrinksma et al. 2008 that the vertical sensitivity functions for different elevations
Hains et al. 2010. This requirement makes a comparison (i) all peak at the same altitude, namely the surface, (i) are
with in-situ surface observations problematic: surface ob-relatively broad, and (jii) decrease with altitude in a mu-
servations in principle apply solely to one location at the tual similar manner (see Fid. and Sect3.1). The sensi-
surface, and can only be extended into the vertical (e.g. divity functions are thus by no means orthogonal with respect
boundary layer column) if information on the boundary layer to one another, especially above 1-2km (depending on the
height is available from other measurement techniques and ierosol extinction in the boundary layer).
an NG profile shape is assumed within the boundary layer As a consequence, the potential of any profile retrieval al-
(e.g. homogeneous mixing), sBeersma et al(2009. The  gorithm based (solely) on MAX-DOAS observations is lim-
NO, profile shape is not routinely monitored. A new devel- ited to only a few (2-5) degrees of freedom to describe
opment which would enable this in the future is the moni- the vertical distribution of aerosols or trace gases (&
toring of NO, from radiosondesHluis et al, 201Q. This et al, 200§. Under realistic conditions values above three
technique is currently under development and is not as welRre rarely encountered (see es¢gmer et al.201Q and Sect.
established nor as widely used as that for e.g. ozone. 4 and5 below). Despite this limitation, it is important to
Another candidate for validation of tropospheric NO derive such “profiles”, since any additional profile informa-
columns derived from space borne observations is the MAX-tion could improve both the retrieval accuracy of the tropo-
DOAS technique which is based on spectral analysis ofspheric columns and the validity of inter-comparisons with
scattered sunlight (UV/VIS) measured from the surface atother measurement techniques such as space-borne observa-
multiple angles in the vertical plane (elevations), see e.gtions and lidar.
Honninger et al(2004 and Wittrock et al.(2004. MAX- Until now, several approaches have been reported in the
DOAS instruments can be used to retrieve many trace gasdgerature, describing retrieval algorithms to derive aerosol
and aerosolslife et al, 2011), are relatively low-cost, can and/or NQ profile information from MAX-DOAS observa-
run autonomously and therefore are a suitable candidate fations. Some of them have their strength in relative simplic-
global monitoring networks. MAX-DOAS observations can ity (e.g. Sinreich et al.2005 Li et al., 2010. Others (e.g.
be used to derive tropospheric MGolumns by using multi-  Frief? et al. 20086 Irie et al, 20083 Clémer et al.2010 are
ple elevations (e.cRikelnaya et a).2007% Irie et al, 2008b  based on the more sophisticated optimal estimation formal-
andVlemmix et al, 2010, and its zenith sky measurements ism described irRodgers(2000. Retrieval algorithms de-
can be used for stratospheric Netrieval Pommereau and signed according to the optimal estimation method not only
Goutail 1988 Hendrick et al. 2004 and Vandaele et al.  find solutions (e.g. vertical profiles), but distinguish them-
20095. selves by the diagnostic information that accompanies this
This paper describes the development of a retrieval algosolution (averaging kernel, error estimates). Those diagnos-
rithm to derive the tropospheric NQprofile from MAX- tics are important in many contexts: validation, assimilation,
DOAS measurements. This is not only relevant to enhanceusing the data to derive climatologies, and so on.
the accuracy of the MAX-DOAS tropospheric N@olumn Here we use the following approach: a simple profile
retrieval, but also to improve the comparison with satellite re-parametrization that gives a first order description of typi-
trievals for which the unknown vertical distribution of NG cal vertical distributions of aerosols and BlGhamely well
one of the main sources of uncertainBogersma et al2004). mixed layers starting at the surface, with possibly an addi-
Since it is well known that MAX-DOAS N@measurements tional elevated layer. Because of the low number of inde-
have a strong dependence on the aerosol extinction profilpendent pieces of information contained in the MAX-DOAS
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Fig. 1. Height dependent sensitivity to NGheight-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 0-1.5km and
(i) a relatively high amount of aerosols (AOT =0.5) in a boundary layer with a vertical extent from 0-0.5km. S2ZAAZBOI=180°,
A=477nm.

measurements, such a conservative approach is expected spectral resolution (typically well below 1 nm). After the raw
be less sensitive to unrealistic solutions, e.g. strong oscillaspectra are corrected for electronic effects (e.g. as described
tions in the retrieved profile, than a retrieval based on manyin Vlemmix et al, 2010, the DOAS methodRlatt and Stutz
vertical layers. 2008 is applied to the corrected spectré.) in order to de-

Our approach builds on the method describediiet al. rive “differential slant columns’ANS (S refers to “slant”)
(2010. Their MAX-DOAS retrieval of aerosol extinction for the various absorbers present in the spectral window of
profiles is based on simple aerosol block-profile parametrizainterest.
tions and a least-squares minimization strategy, and showed The essence of the DOAS approach lies in the separa-
good agreement with surface aerosol extinction measuretion of fine scale spectral differential absorption structures
ments performed in China. We propose to extend this ap-Ag; () — that uniquely characterize absorbers — from broad
proach to a combined aerosol and Nfatrieval (similar to  band absorption and scattering effects (Rayleigh and Mie
e.g.Sinreich et al.2005andWagner et a].2011). We study  scattering, and broad band part of trace gas absorption cross
the feasibility of retrieving N@ above the boundary layer, sections). The differential slant column of each of the
by including in the retrieval model a second p@yer at a  trace gases in the selected spectral window is found using
fixed altitude in the free troposphere. The same is done fothe DOAS equation:
aerosols. Additional diagnostic information (error estimate, "
goodness of fit) is determined using an ensemble techniqugh[ I()‘)_] = _ZAUi (MWANS+P (L) (1)
that is described in Sec3.3. In Sect. 4.4it is discussed to Iret(2) = ' '
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

whereP (1) denotes a low order polynomial (order 2-5) that
_accounts for the broad band effects. The above equation is
numerically solved foﬂNiS andP (1) using a fitting routine

eral scope. VI ; .
P minimizing the differences between both sides of the equa-
tion.
2 MAX-DOAS measurements and uncertainties In this work, the DOAS analysis is applied to mea-

surements with a Mini MAX-DOAS instrument (Hoffmann
The MAX-DOAS measurement technique has been de-GmbH, Germany), performed during the CINDI campaign
scribed in detail in e.gdonninger et al(2004 andWittrock (Sect.5). This instrument is equipped with an Ocean Optics
et al.(2004 and will be described here only shortly. USB2000+ spectrometer which has a linear CCD detector
Ground based MAX-DOAS observations consist of spec-with 2048 pixels and covers a wavelength range from 400
tral UV and/or VIS observations of scattered sunlight at var-to 600 nm. The spectral resolution is approximately 0.9 nm.
ious elevationsy within the vertical plane. The raw mea- The DOAS fit was performed using the Qdoas software pack-
surements of MAX-DOAS instruments have arelatively high 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 agtions are first put on the same time grid, using linear inter-

a reference I[°%% = Irer). Apart from NG (295K, Van- polation between the times of measurement. Subsequently a

daele et al.1996 and O (296 K, Herman$ the following one-hour running averag@& (" =1 hr) is applied to the mea-

absorbers were fitted: {§223 K,Bogumil et al, 2003, H,O surements, yieldingxﬁﬁ(t). Variations of the raw measure-

(Vandaele et al2005, along with a Ring spectrunChance  ments with respect to these averaged measurements are used

and Spurr1997, and a third order polynomial. We used the to determine the RMS.

viewing elevations 2 4°, 8°, 16°, 30° and 90 (reference).
This selection of viewing elevations is chosen to find a =+ s g 12

balance between on the one hand a sufficiently small totaf* (1) = Ev/t;g [ANE () — AN D] dt ©)

integration time needed for the scan of one vertical profile, :

which is important to prevent errors due to changing atmo- This procedure yields a measure for uncertainty that is
spheric conditions, and on the other hand to make optimagenerally larger than if the uncertainty estimate would be
use of the differences in vertical sensitivity of the various el- pased on the residual of the DOAS fit and combined with the
evations (Fig.1). This difference is largest for the smallest uncertainty estimates of the N@ross section and the ver-
viewing elevations. The set of elevations is comparable to theical temperature profile, although the latter approach would
set used irClemer et al.201Q but with only one instead of  give a more accurate uncertainty estimate for individual dif-
three elevations betweefi 8nd 30, since itis shown in Fig.  ferential slant column observations. From the perspective of
1 that these elevations have a quite similar (flat) vertical seniNO, and aerosol profile retrieval, this alternative uncertainty
sitivity. The highest elevation is needed to put a constraint onestimate is however not representative since it applies to an
the tropospheric N@column (this elevation is almost insen- observation at one moment in time, whereas the measure-
sitive to the vertical profile shape), the lowest elevations con-ments at other viewing angles are taken at another moment
tain most information with respect to the the aerosol and NO in time, several minutes earlier or later, thus for changed at-
profile shapes. Although an observationdot 1° could im-  mospheric conditions. The uncertainty estimate defined in
prove the profiling potential even more (see Fig. 5in Wagner,Eq. 3 and used in Eqsl1 and12 focuses on the precision of
2011) it was decided not to use this elevation, firstly becausgneasurements given the variations in time.

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 3 Retrieval algorithm

the instrument alignment. This affects both the aerosol and )

NO retrieval step of the algorithm. For the set of elevations3-1  Retrieval model

used in this study, the elevation viewing angle accuracy need
to be highest for the®2elevation: 03° or better.

