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Highlights

NO: measured by 104 passive samplers at 65 places in Prague, corrected mean 36 pg/m?
NO: increases with traffic intensity corrected for intersections and hills

High NO2/NOx ratios and excess NOx emissions from diesel cars a culprit

Not much improvement after “Dieselgate”

Annual limit of 30 pg/m? suggested based on health evidence literature review

Abstract: This work examines the effects of two problematic trends in diesel passenger car emissions
— increasing NO2/NOx ratio by conversion of NO into NO: in catalysts and a disparity between the
emission limit and the actual emissions in everyday driving — on ambient air quality in Prague. NO2
concentrations were measured by 104 membrane-closed Palmes passive samplers at 65 locations in
Prague in March-April and September-October of 2019. NO: concentrations measured by city sta-
tions during those periods were comparable with the 2016-2019. The average measured NO2 con-
centrations at the selected locations, after correcting for the 18.5% positive bias of samplers co-lo-
cated with a monitoring station, were 36 pg/m? (range 16-69 ug/m? median 35.3 pug/m?3), with the
EU annual limit of 40 ug/m3 exceeded at 32% of locations. The NO:z concentrations have correlated
well (R?=0.76) with the 2019 average daily vehicle counts, corrected for additional emissions due to
uphill travel and intersections. In addition to expected “hot-spots” at busy intersections in the city
center, new ones were identified, i.e. along a six-lane road V Holesovickach. Comparison of data
from six monitoring stations during March 15-April 30, 2020 travel restrictions with the same period
in 2016-2019 revealed an overall reduction of NO2 and even a larger reduction of NO. The spatial
analysis of data from passive samplers and time analysis of data during the travel restrictions both
demonstrate a consistent positive correlation between traffic intensity and NO2 concentrations
along/near the travel path. The slow pace of NO2 reductions in Prague suggests that stricter vehicle
NOx emission limits, introduced in the last decade or two, have so far failed to sufficiently reduce
the ambient NO:z concentrations, and there is no clear sign of remedy of Dieselgate NOx excess emis-
sions.
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1. Introduction

Mobile sources, including on-road vehicles, remain to be one of the largest contribu-
tors to the air pollution in most metropolitan areas in Europe, with particulate matter and
nitrogen oxides (NOx, defined as a sum of nitric oxide NO and nitrogen dioxide NO2)
being of highest concern. Outdoor air pollution is now being considered one of the leading
causes of premature death [1], with estimated tolls of approximately half a million prem-
ature deaths annually in the EU [2], and associated economic damage around 5% of HDP
in Central Europe [3]. At the same time, the state-of-the art technology of the internal
combustion engine has improved considerably over the last decades. Very low levels of
sulfur and metals in the fuel have allowed the introduction of three-way catalysts on spark
ignition engines, a common technology used throughout the U.S. over the last four dec-
ades with a somewhat delayed deployment in Europe, and the introduction of diesel par-
ticle filters on virtually all on-road diesel engines manufactured in the last decade. The
emissions of nitrogen oxides, primarily NO, on engines operating with excess air re-
mained a challenge, being ultimately resolved about a decade ago with selective catalytic
reduction (SCR) systems on heavy-duty vehicles [4] and more recently also on light-duty
vehicles.

In the EU, the concentrations of NO2, deemed to be more detrimental to human health
then NO, are limited and monitored in the ambient air. Overall, the concentrations of NO2
have not been decreasing as fast as those of other key pollutants. In the Czech Republic,
the concentrations of NO:z at most air quality monitoring stations have been, according to
the data in [5], decreasing by on the order of 1% a year over the last two decades. A grad-
ual decrease of NO: concentrations in the overall atmosphere above the Czech Republic
over the last decade has been also reported from remote sensing satellite measurements
[6].

NQO:z in ambient air originates both from direct (primary) emissions and from gradual
conversion of NO into NOz2 [7]. While the total emissions of NOx have been gradually
decreasing, there is no apparent trend of a decrease in NO2 primary emissions over the
last 15 years [6]. One of the culprits of high primary NO: emissions are diesel vehicles,
which have been, over the last two decades, equipped with oxidation catalysts, which
convert a considerable portion of NO into NOo. In the U.S., average NO2/NOx ratio in ve-
hicle exhaust (all vehicles, including predominantly gasoline cars and light trucks and
predominantly diesel heavy trucks) was 5.3% [8], compared to approximately 15% in Eu-
rope [9].

This paper explores a hypothesis that the observed decrease in NO: concentrations
falls short of that expected based on order-of-magnitude decrease in vehicle NOx emis-
sions limits, and that non-compliant diesel cars could substantially contribute to this
shortfall. The underlying aspects of NOx emissions and the adverse health effects of NO:
are summarized. The results of a citizen science campaign aimed at monitoring NO: with
passive samplers are reported and discussed in light of these findings. As an additional
insight, the effects of coronavirus related restrictions on NO and NO: concentrations in
Prague are reported and discussed.

2. Review of trends and shortcomings in NO2 and NOx emissions from vehicles

Nitrogen oxide (NO) is formed in combustion processes from atmospheric nitrogen
and oxygen at high temperatures [10, 11], which are generally associated both with effi-
cient combustion and with high thermal efficiency of the engine. Subsequent oxidation of
NO in the atmosphere yields primarily nitrogen dioxide (NOz), a brownish irritant gas.
Other oxides of nitrogen — N202, N20s, N20s, N20s — are generated in small concentrations,
are unstable and short-lived in the atmosphere. The oxides of nitrogen are summarily re-
ferred to as NOy, although there is no precise definition. Often, NOx is evaluated as the
sum of NO and NO&z. Technically, the sum of NOx also includes nitrous oxide (N20), which
is, however, not hazardous to human health, but is a potent greenhouse. NOx lead to the
formation of nitrous acid (HNOz) [12, 13], nitric acid (HNOs), and a variety of salts such
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as ammonium nitrate, present in the atmosphere as particulate matter [14]. Photodissoci-
ation of NO: under the presence of sunlight produces NO and atomic oxygen, which re-
acts with molecular oxygen to form ozone [15] a highly reactive compound generally
harmful to human health, organisms and plants. NOx and ground-level (tropospheric)
ozone are, together with particulate matter, the principal part of urban air pollution.

On spark ignition engines, CO and VOC, principally a product of incomplete oxida-
tion of fuel and to a lesser extent engine lubricating oil, and NOx have been successfully
abated by the combination of three-way catalysts [16] and by maintaining stoichiometric
air-fuel ratio through closed-loop control of the quantity of fuel injected [17]. This tech-
nology has proven to be remarkably efficient.

On diesel engines, the emissions of NOx have been, at first, controlled through de-
layed combustion timing and exhaust gas recirculation, both associated with a slight fuel
penalty, and at a later time, with NOx storage and reduction catalysts and selective reduci-
ton catalysts (SCR). The reduction of NOx has historically come at an expense of both cap-
ital and operating costs, with operating costs including either fuel (notably on older vehi-
cles using delayed combustion, exhaust gas recirculation, NOx storage and reduction cat-
alysts) or a reducing agent used in SCR (mostly aqueous solution of urea, known as Diesel
Exhaust Fluid or ,AdBlue”). These costs have motivated, over last few decades, many
manufacturers and vehicle users to circumvent NOx reduction efforts, as the savings were
realized by them directly, while considerably larger overall damage to human health was
born by the society, a problem known as the Tragedy of the Commons [18]. A widespread
practice of dual engine mapping in the U.S. in 1990’s [19, 20] has lead to the gradual ex-
tension of vehicle emissions limits to ordinary on-road operation first of heavy-duty and
later of light-duty vehicles [21-23]. In the heavy-duty vehicle engine sector, many recent
studies now show that on-road NOx emissions of newer heavy-duty vehicles have been
successfully reduced by an order of magnitude except for low-load operation typical for
congested urban areas. Quiros et al. [24] reports NOx emissions of 2013 and 2014 model
year heavy trucks of 0.36 g/km during motorway operation in California. Jiang et al. [25]
reports, for similar conditions, 0.3 g/km NOx during extraurban and motorway operation.
Grigoratos et al. [26] reports NOx emissions during motorway operation in Europe of 0.07,
0.08, 0.17 and 0.24 g/kWh for four trucks and 0.80 g/kWh for a bus. Giechaskiel et al. [22]
reports NOx emissions of a garbage collection truck of less than 0.4 g/kWh during ex-
traurban operation (note: for heavy vehicles, emissions per kWh roughly correspond to
emissions per km).

