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ARTICLE INFO ABSTRACT
Keywords: It is well known that meteorology plays an important role in the diurnal evolution of pollutants,
Air pollution especially those variables related to atmospheric dispersion. Most studies typically relate the
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concentration of some pollutants with wind speed from conventional anemometers; however, the
use of turbulence variables is less common, in part because the needed instruments are not so
Stable conditions typical in standard air-quality stations. In this work, we compare the wind-NO,, relationship with
AIRTEC-CM the turbulence-NO; one using observational data from two field campaigns developed in Madrid
(winter and summer). The turbulence data comes from two sonic anemometers deployed at
different locations: one close to the street and the other at the top of a nearby tall building. The
results indicate that the turbulent variables correlate better with the pollutant concentration than
the wind speed when using data from the street sonic, while the contrary is found when using the
terrace sonic. These data are also used to perform a fine-scale analysis of the turbulent diffusion-
NO, behaviour during a very-stable period in winter, when the turbulence typically shows a
decrease in the evening transition, causing the highestNOy concentrations. Conversely, under
these conditions, the formation of thermally-driven winds is also favoured later in the night,
which favours the pollutant dispersion and cleaning of the air. The important role of these
dynamical processes on the NO; evolution highlights the importance of the correct understanding
of small-scale atmospheric processes to understand their relationship with the concentration of
pollutants.
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1. Introduction

Air pollution has been scientifically related to negative impacts on human health, including cardiovascular (Rajagopalan et al.,
2018), immune (Glencross et al., 2020), oncological (Raaschou-Nielsen et al., 2013), or psychiatric (Bernardini et al., 2020) effects.
This is especially relevant in cities (Mayer, 1999), leading to a significant majority of the global population (>99%) exposed to
pollutant levels exceeding the most recent World Health Organization (WHO) guideline limits (WHO, 2021).

The analysis of the different agents that control the concentration of pollutants in cities is key for a better adaptation to these
dangerous situations, as well as for the development of better strategies for air pollution mitigation (Harlan and Ruddell, 2011).
Keeping in mind the importance of the variability in pollutants emissions and their chemical reactivity, the role of meteorology on their
final concentration observed close to the surface has been widely recognised through scientific studies carried out with diverse
approaches.

Some studies have addressed the effect of climatological changes on air quality by investigating future conditions with climate
models, as in Westervelt et al. (2016), who focused on the O3 concentration at the global scale. Others have analysed changes in past
climatological conditions attending to observations in more limited areas, as for example in Querol et al. (2014), who analysed trends
on pollutant levels during a decade in Spain, or Borge et al. (2019), who extended the strategy for several pollutants during 25 years. In
some of these studies, the concept of weather penalty is also introduced (Jhun et al., 2015), which states that the effects of control
policies applied in the emission of some pollutants can be partially dampened due to changes in the atmospheric conditions.

Hence, it is also useful to analyse how these pollutants behave at specific locations within smaller time scales. This is done, for
example, in Patra et al. (2008) or Borge et al. (2016), among others. These studies need to take into account the effect of emissions,
chemical reactivity, and those related to the changes in meteorological conditions during the observational period. Observationally, it
is common to investigate the meteorology-pollutant relationships using the wind as a variable related to atmospheric diffusion
(Donnelly et al., 2011), especially for some pollutants like NOo, one of the most dangerous gases for human health and the focus of this
study. In other cases, the analysis of the synoptic conditions or other meteorological variables is also considered (Grundstrom et al.,
2015; Lana et al., 2016). Regarding the turbulence effect in the lower atmosphere, although the literature is rich in analytical and
modelling studies through diverse approaches (e.g., Vila-Guerau De Arellano and Duynkerke, 1992; Lateb et al., 2016; Santiago et al.,
2020; Martilli et al., 2021; Li et al., 2021), there is a lack of observational studies that include in-situ (real) turbulence data concerning
the concentration of pollutants in cities. This is - in part - due to the difficulties associated with the calculation of reliable turbulent
parameters from observational measurements in urban environments. However, these studies are needed to better understand how the
pollutants behave at the micro-scale level (<1 km), which is crucial for future urban management plans and to design more appropriate
strategies for pollutants-effect mitigation (Fernando et al., 2010).

The objectives of this paper are tied to this necessity and are listed hereinafter. The first objective tries to determine whether the
turbulent parameters calculated from sonic anemometers add valuable information for the dispersion of pollutants in comparison with
the more commonly used 2D wind speed measurements. The second objective is focused on of the pollutant-meteorology relations
found among two sonics, one installed close to the street level and the other over the terrace of a tall building, taking into account their
different exposure to urban obstacles. Finally, the third objective is to investigate the micro and mesoscale atmospheric processes
developed during a period characterised by high NO; concentration. These processes include the investigation of how the turbulence
decays during the afternoon and evening transition or the nighttime development of thermally-driven flows. Despite the open dis-
cussion and the exposed limitations of the analyses here presented, we hope that the results shown in this paper can help to better
understand the complex small-scale processes that sometimes lead (or not) to high pollutant concentrations. These aspects are difficult
to be investigated with larger-scale data, mesoscale models, or even with higher-resolution models.