As there can be many changes in the atmosphere in th
time between the observation of each individual spectrum _ |ower NO;, layer, indicated by N1: from the surface to
and the noon reference spectrum (due to atmospheric dynam-  height Hy1 with partial NG column Ny and constant
ics, chemistry and the changing position of the sun), thereis  yolume mixing ratio in the layer,
little to no meaning in the differential slant columns acquired
with this procedure (denoted belowAsVS-"°" . Therefore, — Lower aerosol layer, indicated by Al: a layer from the
the so-called “instantaneous” differential slant column$ surface to heighti1 with partial aerosol optical thick-
is derived, which does not have this deficiency. Itis acquired ~ Nessta1 and constant extinction coefficient in the layer,

K . . . S,noon
:)y Sut?]tr?}_'fng th: Izelmtr: dn‘lferentlztal flan:.ciuﬁnr{aﬂo"l — Upper NQ layer (optional), indicated by N2: from 3.0
romtnhe difterential siant column at elevatiarboth finearly to 3.5 km altitude containing partial N@olumnNy2

interpolated to the same time of observatigy): (

AT

The retrieval algorithm is based on a conceptual atmospheric
(ranodel (see Fig2) consisting of:

g < noon S noon — Upper aerosol layer (optional), indicated by A2: from
AN, (10) = AN, " (o) = AN, g (f0). (2) 3.0 to 3.5 km altitude with partial aerosol optical thick-

. . . NEesST42.
Throughout this work, we will make use of these instan- A2

taneous differential slant columns, and refer to them as dif- The two upper layers are optional: in Settwe will as-
ferential slant columns or simply as the (MAX-DOAS) mea- sess the use of the two optional upper layers by studying the
surements. behavior of the retrieval algorithm including and excluding
An estimate of the measurement uncertaintiorms an  each of the two layers. The retrieval algorithm thus has 2
important ingredient in the retrieval algorithm described be-or 3 free parameters describing the aerosol extinction profile,
low. It is determined for each measurement parametemnd 2 or 3 free parameters describing theN@file.
(ANof’O“, ANaS’NO2 and I,;e') from its temporal variations. The choice for this parametrization, or conceptual model,
Measurement time series of the various parameters and elés based on (1) the fact that tropospheric N® most often
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high AOT, that the retrieval algorithm would put part of the
A Symbols NOin N2, NO, thatis in reality located in the highest part of

NO, layer 1 N1 N1. The second N@layer should therefore be interpreted as
* Partial Column Ny; “ . . .
354 B H, the partla_l NG cqur_nn_ above ap_promr_nately 1 km, with un-
A2 N2 known altitude”. This interpretation will be consistent with
io NO, layer 2 2 other retrievals based on alternative parametrizations for the
£ o Periikd) @l Ny, free troposphere. If, for example, another vertical extent
%‘ would have been chosen for the elevated layer, e.g. 2.5 in-
= erosalia et Al stead of 0.5 km, but with the same average height (3.25 km),
'g Al « Part. Opt. Thickness 7, then retrievals will appear different in plots (see e.g. EB),
N1 * Height Has but the integrated amount of NGn the second layerNy2)
> would be approximately the same. Thus whereas the visual
Amount Aerosol layer 2 A2 impact of other parametrizations can be high, in essence the
* Part. Opt. Thickness  7,, changes may be mostly cosmetic. In SekB.2it is dis-

cussed if it is feasible to add a fourth free parameter for the

Fig. 2. Schematic description of the aerosol and Nfrofile avzﬁge hﬁlgﬂt of the elevatgd Iager. d height-d d
parametrization of the MAX-DOAS retrieval model used in this though the argumentation based on height-dependent

work. The conceptual model consists of an aerosol layer (A1) andS€NSitivity to NG does not equally apply to aerosols — the
a NO, layer (N1), which both go from the surface to a variable altitude of which may be expected to have a more noticeable

height, optionally extended with one or two second layers: A2 andeffect on Q measurements — it was chosen to put a second

N2, placed at a fixed altitude (3—-3.5km). The retrieval model thusaerosol layer at the same fixed altitude, and to study the effect

has a minimum of four and a maximum of six free parameters. Theof this choice in the sensitivity study.

use of the two optional layers (A2 and N2) is studied in Séct. In order to separate the different versions of the retrieval

model, we use the following names:iglfor the basic model

tound in the boundarv | iallv in the vicinity of pol with only the layers Al and N1, ﬂfor the model including

ound in the boundary layer, especially in the vicinity of pol- .

uti but y yl b P y t hiah Y thpf also the second Nflayer N2, and I\ég1 for the model with

ution sources, but may aiso be present higher up in the fregy NQ layer and two aerosol layers. The latter model is

tr_o_pp;phere, and (2) on the specific aIt|t_ude dependent.serb—nly used in sensitivity study E (Se.3.1). Based on the

IS:'.“VTeS to NQ; of the MAX-DOAS technique, as shown in conclusion of sensitivity study E, it was decided not to use
9. , _ the models M7 and MBT in the application to real measure-
This figure shows the elevation- and altitude-dependent, s

differential air mass factors of NO which may be inter- Apart from the six primary retrieval parameters, described

preted as the vertlczja_l]!fsensmvllty t‘? N@f the Mf‘X'D;:AS above, there are four other “derived” parameters that will fre-
measurements at different elevations (see also Se&z1). quently be referred to in this work:

Our interpretation of this figure is that the potential of MAX-

DOAS to discriminate between NGat different altitudes is — total tropospheric N@column: N7, = Ny1+ Ny2
limited to roughly the lowest kilometer of the atmosphere

(depending on the aerosol extinction profile), and for thisrea- — total AOT: ot =141+ Ta2

son we parametrized our profile with a lower Ni@yer (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 secondbNO
layer. We therefore decided to locate the second “free tropo- The calculation of the average N@olume mixing ratio
spheric” model layer, quite arbitrarily, at 3-3.5km altitude, depends on the temperature and pressure profile for which
i.e. somewhere in the range where the sensitivity functionsye use US standard profile shapes scaled with the surface

are parallel. It should be noted here that the SenSitiVity fUnC'temperature and pressure at the time of the measurement.
tions already indicate that it is very difficult to determine the

actual height of an elevated N@ayer above a certain height 3.2 Forward modeling

(approximately 2 km for low AOT, and approximately 1 km

for a high AOT, see Figl). As a consequence, one should be The plane parallel multiple scattering radiative transfer
careful to interpret N@retrieved in the second layer as free model DAK (Doubling-Adding KNMI, seeéDe Haan et aJ.
tropospheric NQ@. If, for example, the true N@layer would 1987 Stammes et gl1989 andStammes2001) was used to
extend from 0 to 2 km, then it is conceivable, especially for simulate measurements corresponding to model states. The

— average aerosol extinction of Alks1 = ta1/Ha1
[km=]

— average NQ@ volume mixing ratio within N1: X1
[ppb], derived fromNy1 and Hy1

www.atmos-meas-tech.net/4/2659/2011/ Atmos. Meas. Tech., 4, 26892011
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layer height grid used in the DAK radiative transfer simula- Note that it is demonstrated Friel3 et al. 2006 that com-
tions is defined as follows: 25 layers of 1 km from 0-25 km bination of four wavelength bands (360, 477, 577, 630 nm)
altitude, followed by 10 layers of 2.5 km vertical extent be- leads for aerosol extinction retrievals to one additional piece
tween 25 and 50 km, and finally 10 layers of 5 km between 500f information compared to a single wavelength approach. It
and 100 km. For forward simulations additional intermediatedepends on the wavelength range of the instrument used if
layers were defined. For example, the S-shape parametrizahis can be realized.
tion was realized using 7 sub-layers. Ozone was not included The disadvantage of the choice for a single wavelength is
in the forward simulations since the ozone layer has almosthat the wavelength dependence of the air mass factor, within
no influence on the differential slant N@olumns deter- the spectral window that is used for the DOAS analysis of the
mined with the (simultaneous) zenith observation as a refmeasurements, is not taken into account. However, since (a)
erence, especially at 477 nm. For N@®stratospheric profile  the variation of the air mass factor within the fitting window
was assumed as defined by the U.S. standard mid-latitud&25-490 nm) is relatively smalk2 %), and (b) the selected
summer profileAnderson et a).1986. The forward simula-  wavelength is not on one of the extremes of the fitting win-
tions accounted for the absorption cross section temperaturgow, errors introduced by using single wavelength simula-
dependence of N tions are small compared to other sources of uncertainty.
There are three types of simulated measurements con- The value of the single scattering albedo and asymmetry
tained in the look-up tables (see SeBt2.1): differential  parameter of aerosols, namely 0.90 and 0.72 respectively,
slant NG columns, differential slant Pcolumns, and rel-  are also fixed. The choice for the values is based on an av-
ative intensities, for which we use the symbalsvS:N®2,  erage of AERONET observations in Cabauw (the Nether-
ANS-O4, and 1" respectively (S refers to slant). The slant lands) on blue sky days throughout the years 2007—2009.
columns of absorber (either NG or Oq4) for elevation are  For the entire period of three years (not only blue sky days)

simulated for a single wavelength according to: the AERONET level 1.5 product faxr = 440 nm shows an
abs average of ¥2+0.03 for the asymmetry parameter and
In(’;—o) 0.92+0.06 for the single scattering albedo. The impact on
No‘? R (4) the MAX-DOAS retrievals of errors in these parameters (see