Unfortunately, this has not been the case with light-duty vehicles with diesel engines,
highly prevalent in Europe, where they account for tens of percents of vehicle registration
and in Prague, for about two thirds of vehicles counted on the road [27]. Large portion of
European automobile diesel engines produced over the last one to two decades have been
reported to emit substantially, often by an order of magnitude, more NOx on the road than
during the type approval test [28-32]. Weiss et al. [29] reports on-road NOx emissions
factors 0.76 + 0.12 g/km for Euro 4, 0.71 + 0.30 g/km for Euro 5 and 0.21 + 0.09 for Euro 6.
In a more recent study by Suarez-Bertoa et al. [23], NOx emissions from Euro 6 diesel cars
varied substantially from mid tens to mid hundreds of mg NOx per km, with median value
about 0.2 g/km NOx during city-motorway test.

At the same time, on nearly all light-vehicle diesel engines of the last decade or so,
oxidation catalysts are used to convert NO into NO, as higher concentrations of NOz,
around tens of percent, are beneficial both for the combustion of soot in DPF and for the
,fast” reduction of NOx in SCR catalysts. As a result, NO:z from newer engines accounts
for tens of percent of NOx [33, 34]. On passenger cars and light-duty trucks, NO2/NOx
ratios of around 10-15% up to Euro 3 and 25-30% for Euro 4 and 5 were found in a London
remote sensing study [35]. In the U.S., NO2/NOx ratio from heavy duty diesel trucks have
doubled from around 7% in 2010 (average of trucks passing on the road in a given year,
not a model year of the vehicles) to around 15% in 2018 [36]. This increase, however, did
not result in an absolute increase in NO2 emissions, as total NOx emissions have decreased
dramatically thanks to the widespread use of SCR catalysts. According to Preble-
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Caldecott [36], , Fleet-average NO2 emission rates remained about the same, despite the
intentional oxidation of engine-out NO to NO2 in DPF systems, due to the effectiveness of
SCR systems in reducing NOx emissions and mitigating the DPF-related increase in pri-
mary NO: emissions.”

In Europe, NOx emissions from diesel cars have not, however, decreased in propor-
tion to the decreasing emissions limits. A recent on-road study in Prague report mean
emissions of Euro 5 and 6 diesel cars and vans of over 0.1 g/km NO: and over 0.5 g/km
NOx [37], while a recent study of one of the most common diesel cars (Euro 6) reported
about 0.15 g/km over WLTC cycle, and about 0.4 g/km over the Artemis driving cycle [38],
which is more than the 0.08 g/km Euro 6 limit for total NOx (with which the vehicle rea-
sonably complied over the NEDC cycle).

The presumption of the regulators that increased NO2/NOx ratio after the oxidation
catalyst and before the DPF, highly beneficial both for DPF and SCR operation, will be
mitigated by the rather high efficiency of the NOx aftertreatment, envisioned in both U.S.
EPA and EU emissions standards, has been compromised by intentional acts resulting in
diminished, or even zero, efficiency of NOx aftertreatment. Examples of such acts include
dual-mapping of the engines by the manufacturers (a prime example of which is ,,Diesel-
gate”) and disabling of the SCR (and emulating its proper functioning to the on-board
diagnostics by ,,SCR emulators”) by vehicle operators. Under such conditions, relatively
high amounts of NO, intended to be reduced in NOx aftertreatment, are emitted out of
the tailpipe. Logically, this results in very high, and much higher than intended, primary
emissions of NO: in the streets. This finding is consistent with the rather slow decrease in
NO:2 concentrations.

To build up on this hypothesis, the measurements of NO: concentrations at various
locations by passive samplers are examined. Some of the results were presented by
Deutsche Umwelthilfe [39] as preliminary data; in this study, the results from Prague were
examined in a greater detail.

3. Measurement of NO: in Prague by passive samplers

For passive monitoring, membrane-closed Palmes tube [40] passive samplers (Pas-
sam, Switzerland [41]) were used. Several hundreds of samplers were placed at selected
locations in the Czech Republic, out of which 65 were in Prague, during spring and fall of
2019 (46 and 58 samplers, respectively, a total of 104 samplers), each time for a period of
approximately one month. The placement of the tubes followed the requirements set in
the EU Air Quality Directive (2008/50). The measured concentrations, along with average
daily vehicle traffic counts [42], are reported in Table 1.
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Table 1. Measured NO2 concentrations and average daily vehicle counts.

