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Abstract 12 

 13 

Trace gases play a key role in the chemistry of urban atmospheres. Therefore, 14 

knowledge about their spatial distribution is needed to fully characterize the air quality in urban 15 

areas. Using a new Multi-AXis Differential Optical Absorption Spectroscopy (MAXDOAS)-16 

2D instrument, along with inversion algorithms, we report for the first time two-dimensional 17 

maps of NO2 concentrations in the city of Madrid, Spain. We found good agreement between 18 

the MAXDOAS-2D mesoscale observations and the in-situ measurements provided by 19 

Madrid´s air quality monitoring stations. In addition to vertical profiles, we studied the 20 

horizontal gradients of NO2 in the surface layer by applying the different horizontal light path 21 

lengths in the two spectral regions included in the NO2 spectral analysis: ultraviolet (UV, at 22 

360 nm) and visible (VIS, 477 nm). Finally, we also investigate the sensitivity of the instrument 23 

to infer vertically-distributed information on aerosol extinction coefficients and discuss 24 

possible future ways to improve the retrievals. 25 

 26 

 27 

 28 

 29 
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1 Introduction 30 

  31 

Air pollution in urban areas has become a concern in our society because it represents 32 

a major risk to human health and the environment (WHO, 2019). Air quality is often expressed 33 

as the state of air pollution in terms of gaseous pollutants concentrations as well as size and 34 

number of particulate matter that may affect human health, ecosystems and climate (Monks et 35 

al., 2009). Integral understanding of air pollution requires knowledge about the sources, 36 

pollutants, chemical composition and spatial distribution, and their transport phenomena in the 37 

atmosphere (EEA, 2019). 38 

 39 

Madrid, Spain, has suffered from severe air pollution in recent years, with episodes of 40 

large nitrogen dioxide (NO2) and ozone (O3) concentrations. In an effort to control and reduce 41 

high pollution events, the local government has enforced some traffic restriction measures 42 

(Izquierdo et al., 2020) and has set up several in-situ air quality monitoring stations over the 43 

city's metropolitan area. These in-situ instruments -as of today- cannot measure some important 44 

trace gases present in the atmosphere and their values are only representative of the immediate 45 

surrounding of the instruments and at surface level. There is therefore a need for mesoscale 46 

analysis (both in horizontal and vertical) of urban air pollution that could complement the in-47 

situ measurements. With this aim, we have deployed Multi AXis Differential Optical 48 

Absorption Spectroscopy (MAXDOAS) instruments for air pollution measurements in Madrid. 49 

MAXDOAS is a widely used technique for the detection of trace gases in the atmosphere and 50 

it is based on the wavelength dependent absorption of scattered sunlight by atmospheric 51 

constituents (Platt and Stutz, 2008). In addition to routinely monitored, regulated species such 52 

as NO2 and O3, MAXDOAS provides mesoscale measurements of other trace gases that are 53 

relevant to understand atmospheric chemistry, such as nitrous acid (HONO), formaldehyde 54 

(HCHO) or glyoxal (CHOCHO). Over the past few years, we have reported trace gas 55 

measurements in Madrid using the MAXDOAS technique (Wang et al., 2016; Garcia-Nieto et 56 

al., 2018; Benavent et al., 2019) as well as pollutants trend analysis and chemical transport 57 

modelling (Borge et al., 2018; Cuevas et al., 2014; Saiz-Lopez et al., 2017). 58 

 59 

 For this work, a new two-dimensional MAXDOAS instrument (which will be described 60 

in Sect. 3 and will be hereafter referred to as MAXDOAS-2D) has been built, tested and set up 61 

to take continuous measurements in Madrid. This instrument represents a follow-up 62 

https://doi.org/10.5194/amt-2020-239
Preprint. Discussion started: 15 July 2020
c© Author(s) 2020. CC BY 4.0 License.



 

3 

development to our previous one-dimensional instrument (MAXDOAS-1D, see Wang et al., 63 

2016) that incorporates the capability of moving in the azimuthal dimension, therefore allowing 64 

the collection of spectra pointing at any desired angular direction. This additional capability 65 

allows the measurement of both the horizontal and vertical trace gas (e.g. NO2) distribution 66 

throughout the city and in turn the generation of two-dimensional maps of trace gas 67 

composition. 68 

 69 

 Here we present two months of MAXDOAS-2D measurements of scattered sunlight 70 

spectra. The measurements were taken from May 6, 2019 to July 5, 2019, with focus on the 71 

evaluation of NO2 vertical concentration profiles and the characterization of horizontal light 72 

paths lengths. This represents the first two-dimensional MAXDOAS measurements in Madrid. 73 

