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1. Introduction

Modeling is one of the main tools for the predictive investigation of air quality, in particular in urban
areas. Understanding the roadside environments requires overcoming the many difficulties engendered by the
multifactorial character of pollution, which involves a large number of factors such as the local emissions from
vehicle exhaust, the traffic conditions, the composition of the vehicle fleet, the local weather conditions and
the design of the roads. As measuring continuously the air quality parameters in every point of interest is not
possible, numerical modeling can be used to reproduce the monitored or expected levels of pollutants at
different points. The convergence between the calculated and observed concentration levels is the first step
before the model can be used to simulate the evolution of the air quality according to possible future scenarios.

The time scales associated to pollutant transfer over and within urban atmospheres vary from a few
minutes to several hours [1], and a large number of chemical reactions must be taken into account to predict
correctly the pollutant levels in the studied areas [2]. However, if we consider only the timescales associated to
the local dispersion of pollutants, i.e. at close proximity of the emission sources, the characteristic times are
considerably reduced and most of the chemical reactions can be neglected. There are however reactions which
are sufficiently rapid to modify significantly the concentration of some pollutants in urban areas. This is the
case in particular for the nitrogen oxides NOx which result principally from combustion processes. It is
commonly considered that the repartition of NOx at the emission is about 10-15% of NO; and 85-90% of NO
[3]. However, since the chemical reactions in air convert NO into NO,, it is necessary that an urban dispersion
model includes a module to take into account the conversion of NO into NO,.

Several approaches have been adopted to study urban atmospheres at the local scale. Liu and Leung
[4] applied a chemistry box model to simulate VOC and NOx levels within a street canyon, focusing on the
case of calm wind conditions. Another approach was adopted by Mensik and Cosemans [5], who coupled the
OSPM street canyon model to a Gaussian dispersion model for the prediction of background levels. In recent
years, more sophisticated models have been adopted. This is the case of Baker et al. [6] who used a large eddy
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simulation code to simulate transfer of reactive pollutant at street scales. Even if large parts of the current
models are based on highly simplified assumptions, they provide sufficiently accurate estimates for
operational purposes. A review on the performances of different models can be found in [7]. Another
comparison of the performances of the different dispersion and chemical models was conducted by Hirtl and
Baumann-Stanzer [8], who analyzed the outputs of the Gaussian model ADMS-Roads coupled to the
Lagrangian model LASAT.

One of the main assumptions is the establishment of a photochemical equilibrium, or photostationary
state (PSS), that will govern the NOx (NO and NO,) and O3 concentrations, through the Leighton cycle [9,10]
(reactions R1 to R3):

RI: NO, + hv (A<420 nm) — NO + O(CP), with a photolysis rate constant Jyo, (s™)
R2: OCP) + 0, — O3 s ko =2.8x10"% cm® molecule™ s [11]
R3: NO+0; — NO;+ 0, ;k;=1.65x10"* cm’ molecule™ s [12]

This cycle takes into account the photolysis of NO, by solar UV (A <420 nm), which is one of the key
photochemical processes of the atmosphere [13] and is therefore an important parameter in all the
photochemical models (Gaussian model ADMS-Roads, Lagrangian model LASAT, AERMOD, SIRANE...).
The photodecomposition of NO, leads to NO molecules and ground-state O(’P) oxygen atoms that can
combine with molecular oxygen to produce ozone, which in turn can react with NO forming NO..

The photolysis rate constant Jyo,, of the order of a few 10~ s depends upon the intensity of solar light. It can
be expressed as [14]:

34
Txo (5 =%(0.5699 [0.056x102(00- g ) )[ 1-0.75(%‘1) ] (Eq.1)

where @y, 15 the solar elevation (°) and Cld the cloud coverage (%).
The rate constant ks for reaction R3 depends only upon the temperature 7' (K) of ambient air and can be
expressed as [15]:

(Eq.2)

A convenient way to verify whether the photostationary state (PSS) is reached resides with the calculation of

the dimensionless photostationary parameter p:
B J(voy) [Nozj

- Eq.3
p—[_][—JkSOSNO (Eq.3)

When the PSS is reached, then p takes the value of 1. This assumption of a photochemical equilibrium
however holds true only when possible competing reactions such as the ones between nitrogen oxides and
VOC:s or reactive radical species (RO,, HO,) can be neglected. This normally prevents the use in the model of
measurement data taken from the curbside, which would be strongly influenced by the traffic emissions. Still,
these curbside data sometimes constitute the only available data and have to be used as input.

On another hand, it is rare when the PSS equilibrium is reached [1,16,17], and in many studies, in
urban or remote zones [18-20], p values have been found that significantly lower or higher than 1, indicative
of nearby sources, additional chemical reactions, and/or insufficient mixing of the air masses.