Oabs e.g. Vlemmix et al, 2010 is relatively small compared to

where? is the simulated sky radiance without the absorberother sources of uncertainty, see Séct.
and’2°sis the simulated sky radiance with the absorbess

denotes the absorption cross section of the absorber of inteB-2.2  Temperature effects

est. Thedifferentialslant column is subsequently calculated

according to: Absorption of sunlight by N@ and Q is temperature de-
pendent (see e.§yandaele et al.1998andGreenblatt et al.
AN‘f»abSZ N(fﬁabS_ Ngéfbs_ (5) 1990. For NQ;, this is a consequence of the temperature de-
pendency of the absorption cross section, faritds due to
Relative intensities are defined as: the relation between temperature (and pressure) and the num-
I ber density of (oxygen) molecules, as described by the ideal
Ior[el =— (6) gas law, and to the temperature dependence of the absorption

Ioo . . i :
o cross section of Qitself. Since measurements and simula-

3.2.1 Look-up tables tions of the differential slant column densities are combined
in the cost function of the retrieval algorithm (see S&c3),

Look-up tables of differential slant NOcolumns, differen- it is important to have a consistent approach that accounts

tial slant @ columns and relative intensities were generatedfor temperature effects on both. The temperature correction

for each value of the parameters in TalhleThe number of  applied in this work is different for N@and Q, as will be

values of each parameter is limited, often because of practidescribed below.

cal limitations of disk storage and computation time. Given The correction for N@ consists of two parts: firstly to de-

these limitations, it is essential to use a non-equidistant gridermine the effective N@temperature, and secondly to de-

for several parameters, such as the height of the s rive two correction factors: one for the simulations and one

aerosol layers, the aerosol optical thickness, the elevation anfbr the measurements, see below. The effective Mthper-

solar zenith angle. The range for the AOT is chosen to be reature is calculated as follows:

alistic for the Netherlands. Depending on the measurement o

site, it may be needed to extend this range. T () — 22: T'Amg, (V) Ny;
Simulations are performed for a single wavelength: "¢ Ami, (V) Ny;

477 nm. This wavelength falls within the absorption spec-

trum of NOy, but was primarily selected because it coincideswherei =1 corresponds to the lowest Nayer, andi =2

with a local maximum of the absorption cross section @f O to the second N®layer. ¥ refers to the dependency on the

: @)

i=1
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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 N@olumns, differential slant pcolumns, 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 .90

asymmetry parameter ¢

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 temperaturéC] 0,25

surface pressure [hPa] 9430

partial aerosol opt. thickness A1 .000.05,0.1,0.15,0.2,0.3,0.4,1.0

partial aerosol opt. thickness A2 .000.05,0.1,0.2,0.4,1.0

partial trop. NG col. N1 [10"°moleccm?] 1,60
partial trop. NG col. N2 [10"°moleccnt?] 0,60
height of A1 [km] Q05,0.1,0.2,0.4,0.8,1.6,2.4
height of N1 [km] 005,0.1,0.2,0.4,0.8,1.6,2.4

model parameter&ly1, Ha1, T41 and a2 and to the posi-
tion of the sun relative to the instrument viewing direction.

Measurements: Add Noise

. . ) . * NO, Differential Slant Columns Create 200 measurement
Ny is the partial vertical N@ column, andT' the (aver- + 0, Differential Slant Columns samples using artificial
age) layer temperatureAm!, (¥) denotes the elevation and Se‘:}‘:':l“:‘l’;'s"tffd’;sg')“ (only in fhae“Zj:j;‘r:;:fy' Scaled with
height-dependent differential air mass factor (elevation de- each measurement
pendent vertical sensitivity to N{pwhich was calculated ac- Viswinglelevations: 27, 51671167.130;
cording to:
Aerosol Retrieval
. e iteration 1: based on a-priori NO, profile
A i (\IJ) AN&S"NOZ’H_ (lIJ) — AN&S’NOZ'rEf(\P) (8) * iteration 2: based on NO, profilezretrieved in first iteration
mg, = ,

NV,i+_NV,ref

NO, Retrieval
¢ iteration 1: based on aerosol profile retrieved in first iteration
o jiteration 2: based on aerosol profile retrieved in second iteration

by adding NQ to layeri (indicated by +"), relative to a
background NQ@ profile (indicated by “ref”). NV denotes
the total vertical N@ column.

The elevation dependence of the effective Nl®mpera- Retrieval Result
ture is a consequence of the elevation dependencrof e Tt e e S D
T! is determined USing a US standard mid-latitude summel o Retrieval uncertainty range for each model and derived parameter
temperature profile scaled with the observed surface tempel - Distribution of 72 values
atures to have a close correspondence to the real atmosphere
at the time of the MAX-DOAS observation. Fig. 3. Schematic of the tropospheric aerosol and-N@etrieval

To account for the differences between the actual effec-algorithm. This algorithm is used both in the sensitivity study (using
tive NO, temperature and the fixed temperatures used in theimulated measurements) and in the analysis of measurements taken
look-up table simulations and in the DOAS fitting proce- during the CINDI campaign.
dure, two temperature correction factors are derive bs
and 9. The first corrects theimulateddifferential slant
NO_ columns that were calculated for a fixed N€¥oss sec-
tion temperature (7L yT), See Tabldl. The second corrects
the measuredlifferential slant NQ columns that were de-
rived from a DOAS fit based on an NQ@ross section ata aps_ @ (TLUT) ©)
fixed temperature (Tft) (295 K). Note that these correction ¢ o (Tef)
factors do not compensate since the part of the measurement
error induced by assuming a wrong temperature in the DOAS
fitis related to the temperature dependency oflifferential aii Ao (Thit)
cross section, whereas the error in the simulated differential™® ~— Ag (Togff) '

slant NG columns is related to the temperature dependency
of the cross section itself (see F&).
C35sjs calculated at 477 nm according to:

CUif js calculated as:

(10)
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andC9 are frequently determined for the wrong A@ro-
file shape. This effect is included in the results reported in
the sensitivity studies in Seet.
As noted above, the absorption due tpi®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-
g ] perature and pressure profile is scaled. Linear interpolation
20F ol lo is applied between those surface temperatures and pressures
E ] to obtain the simulated Smeasurements.

3.3 Inversion

NO, absorption cross section [107%° c¢m?/molecule]

455 460 465 470 475 480 The inversion step of the retrieval algorithm (F8).is based

wavelength [nm] on two successive least-squares minimizations: first the
aerosol parameters are retrieved and then the p#dame-
ters. As the aerosol retrieval is not completely independent of

Fig. 4. NO» cross section spectrum at two different tempera-

tures Vandaele et al.1998. The figure illustrates that a change . .
in effective NG temperature (see Se@.2.2 leads to a relative the NG, retrieval, due to the broad band absorption byNO

change in thelifferentialcross section4 o), used in the DOAS fit- which is more pronoqnced a,t small eIevatlon's, an iteration s
ting, that is larger than the relative change of the cross section itselfP€rformed afte_r the first r_etrleval, where an |mproved_ guess
plied to the measured differential slant N€olumns, since they are  vValue used for N@in the first step of the algorithm (aerosol
derived from a DOAS fit performed with an NGross section of  retrieval) is: Ny1=15x 10 molec cnm?, Hy1=0.4km. The
295K. A correction of simulated measurements (that are calculatednitial aerosol extinction state is41=0.5 andH41=0.4 km.
in the look-up table for only two values of the surface temperature|n the subsequent NfOretrieval, the first guess for NGs:
(Sect.3.2.1)) is based on the temperature dependeney.of Ny1=30x 10*® molec cnt2 and Hy1=0.4 km.

The cost functions that are minimized, are:

— 2 —_

using an average of several local maxima and minima ofthe , < fic- ANS%* — ANS e —1re ? 11
NO; cross section in the DOAS spectral fitting window, one Xaero™ ; O + 7(5@ (11).
of which is indicated in Fig4. In a typical situation where N ’ ' optional
7" =283 K andTy = TLut =298 K, we haveC3”=1.02  and
andC9™ =0.92. -

Note that the mostimportant aspect of the temperature cor- ,, S [ cdt. ANy N2 cabs. AN NO2
rection is the use of the independent observations of the suNo, = Z NO2 ' (12)

i=1 o

face temperature. This allows a first order temperature cor-

rection, based on an assumed vertical profile shape. The tengherec to denotes the measurement uncertainty, see 3ect.
perature correction factors are most accurate for cases Whefhe indexi is used to number the viewing elevations:=

the real NQ profile is adequately described by the N@0- (20 40 8° 16° 30°}. Simulated measurements are indicated
fll_e_ parametrization in the r_etr_|eval model, and where in ad-\yith a hat. fsc is an empirically determined scaling factor
dition the temperature profile is comparable to the U.S. stantsee below). The added value of relative intensities, the sec-
dard profile scaled with the surface temperature. The effecgq part of the aerosol cost function, is studied in Séct.

of an error in the temperature profile has been tested (for the The numerical minimization process of the two cost func-
same settings as in sensitivity study F), and it was found thaions is performed with the Nelder-Mead method, also known
if the temperature of the Nlayer at 3-3.5 km is estimated 55 downhill simplex method\elder and Mead1965. This
wrong by 10C, then the error on the partial N@olumnre-  gigorithm is fast and does not require derivatives. Each it-
trieved for this layer §/v2) is about 1%. This indicates that eration of this algorithm requires a multidimensional linear
the errors due to the assumed temperature profile shape Af&erpolation within the domain of the look-up table in or-

small compared to the uncertainties in theNiofile shape.  ger o calculate simulated measurements corresponding to a
However, errors in the profile retrieval due to a wrong tem- artain model state.

perature profile assumption are generally higher than that,
due to the fact that the temperature correction fac@#®
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Fig. 5. Examples of the ensemble of 200 retrievals of theoN&Yyer height (left) and of the Novolume mixing ratio (right). Note that the

right plot has a logarithmic scale on the y-axis. This example demonstrates that although the ensemble average andARgdéiffieof

by only a small amount (4 %), which indicates that the distributiof/gf; is almost symmetric, the corresponding ensembl& pf can be

highly asymmetric, and consequently have a large difference between median and average (42 %). For this reason, the median is used for th
volume mixing ratio, see also Fig.