An assessment of the relation between the MAXDOAS analysis and the in-situ instruments in 74 

the city was carried out. Sect. 2 provides details of the DOAS technique while Sect. 3 describes 75 

the experimental setup. The inversion methods and the atmospheric parameters chosen for the 76 

analysis is detailed in Sect. 4. The two-dimensional NO2 distributions, an evaluation of the 77 

light path geometries, along with their relative probabilities, and an assessment of horizontal 78 

mixing ratio gradients near the surface are discussed in Sect. 5. Finally, Sect. 6 contains 79 

conclusions and possible future work. 80 

 81 

2 Brief introduction to the DOAS method 82 

 83 

 The absorption spectroscopy field has been developed for several decades within 84 

different research disciplines (such as remote sensing, astronomy or atomic and molecular 85 

physics). Its foundation relies on the absorption of radiation when interacting with a certain 86 

sample. The basic idea is described by the Beer-Lambert law, which models the exponential 87 

attenuation of spectral irradiance when it traverses a certain sample that contains some absorber 88 

species: 89 

 90 

                   𝐼(𝜆, 𝐿) =  𝐼0(𝜆) 𝑒𝑥𝑝 (− ∑ ∫ 𝜎𝑖 (𝜆) 𝜌𝑖(𝜆)𝑑𝑠
𝐿

0𝑖 )                                                     (1) 91 

 92 

 where 𝜆 is the radiation wavelength, 𝜎𝑖  and 𝜌𝑖 stand for -respectively- the absorption 93 

cross section and concentration of a given absorber 𝑖 along the path, while the pair 𝐼0 and 𝐼 94 
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represent the spectral irradiances at the beginning and end of the process at study. The 95 

absorption processes are integrated over the photon paths (with infinitesimal path 𝑑𝑠) and 96 

summed over every present absorber (Platt and Stutz, 2008). 97 

 98 

 Specifically, the MAXDOAS technique is based on the study of the differential spectral 99 

absorption structures that are produced in the measured scattered sunlight spectra (Plane and 100 

Saiz-Lopez, 2006; Platt and Stutz, 2008). The main principle is based on identifying the 101 

narrowband absorption features within the measured optical density taking out the broadband 102 

optical density, mainly generated by Rayleigh and Mie scattering, as well as by instrumental 103 

effects. On the other hand, an analogous process is done on the trace gases absorption cross 104 

sections by means of filtering out the broadband spectral features, hence producing the so-105 

called differential absorption cross sections, which are unique for each trace gas, acting as their 106 

“fingerprints” and therefore enabling their specific detection. 107 

 108 

 For MAXDOAS, I0 stands for the solar spectrum (known as the Fraunhofer spectrum, 109 

with no Earth atmospheric absorptions), while I represents the recorded ground-based 110 

spectrum, which includes all the absorption and scattering processes. However, and since the 111 

actual photon path is difficult to determine with accuracy (see Sect. 4), the MAXDOAS 112 

calculations are done using relative absorptions between two different optical paths: a zenith 113 

spectrum -that contains less absorptions and is assumed as a reference spectrum- and other 114 

spectrum pointing to a given elevation angle. Therefore, the direct product of the method is the 115 

Differential Slant Column Density (DSCD), which can be defined as the difference in the 116 

integrated concentration of a given absorber between the two selected pointing directions (more 117 

details about the numerical procedure that lies behind can be found in Honninger et al., 2004, 118 

Plane and Saiz-Lopez, 2006 and Platt and Stutz, 2008). Finally, these DSCDs are used as the 119 

main input for the profile retrieval algorithms, which try to reconstruct the photon paths that 120 

result in the measured DSCDs. This final step produces the vertical concentration profiles 121 

(Sect. 4). 122 

3 Experimental 123 

 124 

 Briefly, MAXDOAS-1D instruments consist of a light collector attached to a stepper 125 

motor that scans the atmosphere at different Viewing Elevation Angles (VEA, see Fig. 1). The 126 

main feature added to the MAXDOAS-2D instrument is an additional stepper motor for the 127 
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azimuthal movement, hence allowing the light collector to freely point to any angular direction 128 

in the atmosphere. This allows the evaluation of trace gases absorptions for different Viewing 129 