In the present paper, we measured NOx and O; concentrations at five roadside sites and one
background site in Agadir city (Morocco) and investigated the validity of the photochemical equilibrium
assumption on which the numerical models are based, through the comparison of the [NO][O3]/[NO,] ratio
measured and of the Jyoy/ks ratio calculated taking into account the dependence on the environmental
parameters (ambient air temperature, solar elevation and cloud coverage factor). This is to our knowledge the
first time that the influence of the proximity of the traffic on the deviation to the PSS assumption is
investigated.

k3(cm3 molecule’s 1) =14x101? exp[—_ 13 10}
T

2. Experimental section
2.1 General description of the study zone

The urban community of Agadir (Figure 1), counting over 420,000 inhabitants [21], is located at
30°56'N, 9°13'W. It is the largest city of southern Morocco. The climate is semi-arid to arid, influenced by
several factors: the Atlas mountain range, the Atlantic Ocean coast. The average annual rainfall is about 260
mm. The annual average maximum and minimum temperatures are 27 °C (August) and 11 °C (January)
respectively, with a relative humidity ranging between 32% and 85%. The wind is mostly in the west-
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northwest direction, with a wind speed ranging from 0.1 to 3.3 m.s”. As already stressed in our previous
papers [22-23], these specific meteorological conditions can create a temperature inversion leading to an
accumulation of pollutants in the lower layer of the atmosphere.
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Figure 1: Map of Agadir city indicating the placement of the measurements points (S1-S6)

2.2. Position and description of the sampling sites

We selected six sites in the Agadir area. Sites S1 to S5 are roadsides sites. Site S6 is located at Agadir
Faculty of Science, far from any direct traffic influence, and can be considered as a background site. The
locations of the measurements points are shown on Figure.1. Table 1 describes their characteristics and their
immediate environments.

Table 1: Characteristics of the selected measurements points

Site  Coordinates Placement and description
S1 30°25'16.9"N  Near the Wilaya of the Agadir, at the intersection of El Kettani and Mohamed V
9°3620.2"W avenues. Intense traffic in the daytime. Strongly influenced also by air masses
coming from the seaside. Presents therefore a higher relative humidity than the
other sites.
S2 30°24'11.6"N  Near of Appeal Court of Agadir. High traffic flow crossing the East-West Road
9°34'50.3"W
S3 30°25'17.9"N  Near the old industrial zone of Agadir at the intersection of Mohamed Saadi Cheikh
9°34'58.1"W and Kadi Ayad boulevards.
S4 30°25'39.6"N At the intersection of the FAR and Mohammed Cheikh Saadi avenues. Surrounded
9°35'31.7"W by low rise buildings. Intense vehicle traffic.
S5 30°23'26.4"N  On the daily transit road (Avenue Al Farabi) connecting Agadir to Inezgane city.
9°31'46.4"W Intense traffic from and to Agadir. To the difference of Sites S1 to S4, this road has
buildings only on one side (no canyon effect). Vertical and horizontal dilution is
very important.
S6 30°24'21.5"N  Located at the center of the Faculty of Science of Agadir. Far from any direct
9°32'40.0"W influence of industrial and traffic emissions.
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Table 2: Daily average temperature, relative humidity and wind speed recorded in Agadir

Site Date T (°C) RH (%) wind speed (m/s)
S1 06/06/2014 21 88.3 3.3
11/06/2014 24 62.7 3.2
18/06/2014 23 67.6 34
S2 06/01/2014 18 72.6 3.7
03/02/2014 16 79.1 2.8
10/06/2014 24 62.7 2.9
19/06/2014 22 72.2 2.4
S3 03/01/2014 16 74.4 3.4
25/01/2014 17 66.1 3.2
08/02/2014 16 74.4 3.5
S4 04/01/2014 16 76.1 2.3
26/01/2014 17 70.1 2.9
06/02/2014 16 82.7 4.1
S5 17/01/2015 15 71.8 1.6
27/01/2015 13 84.8 2.7
17/02/2015 17 65.8 3.6
S6 23/02/2015 17 76.0 2.4
24/02/2015 19 83.6 2.5
25/02/2015 18 78.5 2.3

2.3. Measurements of NO, NO’ and O

In each site, ozone (O3;) and NOx (NO and NO,) were measured simultaneously using online gas
analyzers (Environnement SA model 41M for ozone, based on UV absorption at 253.7 nm, detection limit 0.4
ppb ; Environnement SA model 31M for NOx, based on chemiluminescence, detection limit 0.35 ppb).
Measurements were taken every 15 minutes. The sampling point was placed at a height of 4 m above the
ground, 10 to 120 m away from the roadside.

3. Results

For each measurement point, the NOx and O; concentrations measured and the meteorological
parameters (temperature and cloud coverage at Agadir Al Massira airport, and solar elevation calculated using
a tool available on http://www.sunearthtools.com/) are listed in Tables 3 to 8. Also given in these tables are the
calculated rate constant ks, NO, photolysis frequency Jno2, and the derived p values, which will be discussed
below.

The ratio Jnox/ks, calculated from the temperature, solar elevation and cloud coverage, using the two
equations (Eq 1) and (Eq 2), is independent of the site under investigation, because of the proximity of the
measurement points. This ratio starts from O at sunrise, reaches a maximum of ~20 ppb between 12:00-13:00,
and reverts to 0 at sunset, because it is driven mainly by the solar elevation, with only a minor correction
induced by the cloud coverage.