The paper is structured as follows: Section 2 describes the emplacement, the instruments, and the methodologies used to prepare
and analyse the data. In Section 3, we present and discuss the results, organised from the larger-scale point of view to the most detailed
analyses of small-scale processes. Section 4 is included to discuss some of the results and limitations of the study and a summary and
the main conclusions are presented in Section 5.

Table 1

Summary of the instruments used in the study, including some technical information. The variables u, v, w, and T correspond
to the three components of the wind and the atmospheric temperature. TKE, u-, WS, WD, SH correspond to turbulent kinetic
energy, friction velocity, wind speed, wind direction, and sensible heat flux, respectively. NO, is the nitrogen dioxide

concentration.
Instrument Raw variables (processed) Freq. sampling (averaging)
Sonic anemometer uv,w,T 10 Hz
(terrace) (TKE, u+, WS, WD, SH) (10 min)
Sonic anemometer uv,w,T 20 Hz
(street) (TKE, u«, WS, WD, SH) (10 min)
Air-quality station 1 min
(Castellana-Madrid) NO, (10 min)
Traffic counter 1h
(Castellana-Madrid) Traffic intensity (10 min)
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2. Data and methodology
2.1. The AIRTEC-CM field campaigns

The Urban Air-Quality and Climate-Change Integral Assessment project (AIRTEC-CM) included the development of different urban
field campaigns in the city of Madrid to reach some of its main scientific objectives (Cordero et al., 2021). One of these objectives was
to deepen on the study of the pollutants-meteorology relationships, which is the aim of this paper. In this work, we have used data from
two of these campaigns developed around the area of the School of Industrial Engineering (40°26°25” N; 3°41°22” W). The site is close
to Castellana Street, which is a very popular street in Madrid normally characterised by constant and relatively high traffic intensity
during the daytime, peaking in the morning and afternoon because of the routine commuting. We focus on the periods comprising all
days from 13 to 25 February 2020 (winter field campaign) and from 17 June to 04 July 2021 (summer field campaign). Several in-
struments were installed during these periods to measure different variables, including both the concentration of pollutants and the
meteorological conditions (Table 1).

Among the meteorological instrumentation deployed, we focus on two sonic anemometers installed at nearby but different em-
placements (Fig. 1). Subsequently, these sonics will be referred to as the Street and Terrace sonic.

The Street sonic (Young 81,000) was installed over the air-quality station used, a small building of 2.5 m height (total height of 5.5
m above the street level, see Fig. 1). The Terrace sonic (Irgason, Integrated CO, and HoO Open-Path Gas Analyzer and 3-D Sonic
Anemometer) was installed on the terrace of a larger building of 22 m height (total of 26 m above the street level, see Fig. 1).

The Street sonic was much more perturbed due to the obstacles surrounding the area, but just above the device measuring the NO,
concentration (air-quality station), while the Terrace sonic was over a less perturbed area, but 26 m higher than the street level where
the pollutants were measured.

The NO, measurements were obtained from the Castellana air-quality station. It is a fixed air-quality station belonging to the
Madrid City Council network, considered as a traffic station since it is close to an important street (Castellana street) of Madrid.
However, it does not typically reach very high pollutant levels from traffic emissions in comparison to other air-quality stations in the
city since it is installed at a relatively calm park surrounded by some trees and buildings. This station measures PM 2.5, PM 10 and the
nitrogen oxides (NO2, NO, NOy) based on chemiluminescence. Additionally, the Castellana-street traffic intensity data (vehicles/h)
from the Madrid City Council was also employed in this work to take into account their effect on the NO; concentration levels.

2.2. Procedures applied to the sonics anemometers

The procedures applied to the sonic anemometers were identical for both instruments, taking into account their different sampling
frequency (10 Hz for the Terrace sonic and 20 Hz for the Street sonic). We used the high-frequency raw data from the sonics (the three
components of the flow and the temperature) to calculate different variables that are used in the article: wind speed (WS), wind

_ Terracesonic

5’\; (Irgason)
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B 4
| "
Technical
Engineering School
(main building)
22m

Streetsonic _
(Young) /

3m
|

701m

station above sea level

Air-quality I 25m

Fig. 1. Google Earth satellite image of the area studied (inner box), including the location of the two sonics with blue (Street sonic) and red (Terrace
sonic) markers. The illustration shows the heights and distances needed to understand the differences between the two emplacements. Note the
Street sonic was installed over the air-quality station building. Both emplacements were separated around 60 m horizontally. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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direction (WD), turbulent kinetic energy (TKE, Eq. (1)), friction velocity (u+, Eq. (2)), and sensible heat flux (SH, Eq. (3)). Two main
techniques are employed: the eddy covariance (EC, Stull, 1988) using 10-min averaging windows and the Multi-resolution flux
decomposition (MRFD; Howell and Mahrt, 1997), both extensively described in the literature.

TKE = % (v +w?) e}
w=1/ (—uw) +(—w) @
SH=pc, 0w . 3

where w, v’, w’ are the fluctuations of the three components of the flow, ¢ is the fluctuation of the potential temperature, p is the air
density, and ¢, is the air specific heat at constant pressure.

The comparison between TKE and u- is included in this article because u+ mainly includes the mechanical turbulence due to wind
shear (covariances of the horizontal components of the flow, linked to wind shear, see Eq. (1)) while TKE also comprises the influence
of the thermal turbulence or convection (variance of the vertical component of the flow (w’, see Eq. (2))). While both variables
typically show a similar behaviour, they can differ in some cases, especially in those in which convective conditions are more
important.