NO2 measurements by passive samplers Sprimg Concentration as analyzed [ug/m3] Adéiiz‘:\f?;zs;‘?s) vethtr:Ia:sllcday il Inter- t;fs
measurement i !
Location period  par-Apr Asiizg et S Spring Fal  Average Actual Adusted 0 S°TON et
31 Budgjovicka Mar 9-Apr 6 33.6 28.3 28.3 1
32 tfida 5. kvétna 39 Mar 9-Apr 6 42.9 36.2 34.8 35.5 73818 110727 50% 1
33 Na Veseli Mar 9-Apr 6 48.7 41.2 411 345 37.8 15500 31000 = 100% 1
34 Sokolska/Jecna Mar 9-Apr 6 78.4 40.9 66.2 56.1 61.1 56000 280000 100% 100% 1
35 Je&na/Stépanska Mar 9-Apr 6 63.6 70.4 62.6 53.6 52.9 53.3 27600 138000 100% 100% 1
36 Jugoslavskych partyzant 27 Mar 9-Apr 6 346 62.7 29.2 29.2 16723 16723
37 Na piskach/Evropska Mar 9-Apr 6 52.0 43.9 47.6 45.7 40600 162400 100%
38 Kafkova/Svatovitska Mar 9-Apr 6 46.1 56.4 38.9 39.0 39.0 26101 104404 100%
39 Svatovitska / tunel Mar 9-Apr 6 310 46.2 26.1 285 273 36901 36901
40 Na Orechovce Mar 9-Apr 6 45.3 33.8 38.2 38.2 12800 12800
41 Dejvice train station Mar 9-Apr 6 734 62.0 50.2 56.1 29200 131400 50% = 100% 1
42 Hrad¢anska (metro station) Mar 9-Apr 6 34.2 59.5 28.8 30.3 29.6 18409 18409 1
43 Veletrzni/Sochafska Maro-Apr6 | 505 T30 426 399 412 22100 99450  50% 100% 1
44 Janovsksho/Veletrzni Mar9-Apr6  40.5 T 342 285 314 19400 77600 100% 1
45 Krizovnicka Mar 9-Apr 6 40.1 33.8 33.8 21000 21000 1
46 Vinohradska/Flora Mar9-Ap 6 34.2 | ] 288 310  29.9 26400 26400
47 Flora-mall (bus stop) Mar 9-Apr 6 42.6 36.7 35.9 29.8 328 11312 45248 100%
48 Bélocerkevska (bus stup) Mar 9-Apr 6 51.4 353 43.4 39.2 413 26500 132500 100% 100%
49 Vr8ovicka (Slavia tram stop) Mar 9-Apr 6 329 ’ 27.8 30.6 29.2 13900 55600 100%
52 Rumunska/Sokolska Mar 9-Apr 6 53.4 . 45.0 45.0 43100 129300 50% = 50% 1
120 Severni Spofilov podchod Mar 13-Apr24 454 38.3 383 48900 73350 50%
121 Chodov / Délnice Mar 13-Apr 24 54.7 46.2 46.2 118100 177150 50%
122 Zenklova/Na Korabé Mar 13-Apr 24 39.4 33.2 25.2 29.2 13000 13000
123 Vychovatelna (bus) Mar 13-Apr 24 67.0 29.8 56.5 41.0 48.7 109300 163950 50%
124 Rokoska (podchod) Mar13-Apr 24 63.6 485 537 | 448 493 88561 132842 50%
125 V HoleSovickach 8/10 Mar 13-Apr 24 50.7 | 531 42.8 37.8 40.3 88561 132842 50%
126 Hotel Paw llovia Mar 13-Apr 24 40.4 48 341 36.4 353 88561 88561
127 main train station Mar 13-Apr 24 41.9 353 43.4 39.4 85053 85053 1
128 Hrusicka 6 (balcony) Mar 13-Apr24  21.2 51.4 17.9 179 0 0
129 hlavni 25 (balcony) Mar13-Apr24 201 246 246 8000 8000
130 Havni / most Mar 13-Apr 24 36.7 31.0 31.0 50487  75730.5 50%
181 Kotevni 2 Mar 19-Apr 24 32.2 27.1 27.1 26500 26500 1
182 Strakonicka 21/23 Mar 19-Apr 24 40.9 345 34.5 54753 54753 1
183 Svornosti 19a Mar 19-Apr 24 48.2 40.6 40.6 11800 11800 1
184 Zborovska 3 Mar 19-Apr 24 48.2 207 7 371 38.9 14500 58000 100% 1
185 V Botanice 4 (regional government) Mar 19-Apr 24 55.8 43.7 44.2 471 7 o471 47.1 25028 100112 100% 1
186 V Botanice (bank) Mar 19-Apr 24 43.3 48.7 62.9 365 | 37.1 36.8 22000 88000 100% 1
187 Pizefiska 14, Hotel IBIS Mar 19-Apr 24 49.2 43.9 415 7 354 38.4 32700 130800 100%
188 Radlické 14/Andél Mar 19-Apr 24 47.9 41.9 405 7 408 40.6 25030 100120 100%
189 Ostrovského Mar 19-Apr 24 43.2 48.3 365 | 344 35.4 23190.5 92762 100%
190 Billa Karlin Mar 19-Apr 24 32.2 40.8 272 7 238 255
191 Pobfezni (bussiness center) Mar 19-Apr 24 435 28.2 367 7 335 35.1 31200 31200
192 Pobfezni (monitoring stattion) Mar 19-Apr 24 38.3 39.7 323 7 257 29.0 31200 31200
193 Negreliho viadukt Mar 19-Apr 24 33.3 30.5 281 | 328 30.4 13335 13335
194 Forenc (bus stop) Mar 19-Apr 24 46.4 38.8 392 7 356 374 14612 58448 100%
195 Nam. Republiky (Kotva) Mar 19-Apr 24 47.2 422 39.8 39.8 8300 33200 100% 1
Mezibranska 3 none 84.4 789 68.9 68.9 59645 298225 100% 100% 1
Sokolska/Jecna , Prague none 74.0 62.6 57.6 57.6 55445 277225 100% 100% 1
Rumunska/Legerova, Prague none 62.3 52.1 48.3 48.3 45452 181808 100% 1
Bubenska , Prague none 48.0 40.5 40.5
Vysoc¢anska , Prague none 26.1 22.0 220
Vysoganska (CHMU), Prague none 37.1 31.3 313
Thamova / Sokolovska , Prague none 28.2 238 2338
Radlicka (CSOB), Prague none 37.6 31.7 317
Radlické (Kotelna Park) , Prague none 33.4 28.2 28.2
Resslova 1/3, Prague none 52.4 44.2 44.2 33027 148622 50% 100%
Spofilov 1, Prague none 51.3 433 433
Sporilov 2, Prague none 335 28.3 28.3
Bo¢ni/ Jihovychodni VII, Prague none 28.1 23.7 237
Pankrac 1 BAUHAUS, Prague none 371 31.3 313 100%
Pankréac 2 Doudlebska , Prague none 29.2 247 247 100%
Pankréac 3 viadukt , Prague none 318 26.8 26.8 100%
Pankrac 4 Hvézdova 35, Prague none 311 26.3 26.3 100%
Radlicka / Klicperova, Prague none 48.3 40.8 40.8 25030 100120 100%
Suchdol AV CR, Prague none 19.9 16.8 16.8
Suchdol AV CR, Prague none 18.7 15.7 15.7
No2 measuremer.ns by the national air Average of 1-hour concentrations [ug/m 3] Average concentrations Trafflc ) i
quality monitoring network vehicles/day Hil  Inter- tons
- - - - - climb section excl.
Station Mar9-Apré Zk?)rr]z ASL;F:):;OQ 2?:; 0 Soe:ég Spring Fall 22%11(; Actual  Adjusted zone
Legerova 45,52 61.5 44.7 44.7 53.5 44.7 51.1 46300 185200 100% 1
Namesti Republiky 29.1 34.9 26.0 35.8 32.0 30.9 29.6 10400 41600 100% 1
Kobylisy 19.9 20.9 26.4 20.4 26.4 20.0 0 0
Pramyslova 31.3 318 29.7 316 29.7 314 35000 35000
Vysocanska 28.7 37.0 314 329 31.4 348 37035 37035

Karlin 31.9 26.0 31.9 26.0 29.2 31200 31200



https://doi.org/10.20944/preprints202104.0081.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2021 d0i:10.20944/preprints202104.0081.v1

3.1 Validation by comparison with the air quality monitoring network.

According to [43], passive diffusion tubes for measuring NO2 concentrations in air
were originally developed in the late 1970s for personal monitoring. They have been
widely used in Europe for spatial and temporal measurement of NO2 concentrations. The
method has been found to be cheap, simple, and , provides concentration data in most
circumstances that are sufficiently accurate for assessing exposure and compliance with
Air Quality criteria.” [43] Reporting on a series of comparison tests, Buzica et al. [44] have
concluded that ,,In the case of NO, all the results of the laboratory and field experiments
respected the requirements necessary for the demonstration of equivalence.” and that the
MCPT are equivalent to the reference methods for assessment of NO2. Passive diffusion
tubes were reported to show a positive bias when sampling close to sources of NO, such
as roadside or street canyons [43]. At the same time, prolonged (several weeks) sampling
periods were reported to lead to negative bias [43].

To evaluate the bias, two samplers were placed at the Legerova monitoring station
(urban hotspot), but both were stolen. Several samplers from nearby locations, and addi-
tional samplers from locations with similar traffic flow as on Namésti Republiky, were
compared with the online data from the Legerova and Namésti Republiky monitoring
stations (data shown in Table 1), in each case averaged over the actual sampling period of
each respective sampler. The results of this comparison are given in Figure 1. Two larger
points represent one sampler co-located near the Namésti Republiky station and another
one relatively close to the Legerova station. Additional samplers close to the Legerova
station were closer to intersections and therefore exposed to additional cross-traffic, in
addition to the increase in emissions rates in the vicinity of intersections. To evaluate the
bias, two samplers were placed at the Legerova monitoring station (urban hotspot) in the
spring of 2019, but both were stolen. Additional samplers were placed near the Karlin
monitoring station and near the Nameésti Republiky monitoring stations, as well as in the
general vicinity of the Legerova station. The NO: concentrations reported for the samplers
were compared with the average NO: concentrations measured by the monitoring station,
obtained by averaging data over the time the samplers were exposed on the site.

The results of this comparison are given in Figure 1. The three larger points (in red/or-
ange) represent samplers co-located with the Karlin monitoring station over three sepa-
rate one-month periods show a linear correlation with a slope of 1.185. Blue points show
additional locations. Two samplers were placed at an urban background monitoring sta-
tion Suchdol, however, data from this station was not available, and the readings are com-
pared with another background monitoring station in Kobylisy. Two samplers were
placed near Nameésti Republiky monitoring station, but a few dozens meters away and
near an exit/entrance ramp to a large shopping center underground parking garage. Two
samplers were placed on the corner of Legerova and Rumunsk3, near the monitoring sta-
tion but at an intersection controlled by a traffic light. The readings from these four sam-
plers were higher than from the monitoring station, which can be reasonably expected as
they were near stopped and accelerating vehicles.