For the background site S6, the concentrations of nitrogen oxides remain low throughout the days, with
NO between 13 and 21 ppb and NO; between 20 and 30 ppb. At the same time, ozone concentrations range
between 10 to 37 ppb. This corresponds to the background pollution levels over the Agadir City area. For the
sites close to the traffic, the O; concentrations are in the same order as in the background site, between 20 and
30 ppb in winter and up to 40 ppb in summer, but nitrogen oxide concentrations are much higher, confirming
the influence of the traffic emissions. Individual variations between the sites, or for a given site between the
days of measurements, are linked to different traffic patterns, intensity of the traffic, and temporary
congestions. No counting of the vehicles was performed simultaneously with the pollutant measurements to
precise these points. The distance of the measurement point to the main roads at the sampling site also directly
impacts the measured concentration, for instance for site 1 on June 11 when the sampling point was further
away (about 100 m) because of electrical power availability than on the other days (about 20 m). No specific
difference between the measurements carried out in winter (January and February) and in summer (June) can
be put in evidence.
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Table 3: Measured concentrations, meteorological data, and derived rate constants and equilibrium parameter for roadside environment (site S1).

Site Date Time ©O; NO NO, T Cld Elevation Jygx10® ksx10' 10°1%([05] [NOJ/[NO]) 10" xInoo/ks P
(ppb)  (ppb) (ppb) (°C) (%) O () (s (cm’molecule’’s)  (molecule cm™) (molecule cm™)
08:00 22 119 50 18 25 2847 5.74 1.56 12.74 3.69 0.289
09:00 25 122 53 18 22 4128 7.42 1.57 14.02 474 0.338
10:00 20 194 80 19 18 5420 8.55 1.58 12.14 5.43 0.447
11:00 27 8 72 20 20 67.00 9.19 1.60 7.78 573 0.736
12:00 25 96 80 21 19  78.65 9.45 1.63 7.28 5.80 0.797
SI 06/0622014  43.00 24 90 70 22 16 80.72 9.47 1.65 7.49 5.75 0.768
14:00 29 8 74 23 12 69.96 9.28 1.68 8.30 5.53 0.666
15:00 30 8 75 24 7 5727 8.74 1.70 8.57 5.13 0.599
16:00 32 94 58 23 10 4435 7.74 1.67 12.60 4.64 0.368
17:00 26 228 77 23 25 3151 6.19 1.68 18.92 3.69 0.195
18:00 25 250 80 22 27  18.89 4.06 1.65 19.37 2.46 0.127
08:00 22 45 42 18 22 2844 5.73 1.56 5.67 3.68 0.650
09:00 23 41 41 19 21 4123 7.42 1.59 571 4.67 0.819
10:00 26 48 44 21 14 5415 8.55 1.62 7.23 527 0.729
11:00 35 37 39 22 12 6697 9.19 1.65 8.20 5.56 0.677
12:00 36 52 47 24 11 7879 9.45 1.70 9.85 5.54 0.563
S 11062014 13:00 24 88 72 25 10 8120 9.47 1.73 7.25 5.47 0.754
14:00 24 91 6 27 9 7035 9.29 1.78 7.66 522 0.681
15:00 31 67 48 27 11 5763 8.77 1.78 10.75 4.92 0.458
16:00 32 89 62 27 11 4471 7.77 1.77 11.15 4.40 0.394
17:00 30 106 70 26 12 3187 6.24 1.76 11.00 3.56 0.323
18:00 23 142 74 26 18 198 4.14 1.76 10.67 2.36 0.221
08:00 25 134 52 20 16 2825 5.70 1.60 15.79 3.55 0.225
09:00 19 110 45 21 17 4102 7.39 1.64 11.16 452 0.405
10:00 19 159 58 22 14 5394 8.53 1.65 12.62 5.16 0.409
11:00 18 122 69 23 12 66.78 9.18 1.68 7.64 5.47 0.716
12:00 21 216 81 24 10 7874 9.45 1.69 14.01 5.58 0.398
ST 18062014 1300 26 95 65 26 10 81.64 9.47 1.76 9.40 5.40 0.574
14:00 31 92 69 25 8  70.79 9.30 1.73 10.24 5.38 0.525
15:00 32 93 70 25 11 5806 8.79 1.73 10.53 5.09 0.483
16:00 25 141 97 24 14 4514 7.82 1.70 8.97 4.59 0.511
17:00 26 252 67 23 12 3230 631 1.68 2434 3.76 0.154
18:00 25 250 80 22 10  19.71 422 1.66 19.40 2.54 0.131
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Table 4: Measured concentrations, meteorological data, and derived rate constants and equilibrium parameter for roadside environment (site S2).