We have checked the effects on the results of applying rotation (double-rotation and planar-fit rotation) and high-pass filtering (5
min) to the raw data before calculating the final EC and MRFD values. Although some divergences exist, the results and conclusions
obtained with the different possible options (none, rotation, high-pass filter, or both) are not very different. Hence, the results shown in
the paper are those obtained without the application of rotation to the raw sonic data and without filtering the low-frequency (high-
pass) signal of the data. The analysis of the results obtained using the different pre-processing techniques is interesting to investigate
the effect of some processes of different scales under some specific conditions. However, this comparison deserves a fully-dedicated
study and it is out of the scope of the present work.

2.3. Performance scores

Threshold values of WS, TKE, or u- are calculated in Section 3.2 to be associated with NO, concentrations. Specifically, we analyse
the skill of expecting high NO, concentration (namely, higher than 125 ug m~>) when the meteorological variables are lower than
selected threshold values (using 10-min data). To do it, we define a contingency table (Table 2) that is used to calculate three per-
formance scores based on the classical forecast score parameters: the hit rate (HR; Eq. (4)), the false-alarm rate (FA; Eq. (5); Barnes
et al. (2009)), and the Gilbert skill score (GSS; Eq. (6); Schaefer (1990)).

HR(%) = 100 4
(%) ate ’ “
FA(%) = b 00 (5)
77 btd :

a—a,

Gss = a+b+c—a, ’ ©
where q, is:

_ (a+Db)(a+c)

& W YTbtcetrd @

The HR focuses on the percentage of times that the meteorological variable is lower than the threshold with respect to all the times
when the NO,, concentration is higher than 125 ;g m™2, which is similar to a correct forecast. The FA focuses on the percentage of times
that the NO, concentration is lower than 125 g m ™2 but the variable is still lower than the threshold, similar to a false alarm. The GSS
is also known as the Equitable Threat Score, being a better balanced score which includes aspects from both the HR and the FA. It is also
an appropriate score for rare events since it does not deteriorate the performance when the events are not very common in long time
series (as is the NOy > 125 ug m~). This is useful for studies of rare events such as tornadoes or fog (Roman-Cascon et al., 2016). Its
minimum value is near 0 and reaches 1 for perfect forecasts.

Table 2
Classical score parameters as applied in this work, where the variable can be wind speed (WS), turbulent kinetic
energy (TKE), or friction velocity (u-). The threshold values are explored in Section 3.2.

WS, TKE, u« NO, > 125 yg m™3 NO, < 125 ug m™3
variable < threshold a (hit) b (false alarm)
variable > threshold ¢ (miss) d (correct rejection)
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Note how in this work we use observed meteorological values, which allows the analysis of the skills of the different variables and
the selection of specific thresholds. Potentially, the use of forecasted meteorological values could be useful for air-quality forecasting
purposes, although this application deserves fully dedicated research efforts that are out of the scope of this article.

3. Results
3.1. Overview of the winter and summer field campaigns

An overview of the wind and turbulence (TKE) evolution during the winter and summer field campaigns is shown in Fig. 2, with the
NO concentration with coloured symbols. For the sake of clarity, only the Terrace sonic is shown in all figures of the article, except
when the objective is to compare both sonic anemometers. The figures obtained with the Street sonic are shown in the supplemental
material. A quick visual analysis of Fig. 2 reveals how the concentrations reached during the winter field campaign were notably higher
than those observed during the summer one. This was mainly associated with the weaker wind speed and turbulence during the winter
field campaign (also observed in Table 3). Some nighttime periods in the summer field campaign displayed wind speed lower than 1 m
s ! and TKE lower than 0.5 m? s 2 (Fig. 2b, d). However, the enhanced turbulence during the daytime in summer (see high TKE peaks
in Fig. 2d) avoided reaching high concentrations of NO; during the calmer night periods. The enhancement of atmospheric diffusion
due to the convective thermals in summer helped to reduce the NO5 concentration. This effect was added to the favoured conversion
from NO; to ozone due to the increase in UV radiation. In contrast, the daytime maxima values of TKE during the winter field campaign
(Fig. 2c) were notably lower due to the limited convection in wintertime. This prevented the diffusion of NO; and allowed higher
concentrations during the daytime, but especially throughout the first hours of the night.
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Fig. 2. Overview of the winter 2020 (left panels) and the summer 2021 (right panels) AIRTEC-CM field campaigns: wind speed (m s, upper
panels) and TKE (m? s’z, bottom panels) from the Terrace sonic. The NO, concentration is included in ug m 3 with coloured symbols, see legend in
panel a. All values shown are hourly averages. The same figure but using data from the Street sonic is included in Fig. S2 of supplemental material.
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Table 3

Values of statistical parameters (mean, standard deviation and maximum value) based on 10-min data of the NO, concentration (ug m ), wind speed
(m s™Y), TKE (m? s™2), u« (m s~1), and SH (W m~2) during the field campaigns. Meteorological data from the sonic installed at the terrace. The same
table with measurements from the Street sonic data is included in Table S3 of supplemental material.