The empirical scaling factorfsc was first reported by
Clémer et al(2010, also used irZieger et al.(2011), and
found to have the approximate value o0 Clemer et
al. found that measured differential slant €@olumns had

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-

such high values that they could not be simulated with theironds for 200 runs. For a typical day with 12 hours of obser-
model. This difference could not be due to aerosols, since the@ation, with an analysis for each half hour, the total analysis
measurements were done for conditions with low aerosol optime would be 6 minutes. Although more runs would lead
tical thickness (AOT< 0.1) whereas aerosols generally de- to a more accurate distribution for each retrieval parameter,
crease the differential slants@olumns. We did a similar tests have shown that the average and extremes of the dis-
study as Gmer et al., using a different radiative transfer tribution are almost unaffected by increasing the number of
model and instrument, and found the same result. The orirepetitions to 2000. For fewer runs (e.g. 20), these values
gin of the discrepancy is still unknown. become unstable.

An important aspect of our retrieval algorithm is the use An advantage of the ensemble based procedure is that it
of multiple runs (200) of the inversion to create an ensembletakes into account the propagation of the uncertainty in the
of retrieval outcomes. In each new run, we provide the inver-aerosol retrieval to the uncertainty in the N@trieval in a
sion algorithm with a slightly different set of measurements natural manner, because each of the 200 individuaj MO
(NO2 and  differential slant columns, each at five eleva- trievals follows a different aerosol retrieval. Another benefit
tions) that are created from the original set of measurementds that the same method to determine the uncertainty can be
but changed within their estimated uncertainty range usingused for normal and derived parameters (S8cf). Each
artificially generated Gaussian noise. The perturbations arelerived parameter is determined from two “normal” param-
independent for each elevation and for each parameter. Theters. Because normal parameters are not fully independent,
final aerosol and N@solutions, after 200 steps, are defined their uncertainties cannot simply be combined according to
by the average aerosol and B odel parameters within the standard rules for error calculation applicable to independent
ensemble of retrieval outcomes. Only for the volume mix- parameters. For example: the two partial N@lumns in the
ing ratio (Xy1) and the aerosol extinctiork (1), which are  double NQ layer retrieval model ¥ y1 and Ny2) may both
“derived parameters”, and not directly fitted (Se8tl), the have relatively large uncertainty, whereas their st,{ is
ensemble median is used instead of the ensemble averagless uncertain.

The reason for this is that their distributions are frequently A third advantage of the ensemble approach is that it yields
asymmetric due to the fact that they are proportional to thea distribution ofy 2 values for both the aerosol and for NO
reciprocal ofHy1 and H 41 respectively. The skewness is es- retrieval. Values of2 obtained for individual runs cannot be
pecially large ifH is low, and if in addition the uncertainty used to judge the appropriateness of the retrieval model, be-
in H is high, as illustrated in Figs. The uncertainty range cause measurement uncertainty may lead to sometimes high
of each model parameter, and each derived parameter (e.g.)& values, even for an appropriate model. However, the
sum or ratio of model parameters) is determined from theensemble median of the reducgd (x2,,egiad. Pased on
lower and upper boundaries of the middle 90 % of the re-200 runs, is a more reliable quantity from which to judge
trieval ensemble for that derived parameter, i.e. the extreméhe appropriateness of the retrieval model. Note that “re-
values on each side of the distribution are discarded. Theluced”, denoted withy, 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 variaBjes, Sa1, Hy2, andH 42, have fixed values in the retrieval models, but are

varied in the simulation of measurements for this sensitivity study. All partigl biilumns (V1 andNy») are given in 166 molec cnt2

and all heights are given in km.

Ny1 Ny2  Hy1 Hyo Sn1 tA1l Ta2 Hag Hypo Si1 noise retr. models
A 2 0 00523 na 1 02 0 08 na. 1 0-15% ]QlMig
B 2 0 08 na. 1 02 000523 na 1 0-15% r\ig, M%g
C 2 0 05 na. 1 02 0 05 na 0-2 0% M, M%g
D 2 0 05 na. 0-2 02 0 05 na. 1 0% %Q,M%g
E 15 0 06 na. 1 02 02 06 00520 1 0% MDY M%g
F 0 1 na 00520 1 02 0 06 na. 1 0-15% ig,lvllg

Table 3. Comparison of N@ 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 independen
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 Fitf).

Retrieval Model Correlation  Av. x [ppb] Av. y[ppb] Av. Diff. [ppb] Slope Intercept [ppb]
one NG layer Q75 469 385 -0.84 114 —-151
two NO, layers 080 469 477 007 131 —-1.39
selection based o;a,%oz 0.79 4.69 473 004 131 -1.43
(averaged) one Nlayer Q93 466 382 -0.85 083 -0.07
(averaged) two N@layers 094 466 475 010 110 -0.34
(averaged) selection based)(,ﬁbz 0.94 466 470 004 109 —0.36

number of degrees of freedom, i.e. a division by the num-study the effect of noise. In sensitivity studies C and D we

ber of independent observations (differential slant columns aperform tests to see the effect on the retrieval accuracy of in-

five elevations) minus the number of model parameters (twchomogeneous mixing of Nfand aerosols in the lowest lay-

or three, depending on the model version). ers, whereas homogeneous mixing is assumed in the retrieval
If the value ofxvz_medianwithin the ensemble is much larger model. Finally we test the sensitivity to elevated layers of

than 1, then it is likely that the retrieval model is not appro- aerosols (sensitivity study E), including the role of relative

priate. This would be the case, for example, if there wasintensities in the cost function, and study how effective the

mostly free tropospheric NDpresent when measurements algorithm retrieves elevated NQayers (sensitivity study F).

were made, and retrieval modeEllg/lNithout the second N®

layer would be used. The relation between the appropriate- In most sensitivity studies below, just one aerosol layer

ness of the model and the value;qimedianis illustrated in ~ was used in the retrieval models ﬂ{l Mfg), only in the

the next section. For simplicity we will use the notatbq%bz study of elevated aerosol layers a second aerosol layer was

2 ; ; ; added to the retrieval model ng All sensitivity studies
or in the remainder of this work, meanlr)g2 : ) :
Kaer ) smedianNOz  \vere done for a solar zenith angle of°4@nd a relative az-
andy;” 1edianaerosol F€SPECtively.

imuth angle of 180, which is representative for summer time
measurements with an instrument located in the Netherlands,
4 Sensitivity study looking towards the North. The dependence on the solar po-

sition is not further studied. It may however be expected that
In this section we test the behavior of the algorithm in six this geometry is relative advantageous to determine aerosol
situations (indicated with the capitals A-F), see Fgand  extinction and NQ profile characteristics because retrievals
Table2. Firstly, the algorithm is tested with simulated mea- for a relatively small relative azimuth angle: 60°) would
surements that are calculated for atmospheric states that elee more challenging due to the increased sensitivity to the
actly match the model, i.e. homogeneously mixed,N@d ~ aerosol phase function, which is fixed in our approach.
aerosol layers (sensitivity studies A and B). Here we also
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The results are shown in Fig. The top row shows rela-
tively accurate retrievals for the one N@yer model (I\fig ,
of the NO layer height, tropospheric NGcolumn and NQ
mixing ratio. Increasing the level of Gaussian noise slightly
affects the ensemble average of the tropospherig i@k
umn retrieval, leads to a small systematic underestimation of
the NG, layer height and an overestimation of the Nl-
ume mixing ratio, which would be large for the highest noise
levels if the correction that is discussed in S&c8 would
not have been applied.