Additional samplers used in the comparison were at reasonably close locations with
not overly dissimilar traffic, and were not too far from the 15% tolerance reported by the
Defra report [43]. It should be noted that the tolerance is applicable to the deviation of the
sampler-reported and reference value, and not to the differences due to the samplers be-
ing at different locations with different emissions characteristics.

For all subsequent data analysis, the concentrations from the passive samplers were
divided by the regression slope of 1.185.
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Figure 1. Comparison of passive sampler reported NO: concentrations to the corresponding aver-
age values from corresponding monitoring stations. Larger points circled in red denote co-location
of the sampler at the monitoring station.

3.2 Comparison of NO: during passive samplers deployment with long-term averages

The variation of climatic and weather conditions is an additional source of bias to
consider when comparing passive samplers to annual mean values. Fig. 2 shows that the
average values of NO2 recorded at the monitoring stations over sampling periods of indi-
vidual samplers (different four-week periods in March-April 2019) did not dramatically
differ from annual means during the last four years (2016-2019), although differences in
trends were observed among the stations. For example, the Legerova urban hotspot sta-
tion exhibited an annual average of 51.1 pg/m? (2016-2019), compared to 45.5 pg/m? dur-
ing the period of March 9 — April 6 and 61.5 ug/m? during March 19 — April 24. The
Nameésti Republiky urban background station had a 2016-2019 average of 29.6 pg/ms3,
compared to 29.1 pg/m? during Mar 9 — Apr 6 and 34.9 pug/m? during Mar 19 — Apr 24.
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Figure 2. Comparison of monitoring station NO2 averages during sampling periods with four-
year average.

The consistency of the measurement by passive samplers during spring and fall pe-
riods is shown, along with data from the reference monitoring stations, in Fig. 3. The slope
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of regression is 0.908 for the monitoring stations and 0.921 for the passive samplers, show-
ing that the monitoring stations and the passive samplers report the same overall trends
in NO: concentrations.
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Figure 3. Comparison of spring and fall NO:z concentrations.

3.3 Effects of traffic

For further analysis, all passive sampler measurements were divided by a factor of
1.17 (the slope of regression of passive sampler vs. reference NO, see Fig. 1).

The relationship between the vehicular traffic intensity and the NO: concentrations
measured by the passive samplers is given in Fig. 4. As samplers were used over two
different periods, they are plotted separately in two series, one for each period, along with
the average values from Legerova and Namésti Republiky monitoring stations. It appears
that there is a moderate positive trend of NO2 increasing with traffic. Also, samplers lo-
cated next to uphill section of a divided highway (or a one-way street with the traffic going
in the uphill direction) and next to an intersection tend to exhibit higher NO2 concentra-
tions. It also appears that the NO:2 concentrations are higher in urban canyons and con-
gested streets of the city center and near intersections.

To assess whether high NO: are associated with truck traffic, samplers located in the
area with limited access of vehicles over 6 tons gross weight (entry by permit only, re-
stricted to local traffic) are plotted separately in Fig. 5 (for locations where multiple sam-
plers were used, average values are plotted). It is clear from the figure that the highest
NO:2 were measured in areas where trucks over 6 tons are mostly excluded.
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Figure 4. Relationship between traffic intensity and NO2 concentrations measured by passive
samplers in spring and fall of 2019 and by the national monitoring network (average of 2016-2019).
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samplers (average of all measurement periods) and by the national monitoring network (average
of 2016-2019).
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To account for additional emissions due to hills and intersections, the intensity of
traffic traveling uphill was increased by 100% to account for additional fuel consumption,
and for samplers located at intersections, the intensity of traffic was increased by 300% to
account for fuel consumed at idle and when accelerating (where the intersection was with-
out a major delay, such as time-synchronized signals at intersections of a larger one-way
street with a side street or pedestrian crossing, the factor was reduced by one half). These
adjustments factors were arbitrarily selected based on experience with vehicle emissions
behaviour (additional emissions due to climbing a hill, additional emissions due to idling
at intersections and acceleration from intersections) and were independent of each other.
The relationship between the adjusted vehicle volume and NO: concentrations is plotted
in Figure 6.

The relatively strong correlation between the adjusted traffic volumes and NO: con-
centrations (Rz2 = 0.78 for September-October data and 0.76 for spring-fall averages) sug-
gests that ,local” NOz, comprising of primary NO2 emitted from the tailpipe and NO:
formed locally from NO by reaction with ozone (i.e., [45]), is a considerable and in many
locations dominant source of NO2. There is no observable difference between the sam-
pling locations where truck traffic over 6 tons was excluded and the locations where it
was not excluded. Overall, there seems to be a very strong correlation between the esti-
mated relative intensity of mobile source emissions and the measured NO: concentrations.
It is likely that the correlation could be further improved by taking into the account dis-
tance from the traffic, traffic on adjacent streets, tunnel exits, and other compounding fac-
tors.

A similar plot of the regression of the dependency of NO: on adjusted traffic volumes
is plotted separately for the spring and fall campaigns in Fig. 7, with red line denoting the
legal annual NO2 limit of 40 pg/m?3 and green line the recommended alternative limit of
30 pg/m? proposed by the last author and explained later in this manuscript. The regres-
sion shows that NO2 concentrations, in all cases, increase by 0.13 pg/m? per 1000 vehicles
daily traffic volume, adjusted for uphill and intersections, where adjusted traffic count is
traffic count multipled by a factor of (1 + fraction of vehicles travelling uphill + 3 * fraction of
vehicles stopping at an intersection). It should be noted that the intercept of the regression
(25-28 pg/m? in Fig. 6 and 7) is higher than the ,, urban background” concentrations of 15-
20 pg/m?, and that even the urban background concentrations cannot be considered as
NO: concentrations that would be theoretically be expected if no motor vehicles were op-
erated in Prague, due to the dispersion of the pollutants.

Even at a rather conservative adjustment of the passive sampler readings (according
to the regression, the sampler readings were 18% higher, however, this was, to a large
extent, due to many samplers being at locations where the concentrations would reason-
ably be expected to be higher than at the corresponding monitoring station), it is clear
from Fig. 7 that the annual average limit of 40 pg/m?3 NO:z is likely to be exceeded at nu-
merous locations throughout Prague, generally, where the adjusted traffic volumes ex-
ceed the equivalent of 100 thousands of vehicles per day. This is, for example, the north-
south passageway through the center city (Wilsonova, Sokolska and Legerova Street) with
many intersections, but also roads like V Holesovickach (a six-lane road with 85-90 thou-
sands of vehicles per day, with a gradient of approximately 3%), a possible new hot-spot
in Prague. In the worst case (intersection of two one-way streets with all vehicles traveling
uphill), this limit could be reached already at 20 thousands of vehicles per day, as also
apparent from Fig. 5.
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Figure 7. Relationship between adjusted traffic intensity (traffic count * (1 + fraction of vehicles
travelling uphill + 3 * fraction of vehicles stopping at an intersection) and NO2 concentrations
measured by passive samplers (average of all measurement periods) and by the national monitor-
ing network (average of 2016-2019).

4. Effects of travel restrictions on ambient NO and NO: concentrations

In order to assess the contribution of light and heavy vehicles to NO and NO: con-
centrations, hour-by-hour NO and NO: ambient air quality data from the national air
quality monitoring network was analyzed for a period of March 14-April 30, 2020, during
which travel restrictions were imposed, including the prohibition of all non-cargo inter-
national travel (truck traffic was exempted). For reference, the same period was assessed
for four previous years.

A total of five stations in Prague were selected:
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a. Legerova street, considered an urban hotspot, with about 45 thousands of
vehicles traveling daily in one direction (with similar traffic volumes in the
opposite direction on a parallel street), primarily (97-98%) light-duty vehicles
(trucks over 12 tons are restricted from entering inner Prague and trucks over
6 tons are restricted in the Prague historical district);

b. Vysocanska street and Priimyslova street, two traffic stations located on
heavily traveled main roads used by local as well as transit truck traffic;

c. Nameésti Republiky, urban background station in a historical city center, on
the border of pedestrian area

d. Kobylisy, a station in a suburban residential neughborhood

e. For comparison, a rural background station in Kosetice, serving as the Czech
national reference station, was used as a reference.