Site  Date Time O, NO NO, T Cld Elevation Jyox10® k;x10™ 1071 %([05] [NOJ/[NOS]) 10" xInoo/ks P
(ppb) (ppb) (ppb) (°C) (%) ©(°) (s'l) (cm® molecule™! s‘l) (molecule cm'3) (molecule cm'3)
08:00 24 31 21 6 91  3.76 0.61 1.28 8.59 0.48 0.056
09:00 25 42 25 10 94 14.58 3.18 1.36 10.02 2.33 0.233
10:00 25 21 17 16 89 24.06 5.01 1.51 7.33 3.32 0.453
11:00 26 60 33 20 89 31.51 6.19 1.60 11.71 3.86 0.329
S2 06/01/2014  12:00 27 46 22 23 72 36.07 6.81 1.68 13.80 4.04 0.293
13:00 27 51 21 25 55 37.00 6.93 1.73 16.07 4.00 0.249
14:00 28 70 41 21 20 34.09 6.55 1.63 11.79 4.02 0.341
15:00 23 67 46 21 54 27.90 5.65 1.62 8.44 3.48 0.412
16:00 22 64 42 20 41 19.29 4.14 1.60 8.28 2.58 0.311
17:00 15 71 51 20 28 9.04 1.94 1.60 5.22 1.21 0.231
08:00 25 33 28 12 80 5.60 1.09 1.42 7.03 0.77 0.110
09:00 26 45 34 13 80 17.10 3.71 1.44 8.37 2.57 0.307
10:00 31 32 29 15 52 27.45 5.58 1.49 8.38 3.76 0.448
11:00 33 56 40 16 52 3591 6.79 1.50 11.26 4.50 0.400
12:00 32 46 37 17 24 41.49 7.45 1.54 9.90 4.84 0.488
82 03/02/2014 13:00 34 48 32 19 22 43.11 7.62 1.58 12.71 4.82 0.379
14:00 41 35 31 18 20 40.40 7.33 1.56 11.47 4.71 0.410
15:00 37 36 32 18 34 33.98 6.54 1.56 10.31 4.19 0.406
16:00 23 64 48 18 38 24.94 5.16 1.56 7.65 3.32 0.433
17:00 17 109 56 17 41 14.25 3.11 1.53 8.24 2.03 0.246
18:00 15 177 107 16 44 2.52 0.28 1.50 6.18 0.19 0.031
08:00 23 35 35 18 61 20.19 431 1.56 5.62 277 0.492
09:00 26 48 44 20 55 32.97 6.40 1.60 7.18 3.99 0.555
10:00 36 44 41 21 57 45.23 7.82 1.63 9.38 4.79 0.511
11:00 36 52 47 23 12 56.22 8.68 1.67 9.85 5.21 0.528
12:00 39 46 52 24 10 64.09 9.08 1.70 8.48 5.33 0.628
82 10/06/2014 13:00 40 46 42 25 10 65.54 9.14 1.72 10.78 5.32 0.493
14:00 38 57 49 26 20 59.63 8.88 1.76 10.87 5.06 0.465
15:00 33 59 50 27 35 49.50 8.20 1.78 9.80 4.61 0.470
16:00 29 49 48 27 40 37.59 7.00 1.78 7.21 3.94 0.547
17:00 36 46 43 27 21 24.95 5.17 1.78 9.46 2.90 0.307
18:00 22 69 54 25 21 12.05 2.63 1.73 6.87 1.52 0.221
08:00 27 53 31 18 19 2823 5.70 1.56 11.43 3.66 0.320
09:00 31 68 45 20 17 41.00 7.39 1.60 1.1.62 4.61 0.397
10:00 36 60 45 21 15 53.92 8.53 1.63 11.95 5.24 0.439
11:00 30 84 45 22 12 66.77 9.18 1.66 13.57 5.55 0.409
12:00 32 84 59 23 11 78.74 9.45 1.68 11.30 5.63 0.498
82 19/06/2014 13:00 33 76 48 23 10 81.69 9.48 1.68 12.67 5.63 0.444
14:00 42 63 47 24 9 70.82 9.30 1.70 13.78 5.46 0.396
15:00 42 69 53 25 12 58.09 8.79 1.73 13.67 5.08 0.372
16:00 25 84 53 24 13 45.17 7.82 1.70 9.67 4.59 0.474
17:00 21 134 61 24 12 32.33 6.31 1.70 11.21 3.70 0.330
18:00 19 202 112 23 11 19.74 4.23 1.68 8.29 2.52 0.303
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Table 5: Measured concentrations, meteorological data, and derived rate constants and equilibrium parameter for roadside environment (site S3).