Azimuth Angles (VAAs) (Fig. 1).  130 

  131 

3.1 MAXDOAS-2D description 132 

 133 

 A new MAXDOAS-2D instrument (Fig. 2) was built by the Atmospheric Chemistry 134 

and Climate group at the Institute of Physical Chemistry Rocasolano (IQFR, CSIC). Its main 135 

elements are based on our previous MAXDOAS-1D instrument: a light collector attached to a 136 

stepper motor, along with a focusing lens (80 mm focal length) are responsible for collecting 137 

the scattered sunlight. An Ocean Optics, SMA 905 optical fiber of 1-meter length conducts the 138 

light through an Ocean Optics, HR4000 spectrometer (which incorporates a linear silicon CCD 139 

array as detector). The spectrometer wavelength ranges roughly from 300 nm to 500 nm and 140 

offers an estimated spectral resolution (full width at half maximum) of about 0.5 nm. As 141 

explained before, an additional stepper motor was included to make the azimuthal movement 142 

possible. The instrument incorporates all its components in an outdoor unit. Therefore, to 143 

maintain the spectrometer temperature as steady as possible -for both mechanical and 144 

wavelength calibration purposes- a Peltier cell was included. Additionally, an UPS device 145 

provides the power supply and eliminates possible strong power peaks. Two webcams take 146 

pictures of the cloud cover at each VAA, and monitor the instrument itself. The instrument is 147 

quite autonomous and it runs on a homemade Java software. This software controls the 148 

movement, the spectra collection and recording, the surrounding accessories and automatically 149 

keeps it continuously measuring as long as the Sun is over the horizon. 150 

 151 
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 152 

Figure 1. MAXDOAS-2D geometry diagram, the background of this picture represents the 153 

Madrid city center taken by © Google Maps.  154 

 155 

3.2 Location  156 

 157 

 The MAXDOAS-2D instrument is located at the main campus of the Spanish National 158 

Research Council (CSIC) in Madrid (Spain). It is placed on the roof of the Instituto de Ciencias 159 

Agrarias (ICA) at a latitude of 40.4419° N and a longitude of 3.6875° W. The height of the 160 

building is approximately 70 m above ground level. This location in downtown Madrid can be 161 

classified as an urban site, with the usual weather of continental areas at mid-latitudes (i.e. hot 162 

and dry summers and cold winters), with prevalence of clear sky days during the year. 163 

 164 

 Due to some obstacles that blocked a clear view in some of the VAAs, a small 165 

aluminum tower was built to overcome the viewing obstacles and the MAXDOAS-2D 166 

instrument was fixed on top of it (see Fig. 2). Once the instrument was set up, we aligned it for 167 

both angular movements -azimuthal and zenithal- with respect to the geographical north and 168 

the local horizontal (i.e. perpendicular to the gravitational plumb), respectively. This process 169 

was performed in two steps: first, the light collector was coarsely oriented using levels and a 170 

compass. Then, the alignment was refined doing a vertical scan of the Sun (which has a very 171 
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well-known position vector) and its angular surroundings at several different times of a clear 172 

sky day. The angular differences between the measurements and the center of intensity of the 173 

registered spectra (a similar approach was done in Ortega et al., 2015) were estimated and the 174 

associated correction applied to the instrument. 175 

 176 

 177 

Figure 2. a) aluminum tower with the instrument installed on top of it; b) MAXDOAS-2D 178 

instrument; c) MAXDOAS-2D scheme.   179 

 180 

3.3 Measurements set up 181 

 182 

 In order to sample and analyze a representative portion of the atmosphere over Madrid, 183 

selected angular directions were chosen. Starting at a VAA of 0º (pointing to the north), the 184 

MAXDOAS-2D rotated clockwise using steps of 20º in azimuth. In each azimuth direction, the 185 

ensuing VEA vector was used: 1, 2, 3, 5, 10, 30 and 90 degrees. Therefore, an entire azimuthal 186 

lap was completed when the light collector was back again at VAA of 0 degrees. 187 

 188 

 For every measured spectrum, the spectrometer was able to correct for both electronic 189 

offset and dark current effects. Other important parameters for the measurements such as the 190 

integration time and the number of scans taken in each angular direction were automatically 191 

calculated by the software. More specifically, for this study we set the goal of completing an 192 

azimuthal lap in approximately one hour (mainly for an easier interpretation of the results and 193 

for the subsequent comparison with in-situ instruments of Madrid´s air quality monitoring 194 
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network). Hence, we chose 24 seconds as the maximum exposure time in each angular 195 

combination. 196 

 197 

4 Analysis methods 198 

 199 

 Using the DOAS technique, the absorptions of the molecular oxygen dimer (O4) and 200 

NO2 were measured for the entire campaign and for two spectral windows: 352-387 nm (UV 201 

region) and 438-487 nm (VIS region). The analysis settings applied for the UV and VIS regions 202 

are summarized in Tables 1 and 2, respectively. These configurations follow those used in 203 

Wagner et al., 2019. 204 

 205 

Table 1. DOAS spectral settings for the retrieval of O4 and NO2 in the UV. 206 

Parameter Value 

Fitting window 352-387 nm 

Wavelength calibration Based on reference solar atlas (Chance and 

Kurucz, 2010) 

Zenith reference Scan 

Polynomial Order 5 

Intensity Offset Order 2 

Shift All spectra and the Ring cross section were 

allowed to shift and stretch (order 1) in 

wavelength.  