Arithmetic and geometric means and the NO2/NOxratios are plotted, for each station
and all years, in Table 2. Analysis of variance (ANOVA) was performed to compare the
variances among the four reference years (2016-2019) with the variance of the year 2020
from the reference years. Differences between 2020 and the previous years are shown in
the table, along with stars representing the significance level.
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Table 2. Arithmetic and geometric means and the NO2/NOXx ratios for each station and all years.

March 14-April 30 ug/m3, arithmetic mean ug/m3, geometric mean ratio
Station year NO NO2 NOXx NO NO2 NOx NO2/NOx
Legerova 2016 43.5+47.2 55.2¢27.4  122.0+95.1 24.8+3.1 48.4+1.7 91.742.2 55%+16%
2017 35.4+38.6 46.5:28.3  100.8+84.7 17.124.0 36.8+2.1 67.4£2.7 57%z16%
type: traffic 2018 44.7+46.2 59.3+29.0  128.0+94.3 24.6+3.4 51.4+1.8 95.5+2.3 57%+17%
predominantly 2019 36.9£38.2 55.0:27.2  111.7481.2 21.6£3.1 46.8+1.9 83.9+2.3 58%14%
light-duty < 3.5 tons 2020 21.6427.7 43.2421.0 76.5£59.3 12.242.9 38.4£1.6 60.5+2.0 66%+15%
2020 vs. 2016-2019 [ - 46% *+ | -20% x| 340 # | 449t [ - 16% 7 | - 28% v |+ 239 v+ |
Pramyslova 2016 24.8+40.1 34.6£19.8 72.8477.2 9.1+4.8 29.3+1.8 48.7+2.4 64%+20%
2017 21.9433.2 33.4£20.2 67.0£67.9 8.1x4.8 27.3x1.9 44.32.5 65%19%
type: traffic 2018 21.4£35.8 31.8422.0 64.7472.4 6.5¢5.5 24.1%2.2 38.1£2.9 67%+20%
all types, truck transit 2019 19.7£39.0 30.6+21.3 60.8+77.3 5.845.2 24.3+2.0 37.1+2.6 69%+19%
2020 16.0£29.0 27.5+19.4 52.0+60.1 5.5+4.3 21.0£2.2 31.8+2.7 69%+17%
2020 vs. 2016-2019 [ - 27% | 159 x| - 220pwe | agp e [ o200 | -24% e | 6% |
Vysoéanska 2016 22.7429.5 38.0£18.9 72.9+60.4 12.03.3 33.5£1.7 55.742.1 63%16%
2017 18.4+26.6 35.1+19.1 63.5+56.5 8.2+3.9 30.3#1.7 46.6+2.2 68%+17%
type: traffic 2018 18.8+25.1 36.0£19.9 64.9+54.7 7.8+4.3 30.5%1.8 46.9+2.3 68%18%
all types, truck transit 2019 17.4+22.3 34.1+19.1 60.8+49.9 8.7¢3.5 28.9+1.8 45.5+2.2 66%+16%
2020 14.2+19.9 33.2+18.9 55.1+45.0 7.0£3.3 28.1%1.8 41.8+2.1 70%z16%
2020 vs. 2016-2019 | - 27% = | - 7% e [ o1e% e | - 230p % [ igop e | 149w |+ 80w |
Namésti 2016 12.0+14.0 20.2+7.1 38.8+26.4 6.9+3.2 19.2+1.4 33.3%1.7 59%:26%
Republiky 2017 12.1+12.5 33.1+14.6 51.7430.8 9.4+1.9 30.4£1.5 46.0+1.6 66%+15%
2018 15.6+19.5 35.2¢17.7 59.1+43.7 9.8+2.6 31.5%1.6 49.121.8 65%18%
type: urban 2019 10.9+14.2 31.9¢15.2 48.7+33.5 7.542.1 28.9+1.5 41.9+1.7 70%z13%
background 2020 10.8+10.6 27.8+14.5 44.6+28.2 8.0+2.1 24.9+1.6 38.4%1.7 66%+12%
2020 vs. 2016-2019 - 14% ** - 7% [ -10%== T -3we= [ -8w | -9%== | +2%
Kobylisy 2016 3.8+9.3 10.4%6.3 16.3:19.0 1.243.4 9.1+1.7 11.9£2.0 80%z16%
2017 3.749.4 14.548.7 19.7+19.9 1.543.1 12.741.7 15.4+1.9 80%16%
type: residential 2018 3.7+8.8 21.7¢15.9 27.5+26.0 1.4£3.2 17.241.9 20.4+2.1 86%+11%
background 2019 3.4+8.8 19.6+15.7 25.0+27.1 1.143.2 15.8+1.9 18.4+2.0 87%z14%
2020 2.8+5.9 17.3+14.1 21.0£20.8 1.542.3 13.0+2.1 14.8+2.2 81%+14%
2020 vs. 2016-2019 - 22% * + 4% ** - 5% + 14% ** - 2% - 8% - 6% e
Kosetice 2016 0.5+0.6 6.0+2.6 6.8+3.1 0.3+2.0 5.4+1.6 6.2+1.6 90%7%
2017 0.3+0.4 7.33.0 7.843.2 0.3¢1.8 6.7+1.5 7.2¢1.5 93%5%
national reference 2018 0.3+0.4 3.942.7 4.3+3.0 0.2+2.6 3.1£2.0 3.5¢1.9 90%+9%
background 2019 0.2+0.3 3.6+1.9 4.0£2.1 0.1x2.9 3.1+1.8 3.541.7 91%9%
outside of Prague 2020 0.2+0.3 3.11.7 3.5+1.9 0.1+2.8 2.7+1.8 3.0+1.8 90%9%
2020 vs. 2016-2019 [ -29% *+ | - 40% | -40% o | 350+ [ -390+ | -38%r+ | -250p% |

*p < 0.05, * p < 0.01, ** p < 0.001, ** p < 00001

It is apparent from the Table 2 that NO concentrations have significantly decreased
at all locations, with highest mean decrease of 46% at Legerova. The decrease in NO:2 con-
centrations was lower than for NO at all Prague station, highest at Legerova (15%), and
even higher (40%) at the KoSetice rural background station. As vehicles emit primarily
NO, the NO2/NOx ratio tends to increase with the age of the emissions, being lowest
(around 60%) at Legerova street, 65-70% at Vysocanska, Priimyslova and Namésti Repub-
liky, 80% at the Kobylisy residential background station, and around 90% at the rural sta-
tion in KoSetice. One possible interpretation of the increase in the NO2/NOx ratio at Leg-
erova could be that the primary emissions of both NO and NO: were reduced, with lower
reduction in ,,background” NO: originating from NOxemitted elsewhere.

It should be noted, however, that the interplay of different factors is rather complex.
For example, diminished traffic volumes result in lower frequency of low-speed driving
in congested areas, during which the efficiency of exhaust aftertreatment is reduced, re-
sulting in higher overall exhaust temperatures (and thus higher production of NO: in ox-
idation catalysts), but also higher probability of SCR functionality (and thus lower NOx
emissions) — however, thanks to Dieselgate, the reality of NOx aftertreatment efficiency is
likely to be variable, questionable, and poorly known.
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Also, according to [46], it appears that on-road oxidation of NO by ambient Os is a
significant, but so far ignored, contributor to curbside and near-road NO.. This is in agree-
ment with on-road NO2/NOx ratios in U.S. being reported to be 25-35% and substantially
higher than anticipated tailpipe emissions rates [47].

5. Review of the impact of NO: to central nervous system in children and adults

The first experimental data were obtained several decades ago, indicating that air
pollution may induce behavioral changes. Singh [48] studied the effect of NO:2 exposure
on pregnant mice, exposed during gestation day 7 to 18. Prenatal exposure significantly
altered the righting reflex and aerial righting score. These results suggest that maternal
NO:2 exposure produce deficits in the functional capability of the offsprings.