The effect of noise (measurement uncertainty) is some-
what more complicated in the two NQayer model (2nd
row of Fig. 7). Higher noise levels not only lead to larger
overestimation of the N®volume mixing ratio than in the
single layer model, but also to a false distribution of the;NO
between the two layers: elevated N retrieved in N2, al-
though the true N@profile in the sensitivity study does not
include NGQ above the BL. This leads to small overestima-
tion of the tropospheric N©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 seenin e.g. Fid2 (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 ofH 41 (>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

Fig. 6. Schematic of the six sensitivity studies (A—F) performed

to test the behavior and robustness of the,Ni@ofile retrieval al- and NG are homogeneously mixed in the two model layers

gorithm. Each diagram only shows the parameter that is changed?}l ar;d N1. Th;]S m;y hov]:/er\]/er not be t.he C?‘;e n rea“ty.' V\()e
other fixed parameters are given in TaBleThe top row shows the t _ere o_re test the effect of the assumption of homogeneity by
first two studies, that were done to check the behavior of the al-Simulating measurements for such cases where the aerosol

gorithm for various levels of artificial noise, under conditions that Of NO distribution is not homogeneous. In order to simu-
coincide with the model assumptions. The second row illustratedate these measurements, we used the shape parameter S (see
the study that was done to test the effect of inhomogeneous distriFig. 6) to parametrize a set of boundary layer profile shapes
butions within the boundary layer of aerosols or N@hereas the  for either aerosol extinction or NOconcentration. In each
retrieval model assumes homogeneous distributions for both). Thejmulation of the sensitivity studies C and D, the total amount
shape paramet(_er S defines the va_rious profile shapes. Finally wgf NO, and aerosols is kept constant, a height &fén was

tested the seqsﬂmty of the NOretrieval to elevated aerosol and used for both profiles, and the S-parametrization was only
NOz layers (third row). 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 NQbottom row) on five selected re-
trieval parametersfa1, Hy1, ka1, Xny1, N7, @and OnXI%/Og'

In sensitivity study A we simulated measurements with var-For both constituents, it can be seen that values-ofl lead
ious heights for the lowest NQayer (N1), none of which  to an overestimation, and$1 leads to an underestimation
corresponds exactly to one of the heights on the look-up taef the retrieved layer height. Fd¥ > 1, this leads to rela-
ble grid. The aerosol layer heightf(1) was fixed at 0.8 km. tively small differences with the “surface” extinction in the
All other parameters were as the fixed parameters in the lookaerosol study and “surfaceX y1 in the NOQ study. For S

up table (Sect3.2.1), except for the temperature (2G) and < 1 the deviation is large, due to the inappropriateness of
pressure (1013 hPa). the retrieval model for such profile shapes= 0 describes

4.1 Homogeneous boundary layer
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Fig. 7. Sensitivity study A. The retrieval accuracy of the pN@yer height, N@ column amounts and N Ovolume mixing ratio for the 1

NO» layer model (top row) and the 2 layer model (bottom row), for different levels of Gaussian noise, as a function of tlag&t@eight

Hp1. 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.
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single aerosol layer retrieval model.
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a profile shape that could better be described by an elevatederosols; this was already found Byiel3 et al(2006. De-
layer between approximatelyZb and 06 km than by a layer  spite this improvement, Fig also demonstrates that sev-
extending from the surface. eral other parameters are negatively affected by the inclu-
Although values ofS < 1 lead to unrealistic surface vol- sion of relative intensities in the cost function. The second
ume mixing ratios, the effect on the retrieval of the tropo- and third column of Fig9 show the effect of the different
spheric NQ column is much smaller, and somewhat differ- aerosol cost functions on the retrieval of aerosol extinction
ent for the single and double N@ayer models. In the case and NG volume mixing ratio. Here we see that using the
of low S-values for aerosols, the double W@yer model two layer aerosol model in combination with relative inten-
retrieves part of the N@in the second layer, leading to a sities improves the aerosol extinction and N@lume mix-
small overestimation of the total tropospheric column, noting ratio for low elevated aerosol layers 8 km) with re-
only compared to the truth, but also with respect to the singlespect to the @ based aerosol retrievals, but that there is a
layer model. larger inaccuracy of these two parameters for high elevated
The last column of Fig8 shows the effect of the different aerosol layers¢ 5 km, even in the two-layer aerosol retrieval
S-values O”XI%OZ- High values forX,%o2 coincide with small model. The increased sensitivity to high aerosol layers, due
inaccuracies in the retrieval of the troposphericAN®©lumn,  to the use of relative intensities, causes the retrieval to put
and with large errors of the surface W@lume mixing ratio. ~ aerosols in the highest possible model layer, which is either
A1 (retrieval model MD) or A2 (retrieval model M7). In

4.3 Elevated layers both cases the resulting aerosol distribution in the model does
not correspond to the reality. This leads to a discrepancy be-
4.3.1 Elevated aerosols tween Q differential slant columns simulated for the sensi-

tivity study and those in the look-up table. This discrepancy
The study for elevated aerosol layers (sensitivity study E) hass larger than for the relative intensities becaugem@asure-
three purposes: (i) to quantify inaccuracies in theo2N®  ments contain more information on the exact vertical distri-
trieval due to elevated aerosol layers, if the retrieval would bepution of aerosols (in the lowest kilometers). Especially in
based on @measurements and a single aerosol layer modelthe single aerosol layer model, this leads to high values of
(ii) to see if the NQ retrieval improves if a second aerosol X:ger'
layer, at a fixed altitude, is included in the retrieval model, Altogether we conclude that from the perspective of
and (iii) to assess if the addition of relative intensity mea- aerosol profile retrieval alone, it is advantageous to use a
surements to the aerosol cost function leads to further imsecond aerosol layer, and possibly a third at 10 km, together
provements. with relative intensities in the cost function since only then

The simulated atmosphere here consists of an elevatedlevated aerosol layers can accurately be retrieved. Please
aerosol layer — with a vertical extent of 0.1km and with note that this aerosol profile retrieval, is only possible under
partial AOT of 0.2 — placed at different heights. In addi- cloud free conditions. From the perspective of Nfdofile
tion there is a low aerosol layer: a block profile extend- retrieval it is therefore better not to include relative intensi-
ing from the surface, with a height of 0.6km and partial ties in the cost function, and therefore not to use the second
AOT = 0.2. These choices for the elevated aerosol pro-aerosol layer with a fixed altitude: there is no positive effect
file are considered to be realistic for the Netherlands, whereyn the tropospheric N©column retrieval, a decrease of ac-
the mean total aerosol extinction optical thickness observeduracy in the averag¥ y; for high aerosol layers and under
by the AERONET sun photometer in Cabauw (2007-2009)cloudy conditions, and only a small improvement in this re-
is 0.26:0.20 (. =440nm). The vertical extent of the el- trieval parameter for low aerosol layers. For this reason, both
evated layer (0.1km) was considered realistic for a resid-retrieval model versions 1 and M5 will not be used in the
ual aerosol layer and in addition much less relevant than thepplication to real observations performed during the CINDI
vertical extent of aerosol layers starting at the surface. Thecampaign (Secb).

NO; profile here consists of a block profile extending from
the surface, with a height of 0.4 km and an N&lumn of
1.5 x 10 molec cnm?.

Figure9 shows the results of this sensitivity study. First
of all it may be concluded from these results that the effectHere we test the effectiveness of the separation between high
of elevated aerosol layers on the tropospherig@umnis  and low NG in the double NQ layer retrieval model. Is
relatively small, independent of the aerosol retrieval modelNO, — that in the simulations is located in elevated layers —
and cost function. Secondly, it is clear from this study thatactually retrieved in the second model layer?
the use of relative intensities in the cost function significantly The simulated atmosphere here consists of an elevated
improves the aerosol optical thickness retrieval, especially ilNO> layer with a vertical extent of 0.1 km and with a par-
the double aerosol layer model where the addition of rela-tial NO, column of 1x 10® moleccnt? placed at different
tive intensities leads to a better separation of low and highheights. The aerosol profile is fixed in this study: a block

4.3.2 Elevated NQ
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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 O The retrievals shown in the bottom row are done with a cost function where not gnibptalso 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 1al& retrieval model was

used for the NQ@ 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 ig. Xﬁoz as a function of the height of the elevated Ni@yer —
The results of this sensitivity study are shown in Hif. indicates that this may be possible for measurements with a

The one NQ layer model underestimates N@lready by ~ high measurement accuracy.
more than 30 % if it is located at 1km, and this underesti- |t js interesting to note that the retrieval of the partial and
mation rapidly decreases with altitude. The twoN@yer  total NO, columns (left plot of Fig10) not strongly depends
model is clearly more sensitive to elevated N@nderes-  on noise, for both the retrieval models}ﬁ/land MZLQ How-
timating the partial column only- 3km and even overesti- g\gr, thex %o, values show a much stronger dependence. The
mating if it is below<3 km (due to the choice to locate the 2 5 . .
. lower absolute values ofg, for higher noise are due to
second NQ layer between 3 and 3.5 km in the model). Note : NG .
) . N the fact that higher noise in our algorithm corresponds to
that relatively high overestimation (up to 40 % of the tropo- , . : .
. : higher values of the measurement uncertaintyhich leads
spheric NG column) only applies to that part of the total tro- to lower values of2.. , see Eq.12)
pospheric N@ column that is actually found in an elevated NGz’ 94
layer; in this study no N@was located near the surface. Not only the absolute level of thef, curves changes as a
If the second N@ layer in the retrieval model would have result from noise, but, more interestingly, also the shape. Es-
been put at a higher fixed altitude, then there would be arpecially for the two NQ layer model (M) it is clear that the
overestimation up to that altitude, if it would have been put minimum ofx,?lo2 corresponds roughly to the height where
lower, then the underestimation would have started alreadyhe layer N2 is placed in the retrieval model. This indicates
from that altitude onwards. It could therefore be preferablethat in the absence of noise the p@ifferential slant column
to use the measurements to retrieve the height of the secondeasurements contain some information on the height of the
NO; layer, instead of having it at a fixed altitude, and thus elevated N@ layer. For higher noise the minimum has al-
to add another degree of freedom to the retrieval model. Thenost disappeared: at most a distinction can be made between
right hand side plot of Figl0 — showing the behavior of NO, below and above approximately 15km. This implies
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Retrieval model
with 1 NO, layer

3% noise
15% noise

1000

Retrieval model
with 2 NO, layers

3% noise
——15% noise

[10" molec/cm?]