Terrace sonic NO Wind speed TKE U SH

Mean (Std) (Max) Mean (Std) Mean (Std) Mean (Std) Mean (Std)
Winter 2020 50.2 (29.7) (163) 1.39 (0.68) 0.65 (0.69) 0.30 (0.17) 29.18 (53.99)
Summer 2021 20.4 (13.4) (100) 2.00 (0.90) 1.60 (1.34) 0.55 (0.29) 122.55 (153.68)

3.2. NO; concentration relationship with wind speed, TKE, and u+

The first question addressed in this study is devoted to investigating whether the NO, concentration correlates better with the wind
speed or with some turbulent parameter that includes the vertical velocity component of the flow. Hence, we focus on the comparison
of NO; concentration correlation with wind speed, TKE, and u+. For the correlation (linear Pearson) calculation, the logarithm of the
meteorological value is used, due to the exponential growth of NO5 concentration with low values of wind speed, TKE, and u-. In this
regard, the conclusions obtained with the linear values are similar, but the correlations are larger using the logarithmic one. Due to the
difficulty to measure reliable and representative values of wind and turbulence in complex urban areas, the second question of the
study tries to explore whether the differences in these relations are conserved when using data from sonic anemometers deployed at
different emplacements: terrace and street, described above in Section 2.

Fig. 3 shows the correlation obtained using all the available possibilities to answer the two previous questions. The results are
separated for the summer and winter field campaign, as well as for a shorter period of three days (21, 22, and 23 of February 2020).
These days were selected because the highest NO5 concentrations were observed, associated with a synoptically-stable period (see
Figs. 2a,c). The comparison among the periods reveals how the correlations were similar for both seasons, although with a slightly
better relationship of the meteorological variables and NO, in winter than in summer (Fig. 3), with remarkably better relationship
during the stable period of winter (Fig. 3 panel c).

The turbulence- NO; correlation was larger (in absolute value) than the wind speed- NO, one when using the Street sonic for all the
studied periods, especially when using the friction velocity. If the NO5 concentration is used as a passive tracer of the atmospheric
turbulence, this indicates how the turbulence measurements taken at the street level include valuable information (vertical component
of the flow) to relate to the atmospheric diffusion that impacts directly the NO, concentration, despite the city obstacles at this level.
However, the contrary was found when using data from the Terrace sonic, with larger correlation (in absolute value) for the wind
speed- NO,. In this case, the turbulence measured at 26 m agl was somehow de-coupled from the street diffusion, worsening the
correlations, except during the stable period of winter, when the TKE shows a similar correlation than the wind speed.

3.3. NOgy prediction using wind and turbulence measurements

The correlations found are not high enough to establish a unique relationship between NO, and the meteorological variable (due to
the different aspects involved in the NO5 evolution (emissions, advection, chemical reactions, etc.), some of which are commented in
Section 4. However, from a predictive point of view, it is still interesting to determine statistically the wind/turbulence values

a) Correlations with NO, b) Correlations with NO, <) Correlations with NO,
Summer campaign Winter campaign Stable days
-0.8 pals -0.8 palg -0.8 Y
-0.6 -0.6 -0.6
) ¢ -
~ -0.4 * ~ -0.4 =~ -0.4 I Wind speed
[ TKE
¢ .
¢ Traffic intensity
-0.2 -0.2 -0.2
0 0 0
Sonic Terrace  Sonic Street Sonic Terrace  Sonic Street Sonic Terrace  Sonic Street

Fig. 3. Pearson correlation of NO, concentration (10-min data) with different variables measured at the terrace and street levels for the summer and
winter field campaigns (a and b, respectively) and for the synoptically-stable period with the higher NO; concentrations (21, 22, and 23 of February
2020) (c). Variables from sonic anemometers are: wind speed in blue, turbulent kinetic energy (TKE) in red, and friction velocity (u-) in orange. The
correlation with the traffic intensity data is indicated in both campaigns with a green diamond (note it corresponds to the correlation with the sign
changed, since the correlation between NO, and traffic is positive). All 10-min time series have been smoothed using a 1-h running mean to avoid
extreme peaks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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range. The winter field campaign has been considered. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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associated with the different NO, concentrations. This is linked to the predictive capacity of these variables, for example using
forecasts from numerical weather prediction (NWP) models output. Indeed, the previous results indicated that these relationships are
more important during periods characterised by stable conditions (Fig. 3c), which are the most interesting ones due to their typical
association with high NO, concentration. This opens a new question focused on whether we can determine some wind or turbulence
threshold value to be associated with high NO, concentration. In this sense, Fig. 4 shows the statistical distribution of TKE, us, and
wind speed for different NO, concentration ranges, both using the Street and the Terrace sonics for the winter field campaign. Note
how, subsequently, we focus on this campaign due to the absence of high NO, concentrations during the summer one (see Fig. 2).

The 10-min data distributions of TKE, u«, and wind speed display a decreasing tendency on their values with increasing NO,
concentrations (Fig. 4). Besides, the distributions for the Street sonic (right panels) associated with high NO, concentrations (especially
>125 ug m~>) seem to shift towards more extreme values than the ones at the terrace (left panels). This motivates the quantification of
the predictive skill of these variables to be associated with high NO; concentration. That is, we have checked if a threshold value of
TKE, u= or wind speed could be used as an indicator of high NO, concentration (> 125 ug m~>), which could have a potential interest
for pollutant forecasting.