Site Date Time O NO NO, T Cld Elevation Jyo,x10® k;x10' 10" %([O5] [NOJ/[NO]) 10" xJnoa/ks o
(ppb) (ppb) (ppb) (°C) (%) ©(°) ) (cm® molecule™ s7)  (molecule cm™) (molecule cm™)
08:00 21 86 45 5 71 3.81 0.63 1.26 9.86 0.50 0.051
09:00 22 84 49 8 59 14.57 3.18 1.32 9.16 24 0.264
10:00 22 89 40 13 39 2397 5.00 1.44 12.32 3.47 0.282
11:00 29 90 58 17 12 3133 6.17 1.53 11.18 4.02 0.360
S3  03/01/2014 12:00 30 111 66 20 10 3579 6.77 1.61 12.46 420 0.337
13:00 29 98 61 21 31 36.62 6.88 1.63 11.51 422 0.367
14:00 28 78 52 21 20 33.66 6.49 1.62 10.19 3.99 0.391
15:00 35 65 61 20 56 2744 5.58 1.61 9.38 3.46 0.369
16:00 29 86 64 20 34 1883 4.05 1.60 9.49 2.52 0.266
17:00 25 78 60 19 21 858 1.83 1.58 8.11 1.16 0.142
08:00 19 79 46 8 80  4.51 0.81 1.32 8.09 0.61 0.076
09:00 21 76 50 12 60 1578 3.44 1.41 7.92 243 0.307
10:00 17 82 41 16 40 2582 5.31 1.50 8.22 3.52 0.428
11:00 23 82 59 19 30 33.94 6.53 1.58 8.12 4.13 0.509
S3  25/01/2014 12:00 24 108 74 200 30  39.19 7.19 1.60 8.75 4.49 0.513
13:00 23 91 62 21 35 40.63 7.35 1.63 8.41 4.51 0.536
14:00 28 77 52 21 20 3795 7.04 1.63 9.99 432 0.432
15:00 33 62 56 20 38 3171 6.22 1.61 9.18 3.85 0.420
16:00 27 83 54 19 34 2292 4.81 1.58 10.10 3.05 0.301
07:00 23 81 60 19 21 1244 2.72 1.58 7.61 1.72 0.226
08:00 21 45 35 8 45 637 1.28 1.33 6.39 0.97 0.152
09:00 23 78 54 11 51  18.01 3.89 1.40 8.16 2.79 0.342
10:00 20 84 44 14 24 2852 5.75 1.47 9.41 3.93 0.418
11:00 27 85 62 16 34 3717 6.95 1.51 9.04 4.61 0.510
12:00 28 106 70 18 34 4293 7.60 1.59 1.03 4.87 0.473
S3 08/022014 1300 27 93 65 19 41 44.63 7.77 1.58 9.38 491 0.524
14:00 29 86 64 18 20 4186 7.49 1.57 9.60 4.81 0.501
15:00 30 87 65 18 38 3529 6.71 1.55 9.89 433 0.438
16:00 30 81 63 18 33 26.09 5.36 1.57 9.57 3.44 0.360
07:00 25 104 73 18 38 1526 3.33 1.57 8.77 2.14 0.244
18:00 22 118 76 17 44 342 5.27 1.52 8.32 0.35 0.042
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Table 6: Measured concentrations, meteorological data, and derived rate constants and equilibrium parameter for roadside environment (site S4).

Site Date Time O NO NO, T Cld Elevation Jyo,x10® k;x10' 10" %([O5] [NOJ/[NO]) 10" xJnoa/ks o
(ppb) (ppb) (ppb) (°C) (%) ©(°) s (cm® molecule™ s7)  (molecule cm™) (molecule cm™)
08:00 21 51 33 4 59  3.77 0.62 1.24 7.89 0.50 0.063
09:00 25 36 28 7 59 14.56 3.18 1.31 7.95 243 0.305
10:00 29 65 39 13 56 2398 5.00 1.44 12.11 3.48 0.287
11:00 26 75 49 16 12 3137 6.17 1.51 9.74 4.09 0.420
S4  04/01/2014 12:00 27 55 23 18 10  35.87 6.78 1.56 15.66 436 0.278
13:00 27 99 38 19 10 3673 6.89 1.58 17.60 436 0.248
14:00 28 143 52 20 20 3379 6.51 1.60 18.63 4.06 0.218
15:00 33 78 48 20 56 27.59 5.60 1.60 12.20 3.51 0.270
16:00 31 83 56 19 31 1897 4.08 1.58 11.11 2.58 0.232
17:00 31 130 63 19 21 873 1.86 1.58 15.47 1.18 0.076
08:00 20 50 33 7 80  4.60 0.83 1.30 727 0.64 0.088
09:00 21 35 28 11 60 15.89 3.46 1.39 6.735 2.50 0.371
10:00 25 65 39 14 40 2597 5.34 1.47 10.16 3.65 0.359
11:00 21 46 24 18 35 3412 6.56 1.56 10.05 421 0.419
S4  26/01/2014 12:00 23 55 23 21 30 3941 7.21 1.62 12.93 4.45 0.344
13:00 20 96 35 22 35  40.88 7.38 1.65 13.60 4.46 0.328
14:00 18 137 47 23 30 3820 7.07 1.68 13.04 421 0.323
15:00 23 72 43 21 30 3195 6.26 1.62 9.56 3.85 0.403
16:00 21 77 51 20 34 2314 4.85 1.60 7.86 3.02 0.384
17:00 21 125 58 19 20 12.64 2.76 1.58 11.10 1.75 0.158
08:00 21 36 28 8 80  6.03 1.20 1.33 6.67 0.90 0.136
09:00 30 41 33 10 80 17.62 3.81 1.38 9.20 2.76 0.300
10:00 34 70 44 14 75  28.06 5.67 1.46 13.53 3.88 0.287
11:00 31 51 29 18 60 36.64 6.88 1.56 13.48 4.42 0.328
12:00 32 60 28 19 34 4232 7.53 1.58 16.68 4.76 0.285
S4 - 06/022014 1350 35 71 37 19 24 44.00 7.71 1.58 16.59 4.88 0.294
14:00 33 62 44 19 24 4126 7.42 1.58 11.43 4.70 0.411
15:00 25 112 49 18 38 3475 6.64 1.56 14.20 425 0.299
16:00 24 161 69 18 40 2563 5.28 1.56 13.53 3.39 0.251
17:00 26 112 80 18 21 1486 3.24 1.56 9.01 2.08 0.231
18:00 26 114 113 17 44 3.07 0.43 1.52 6.48 0.28 0.044
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Table 7: Measured concentrations, meteorological data, and derived rate constants and equilibrium parameter for roadside environment (site S5).