Hyz [km] Hyz [km]

Fig. 10. Sensitivity study F (elevated NOayers). On the left partial and total N@olumns are shown for both the one and two NO
layer retrieval model, for two noise levels. On the riggﬁ02 values are shown for both models and noise levels. The elevatedadyér

in this experiment had a partial N@olumn of 10 x 106 molec cnt2. Note that height of the elevated N@ayer (Hy») is varied in this
sensitivity study, whereas it is fixed in the two M@vyer retrieval model, see Seétl

that for realistic situations, a-priori assumptions about thefined for a relatively high number of independent layers, each
free tropospheric part of the Nprofile are critical. Flex-  with a vertical extent of typically 200 meters (see d=gel

ible a-priori assumptions allow more accurate retrievals, butet al.(200§ andClemer et al(2010). With the PP-method,
frequently with low precision. Less flexible a-priori assump- we here refer to retrieval approaches where the vertical pro-
tions may have a higher precision, but only for specific casedile (of aerosols and/or N§) is parametrized by a low num-
where the a-priori assumption corresponds to the real situaber of well-selected parameters, which may have different
tion at the time of measurement. dimensions, such as a column amount and a scale height (see

To decide for a given measurement situation which re-this paperSinreich et al(2009, Li et al. (2010 andWagner
trieval model is preferable, the one or the two Ni@yer re- et al. (2011)). The number of selected parameters is usu-
trieval model (or alternative parametrizations), it is best toally approximately equal to a realistic estimate of the num-
look at the model with the lowest value Qﬁoz. However, ber of independent pieces of information contained in the
if both are about one, for example in a situation with high MAX-DOAS measurements, and may vary between 1 (over-
noise, then the measurements do not contain information teletermined) and no more than 5 (under-determined). The so-
constrain more than two free parameters to describe the NOIution is found by a least-squares minimization of differences
profile, and it is advised to use the one layer retrieval model between the measurements and forward simulations.

A final conclusion that may be drawn from FitQ s that A major advantage of OE-method is the flexibility to re-
both the single and double NQayer retrieval have little, trieve a wide range of different profile shapes. In the here
but still some, sensitivity to N®to the low stratosphere (a presented sensitivity study it has been shown that the MAX-
typical stratospheric N@profile may start at approximately DOAS measurements are sensitive to the profile shapes (of
10km and peak at around 25 km, $¢endrick et al. 2004). aerosol extinction and N£) especially for the lowest part

of the boundary layer. In this part of the troposphere, such
4.4 Limitations of MAX-DOAS profiling potential and shapes can be retrieved using the OE-method without assum-

dependence on the retrieval approach ing them in the a-priori. A disadvantage of the OE-method is

that under some conditions the retrievals tend to be unstable
In this section we discuss to which extent the conclusionsand consequently yield profiles showing unrealistic oscilla-
drawn after the sensitivity studies depend specifically on thetions. This effect is highest in that part of the troposphere
retrieval approach followed in this work, and which conclu- (typically above 1-2 km) where the MAX-DOAS sensitivity
sions have a wider scope. functions (Fig.1) are parallel, and therefore do not contribute

Retrieval approaches to derive NQ@rofile information  with independent pieces of information. This height signifi-
from MAX-DOAS observations can roughly be separated in cantly decreases for higher AOT.
those using the “optimal estimation method” (OE-method) In this study, where the PP-method is used, it has been
(Rodgers 2000 and those using a “parametrized profile shown that a too much simplified description of the bound-
method” (PP-method). In the following, we refer to the OE- ary layer profile shape, e.g. assuming homogeneous distri-
method specifically as those implementations of OE whichbution of aerosols and NQ may lead to errors in the re-
use a profile parametrization for aerosols anthNitt is de-  trieval of both boundary layer and free troposphericJNO
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For PP-approaches this problem may be solved by adding a Long term data sets of MAX-DOAS profile observations
third free parameter to describe the N@nd aerosol bound- can be used to validate the profile description generated by
ary layer profiles, such as the parametrization as used in thehemistry transport models, which are used as an input for
sensitivity studies, using the shape factor S. A similar ap-the satellite retrieval. For this application it is especially im-
proach is taken byVagner et al(2011). The need for non- portant that the MAX-DOAS profile retrievals produce real-
homogeneous boundary layer profile descriptions is also supistic first order profile descriptions for NAn the boundary
ported byMorgan et al(2010 where aerosol extinction pro- layer.
files are reported that typically show an increase with altitude
in the boundary layer.
An advantage of the PP-method, when compared to thé Application to measurements performed at the
OE-method, is that frequently occurring profile shapes, such  CINDI campaign
as those showing a sharp decrease at the top of the bound-
ary layer, can be retrieved for many different boundary layerThe single and double NOlayer retrieval algorithms are
heights. Because the MAX-DOAS sensitivity functions are applied to MAX-DOAS observationperformed during the
so broad (Fig. 1), it is almost impossible to realize this Cabauw Intercomparison campaign for Nitrogen Dioxide
with OE-methods, except when such a sharp decrease (foneasuring Instruments (CINDI), held at the Cabauw Ex-
one particular height) would be defined in the a-priori and perimental Site for Atmospheric Research (CESAR) near
a-priori error estimates of the vertical profile. Cabauw (5197C N, 4.926 E), the Netherlands, in June and
With respect to the free troposphere both approaches arduly 2009 (se®iters et al.2011 andRoscoe et a]2010.
equally limited by fact that the vertical sensitivity functions
of all elevation viewing angles are flat, and in addition de-5-1 Retrieval results for selected days
crease to zero towards the top of the free troposphere. This
implies that for both approaches a-priori assumptions aréVe have selected six days (18, 23, 24, 30 June, 2 and 4 July
critical in this part of the atmosphere. When the N@- 2009) from the CINDI campaign to illustrate the outcome
diosonde Sluis et al, 2010 will be further developed and of the retrieval algorithm for three parameters: aerosol opti-
validated, a long-term data set of profiles N&an be used cal thickness, tropospheric N@olumns, and average NO
to make a realistic, well-founded a-priori assumption for free Volume mixing ratio (see Figll). The last five days are
tropospheric N@. Such an assumption would probably have “category A’ days according to Piters et al. 2011, and for

to take seasonal variations into account. th|S reason are most Optlma| fOI’ the retl’ieval approach Wh|Ch
assumes cloud free conditions. In practice, such conditions
4.4.1 Consequences for satellite validation occurred mostly in the mornings. The algorithm is applied

also under cloudy conditions, to illustrate the effect of such
MAX-DOAS observations of tropospheric N@an be used conditions on the accuracy of the retrieval (which decreases
for validation of satellite observations. A comparison of in- significantly, especially for the two layer retrieval model).
dividual tropospheric column measurements of satellite andlhe in-situ observations show that the five category A days
MAX-DOAS should take into account the differences in as- have quite the same behavior in terms of the temporal evo-
sumed profile shapes and the difference in vertical sensitivilution of the volume mixing ratio measured at the surface.
ties, as described bodgers and Connp2003 For exam-  June 18 is shown in addition as an example of a day with an
ple, the profile shape assumed for the OMI tropospherie NO a-typical behavior in this respect. The three parameters are
product (DOMINO) is taken from the TM4 chemistry trans- compared to independent observations from an AERONET
port model Boersma et aJ2011). For MAX-DOAS a basic ~ sun photometer, N&lidar and in-situ monitors, respectively.
profile shape can be retrieved from the observations themAlso shown are tropospheric N@olumns from the OMI in-
selves, but, as noted above, the retrieval strongly dependstrumentevelt et al, 200§ and from the N@ sonde, §luis
on a-priori assumptions. Space-borne observations are moiet al, 2010. The MAX-DOAS retrieval algorithm was run
sensitive to NQ in the free troposphere than to N@ the with a single aerosol layer, not using relative intensity mea-
boundary layer (see Fig. 1 iBoersma and Eske2003, surements in the cost function (see Sdc3.1), and both for
whereas the opposite is the case for ground based MAXone and two N@ layers: the models ] and ME2. Only re-
DOAS observations (Figl shown above). Flexible a-priori  sults for the model with the lowest value of the reduggﬁg2
assumptions are the only way to accurately retrieve free troare shown in the Figll. Because only one aerosol layer was
pospheric NQ if it is present. However, for most of the time used, this choice only affects the M@arameters. The fourth
this will not be the case: the boundary layer partial N©OI- column of Fig.11 shows the maximum height up to which
umn is usually much higher than the free tropospheric partiathe lidar measurements were performed — this height was de-
column. As a consequence, flexible a-priori assumptions fotermined by the quality of the lidar return signal, which is
the free troposphere will for the majority of cases lead to lessdetermined by atmospheric conditions, such as the presence
accurate and less precise retrievals. of clouds — and the height below which 95 % of the NO
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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
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with independent observations: aerosol optical thickness from AERONET (first column), tropospher@aoN@ns from lidar, OMI and

sonde (second column), and M®@olume mixing ratios from in-situ monitors located at two different altitudes in the Cabauw tower (third
column). MAX-DOAS retrievals based on the one Nlayer model are indicated with a light gray error bar, whereas dark gray indicates

the use of the two N@layer model. The selection of the retrieval model is based on the lowest vaj@,ﬁ%of see also Sech.1 The fourth

column shows the height up to which the lidar profile was reported, and the height below which altitude 95 % of the jidatud 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 informationreasonable (third column of Figl). The most striking mo-
is taken into account in the comparison with MAX-DOAS ments of disagreement between the in situ measurements and
retrievals, following the procedure described in SBA. the MAX-DOAS retrievals are seen in some of the mornings.