Different threshold values of the meteorological variables can be extracted from the distributions shown in Fig. 4. In this case, we
focus on the maximum values corresponding to the percentiles 75 (upper line of the blue boxes) and 50 (median, red line within the
blue boxes) of the distributions associated with NO2 concentration >125 g m~3 (the two boxplots more to the right in each panel of
Fig. 4). These values are indicated in Table 4, together with their results for the hit rate, false alarm ratio, and Gilbert Skill Score (see
Section 2). Logically, using the median as a threshold parameter worsens the hit rate and improves the false alarm ratio in comparison
to the use of the 75th percentile (since P50 < P75 the TKE, u+, or WS median values are lower than the percentiles 75). In any case, from
Table 4 we can clearly conclude that the variables from the Street sonic have much better skill (lower FA for similar HR), especially
using the turbulent parameters (TKE using P75 and u- using the P50, whose respective GSS are marked in bold in the table).

Certainly, the selection of the best options will depend on the forecaster’s purposes; for example, using the percentile 75 for u+ (a
value of 0.05 m s~ 1) will lead to up to 88.9% of hit rate using the Street sonic data with only 7.19% of FA. That is, with this threshold
value, we would provide successful forecasts of NOy higher than 125 yg m ™ with a probability of almost 90% of the times, at a cost of
false alarm ratio of around 7%.

The balance between high HR and low FA, as well as the rest of possibilities are somehow included in the GSS, which also takes into
account the full size of the sample, being a very appropriate performance score for rare events such as the highly polluted episodes here
studied. Hence, GSS as a performance score has been optimised (maximised) in Table 5 to provide the best thresholds to be used. In this
case, again the TKE and u- calculated from the sonic situated at the street level were the two variables with better results. The evolution
of the scores depending on the threshold values is shown in Fig. 5 for both sonics. In general, the results obtained with the Street sonic
were better than those from the Terrace sonic (lower FA and larger HR and GSS), aspect that can be also attributed to the closeness of
this sonic to the air-quality station. As an extreme case, HR of 100% can be obtained at the expense of only 10% of FA when using a TKE
threshold of around 0.032 m? s 2 (Fig. 5d).

3.4. The stable period with higher NO2 concentrations (19 to 24 Feb 2020)

The highest NO, concentrations during the two analysed field campaigns were observed throughout the evening transition and first
hours of the night of the period comprising from 19 to 24 of February 2020 of the winter field campaign (Fig. 6). These days were

Table 4

Hit rate (HR), false alarm (FA), and Gilbert Skill Score (GSS) of expected high NO, concentration (i.e., >125 ug m~2) obtained when using a threshold
value (< =) of TKE, u*, and WS. The threshold value is the 75th percentile of the data distribution shown in Fig. 4 (the maximum value between the
two last boxplots (125-150 and > 150 g m~>)). The winter field campaign has been considered. The same calculation is presented below for the 50th
percentile (median). Most relevant values marked in bold.

75th percentile HR (%) FA (%) GSS Threshold value
TKE - Terrace 75.00 10.84 0.10 0.121 m?s2
u* - Terrace 77.78 12.31 0.09 0.131ms!
WS - Terrace 77.78 19.06 0.06 0.840 ms~!
TKE - Street 75.00 3.70 0.25 0.013 m?s2
u* - Street 88.89 7.19 0.18 0.053ms!
WS - Street 77.78 6.92 0.16 0.222ms !
50th percentile HR FA GSS Threshold value
TKE - Terrace 55.56 5.83 0.12 0.081 m? 52
u* - Terrace 52.78 6.97 0.10 0.103ms !
WS - Terrace 55.56 7.41 0.10 0.640 ms!
TKE - Street 52.78 1.85 0.26 0.009 m? 52
u* - Street 63.89 2.40 0.28 0.032ms !
WS - Street 55.56 2.23 0.25 0.152ms!
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Table 5
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Idem, but with the values based on the optimization (maximum) of the Gilbert Skill Score (GSS) obtained for all possible percentiles.

Optimised values HR FA GSS Threshold value
TKE - Terrace 38.89 2.18 0.17 0.053 m*s~2
u* - Terrace 30.56 2.18 0.13 0.066 ms~!
WS - Terrace 30.56 1.80 0.15 0.446 ms™!
TKE - Street 38.89 0.49 0.30 0.006 m*s 2
u* - Street 63.89 2.40 0.28 0.032ms !
WS - Street 36.11 0.65 0.26 0.125ms!
a) Performance score - TKE Terrace b) 100 Performance score - u* Terrace <) 100 Performance score - WS Terrace
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Fig. 5. Variation of the performance scores as a function of the values of TKE (left panels), u* (middle panels) and WS (right panels) used as the
threshold in their computation (Egs. (4-6)) to quantify the skill of expected high NO, levels. Data from the terrace (upper panels) and the street
(bottom panels) sonics. The performance scores analysed are hit rate (HR, blue lines), false alarm ratio (FA, red lines), and the Gilbert Skill Score
(GSS (multiplied by 100), yellow lines). The vertical lines indicate the values for percentile 75 (dashed line), percentile 50 (dashed-dotted line), and
the value for the maximum GSS (solid line). The winter field campaign has been considered. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

characterised by a high-pressure blocking system situated over western Europe, with a weak surface-pressure gradient in the central
area of the Iberian Peninsula (not shown). This situation favours very low wind conditions, especially during the evening transitions,
which were the periods with highest NO, concentrations (Fig. 6a).