Wang et al. [49] was the first one, who studied the impact of NO: exposure to chil-
dren’s neurobehavioral changes. They studied this effect in the year 2005 on two groups
of children (A N=431, B N=430) in the age 8-10 years) using neurobehavioral testing.
Group A was exposed to 7 pg NO2/m?, group B to 36 g NOz/m?. Children from polluted
area showed poor performance in all tests: visual simple reaction time, continuous per-
formance, digit symbol, pursuit aiming, and sign register, This study found a significant
relationship between chronic low-level traffic related air pollution and neurobehavioral
function in exposed children.

Guxens et al. [50] analyzed the association between prenatal exposure, diet, and in-
fant mental development in four regions in Spain, in 1 889 children, who were exposed to
29.0£11.2 pg NO2/m? (20.1-36.8). Infant mental development was evaluated at 14 months
by Bailey Scales of Mental Development. Exposure to NO2 did not show a significant as-
sociation with mental development. Inverse association was observed in infants whose
moters reported low intake of fruit/vegetables during pregnancy (-4.13 (-7.06, -1.21). This
study suggests that antioxidants in fruits and vegetables during pregnancy may modulate
adverse effect of NO:2 on infants mental development.

Kim et al. [51] investigated the association between maternal exposure to NO:2 49.4
ug /md (25.9-84.8) and neurodevelopment in children in Korea (mental development index
(MDI) and psychomotor development index (PDI) by Bailey Scales of Mental Develop-
ment) at ages 6, 12 and 24 months. Study completed 455 - 371 children. NO:2 exposure
impaired psychomotor development (eo=-1.30; p = 0.05). At 6 months NOz2 affected MDI
(90=-3.12; p<0.001) as well as PDI (eeo=-3.01; p<0.001). These data suggest that exposure
to NO2 may delay neurodevelopment in early childhood.

Similar study was organized in Spain on 438 mother-child pairs by Lertxundi et al.
[51] at 15 months of age, using Bailey Scales of Mental Development. 1 pig NO2/m? increase
during pregnancy decreased mental score (oo= - 0.29; 90% CI: -0.47; -0.11). Prenatal resi-
dential exposure to NO2 adversely affects infant motor and cognitive development.

A prospective cohort study was conducted with 2 715 children aged 7 to 10 years in
Barcelona, Spain, as a part of the BREATHE project (Brain dEvelopment and Air polluTion
ultrafine particles in scHool childrEn ([53]). Children were tested each 3 months with com-
puterized test. Cognitive development was assessed with the n-back and the attentional
network test as working memory and inattentiveness. NO:2 exposure was outdoor in low
traffic region 40.5+9.6 ug/m3 high traffic region 56.1+11.5 ug/m3. Children attending
schools with higher NO: pollution had for 11.5% (95% CI 8.9%-12.5%) slower working
memory and slower growth in all cognitive measurements, which means a smaller im-
provement in cognitive development.

Pujol et al. [54] selected from this cohort 263 children, aged 8 to 12 years, for magnetic
resonance investigation (MRI) to analyze brain volumes, tissue composition, myelination,
cortical thickness, neural tract architecture, membrane metabolites, functional connectiv-
ity. Outdoor NO: exposure was 46.8£12.0 pg/m?/year, indoor NO2 exposure 29.4+11.7
ug/m3/year. Higher NO: exposure was associated with slower brain maturation with
changes specifically concerning the functional domain.
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Forns et al. [55] evaluated 2 897 children from the Barcelona cohort within BREATHE
project. NO2 exposure in schools was 29.82 ug/m3 (11.47-65.65), outdoor 48.46 pg/m?
(25.92-84.55). Behavioral development was assessed using the Strengths and Difficulties
Questionnaire (SDQ), which was filled out by parents. NO:2 exposure was positively asso-
ciated with SDQ total difficulties scores, suggesting more frequent behavioral problems.
This study was understood as the first one to evaluate the impact of air pollution on be-
havioral development in schoolchildren using both indoor and outdoor air pollution lev-
els measured at schools. NO:z outdoor levels (IQR=22.26 pig/m?) significantly increased to-
tal difficulties score (1.07, 95%ClI: 1.01, 1.14, p < 0.05). NO:z exposure at school is associated
with worse general behavioral development in schoolchildren.

Min and Min [56] studied in Korea 8 936 children born in the year 2002 and followed
for next 10 years, relationship between exposure to NO2 and attention-deficit hyperactive
disorder (ADHD). They diagnosed 313 children with ADHD. With the increase in 1 g
NO:z/m?hazard ratio (HR) was 1.03 (95% CI: 1.02-1.04). Comparing infants with lowest
tertile of NO2 exposure with the highest tertile of NO2, HR = 2.10 (95% CI: 1.54-2.85), ex-
posure had 2 fold increased risk of ADHD. Study showeda significant association between
exposure to NOz and the incidence of ADHD in children.

Sentis et al. [57] evaluated prenatal and postnatal exposure to NO2 and attentional
function in children at 4-5 years of age in four regions of Spain (N=1 298). Attentional
function was evaluated by the Kiddle-Conners Continuos Performance Test (K-CPT). The
prenatal NO2 level was 31.1 pg/m? (18.4 - 37.9). Higher exposure to prenatal levels of NO:z
was associated with 1.12 ms (95% CIL; 0.22, 2.02) increase in hit reaction time and 6% in-
crease in the number of emission errors (95% CI: 1.01, 1.11) per 10 ug/m3 increase in pre-
natal NOz. Higher exposure to NO2 during pregnancy is associated with impaired atten-
tional function, especially increased inattentiveness in children aged 4-5 years. This re-
duced attentional function in populatiom could lead to poores educational indicators. It
seems to be impartant, that this effect was observed with NO2 concentrations lower than
EU standard 40 pg/m?.

Sunyer et al. [58] followed in 2012-2013 2 687 school children from Barcelona, as-
sessing children’s attention process 4 times every three months, using Attention Network
test (ANT). NO2 indoor pollution was 30.09+9.51 pg/m3, ambient air pollution 37.75+18.41
ug/m3. Daily ambient levels were negatively associated with all attention processes (chil-
dren in the bottom quartile of daily exposure to NO2 had a 14.8 msec (95% CI: 11.2, 18.4)
faster response time than those in the top quartile, which corresponds to 1.1 month delay
(95%CI: 0.84, 1.37) in natural development). Short-term exposure to NO: is associated
with potential harmful effects on neurodevelopment.

Forns et al. [59] examined after 3.5 years the cohort of children from Barcelona
(N=1 439), whose cognitive development was evaluated 4 times in the years 2012/2913
[52]. Working memory was estimated by computerized n-back test. Exposure to NO2 was
related to the slower development of working memory (oo= - 4.22, 95% CI: -6.22, - 2.22).
These reductions corresponded to - 20% (95% CI: -30.1, - 10.7) change in annual working
memory development associated with one interquartile range increase in outdoor NO:.
Forns et al. [58] observed persistent negative association between NO: levels at school and
cognitive development over a course of 3.5 years. Therefore they suggested, that highly
exposed children might face obstacles to fully achieve their academic goals.

Vert et al. [60] analyzed association between exposure to NO2 and mental disorders
on 958 residents from Barcelona (45-74 years old). Long-term residential exposure (period
2009-2014) was related to patients self-reparted history of anxiety and depression disor-
ders. NO: exposure corresonded to 57.3 pg/m? (50.7 - 62.7). NOz2 increased odd ratio for
depression of 2.00 (95%ClI: 1.37, 2.93) for each 10 ug NOz/m? increase. Study shows that
long-term exposure to NO2 may increase the incidence of depression.