Site Date Time O NO NO, T Cld Elevation Jyo,x10® kyx10' 10" %([O5] [NOJ/[NO]) 10" xJnoa/ks o
(ppb) (ppb) (ppb) (°C) (%) ©(°) ) (cm® molecule™ s7)  (molecule cm™) (molecule cm™)
08:00 25 20 23 5 78 15.04 3.28 126 5.50 2.60 0.473
09:00 34 23 29 8 80 2482 5.14 133 6.1 3.88 0.569
10:00 34 31 28 10 94  32.63 6.35 137 9.29 4.63 0.499
11:00 37 32 32 14 73 3757 7.00 1.46 8.99 479 0.532
S5 170172015 15,00 36 50 37 16 51 3879 7.14 1.50 11.93 476 0399
13:00 38 30 2 17 10 3604 6.81 1.53 12.44 4.44 0357
14:00 29 29 21 19 20 2987 5.95 1.58 10.18 3.77 0370
15:00 32 28 21 19 53 21.19 4.50 1.58 10.72 2.85 0.266
16:00 37 15 14 19 37 1084 236 1.58 9.19 1.49 0.162
08:00 28 21 32 6 28 4.4 0.87 128 471 0.68 0.144
09:00 33 17 33 7 28 16.06 3.50 130 430 2.69 0.625
10:00 31 26 30 7 58 2615 537 130 6.48 4.11 0.635
11:00 32 40 41 11 77 3434 6.58 139 7.87 473 0.601
S5 27/01/2015 12:00 32 41 41 14 60 39.64 7.24 1.46 7.75 4.95 0.639
13:00 24 15 15 17 45 4L11 7.40 153 6.06 483 0.798
14:00 39 24 19 18 40 3841 7.10 1.56 12.42 4.56 0.367
15:00 36 2 20 18 40  32.13 6.28 1.55 10.41 4.04 0.388
16:00 37 23 14 17 55 2328 4.88 153 14.89 3.18 0214
17:00 36 23 14 17 21 1276 2.79 153 15.02 1.82 0.121
08:00 23 20 14 3 55 8.07 1.70 130 7.86 128 0.163
09:00 33 30 24 12 60 1994 426 1.40 9.97 3.03 0.304
10:00 32 36 26 14 24 3075 6.08 1.46 10.84 4.16 0.384
11:00 35 23 22 16 40  39.75 7.25 151 8.74 481 0.550
12:00 34 60 34 18 55 4580 7.88 1.57 14.92 5.03 0337
S5 17022015 13,59 35 42 28 18 50 4758 8.04 1.56 12.51 5.17 0413
14:00 33 28 2 20 40 44.60 7.76 1.60 10.73 4.84 0.451
15:00 32 15 15 20 45 37.67 7.01 1.61 7.93 434 0.547
16:00 32 16 15 21 40 2812 5.68 1.63 8.66 3.49 0.403
17:00 29 17 14 21 35 1698 3.68 1.63 8.84 226 0.256
18:00 31 16 15 20 22 493 0.92 1.61 8.46 0.57 0.067
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Table 8: Measured concentrations, meteorological data, and derived rate constants and equilibrium parameter for background site S6.