Conversely, these days also showed a rapid decrease in NO, concentration up to remarkable minimum values around midnight
(Fig. 6¢), related to the enhancement of thermally-driven breezes. These mesoscale winds are also favoured under synoptically stable
conditions (weak pressure gradients and clear skies) and are manifested by a typical wind-direction reversal twice per day (morning
and evening). In the cases here analysed, the evening reversal was observed around 22:00 UTC, with NE winds reaching their maxima
intensities after midnight (Fig. 6a). This caused important reductions in the NO, concentration, just a few hours after the highest
concentrations were typically observed.

The percentage of time with NO, concentrations larger than 25 or 50 yg m~> from 00:00 to 04:00 UTC during the stable days (with
enhanced breezes) was smaller than those found during the less-stable days (Fig. 7 panel a), despite the larger concentrations observed
during the previous hours (from 16:00 to 23:00 UTC) during the stable days (Fig. 7b). Although the complex topography can in some
cases add especially negative factors towards poor air quality (e.g., cities in cold pools), in this case, the contrary is observed. The
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Fig. 6. The synoptically-stable period, from 19 to 24 February 2020: a) Wind speed (ms~! with colours of the symbols indicating the NO, con-
centration) and wind direction (° from North, blue line); b) Turbulence kinetic energy (TKE, m? s’z, with colours of the symbols indicating the NO,
concentration) and friction velocity (us, m s’l, blue line); c¢) Traffic intensity (vehicles/h, with colours of the symbols indicating the NO, con-
centration) and the time series of the NO, concentration (ug m >, blue line). Wind speed and TKE plotted with logarithmic y-axis, using 10-min data
in the grey lines and a 1-h running mean in the coloured symbols signal, for a better visualization. The NO concentration indicated with colours is
expressed in ug m >, see legend. All meteorological variables from the sonic anemometer at the terrace. The same figure with the Street sonic is
included in Fig. S6 of supplemental material. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
\Lersion of this article.)

% of time with NO, concentration higher than X (see legend, in pug m ™) % of time with NO, concentration higher than X (see legend, in pug m™=3)
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Fig. 7. Percentage of time from total for each hour of the day with NO, concentration higher than X (value shown with colours and indicated in the
legend, in ug m~) for the period comprising 13-18 (both included) February 2020 (a, the less stable period), and 19 to 24 (both included) February
2020 (b, the stable period).

topography-generated flows favoured the air cleaning in situations that otherwise could be critical even during the nighttime,
highlighting the relevance of these mesoscale winds for the air quality of the city.

As observed in Fig. 6 and Fig. 7, the NOy concentrations higher than 125 (and even 150) ug m~> were always observed between
18:00 and 22:00 UTC, coinciding with the near-calm period of the evening transition, with weak wind speed generally lower than 1 m
s~!. However, despite that the wind speed reached values lower than 1 m s~! during the 6 days analysed in Fig. 6, only 3 of them
showed NO, concentrations larger than 125 ug m >, which motivates studying the factors that favoured (or not) the high concen-
trations through the comparison among days.

The wind speed during the afternoon/evening transition of the 6 days of the stable period is shown differently in Fig. 8. These days
were similar in terms of the synoptical situation, with similar radiative characteristics (clear skies), displaying only a slight gradual
increase in temperature from day 19 to 24 (not shown), hence being comparable to detect influences from micrometeorology. The
mean of different variables for each of the days is also summarised in Table 6 for the afternoon (12:00 to 18:00 UTC) and evening
(18:00 to 21:00 UTC) periods.

On the one hand, the general behaviour of days 21, 22 and 23 (the days with NO, concentration higher than 125 ;g m™>) was
similar, with wind speed around 1 m s~! during the afternoon and decreasing soon before the sunset, reaching values below 0.5 m s,
On the other hand, the days 19, 20 and 24 (those days without NO, concentration higher than 125 ug m~3) presented slightly different,
but important, values (Fig. 8 and Table 6).

For the day 24 of February, the wind speed was stronger during the afternoon hours, avoiding very high NO; concentration during
the night, despite the stabilization observed around 22:00 UTC (see Fig. 8, light-blue line). Similarly, the wind-speed maxima values
observed during the afternoon hours (12:00 to 18:00 UTC) of the days 19 and 20 (blue and green lines in Fig. 8), seemed enough to
diffuse the pollutants in the air during the daytime, avoiding higher NO; concentration during the first hours of the nighttime (18:00 to
21:00 UTC), despite the decrease in wind speed after the sunset. Hence, although the evening stabilization, characterised by an
important decrease in the turbulence and wind speed values, is needed to reach very low NO, concentrations, the wind speed reached
during the daytime (afternoon) seems also crucial for the diffusion of pollutants before the evening highest concentrations. Something
similar was found in the previous section through the comparison of the summer and the winter field campaigns, with diminished NO5
concentration maxima in part due to the enhanced convective turbulence during the daytime in summer (Fig. 2d).