Molecule Cross section 

O4 293 K (Thalman and Volkamer, 2013) 

NO2 298 K (Vandaele et al., 1998) 

O3 a 273 K (Serdyuchenko et al., 2014) 
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O3 b 223 K (Serdyuchenko et al., 2014) 

HCHO 297 K (Meller and Moortgat, 2000) 

HONO 296 K (Stutz et al., 2000) 

Ring_a Calculated by QDOAS 

Ring_b Ring_a spectrum multiplied by 𝜆−4 

 207 

Table 2. DOAS spectral settings for the retrieval of O4 and NO2 in the VIS. 208 

Parameter Value 

Fitting window 438-487 nm 

Wavelength calibration Based on reference solar atlas (Chance and 

Kurucz, 2010) 

Zenith reference Scan 

Polynomial order 5 

Intensity offset Order 2 

Shift All spectra and the Ring cross sections were 

allowed to shift and stretch (order 1) in 

wavelength. 

Molecule Cross section 

O4 293 K (Thalman and Volkamer, 2013) 

NO2 298 K (Vandaele et al., 1998) 

O3 a 273 K (Serdyuchenko et al., 2014) 

O3 b 223 K (Serdyuchenko et al., 2014) 

H2O 296 K (Rothman et al., 2010) 

Glyoxal 296 K (Volkamer et al., 2005) 

Ring a Calculated by QDOAS 
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Ring b Ring a spectrum multiplied by   𝜆−4 

 209 

 The selected differential absorption cross sections -along with the spectral window and 210 

parameters included in Tables 1 and 2- were adjusted to the measured differential optical 211 

density using the QDOAS spectral fitting software (developed at BIRA-IASB, http://uv-212 

vis.aeronomie.be/software/QDOAS/). When the measured DSCD (using QDOAS) accurately 213 

matches the differential optical density for a given trace gas -i.e. yielding a relatively low 214 

residual- there is positive detection of that trace gas. Figure 3 shows examples of spectral 215 

detection of O4 and NO2 for both the UV and VIS regions. Once the DSCDs are obtained, they 216 

are used as input for the profile retrieval algorithm, as explained in Sect. 4.2.    217 

 218 

 219 

Figure 3. Spectral detection of O4 (a) and (c) and NO2 (b) and (d), red lines represent the 220 

calculated optical densities and black lines are the measured optical densities. 221 

 222 

4.1 Cloud-screening and quality filtering 223 

 224 

 The algorithms for MAXDOAS retrievals of trace gas vertical profiles are based on 225 

estimating the light paths (along with their corresponding scattering probability) for a clear sky 226 
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day. A significant cloud cover could noticeably impact the calculations, mainly because of 227 

multiple scattering effects, adding large uncertainties to the retrieval process. For this reason, 228 

the set of measured spectra has to be cloud-screened, filtering out those spectra affected by 229 

clouds. In order to achieve that, the cloud-free AERONET database was used. The AERONET 230 

(AErosol RObotic NETwork) project is a global network of ground-based remote sensing 231 

instruments established by NASA and PHOTONS 232 

(https://aeronet.gsfc.nasa.gov/new_web/index.html) which measure aerosols and their optical, 233 

microphysical and radiative properties. The AERONET instruments provide a long-term, 234 

continuous and readily accessible public domain database of aerosol measurements worldwide. 235 

These databases are reported with three quality levels, in particular, we used the Level 2.0 236 

(cloud-screened and quality-assured) database provided by the AERONET instrument placed 237 

in Madrid to flag the cloudy atmosphere and discard the related measured spectra. After that, 238 

the remaining spectra can be regarded as cloud-free. 239 

 240 

 Since we are dealing with a non-linear, least-squares system of equations, there is a 241 

notable gradient concerning the quality and uncertainties in the results. Hence, before 242 

proceeding with the profiling algorithm, several quality filters were applied to the DSCDs: 243 

firstly, every DSCD that yielded either a relative uncertainty larger than 1 or a residual Root 244 