The aerosol optical thickness retrievals shown in the When looking in more detail at 24 June, it can be argued
first column of Fig.11 show a reasonable agreement with that the underestimation of volume mixing ratios by MAX-
AERONET, considering the differences in measurementDOAS is due to an overestimate of the p@yer height
technique (scattered versus direct sunlight observations).Hy1) since the N@ column — the other model parameter
AERONET level 2.0 data were used and interpolated tofrom which X y1 is determined — shows good agreement with
477 nm using the Angstrom relation and the AERONET the column measured with the lidar, which was up to rela-
measurements at 440 and 675 nm. Note that discontinuitietively high altitude for this specific morning (see Fid, row
in the AERONET data give an indication of the presence ofthree, columns two and four). This overestimation may be
clouds. Large uncertainties are seen for retrievals in the secexplained by the difference between the actuabN@bfile
ond half of some days. This may be due to the fact that the inshape, indicated by the lidar, and the profile shapes assumed
strument was looking in the direction of the sun in that periodby the MAX-DOAS retrieval model, as shown for NGn
(the instrument was always looking towards the North-West).Fig. 12
Such observations for a small relative azimuth angle more The sensitivity study in the previous section has shown
critically depend on a proper modeling of the forward scat-that sometimes fictitious elevated M@ayers are retrieved
tering by aerosols (described by the asymmetry parameterhy the double N@ layer retrieval algorithm, for various pos-

As the asymmetry parameter is not included as a free modedible reasons (measurement uncertainty, other profile shapes,
parameter — the look-up table is calculated for just one fixednaccurate aerosol extinction retrieval). This may raise the
value of the asymmetry parameter — the retrieval uncertainquestion how realistic the retrievals of the two N@yer

ties will increase with decreasing relative azimuth angle. Inmodel are. Does the selection of the two layer model in-
addition, external stray light levels are higher at small relativedicate that NG is present above the boundary layer? For
azimuth angles. This might also contribute to larger differ- most days the answer cannot be given by the lidar measure-
ences between AERONET and MAX-DOAS aerosol optical ments, as they do not go high enough. For 24 June how-
thickness. The sometimes large differences between tropcever, evidence for the presence of an elevated N@er
spheric NQ columns (second column of Fi§j1) from lidar is also found with the N@radiosonde $luis et al.(2010,

and MAX-DOAS, seen in about half of the cases, catch theFig. 11c), launched around 10:30 UTC. Note that the large
eye. We think that in many cases this difference is not an in-difference with the N@ sonde on 30 June may well be due
dication of a large retrieval error, but due to the limited height to instrumental effects affecting the sonde observations that
up to which the lidar profile is reported (as was mentionedwere tested in this week for the first time (Sluis, personal
above). This is most apparent on the 24 June 2009. The firstommunication, 2011).

five retrievals of lidar and MAX-DOAS agree within their

uncertainty estimates, whereas the last four show large dif>-2 Comparison to other NG, measurement techniques
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 N@olumns (Fig11), are  Lidar measurements of NQprofiles in the low troposphere
relatively stable in time and internally consistent in the morn- taken during the CINDI campaign have shown to be very ac-
ings, but tend to have larger uncertainties in the afternoonscurate when compared to in situ monitors at 3, 100 and 200 m
As noted above, discontinuities in the AERONET data (first altitude Berkhout et al.2012), and therefore provide a good
column of Fig.11) indicate the presence of clouds. These standard against which the profiling capabilities of the MAX-
discontinuities sometimes coincide with high uncertainties inDOAS technique can be tested (see alstten et al, 2009.
the tropospheric N@column. For periods in which the fre- It should however be emphasized that the vertical represen-
quency of AERONET observations is high (continuous cloudtativeness of the two techniques is different.
free periods), the uncertainty estimatesfgf, are relatively MAX-DOAS NOz3 retrievals based on either the single or
low. Scattered clouds lead to a significant increase in thehe double NG layer models (see above), are sensitive to
uncertainty estimate of the measurements, which is definetO, in the entire troposphere, although sensitivity is de-
in Sect. 2. In combination with the double layer retrieval creasing with altitude (Figl0). The MAX-DOAS measure-
model, which is less stable than the single layer model, thisments do not contain the information to assign a height to
may lead to large uncertainties in the tropospheric,MaI- NO, above an altitude of 1-2 km (SeétJ).
umn. Lidar observations on the other hand are not expected to

The agreement between average,NOlume mixing ratio  have a height dependent bias, but are limited in the height up
derived from the MAX-DOAS retrieval and in situ measure- to which measurements can be made, due to loss of return
ments at the surface and 200 meters altitude in general looksignal. Measurements taken during the CINDI campaign

2.1 Partial Tropospheric NO; columns: MAX-DOAS
and Lidar
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Fig. 12. Lidar NO, 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 NQayer 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 technique
in terms of tropospheric N&columns was high, whereas the average,N@lume mixing ratio derived from MAX-DOAS was significantly

below the NG volume mixing ratio measured at the surface (S&d). Note that NQ retrieved in the second layer of the two layer retrieval

model should be interpreted as: Nl@bove approximately 1 km, with unknown altitude (see Séd).

rarely exceeded an altitude of 2km. The highest altitudeneous measurement of MAX-DOAS and lidar: First a choice
up to which NQ concentrations were reported was deter- was made between the single and double;Ngyer MAX-
mined for each measurement sequence separately, based DOAS retrieval models: the retrieval model with the lowest
the quality of the lidar return signal. A decrease in the qual-value ofx,ﬁo2 was selected. Then, if the single N@yer

ity of the lidar signal does not necessarily coincide with low model was selected, the retrieved Nf@ayer height Hy1)
NO, concentrations, which means that pi€oncentrations was compared with the maximum height up to which the li-
above the last reported altitude should be considered undar profile was reportedjar). When this maximum height
known. A comparison between MAX-DOAS and lidar thus was lower thanHy1, then the fraction of the tropospheric
needs to take into account this difference in vertical repre-NO2 column of the MAX-DOAS retrieval was determined
sentativeness. that was belowH2* and the fractional column was used in

idar
H max i
The following procedure was followed to select a pair of 1€ COMparison. Fajiga; > Hy1, nothing was changed.

partial tropospheric N@measurements out of each simulta-
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L the best estimate, linear interpolation was used in between
7777777777777777777777 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 N@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
0.0 ‘ | J | are shown in Figl4. The correlation of 0’8+ 0.03, low
R — N average difference (D4 0.2 x 10'°molec cnT?), and slope
o 2z 4 6 8 10 12 of linear fit (092+ 0.05) indicate that the two measurement
NO, [ppb] techniques compare quite well. A bi-variate fitting method
was used, where the squared orthogonal distance of each x-y
Fig. 13. Example of lidar NQ profile measured at the CINDI  pgint to the fitted line was minimized. Errors were taken into
campaign. In gray the individual lidar measu_rements are Shownaccount by varying each x and each y within its uncertainty
where the vertical bar shows the range to which the Concentrat'orbstimate (using random Gaussian noise) and repeating the fit

applies, and the horizontal bar shows the uncertainty range of the . : .
average concentration. Note that the vertical ranges sometimes d rocedure a thousand times (the fit results did not change

and sometimes do not overlap. The black line shows the continuou§'gmf'camIy yvhen t_h's number WOUI,d ether be ten times
profile derived from the discrete measurements (according to a prolOWer or ten times higher). The resulting fit parameters were
cedure explained in Sed.2.]) that is used to determine the inte- found to change as expected after the x- and y-axis were in-
grated partial N@ column. The blue and red profiles are used to de- terchanged. It is remarkable that the slope found in this com-
fine the uncertainty range of the partial N@olumn: the blue pro-  parison is comparable to the slope reporte®Raoscoe et aJ.
file is based on conservative estimates, the red on non-conservativg010(their Fig. 6), where differential slant column measure-
estimates. The horizontal dashed black line indicates the heighinents from the KNMI instrument used in this study are com-
above which no measurements were reported. pared to an average of other MAX-DOAS instruments used
at the CINDI campaign. If the MAX-DOAS measurements
A similar procedure could not be applied if the double used in this study would be artificially corrected using those
NO, layer model was selected due to the uncertain heightesults, then a slope would have been found of almost one,
of the NG, that is retrieved in the second layer. For exam- and a small intercept. Note that the result of this lidar ver-
ple, NG, retrieved in the second layer could in reality be sus MAX-DOAS comparison does not apply to tropospheric
located at around 4 km, but just as well at 1 km: the infor- NO, columns in general, but only to partial tropospheric
mation is not included in the measurements, as discusseNO, columns up to the maximum height where lidar mea-
in Sect.3.1 We therefore made the pragmatic choice notsurements are reported.
to change the retrieved total tropospheric N€dlumn from
the MAX-DOAS retrieval, as in the case of the single NO 5.2.2 NG Volume Mixing Ratio: MAX-DOAS and
layer model, but only to select the pair of MAX-DOAS and In-situ monitor
lidar NO> columns if the maximum reportelidar height
was above 1.5km. This procedure is meant to exclude casebhe in-situ measurements of the W@olume mixing ratios
where the MAX-DOAS retrieval indicates possible elevated were performed with an M200E chemiluminescence nitro-
NO; layers (because the double N@ayer model has the gen oxides analyzer from Teledyne Advanced Pollution In-
lowest value oﬁ(,ﬁoz) and where the lidar measurements stop strumentation. It was equipped with a photolytic converter,
at relative low altitude. from the same company, to make it insensitive to nitrogen
An example of a lidar N@ profile is shown in Fig13. compounds other than NCand NO. The lowest detection
An interpolation method needs to be defined in order to caldimit of the instrument was 0.4 ppb for NO and N@nd
culate partial N@ column from the lidar profile. The lidar 0.8 ppb for NQ. Its precision was 0.5 % of the reading or
profile is defined for discrete vertical layers that may or mayof the lowest detection limit, whichever was greater.
not overlap. For each of those layers the N®@lume mix- A comparison with MAX-DOAS volume mixing ratios
ing ratio and its uncertainty is reported in the lidar data files.derived with the algorithm described in this paper should
We applied the following interpolation procedure to obtain a be interpreted with care, as the observed surface volume
best, lower and upper estimate of the partialNOlumn: for mixing ratio of NG and the average NOvolume mixing