Site Date Time O NO NO, T Cld Elevation Jyo,x10® k;x10' 10" %([O5] [NOJ/[NO]) 10" xJnoa/ks o
(ppb) (ppb) (ppb) (°C) (%) O (°) ) (cm® molecule™ s7)  (molecule cm™) (molecule cm™)
08:00 23 16 23 7 90 2138 4.53 1.30 3.85 3.48 0.903
09:00 25 18 23 11 88 3239 6.32 1.40 4.57 4.53 0.990
10:00 27 17 22 16 70 41.63 7.46 1.50 5.17 4.94 0.957
11:00 32 16 23 17 63  47.89 8.07 1.53 5.29 5.26 0.996
S6  23/02/2015 12:00 37 15 25 19 87 4972 8.22 1.57 5.46 5.22 0.956
13:00 37 13 21 20 62 4655 7.95 1.60 5.29 4.95 0.935
14:00 33 12 24 20 38 3933 7.20 1.60 4.34 4.49 1.034
15:00 28 17 28 19 35 2950 5.90 1.58 4.29 3.74 0.873
16:00 19 19 26 19 32 1816 3.92 1.58 3.49 2.48 0.710
17:00 16 21 28 19 75 596 1.18 1.58 2.95 0.74 0.253
08:00 20 16 21 15 80 21.64 4.58 1.48 3.71 3.08 0.831
09:00 22 18 21 17 71  32.68 6.36 1.52 4.42 4.18 0.944
10:00 22 17 20 17 70  41.96 7.49 1.53 4.64 4.89 1.054
11:00 27 16 21 18 63 4825 8.10 1.57 491 5.20 1.061
S6  24/02/2015 12:00 32 14 20 19 52 50.08 8.25 1.57 5.54 5.26 0.949
13:00 32 13 20 19 40  46.88 7.98 1.58 5.05 5.05 1.000
14:00 28 13 19 21 38 3961 7.24 1.63 4.73 4.44 0.939
15:00 26 13 23 2 35 2973 5.93 1.65 3.69 3.60 0.975
16:00 24 15 26 19 32 1836 3.96 1.58 3.48 2.51 0.720
17:00 11 15 28 21 18 6.13 1.22 1.63 1.46 7.52 0.515
08:00 25 11 28 9 63  9.83 2.12 1.35 2.48 1.57 0.634
09:00 28 15 29 13 60 21.90 4.63 1.45 3.59 3.20 0.890
10:00 33 16 30 15 66 3297 6.40 1.48 4.44 431 0.971
11:00 33 16 26 16 49 4229 7.53 1.58 4.98 4.99 1.003
12:00 34 14 25 19 49 4862 8.13 1.58 4.92 5.13 1.042
S6 250022015 13,99 35 14 24 20 44 5045 8.28 1.60 5.15 5.16 1.002
14:00 35 14 24 20 34 4721 8.01 1.60 5.24 4.99 0.952
15:00 32 14 25 21 34 3988 727 1.62 4.50 4.48 0.996
16:00 29 14 27 21 29 29.96 5.97 1.63 3.65 3.66 1.004
17:00 23 14 27 21 45 1855 4.00 1.63 2.84 2.45 0.863
18:00 13 16 29 20 50 6.9 1.26 1.60 1.73 7.90 0.458
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Figure.2 shows for each site the time evolution of the PSS parameter p, derived from the concentrations
measured at the different sites.

For the background site S6, the photostationary parameter p has a value of 1 during most of the daytime,
with the exception of the first two and last two measurement points of the days. It has indeed been shown
[1,18,24] that the equilibrium cannot be achieved in the morning and late afternoon hours due to the fast
changes of the solar irradiance and of the rapid variations induced in the NO,/NO ratio. Therefore, in the
following discussion, only the behavior of p between 10:00 and 16:00 will be considered. The consistent value
of 1 for site S6 during this period confirms that this site is sufficiently far from pollution sources, and that the
photostationary hypothesis at this site is verified.

For the traffic sites S1 to S5, the situation is different, with the photostationary parameter p presenting a
maximum during the noon hours of only 0.4 to 0.8, depending on the site and day of measurement. Only in two
sites, S1 and S5, can we notice day to day variations, which can probably be ascribed to variations in the traffic
conditions, and, in the case of the measurements taken on June 11, 2014 at Site 1, to the slightly different
position of the analyzers compared to the other days.

4. Discussion

It is rare when the photostationary equilibrium is reached. Indeed, the calculation of p according to
Equation 3 assumes that no other reaction can perturb the cycle of Reaction 1 to Reaction 3. However, reactions
with other chemical components of the atmosphere can compete with reaction R3, such as in particular the
reactions of NO with RO, or HO».

R4: HO, + NO — NO, + OH ; k;-9.7x10""? cm® molecule™'s™ [25]
R5: RO, + NO — NO, + RO ; ks = 9x10™"? cm®molecule's™ [15]

These reactions lead to the depletion of NO, and to an increase of NO, which will undergo photodissociation
into OCP) and an eventual increase of O3 (reactions R1 and R2). The importance of the reactions of RO,, HO,
and CH,0O; with NO, has been previously reported, for instance by Bakwin et al. [26] with p values >5, by
Hosaynali Beygi et al. [27] who found p>10, by Trebs et al. [17], with p>2.5, or by Ridley et al. [28], with p
between 1.2 and 3. In a few studies, the deviation of p to unity has even been used to derive the concentration of
radicals. For instance, Shetter et al. [18] estimated, using an average daytime of p~1.5, a peroxy radical
concentration of 3x10° molecule cm™. Similarly, Rohrer et al. [24] calculated an upper limit concentration for
RO, of 2.2x10° molecule cm™ from the p value of 1.85 measured at noon. Others studies in moderately polluted
atmospheres determined p values above 1, also linked to the RO, concentration [28-30]. More recently,
simultaneous measurements of NO, NO,, O3, Jno2 and RO, were conducted by Matsumoto et al. [20] in Japan.
They found values of p close to 1 but in some cases, p was significantly less than unity. They confirmed that the
contribution of ROx is significant when the ozone concentration is low, with for instance p ~ 0.7 for a
concentration ratio RO,/O3; > 0.002. They additionally suggested that the reaction rate constant of RO, with NO
could be critical for the photostationary state to be reached. This effect is also noted in rural and remote zones,
where values of p > 1 have been found (e.g.[17,31-33]) because the reactions of NO with oxidants are not
significant enough.