Mean Square (RMS) higher than 0.01 (in optical density units) was rejected. After that, we 245 

estimated the DSCDs detection limit for a given trace gas as the ratio of the residual RMS (in 246 

optical density units) associated to each DSCD and the maximum value of the differential cross 247 

section of that trace gas. Then, we discarded the DSCDs that had an absolute value lower than 248 

twice the derived detection limit (a similar approach was carried out in Peters et al., 2012). 249 

Finally, we used the daily plus/minus three standard deviation criterion that AERONET applies 250 

for its cloud-filtered data, keeping the DSCD that fall within plus/minus three standard 251 

deviations from each daily mean. 252 

 253 

4.2 Inversion algorithm and vertical profiles  254 

 255 

 We apply inversion algorithm methods to the measured DSCDs to estimate the light 256 

paths and subsequently derive the trace gas vertical concentration profile. The main idea behind 257 

these inversion algorithms is based on the fact that each VEA has different scattering heights 258 

and light paths (Solomon et al., 1987). Therefore, a given set of measured DSCDs contains 259 
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information about the vertical distribution of a certain trace gas. Since higher VEAs are 260 

generally related to higher scattering heights, different layers within the atmosphere can be 261 

sampled, especially in the lower troposphere. 262 

 263 

The algorithms that calculate these scattering events are called Radiative Transfer 264 

Models (RTMs), and they study the transport of radiation as well as its interaction with matter. 265 

There are several RTMs for atmospheric applications, but for this work we have used the 266 

bePRO inversion algorithm, developed at BIRA-IASB (Clémer et al., 2010). The original 267 

calculation was built based on the Optimal Estimation Method (OEM; Rodgers, 2000) and it 268 

comprises two steps: first, the light paths and the vertical profiles of irradiance extinction are 269 

calculated using the O4 DSCDs; then, the target trace gas vertical concentration profile is 270 

retrieved using the corresponding light paths and measured absorption. In order to do that, 271 

bePRO simulates the atmospheric state characterizing several different physical phenomena 272 

including pressure and temperature vertical profiles, Rayleigh and Mie scattering events (along 273 

with their respective phase functions), the effect of the surface albedo, the light path geometries 274 

or the irradiance extinction processes. Once the atmospheric vector state is defined, its 275 

combination with a certain vertical concentration profile results in the simulated DSCDs. This 276 

vertical profile is iterated until the generated set of simulated DSCDs is optimized with respect 277 

to the measured DSCDs so that the residual is minimized. As a result, an optimal vertical profile 278 

is obtained when the iteration is finished for each MAXDOAS cycle.  279 

 280 

The measured O4 DSCDs are used to estimate the light paths for each VEA since they 281 

are related to the square of the atmospheric O2 profiles, which are well-known. This profile is 282 

fairly steady during the day and does not heavily depend on chemistry factors. Therefore, the 283 

measured O4 DSCDs can provide information on the irradiance extinction in the atmosphere. 284 

This extinction profile, retrieved using bePRO, is usually associated with the aerosol extinction 285 

coefficients and thus, its vertical integration yields the Aerosol Optical Depth (AOD). These 286 

aerosol extinction profiles are required to subsequently evaluate trace gas profiles since they 287 

strongly affect the relative light paths and hence the concentration profiles derived from them. 288 

 289 

Once the light paths are computed in the previous step, an analogous process is repeated 290 

for the measured DSCDs of the target trace gas, yielding the optimal vertical concentration 291 

profile. The vertical integration of this concentration profile is called the Vertical Column 292 

Density (VCD). 293 
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 294 

The retrieval consists of an iterative, nonlinear system of equations, and hence there is 295 

no unique solution. This means that an a priori profile is needed, both for starting the iterations 296 

and to avoid the final solution to be non-realistic (i.e. with no physical meaning). In order to 297 

construct these a priori profiles we used exponentially decreasing curves as follows: 298 

 299 

                                             𝑎𝑝 (𝑧) =  
𝑉𝐶𝑖

𝑠ℎ
𝑒𝑥𝑝 (

−𝑧

𝑠ℎ
)                                                                   (2) 300 

 301 

where 𝑎𝑝 (𝑧) is the a priori vertical profile at a certain altitude 𝑧, 𝑉𝐶𝑖 is the vertical integration 302 

of the profile for the MAXDOAS cycle i and sh  is the scaling height constant. We used 0.5 303 

km as the scaling height constant for all the a priori profiles (Hendrick et al., 2014). Regarding 304 

the VC, we assumed an AOD of 0.05 for the O4 retrieval, while for NO2 we applied the 305 

geometrical approximation followed in Hönninger et al., 2004, taking the measured DSCD at 306 