The wind speed shown in Table 6 suggests that the afternoon values have an even more important role to reach high NO5 con-
centration than the evening ones, while the same is not observed for the TKE or u+. That is, the u- afternoon values for the days with the
highest pollutant levels were even larger than other days with less NO5 concentration. This agrees with the results shown in Fig. 3b,c
and highlights again how the turbulence measured at the terrace level was somehow less coupled to the NO3 concentrations than the
wind speed measured at this emplacement. However, at the street level, the turbulence seemed more related to the NO, concentrations
reached (see values shown in Table S6 of supplemental material), as also observed in Fig. 3b,c.
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Wind speed (m s7!) during the afternoon/evening transition of the stable-period days
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Fig. 8. Wind speed (m s~ ') during an extended period of the afternoon/evening transition of the days 19 to 24 February 2020 (stable period). The
thickest lines are for the three days with NO, concentrations higher than 125 yg m~> (the maximum concentration for each day is indicated in the
legend and its exact time with a symbol in the time series). Vertical dashed line shows the approximate time of astronomical sunset. Measurements
shown are from the sonic anemometer installed at the terrace. A moving average (smoothing) of 2 h has been applied to the time series for a better
visualization, see Fig. 6a of the main article for the non-smoothed values. The same figure with the Street sonic is included in Fig. S8 of supple-
mental material.

Table 6

Mean wind speed (WS, in m s’l), turbulent kinetic energy (TKE, in m? 5’2), and friction velocity (u+, in m sH during the afternoon (12:00 to 18:00
UTC) and evening (18:00 to 21:00 UTC) for each day of the stable period analysed. The maximum NO, concentration reached during each day is
shown in the last raw (in ug m~>), with the three days with highest concentration in bold. All measurements were obtained from the sonic installed at
the terrace. The same table with measurements from the Street sonic is included in Table S6 of supplemental material.

Day 19 Day 20 Day 21 Day 22 Day 23 Day 24
WS (afternoon) 1.15 1.25 1.05 0.93 0.96 1.54
WS (evening) 0.73 0.89 0.56 0.60 0.86 1.49
TKE (afternoon) 0.48 0.54 0.55 0.44 0.48 1.05
TKE (evening) 0.22 0.07 0.07 0.11 0.20 0.73
u- (afternoon) 0.25 0.27 0.35 0.32 0.34 0.49
u- (evening) 0.22 0.08 0.10 0.13 0.18 0.36
NO, (max) 112 119 162 146 163 107

The differences in turbulence between the sonics are illustrated in Fig. 9, which shows the MRFD of TKE for the Terrace sonic (left
panel) and the Street sonic (right panel). The MRFD allows comparing the TKE contribution from each range of time scales, especially
in the turbulent (smaller) scales (due to the higher resolution of MRDF in these scales). The time series of the NO; concentration is also
included in the figures (white lines), as well as the total TKE (as the sum of the contribution from all scales up to 10 min, in black line).
The three days show similar behaviour, with the afternoon turbulence diminishing at around 18:30 UTC, soon after the sunset, fol-
lowed by a near-calm period that lasts until the arrival of the thermally-generated flows. This led to a clear increase in the turbulence
levels at around 22:00 UTC, which coincides with the NO, reduction. However, some small-scale differences exist among the three
days, especially in the features observed between 18:30 and 22:00 UTC, which is the calmer period of the evening, in which other meso
and sub-meso processes typically gain importance (Mahrt, 2014). These differences are commented below:

Day 21 registered the minimum TKE value in the whole period (0.007 m? s~2 at the terrace level and 0.002 m s™! at the street) at
around 19:30 UTC, when the turbulence was suppressed at both levels. This calm period was followed by a gradual increase in tur-
bulence and wind (Fig. 8) from 19:30 UTC to midnight, associated with a continuous NO2 diminution. At the street level, the calm

12
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Fig. 9. Multi-resolution flux decomposition for the Turbulent Kinetic Energy (TKE) (m s~ ) for the three days with NO, > 125 yg m~>: 21 of
February 2020 (top panels), 22 of February 2020 (middle panels) and 23 February 2020 (bottom panels) using the Terrace sonic (left panels) and the
Street sonic (right panels). The black line represents the total TKE (logarlthmlc scale from 0.002 to 1.3 m? s~2 in all the panels, not shown) and the
white line displays the NO, concentration (linear scale from 0 to 170 yg m™ in all the panels, not shown). Both lines are included to make easier the
visualization of their relation with the MRFD contour graphic. The period represented comprises from 17:00 to 02:00 UTC of the following day, i.e.,
the afternoon/evening transition with the first hours of the night, including the period when thermally-driven winds are typically observed.

period was more intense, but the NO, concentration was very sensitive to the small increase of turbulence observed between 20:30 and
21:00 UTC (Fig. 9b). At the terrace, the scales associated with this small increase in turbulence presented turbulent features (Fig. 9a,
scales up to 50 s at 21:00 UTC), somehow decoupled from the presence of motions with slightly larger scales of >3 min. However, at
the street level (Fig. 9b), this increase in turbulence was more associated with the larger scales (i.e., the turbulent motions were not
present), but this seemed enough to cause the NO, reduction. Indeed, these differences were also observed in the wind speed signal,
which increased slightly at the terrace level but not at the street (Fig. 8 and Fig. S8 of the supplemental material). Afterwards, the wind
speed and turbulence clearly increased progressively from 23:00 UTC onwards, with thermally-driven flows that established through
the night and with NO, concentration that diminished up to 22 yg m~3