Alemany et al. [61] analyzed on the group of children from the BREATHE project
(N=1 667 at the age 7-11 years), if there is any association between traffic-related air pol-
lution andee4 allele of Apolipoprotein E gene, which is understood as genetic risk factor
for Alzheimer’s disease. NO2 exposure at home address was 54.25+18.40 ug/m pg/m?, at
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schools 47.74+12.95 pg/m3. NO:2 exposure increased behavioral problems scores (charac-
terized by SDQ) in @e4 carriers (N=366) vs. non-carriers (N=1 223) 1.14 (95% CI: 1.04, 1.26)
vs. 1.02 (95%ClI: 0.95, 1.10, p = 0.04) and was associated with smaller caudate volume in
oo4 carriers (N=37) vs. non-carriers (N=126) - 737.9 (95% CI: - 1 201.3, - 274.5) vs. - 157.6
(95%ClI: -388.8, 73.6, p=0.03). Annual average NO: concentrations in children’s schools
were associated with smaller caudate volume and higher behavior problem scores among
APOE o4 allele carriers. It is possible that @4 carriers are more vulnerable to neuroin-
flammatory and oxidative stress induced by air pollution exposure.

Carey et al. [62] investigated the incidence of dementia to residential level of NO:z in
London. Among 130 978 adults aged 50-79 years was in the period 2005-2013 2181 subjects
diagnosed with dementia (39% Alzheimer’s disease, 29% vascular dementia). The average
annual concentrations of NOz was 37.15.7 pg/m3. Higher risk of Alzheimer’s disease was
observed in subjects exposed to highest concentrations of NO2 (>41.5 pg/m?) vs. subjects
with lowest concentrations of NO: (< 31.9 ug/m3) (HR=1.40, 95%CI 1.12 - 1.74). These
associations were more consistent for Alzheimer’s disease than vascular dementia. Study
found evidence of a positive association between residential level of NO2 across London
and being diagnosed with dementia.

Roberts et al. [63] explored the effect of NO:z exposure to mental health problems in
children in London, U.K. (N=284). Symptoms of anxiety, depression, conduct disorder,
and ADHD were assessed at ages 12 and 18. NO: concentration in the year 2007 was
37.945.5 pg/m? (IQR 34.1-41.7). They did not observe any association between NO2 expo-
sure in childhood and mental health problems at age 12. But they detected association
between NO: exposure and subsequent development of symptoms and clinically diagnos-
able depression and conduct disorders at age 18. They demonstrated that NO2 exposure
at age 12 years was significantly associated with major depressive disorder at age 18.

Prenatal exposure to NO2 and sex dependent infant cognitive and motor develop-
ment was analyzed by Lertxundi et al. [64] in children at 4-6 years of age, in four regions
in Spain (N= 1 119). Infant neuropsychological development was assessed by McCarthy
scales: Verbal, Perceptive-Manipulative, Numeric, General Cognitive, Memory and Mo-
tor. NO2 exposure during pregnancy was from 18.7+6.1 pg/m3to 41.8+10.7 pg/m3. The ma-
jority of cognitive domains were negative for NOz, associations were more negative for
boys, statistically significant for memory, global cognition and verbal. These findings in-
dicate a greater vulnerability of boys in domains related to memory, verbal and general
cognition.

Jorcano et al. [65] assessed association between NO2 and depressive and anxiety
symptoms, and aggressive symptoms in children of 7-11 years, related to their prenatal
and postnatal exposure. Data were analyzed in 13 182 children from 8 European popula-
tion-based cohorts. Prenatal NO: levels ranged from 15.9 pg/m? to 43.5 ug/m?, postnatal
levels ranged from 14.0 ug/m3 to 43.5 ug/m3. 1 108 (8.4%) and 870 (6.6%) children were
classified as having depressive and anxiety symptoms, and with aggressive symptoms.
Obtained results suggest that prenatal and postnatal exposure to NOz2 is not associated
with depressive and anxiety symptoms or aggressive symptoms in children of 7 to 11
years old.

Loftus et al. [66] used mother-child cohort from CANDLE study, analyzed the impact
of prenatal NO2 exposure (22.3+7.1 ug/m?®) and postnatal exposure (16.2+4.7 ug/m3) on
childhood behavior (N=975). In sample was 64% African American, 53% had a household
annual income below $ 35 000, child age was 4.3 years. Mothers completed the Child Be-
havior Checklist, measure of problem behaviors in the past two weeks. 4 pg/m?3 higher
prenatal NO:z was positively associated with externalizing behavior (6%, 95% CI:1, 11%),
the effect of postnatal exposure was stronger (8%, 95% CI: 0, 16%). Prenatal NO2 exposure
was also associated with significant internalizing and externalizing behaviors. NO:z expo-
sure is positively associated with child behavior problems, African American and low SES
children may be more susceptible.

Kulick et al. [67] examined in 5 330 participants from the northern Manhattan area of
New York City effect of long-term exposure to NO: (annual estimates 57.4+22.1 g/m?)


https://doi.org/10.20944/preprints202104.0081.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2021 d0i:10.20944/preprints202104.0081.v1

and PMas (annual estimates 13.1+4.8 pg/m?), predominantly in women, median age 75.2
(£6.46) years. A + IQR increase of residential NO2 was predictive of a 22.5D (95% CI, -0.30,
- 0.14) lowe global cognitive score at baseline and more rapid decline (-0.06 SD; 95% CI -
0.08, -0.04) in global cognitive function between biennial visits.

Erikson et al. [68] studied the association between NO:2 exposure and total gray mat-
ter and total white matter volumes in adults, using sample from UK Biobank. Participants
were recruited from 2006 to 2010, Subset with magnetic-resonance brain imaging (MRI)
included 18 292 participants, average age of 62 (44-80), NO: levels were 25.61+6.86 ug/m?.
The mean total gray-matter volume was 708 111 mm? (+47 940), the mean total white-mat-
ter volume was 708 111 mm? (+40 696). The total gray-matter volume was inversely asso-
ciated with NO: (b= -103, p < 0.01). The effect of NO2 on gray-matter volume was more
pronounced in females (b= 161, p <0.05). Obtained findings suggest that NO2 concentra-
tions lower than EU standard could be associated with reduced total gray-matter.

All reviewed studies indicate a significant health risk of NO2 exposure:
Concentrations of NO:2 lower than EU standard 40 ug/m3:
- Prenatal exposure impaired attentional function at the age 4-5 years
- Induce neurobehavioral changes in children at the age of 8-10 years
- Affect attention process in children aged 8-12 years, induced changes are persistent
for another 3.5 years
- Increase major depressive disorder at age 18
- Increase the incidence of dementia
- Exposure to NOz is associated with reduced total gray-matter

All mentioned studies indicate, that EU standard for NO: should be decreased to 30

ug/m3/year.

6. Discussion

A detailed analysis of NO:2 concentrations measured by the passive samplers shows
a clear correlation of NO2 concentrations with daily traffic counts, adjusted for additional
emissions due to uphill travel and stopping at intersections. This finding is in good agree-
ment with the data from the monitoring stations, which, by themselves, are too sparse to
make such inference. The correlation of NO:z concentrations with vehicular traffic intensity
is also apparent from the comparison of the data from state air quality monitoring stations
during the period of March 14-April 30, 2020, during which travel restrictions were im-
posed, including the prohibition of all non-cargo international travel, with comparable
periods of four previous years. Overall, the findings confirm that vehicular traffic,
through primary NO2 emissions (and possibly through fast reaction of primary NO with
ozone), directly affects the NO: concentrations in the immediate vicinity.

This correlation, along with correlation of passive sampler readings and air quality
monitoring stations, and good consistency of reported NO2 concentrations among sam-
plers used within the same location at different time periods, all suggest that passive sam-
plers appear to provide, at a reasonable cost and effort, a fairly good image of the distri-
bution of NO:z concentrations. Judging from limited data, the passive samplers were found
to measure about 18.5% higher values than the monitoring stations. Repeated — and most
likely deliberate — removals of passive samplers from the immediate vicinity of the mon-
itoring stations have prevented a more quantitative comparison. A comparison of a
broader set of data reveals a slightly smaller bias, contributed to, in several cases, by the
passive samplers being at more exposed locations (i.e., near the exit of a large under-
ground parking garage) than the monitoring stations. The true bias could therefore be
possibly even lower.