VEA 30º for every MAXDOAS cycle. This approximation assumes that most of the absorption 307 

events are located below the scattering height.  308 

 309 

With respect to the remaining atmospheric parameters, we chose typical values for 310 

urban environments: surface albedo of 0.07, correlation length of 0.4 km and an a priori 311 

covariance factor of 1 (see Hendrick et al., 2014). However, the most important set of 312 

parameters are the atmospheric profiles such as the air number density vertical profile since it 313 

is directly related to the number of O4 absorptions, and therefore to the O4 DSCDs. Hence the 314 

relative differences, particularly for lower VEAs, between the measured and simulated O4 315 

DSCDs are usually assigned to aerosol extinction. Note however, as shown below, that 316 

uncertainties in the air number density profiles -arising from uncertainties in the values or shape 317 

of the temperature and pressure profiles- could also explain such differences (Fig. 4). 318 

https://doi.org/10.5194/amt-2020-239
Preprint. Discussion started: 15 July 2020
c© Author(s) 2020. CC BY 4.0 License.



 

14 

 319 

Figure 4. Comparison of retrieved aerosols using two different atmospheric profiles: 320 

the US Standard (atmosphere A) and the US Standard adapted to the altitude above sea level 321 

of Madrid (atmosphere B).  322 

 323 

Here we compare the simulation of O4 DSCDs using two different sets of atmospheric 324 

profiles: i) the US Standard, and ii) the same profile but interpolating the pressure profile to 325 

Madrid´s height above sea level (mean value of 667 m). This means that the temperature profile 326 

is assumed to be the same but the pressure profile is shifted less than 10%, so there are no major 327 

variations within the profiles. The lower row in Fig. 4 shows that both atmospheric profiles 328 

result in almost the same set of simulated O4 DSCDs, however the aerosol extinction 329 

coefficients differ significantly (although less for the surface layer coefficients), and 330 

consequently, the AOD also varies. From this we infer that: 331 

 332 

i) the retrieval is mainly driven by the measured DSCDs, which leaves a relatively 333 

low weight for the chosen atmospheric profiles (pressure and temperature). 334 

Therefore, we can achieve very consistent, solid correlations between the 335 

measured and simulated O4 DSCDs. 336 

 337 

ii) we cannot reliably assign the extinction coefficients at each layer to particulate 338 

aerosol (especially for atmospheric layers above the surface layer), but rather 339 

consider them as irradiance extinction coefficients.  340 

 341 
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Furthermore, we have assessed the impact of the pressure and temperature profiles 342 

choice on the trace gas retrieval. As can be noted in Fig. 5, there is no significant effect coming 343 

from this choice on the simulated NO2 DSCDs. These are basically the same (and with very 344 

good agreement with the measured DSCDs), as well as the derived concentration coefficients 345 

and their integration (VCD). Consequently, we have decided to use the US Standard 346 

atmospheric profiles for the NO2 retrievals in this study. 347 

 348 

 349 

Figure 5. NO2 retrieval comparison using two different atmospheric profiles: the US Standard 350 

(atmosphere A) and the US Standard adapted to the altitude above sea level of Madrid 351 

(atmosphere B). 352 

 353 

4.3 Estimation of NO2 horizontal gradients 354 

 355 

 Making use of the different paths that photons travel through the atmosphere for 356 

different wavelengths, we can estimate the horizontal distribution of NO2. We use the estimated 357 

horizontal light paths at two wavelengths, 360.8 nm and 477 nm, for the surface layer (0-200 358 

m height). The different light paths at 360.8 and 477 nm provide information about the 359 

horizontal distribution of NO2 mixing ratios within the surface layer. In order to evaluate these 360 

horizontal paths, we have used our own MATLAB codes that implement the RTM equations 361 

based on previous pioneering work (Solomon et al., 1987). These equations yield a vector of 362 

scattering events along with their respective probabilities. If we take a VEA of 0 degrees (i.e. 363 

horizontal viewing), then the scalar product of such vectors produces the length of the 364 
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horizontal light path. We computed this for every MAXDOAS cycle and for both wavelengths. 365 

The next step follows the “onion-peeling” approach proposed by Ortega et al. 2015 (the strong 366 

dependence of scattering with wavelength means that shorter wavelengths result in shorter light 367 

paths). Therefore, we first assign the UV (i.e. 360.8 nm) mixing ratios (𝑚𝑟𝑢𝑣) and their 368 

expected horizontal paths (𝑑𝑢𝑣) to the first peel (𝑚𝑟𝐴, meaning zone A). Then the second peel 369 