Another parameter to consider is the importance of the influence of local emissions on the photostationary state,
which remains a matter of further study. At the emissions, NOx are mainly constituted by NO that is
progressively transformed in NO, until the photo-stationary equilibrium is reached. For this reason, close to the
source we expect the ratio [NO][O3]/[NO;] to be higher than that corresponding to the equilibrium, i.e. Jnoa/ks.
In fact, two timescales must be taken into consideration. The first one is the timescale for turbulent transport
Turb, Which typically ranges from 1 to 10 sec at surface level [16]. The second one is the photochemical
conversion time of NO into NO, (tpss), typically of the order of 60 to 300 s [17,19,24]. The transport of the air
masses is then much faster than the chemical conversion, which prevents reaching the photostationary
equilibrium close to the sources [17]. In that case, p values below 1 would be expected. Only few studies
however have found p values below 1. This has been observed by Eschenroeder and Martinez [34], who
determined p values down to 0.3 in Los Angeles, by Kewley and Post [35], in Sydney, who observed values of
p between 1 and 0.25 during the daytime when the UV intensity is high. Bilger [36] noted the same finding (p
less than unity) and suggested that this could be due to the effect of mixing clean air and smog.

M. El Abassi et al., J. Mater. Environ. Sci., 2018, 9 (7), pp- 2071-2086 2081



In the present study, we systematically found p values below 1, with the exception of the background
site S6 where the photostationary state was reached. The photochemical conversion time of NO into NO,

1

Tpss(S) = (Trebs et al. 2012) was calculated in the range 50 to 95 s. The turbulent transport time
J No, + kg x |OS

was calculated according to (Trebs et al. 2006) as 7, (S) = k,; x(h

*®

mes
w

+h0)u—2. We considered a value of 0.41

for the Von Karman coefficient k., of 0.4 m.s™ for the friction velocity u* [37], of 1.5 m for the roughness
length 4, [38], of 4 m for the height of measurement 4,,., and of 0.6 m.s”' for the standard deviation of the wind
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Figure. 2: Daily evolution of photostationary parameter p.

In these conditions, T, varies between 0.5 and 3.5 s. It follows that the reaction of conversion of NO into NO,

is slow compared to the transport phenomena, which prevents the photostationary state to be reached.

These values are reasonably in the same range as the ones previously reported in the literature and presented

earlier in this article.
Sites S2, S3 and S4, present similar photochemical ratios for all the days of measurement, with only

can probably be related to the intensity of the traffic. For site S1, stronger variations are
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noted. It is however difficult to distinguish from p alone between the effect of the larger distance between the
measurement point and the road axis, about 20 m on June 6 and 18, and 100 m on June 11, and the effect
induced by fluctuations in the traffic conditions or by the wind speed and direction. A closer inspection of the
data reported in Table 3 shows indeed that when the distance between the source, i.e. the road, and the
measurement point increases, the observed NO concentration is reduced by a factor 2, but that at the same time,
NO, concentration also decreases, confirming that both effects, the chemical reactivity and the dispersion of
pollutants by the wind, are of the same order in these conditions. This is also the case at site S5, where in
addition the absence of nearby tall buildings induces a rapid dispersion of the pollutants, as evidenced by the
relatively low concentration of nitrogen oxides in spite of the heavy traffic.

A plot of the value of p as a function of the observed concentration ratio NO,/NO is given on Figure. 3.
For the background site, this plot translates as a constant, as expected when the photostationary state is reached.
For the traffic sites, the p value is directly and linearly correlated to the ratio, with a threshold between the two
regimes for NO,/NO ~1.4 in our conditions, that is with a background ozone concentration of 30 to 35 ppb, as
measured in site S6. This limit value of 1.4 is linked to the excess NO directly emitted by the vehicles, before
reaction into NO; or dispersion of the air masses. Such a plot would allow for a quick determination whether the
photostationary state is reached in any urban environment.

12
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Figure. 3: Evolution of the photostationary parameter p with the NO»/NO ratio

S. Conclusion

In this work, we measured the NOx and O; concentrations in different roadsides places, and one
background site, in the city of Agadir, Southern Morocco, between January 2014 and June 2015. The observed
concentrations range between 13 and 42 ppb for ozone, 15 and 252 ppb for NO, and 14 and 113 ppb for NO,.
From this large dataset, we investigated whether the assumption that the photostationary state was reached,
implicitly used in the air quality predictive models, was holding true. To our knowledge, this is the first time
that this assumption is tested in roadside environments. Only in the background site, far from the direct traffic
emissions, could the atmosphere considered in photostationary equilibrium. For the sites close to the traffic, the
excess NO from the tailpipe emissions do not have time to react or to be perfectly mixed with the background
pollutants, leading to a significant deviation from the photostationary equilibrium. We suggest that the measured
concentration ratio NO,/NO may be used as a criterion to evaluate the photostationary state of the urban
atmosphere, which could be taken into account both for field measurements and for modeling purposes.
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