Since the trends are comparable within and outside the heavy truck exclusion area,
this seems to be primarily an effect of cars and other lighter vehicles (per city statistics,
about 90% of traffic is passenger cars, [42]). This is in line with the findings that truck NOx
emissions have decreased to a considerably higher extent than those of diesel cars in Eu-
rope.
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The monitoring station at Legerova street is most likely not the absolute hot-spot — it
is expected that the emissions of NOx would be higher on the parallel street where the
vehicles travel uphill (Legerova is one-way street downhill) and at nearby intersections.
The street V HoleSovickach, a six-lane road which is, unlike most other roads of similar
size, immediately bordered by residential neighborhoods, with a traffic intensity ap-
proaching 100 thousands vehicles per day, a major increase after the opening of a new
complex of tunnels providing alternative route through congested areas, further compli-
cated by a 3% grade, could easily be the next traffic hot-spot.

Considering the finding that about half of the vehicles traveling on the road are not
older than 7 years [27], and the several-fold decrease in NOx emissions standards over the
last decade and half, a much sharper decrease of NO2 concentrations would be expected
than the approximately 1% annually reported by Hiinova [5]. Given the decrease in the
limit values of roughly two thirds from Euro 3 (0.50 g/km NOx, 2000) to Euro 5 (0.18 g/km,
2009-2010) an from Euro 4 (0.25 g/km NOx, 2005) to Euro 6 (0.08 g/km, 2014-2015), the
introduction of Euro 5 in late 2009 and Euro 6 in late 2014 should have resulted in about
two thirds NOx reduction in at least half of the vehicles, or, about one third reduction in
NOx emissions in general. As learned from the analysis of the effects of traffic restrictions,
the effect on NO2 concentrations may be different, and possibly somewhat smaller than
the reduction in NOx emissions, due to atmospheric chemistry. The effects of such de-
crease could also have been diminished by an increase in traffic, however, in center city,
the intensity of automobile traffic has been stagnating, or even slightly decreasing.

The mediocre decrase in NO: concentrations, despite more dramatic reduction being
expected from improving vehicle technology, is in line with earlier findings that the real
NOx emissions of diesel vehicles did not decrease despite the decreasing emissions limits.
The situation should have been, however, substantially remedied by , post-Dieselgate”
vehicles and by repairs of vehicles affected by Dieselgate. Since it was not, a question
therefore arises as to the possibility that Dieselgate relevant repairs were not done on a
sufficient number of vehicles and/or were not sufficiently effective and/or were reversed
to the , original factory conditions” by the vehicle owners. The authors do not have any
reliable statistics on this matter. Furthermore, considering that all three mentioned situa-
tions could be associated with criminal offenses and/or considerable civil penalties, de-
tailed investigation of the matter is likely to be considerably difficult.

If there is no assurance that the NO:2 concentrations will decrease dramatically due to
a radical improvement in primary NOx emissions, the only other suitable strategy to im-
prove the air quality is to reduce, to the extent required, the intensity of vehicular traffic.
Contrary to the remote regions where automobiles are, in most cases, the only practical
means of travel, Prague has an extensive network of public transit. According to the City
of Prague statistics [42], only 29% trips in Prague are done by automobile; 26% of trips are
by walking, and 42% of trips by public transit. Of the public transit, slightly over one third
is done by subway, and another third by trams and commuter rail, which are, with the
exception of a rather small number of diesel rail cars used on sparsely traveled rail lines,
run on electric power, and therefore with very small effect on NO:z emissions. The remain-
ing third of trips is by diesel buses, the majority of which are equipped with SCR catalysts,
and potentially reaching NOx emissions not much larger (and according to measurements
possibly even smaller) levels, per kilometer and vehicle, than an average diesel car. It is
therefore readily apparent that shifting from an average automobile to any other means
of transport is likely to reduce the NO: concentrations. (Shift to electric power, com-
pressed natural gas, or other “clean” propulsion is a gradual process and is unlikely to be
done, within a few years, on a sufficiently large number of vehicles to make a difference
throughout the city.)

Impact of NO:2 on neurobehavioral changes in children were studied especially in
Spain. Lertxundi et al. [52] analyzed the effect of prenatal NO: exposure on children at 15
months of age, observed adverse effect on cognitive development. Sentis et al. [57] evalu-
ated prenatal NO: exposure (31.1 og/m? (18.4-37.9) to attention at 4-5 years of children,
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exposure to NO: during pregnancy reduced attentional function. Loftus et al. [66] ana-
lyzed the impact of prenatal NO2 exposure (22.3+7.1 og/m?3) on childhood behavior in the
South of USA at child age 4.3 years. Prenatal exposure increased behavioral problems.

Carey et al. [62] investigated in London in adults aged 50-79 years the risk related to
dementia, The higher risk of Alzheimer disease was observed in subjects exposed to
higher concentrations of NO2. Erikson et al. [68] in UK observed the effect of NO2 exposure
(25.6£6.9 og/m3) - to reduce total gray-matter volume, especially in women.

7. Conclusions

Despite massive reductions in diesel cars NOx emission limits, of about two thirds
from Euro 3 to Euro 5 and from Euro 4 to Euro 6, NO:2 concentrations throughout the
Czech Republic have been decreasing at a mediocre rate of 1% annually. To elucidate the
effects of motorized traffic on NO2 concentrations, data from 104 passive NO2 samplers
deployed at 65 locations in Prague during March-April and September-October of 2019
were examined. Comparisons with the national monitoring network show a positive bias
of 18.5% for co-located samplers and 17% for samplers nearby (or in similar settings as)
the monitoring stations. There was a good correlation among repeated measurements at
the same locations. The data from the national air quality monitoring network show that
the average concentrations in both spring and fall sampling periods were consistent with
2016-2019 averages.

The average measured NO: concentrations at the selected locations, after correcting
for the 18.5% bias, were in the range of 16 to 69 ug/m? with a mean of 36 ug/m®and a
median of 35.3 ug/m?, and were higher than the EU and national limit (annual average) of
40 pg/m? at 32% of locations. The NO:2 concentrations have correlated well with the inten-
sity of traffic (average daily vehicle counts), corrected for additional emissions due to up-
hill travel and due to idling at, and accelerating from, intersections. Several additional
“hot-spots” were identified, in addition to the “hot-spot” monitoring station at Legerova
street (2016-2019 NO: average of 51 pg/m?), where the vehicles travel on a slight decline
on one-way street: several intersections at Sokolskd street, parallel with Legerova with
uphill direction of travel, and emerging hot-spots along V HoleSovickach street, where the
traffic intensity increased due to the opening of a new series of tunnels. Analysis of the
effect of coronavirus related travel restrictions were evaluated by comparing the data
from six monitoring stations (March 15-April 30, 2020, relative to the same period during
2016-2019) reveal a reduction of NO, NO:2 and NOx (except for a small increase of NO: at
one of the background stations), with NO reduction being, at high traffic locations, higher
than that of NOz. The spatial analysis of data from passive samplers and time analysis of
data during the travel restrictions both demonstrate a consistent positive correlation be-
tween traffic intensity and NO: concentrations along/near the travel path.

It appears that decreases in vehicle NOx emission limits, introduced in the last decade
or two, have failed to sufficiently reduce the ambient NO2 concentrations in exposed lo-
cations in Prague. This is in part due to increased fraction of NO2 in NOx in newer vehicles,
and in part due to “a major disparity between the numerical value of the emission limit
and the actual emissions in everyday driving”. Further, there is no apparent sign of, and
it is far from clear that, the “excess emissions” of NOx, a problem known as Dieselgate,
have been efficiently remedied.

All reviewed studies indicate a significant effect of prenatal NO2 exposure to chil-
dren’s neurobehavioral development, in adults to dementia at concentrations lower than
EU standards of 40 eg/m?/year. These results should be understood as an imperative to
decrease the EU standard to 30 eg/m?3/year. All presented studies prove that NO2 can sig-
nificantly deteriorate CNS and therefore this knowledge should be used to improve the
quality of our lives.
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