(zone B, 𝑚𝑟𝐵) can be derived as: 370 

 371 

                                                   𝑚𝑟𝐵 =  
𝑚𝑟𝑣𝑖𝑠 × 𝑑𝑣𝑖𝑠− 𝑚𝑟𝑢𝑣× 𝑑𝑢𝑣

𝑑𝑣𝑖𝑠
                                                           (3) 372 

 373 

 Thus we can derive mixing ratio values (mra and mrb) representative of two different 374 

horizontal distances for each VAA.  375 

 376 

5 Results 377 

 378 

5.1 O4 and NO2 DSCDs assessment  379 

 380 

 Once the vertical profiles are retrieved using the RTM explained in Sect. 4, we compare 381 

the set of simulated DSCDs predicted by the model with the measured DSCDs coming from 382 

the absorption analysis. An estimation of the overall goodness of the profile retrieval comes 383 

from the correlation between the measured and simulated DSCDs for the entire campaign (Fig. 384 

6). 385 

 386 

 387 

Figure 6. Comparison between simulated and measured DSCDs of O4 and NO2. 388 

 389 
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 The fit between the measured and the simulated DSCDs show correlations (r2) very 390 

close to 1 for both O4 and NO2 in the UV and VIS regions. As mentioned before, the inverse 391 

retrieval finds the optimal solution of the vertical concentration profile that generates the best 392 

set of simulated DSCDs so that they match the measured ones.  393 

 394 

5.2 Two-dimensional maps 395 

 396 

We now combine the VAA and height for each azimuthal cycle of the MAXDOAS-2D 397 

to generate a two-dimensional concentration map. Fig. 7 shows an example of the O4 retrieval 398 

in the UV for a given azimuthal cycle. In addition to the profiles, Fig. 7 also shows the 399 

comparison and correlation of measured and simulated DSCDs for that azimuthal cycle, along 400 

with the evolution of retrieved AOD. The AOD varies between 0.05 and 0.18 within this 401 

azimuthal cycle (Fig. 7, upper panel). The contour plot shows the irradiance extinction 402 

coefficient profiles with maximum values of 0.14 km-1 (near the ground and at around 40º 403 

VAA) associated with aerosol extinction (see discussion in Sect. 4.2). 404 

 405 

 406 

 407 

Figure 7. Example of O4 and AOD retrievals in the UV region at 9 UTC on May 11, 408 

2019. These contour plots are smoothed from adjacent VAA data points separated by 20º in 409 

order to estimate the azimuthal distribution of the irradiance extinction coefficients over 410 

Madrid. 411 

 412 

 413 
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Figure 8 presents a two-dimensional representation of NO2 on May 11, 2019 at two 414 

different hours (6 UTC and 12 UTC, respectively). Both contour plots show maximum NO2 415 

values of 12 ppbv at 6 UTC and 8 ppbv at 12 UTC, when the instrument is pointing south (i.e. 416 

VAA of 180º). These values are found in the layer near the ground and are in good agreement 417 

with our previous MAXDOAS observations in Madrid (Garcia-Nieto et al., 2018). The 418 

retrieved azimuthal distribution of NO2 agrees with previous reports that show higher pollution 419 

levels in the southern section of Madrid (Picornell et al., 2019). NO2 VCDs range from 5x1015 420 

molecules cm-2 (at 12 UTC and pointing at 300 º VAA) up to 15x1015 molecules cm-2 (at 12 421 

UTC and pointing at 200º VAA), with an average value of 1x1016 molecules cm-2. Although 422 

there can be different NOX emission rates at both times of the day (6 and 12 UTC), the increase 423 

in the boundary layer height during the day could explain the similar values of VCDs at both 424 

hours but generally lower surface mixing ratios at 12 UTC. Note that NO2 is efficiently mixed 425 

within the boundary layer as it develops during the day (i.e. boundary layer height usually lags 426 

the solar zenith angle) (Fig. 8) (de la Paz et al., 2016).  427 

 428 

 429 
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 430 

 431 

 432 

Figure 8. NO2 vertical distribution retrieved in the UV region at 6 UTC (a) and at 12 UTC (b) 433 

on May 11, 2019. These contour plots are smoothed from adjacent VAA data points separated 434 

by 20º in order to estimate the azimuthal distribution of NO2 over Madrid. 435 

 436 

5.3 Horizontal distribution of NO2 437 

 438 

Based on Eq. (3), we derive the horizontal distribution of NO2 in the surface layer (0-439 