height [km]
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. ~ 16 2 14 T T
(partial) Trop. NO, Col. [10"° molec/cm?] i sty monitor at the surfacel |
L L N R L A B R L L B 1
3.0 [ g = 12 MAX-DOAS retrieval model ||
- S | == one NO, layer 1
| 0 mm two NO, layers
2.0F % 10 3 | = selection based on y2y0,
o sf
n 2.0f t | ‘
< - o °F ]
3 % |
| 1.5F e 4 | 1
. i o
< ] 1§ 2 of I | | I
= I
W O B 0
[ MAX-DOAS 6 38 10 12 14
r | retrieval model ) fime [UTC]
0.5T ® 1NO, layer ]
[ ® 2 NO, layers . . . .
L Fig. 15. Diurnal cycle of theNO> volume mixing ratio measured
OO0y o oy with an in-situ monitor at the surface, averaged over five days of
00 05 10 15 20 25 30 the CINDI campaign with cloud free mornings (Seb2.2, and

average NQ volume mixing ratio derived by the MAX-DOAS, for
the one and two N@layer retrieval models, and for a composite
retrieval approach where the choice between the one and twgo NO
layer retrieval model is based on the lowest valugz,@éz. The thin
vertical lines indicate the root mean square error.

lidar

Fig. 14. Comparison of partial tropospheric N©@olumns 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 M@yer retrieval (blue).

This choice was based on the value of the redugégz, see text. The comparison is performed in two ways: (i) by compar-
The solid line shows a linear fit. It has a slope of 0.92 and an in-. P P ys: y P

tercept of 09 x 1015molec cn2. The two data sets have a corre- ing the two data sets without averaging, in order to quantify
lation of 0.78 and an average difference of @ 1015 molec cnt2 the agreement between the two data sets for individual obser-

(n = 39). vations, see the upper half of Talgand (ii) by considering
the average diurnal evolution of the two data sets. In that
ratios in the lower NQ@ layer of the MAX-DOAS retrieval ~ case all observations (within the five days) of the two mea-
model (layer N1) are two distinct physical quantities. A cer- surement techniques are averaged per hour of the day. This
tain amount of disagreement may be due to differences iris shown in Fig15and the bottom half of Tablg
assumed profile shape (model versus true profile, also for With respect to the averaged diurnal evolution, a good
aerosols) or to uncertainties in the measurements. agreement is found between the in-situ observations and the
Because the look-up table was created for cloud free conMAX-DOAS derived NG volume mixing ratios. The gen-
ditions, the presence of clouds will generally increase the ereral pattern of the diurnal evolution — showing a dilution
rors in the retrieval, e.g. of the layer N@ayer heightHy1 caused by thermal convection —is captured best by the two
and as a consequence on the N@ixing ratio Xy1. The NO> layer retrieval model and the combined product of the
effect of clouds on the retrieved mixing ratio is strongest for two models (where for each observation the model selection
situations where the Ngis relatively close to the surface, is based onxgg,). Those two retrieval products agree with
mostly in the morning hours, because then the largest relativéhe in-situ observations within their uncertainty range. The
errors in the retrieval of the NQayer height will occur. For ~ one layer model tends to underestimate the volume mixing
this reason, a selection was made of CINDI days includedatios a little: the MAX-DOAS values are 18% lower than
in this comparison. Only days with cloud free mornings the in-situ values. For the two NQayer model a correla-
were selected: the 23, 24 and 30 June and the 2 and 4 Jul§ion is found of 0.94 and an average difference dftGpb.
Observations from the Baseline Surface Radiation NetworkThe combined product has the same correlation, and an even
(BSRN) at Cabauw were used to examine the occurrence osmaller average difference:( ppb. The slope of the linear
clouds Knap, 2009. fit, obtained with the same fitting method as used in the com-
It should be noted that the sensitivity to clouds in combi- parison between MAX-DOAS and lidar (Se&t2.1), is 1.10
nation with low NG layers, would not occur if a fixed NO  for the two layer model.
layer height would have been chosen, such akiénet 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 W@lume mixing ratio
found in their study in the morning hours.
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The comparison based on individual observations shows
larger differences, see Tab& 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
NO, layers, see the discussion above, but may also be due
to errors in the assumed profile shapes for aerosols and NO
For compact N@ 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 Sectd).

6 Summary and conclusions

This paper describes aretrieval algorithm developed to derive
a first order description of the vertical distribution of NO

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 N@profile. The retrieval model is based
on a pre-calculated look-up table and assumes homogeneous
mixing of aerosols and N&in layers extending from the sur-
face to a variable height. Two retrieval model versions were
compared: one including and one excluding an elevategd NO
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, N@nd aerosol bound-
ary layer profiles being different from those assumed in the
retrieval model, and elevated N@nd aerosol layers. This
led to the following conclusions:

— If NO; is present only in a homogeneously mixed
boundary layer (BL), then the amount of N@h this
BL, and its height, can be retrieved accurately. The ef-
fect of noise is different in the one and two NGyer
model. In the one layer model, noise does not affect
the accuracy of the tropospheric NGolumn, but leads
to an underestimation of the NGayer height. In the
two layer model, noise leads to a small overestimation
of the tropospheric N@column, which is related to the
fact that NQ is retrieved in the upper model layer N2,
although in the simulations it was only present in the
lowest layer N1.

— If NO; is also present in the free troposphere, then its
presence will be confirmed by the retrieval of the two
NO; layer model, even for high measurement uncertain-
ties. However, the altitude of this elevated pN@ayer
can only be determined for high measurement accuracy,
and accurate aerosol extinction retrieval. The accuracy
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of the partial NG column of the elevated layer is there-
fore in practice often quite low. In the one layer model,
NO; above 2 km is underestimated by more than 50 %.

— NOgs retrieved in the second layer of the two layer model

should not be interpreted as N®etween 3 and 3.5 km,
but instead as N®above approximately 1 km with un-
known altitude.

When using the two N&layer retrieval model, elevated
NO; layers are frequently found for the wrong reason,
i.e. not because there is an elevatedbN&Yer in the real
atmosphere, but due to a low signal to noise ratio, or due
to a BL profile parametrization for aerosols or pthat
does not correspond to the real situation. This effect
may lead to an error in the tropospheric N€olumn

up to 10%. Probably an optimal estimation approach
would be more accurate for a wider range of aerosol
and NO BL profile shapes.

— Frequent retrieval of “fictitious” elevated NQayers

is unwanted, especially from the perspective of satel-
lite validation. MAX-DOAS NQ profile retrieval ap-
proaches should therefore focus first of all on the BL.
Retrieval models assuming homogeneous distribution
of aerosols and N®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 alsdVagner et al(2011)).

Accurate MAX-DOAS retrieval of N@ in the free tro-
posphere is possible only when (i) there are no clouds,
(i) the AOT is sufficiently low, (iii) the aerosol ex-
tinction and NQ 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 N@dequately 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 Mayer. The ac-
curacy and precision for retrieval of NGn 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 bigriel3 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 5km) As the lidar measurements during the CINDI campaign
it does even lead to considerable underestimation of theould often not be done above a few kilometers altitude, fu-
NO, layer height. Taking this into account, together ture intercomparison campaigns are needed for further val-
with the unwanted increased sensitivity to clouds, it is idation of the MAX-DOAS NQ retrieval in the free tropo-
from the perspective of NPprofile retrieval advisable sphere, e.g. by comparison with N&ondes.

not to use relative intensity measurements in the aerosol
retrieval in combination with an elevated aerosol layer
with a fixed height.

To fundamentally improve the Nprofile retrieval accu-
racy, especially the free tropospheric part, more constraints
on the NQ profile are needed than can be given by the MAX-
{DOAS technique alone. An important step forward could

the profile retrieval potential of MAX-DOAS can be classi- P€ the combination of different DOAS techniques: MAX-
fied into two vertical domains. Firstly, a domain from the POAS (to measure Nin the lower troposphere), zenith

surface to roughly 0.5-1.5km (the vertical extent decreaseSKY (NQ2 in stratosphere) and direct sun (total N@ol-
with increasing aerosol extinction in the BL). In this domain UMN)- Measurements from the three techniques should then

NO; can be retrieved with at most three degrees of freedomP€ combined in one consistent retrieval algorithm. Important

Secondly, a domain above the first, having one (occasionPro9ress towards such an approach has already been made by
ally two) degree(s) of freedom, but only under ideal condi- several groups that have developed MAX-DOAS instruments

tions (see above). Note that the transition level between thosEPable of observing scattered sunlight in all directions (as
lower and upper domains is not always related to the “mete-2PPOSed to MAX-DOAS instruments that have a fixed view-
orological’ BL height: NQ retrieved in the upper domain "9 azimuth) as well as direct sunlight, see édgers et al.
may be located in the BL, or in the free troposphere, even af201D.

high altitudes, or both.

The various aspects of the sensitivity study indicate tha
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