200 m height). Figure 9 shows an example of surface layer NO2 mixing ratios over horizontal 440 

distances from the MAXDOAS-2D instrument, located at the center of the plot. The highest 441 

mixing ratios occur during the first sunlit hours (7-8 UTC), coincident with the peak in NOX 442 

emissions in Madrid (Quassdorff et al., 2016). This early mooring peak is followed by a gradual 443 
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decrease in surface layer NO2 mixing ratios during the day. Note that NO2 is predominantly 444 

located in the southern part of the semisphere (VAA from 90º to 270º). 445 

 446 

 447 

Figure 9. Polar plots of NO2 within the surface layer (0-200 m height) for May 11, 2019. Please 448 

note that these contours extend over a direction perpendicular to those shown in Fig. 8. These 449 

contour plots are smoothed from adjacent VAA data points separated by 20º and from the two 450 

different horizontal light paths in the radial direction. 451 

 452 

5.4 Correlation with Madrid´s in-situ air quality monitoring stations 453 

 We suggest that MAXDOAS-2D mesoscale observations may complement the 454 

information provided by the local air quality monitoring network based on reference analytical 455 

techniques (according to Directive 2008/50/EC). While air quality monitors of the reference 456 

network provide information about ambient concentrations in their specific locations (currently 457 

24 air quality monitoring stations measure NO2 within the city, see AM, 2019), MAXDOAS-458 

2D observations produce near ground-level concentrations averaged over the optical path in a 459 

given direction. That prevents us from quantitatively comparing both types of observations. 460 

Nonetheless, we analyzed their correspondence using the NO2 concentrations measured by the 461 

in-situ instruments throughout the entire city, and the NO2 mixing ratios within the surface 462 

layer derived from our MAXDOAS-2D instrument over the 2-month period (May-June, 2019). 463 

For this comparison, we considered the in-situ stations that were within a distance from the 464 

MAXDOAS-2D that is equal or lower than the typical horizontal light path for the UV region 465 
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(roughly of about 10 km). Strong gradients between the values measured by the in-situ 466 

instruments are typical. Therefore, and considering that we are mainly interested in their 467 

temporal correlation with respect to our MAXDOAS-2D measurements, we compare both the 468 

in-situ NO2 and surface layer MAXDOAS-2D hourly-averaged data. Note that for the 469 

MAXDOAS-2D this approximately corresponds to averaging the surface layer values for each 470 

azimuthal lap, given that each azimuthal lap takes approximately 1 hour to complete.  471 

  472 

 473 

 474 

Figure 10. Correlation between in-situ observations from Madrid´s air quality monitoring 475 

network and those derived from the MAXDOAS-2D instrument for the surface layer (0-200 m 476 

height). 477 

Despite the different spatial representativeness, Figure 10 shows a reasonably good 478 

correlation coefficient of 0.842 between both datasets for the two-month campaign. The slope 479 

is lower than 1, this can be explained by the typical NO2 vertical profiles in urban environments. 480 

Simulations performed over Madrid with a high-resolution Eulerian air quality model (Borge 481 

et al., 2018) yielded an exponentially decreasing with height NO2 profile. Therefore, the 482 

MAXDOAS-2D mixing ratios, which represent an average across the surface layer (0-200 m 483 

height), are not expected to quantitatively match the values of in-situ instruments, located close 484 

to the surface (between 0-10 m height). Nevertheless, there is a good temporal correlation 485 

between in-situ and MAXDOAS-2D measurements over an extended period of time. 486 

 487 

 488 

https://doi.org/10.5194/amt-2020-239
Preprint. Discussion started: 15 July 2020
c© Author(s) 2020. CC BY 4.0 License.



 

22 

6 Summary and Conclusions  489 

 490 

 A complete analysis of O4 and NO2 vertical concentration profiles in the urban 491 

atmosphere of Madrid (Spain) has been performed over two months (from May 6 to July 5, 492 

2019). We analyzed the absorptions and derived the corresponding DSCDs for both trace gases 493 

in the UV and VIS regions. Then, the corresponding profiles were retrieved using a RTM. In 494 

this step, we assessed the impact of different atmospheric profiles (pressure and temperature) 495 

in the retrieval results. The overall comparison of measured and simulated DSCDs showed that 496 

they were in very good agreement in all cases, supporting the reliability of the observations. 497 

This MAXDOAS-2D instrument provides a two-dimensional view (in height and VAA) of 498 

concentration profiles. We have also inferred information on the horizontal gradient of NO2 499 

within the surface layer making use of the strong dependence between wavelengths and light 500 

paths across the NO2 absorption spectrum. The resulting “onion-peeling” figures indicate peak 501 

values of NO2 in the early morning and in the southern section of the city (around 180 º VAA). 502 

We suggest that the new mesoscale information provided by the MAXDOAS-2D instrument 503 

helps in the study of pollution transport dynamics in Madrid. 504 

 505 
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