Day 22 was similar to the previous one, but with a calm period characterised by cyclic increases in turbulence from small scales well
separated from larger ones (>7 min). This is very well observed from the MRFD figure of the TKE calculated from the Terrace sonic
(Fig. 9c from 18:30 to 21:30 UTC). At the street level, however, the larger-scale signal was also observed but not the turbulent ones.
However, these intermittent increases in turbulence were weaker than the one observed at 21:00 UTC and the NO, concentration
remained high and relatively constant during this calm period, which remarks (somehow) the inefficient mixing of these large scales
observed in the MRFD figures. Later, the thermally-driven wind arrived sharply around 21:30-22:00 UTC, increasing the turbulence
and causing a quick decrease in NO, up to very small values (11 pg m™>).

Day 23 displayed a sooner turbulent reduction (at all scales) around 18:30 UTC, with the maximum NO concentration of the whole
analysed time series. However, the calm period during this day was shorter due to the appearance of a wind system observed between
19:00 and 20:30 UTC (Fig. 8) which caused a marked increase in turbulence (Figs. 9e and f), leading to a quick NO; decrease. But the
stabilization continued after this transient wind-speed increase and the NO, concentration remained relatively high until the arrival of
the thermally-generated winds at the typical hours (around 22:00 UTC).

The evolution of the transient wind-speed increase at 19:00-20:30 UTC commented in the previous paragraph is illustrated with a
red line in Fig. 8, as well as in the more detailed Fig. 10. Unlike for days 21 and 22, this wind speed increase during day 23 at 19:00 UTC
does not seem linked to the typical formation of thermally-driven winds (Fig. 10b), which are normally associated with a drastic wind-
direction change towards NNE (see typical behaviour in the blue line of Fig. 6a).

Besides, the turbulence-wind relationship was different between the later-formed thermally-driven flow and this transient event,
which displayed more intense turbulence but lower wind speed than the NE wind observed at 22:00 UTC (stronger wind but weaker
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Fig. 10. Wind speed (a), wind direction (b), turbulent kinetic energy (c) and friction velocity (d) from 17:00 UTC of day 23 February to 01:00 UTC
of day 24 February for the terrace (black line with symbols) and the street (blue dashed line) sonics. The symbols indicate the NO, concentration in
ug m~3. The black box indicates the unexpected wind and turbulence increase around 19:00 UTC. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

turbulence, see Fig. 10, panels a, ¢ and d).

This fact highlights the differences between the two wind systems in terms of wind (speed and direction) and associated turbulence,
probably caused by their different vertical structure, affecting the wind shear and the vertical diffusive capacity of each one. Indeed,
the decrease in NO; observed due to the short event analysed before was weaker than the effect of the thermally-driven wind observed
the days 21, 22 and 23, which were more effective on the NO3 reduction. Although this can be also affected by the different times of
appearance of both wind systems, the wider range of eddy scales of the later-formed thermally-driven winds could help this diffusion.

4. Discussion about the study limitations
The analyses and conclusions that can be extracted from the previous results deserve different points of discussion.
4.1. Interpretation of the correlations

This work analyses correlations between wind/turbulence and NO5 concentration. When these correlations are interpreted, in some
cases we depart from the hypothesis that a better (more negative) correlation of NO, with some of the possible values of the mete-
orological variables (sonic emplacement and type of variable used) means a better representation of the real diffusion in the area. That
is, in other words, we use the NO, concentration as a passive tracer of diffusion in the city. In this sense, both TKE and u+ have been
calculated using the EC method, whose departing hypothesis are non-fulfilled in urban environments, especially for the measurements
taken at the street level (more perturbed). However, the results suggest that even with these limitations, the high-frequency mea-
surements taken at this level seem to be useful to calculate turbulent parameters.
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4.2. Comparison among seasons

The comparisons done between sonics and variables for the same period are always performed with the same data sampling to
allow fair comparisons (same background conditions, same emission, etc.). However, the comparison of the results among different
seasons (or days) should be done with caution since the periods compared are different and cover a limited period with specific
conditions. Hence, they can be affected by differences in the strength, duration and time of the emissions, affecting the NOy con-
centration. Other limitations include the different chemical reactivity of this pollutant depending on the season (or day) and even
differences in the advection term from nearby sites under specific conditions.

4.3. Traffic intensity

The NO, concentration is logically also affected by the intensity of the emissions. In this context, it is remarkable that two of the
three days with the highest concentrations were weekend days (the days 22 and 23 of February, see Fig. 6¢), which are commonly
associated with lower NO, concentration due to the decrease in traffic intensity. This fact indicates that the NOy concentration
measured close to the surface in the cases here shown seems more modulated by the meteorological conditions than the traffic itself.
The analysis of Fig. 6¢ shows how the hours with maxima NO, concentrations are always observed just after the secondary maxima in
the traffic intensity associated with back-home driving during weekdays (Monday to Friday), i.e. when the traffic starts to decrease. In
addition, the traffic intensity is high (around 2000 vehicles/h) during most of the daytime, not only at the morning and evening peaks.
As commented before, this period of the day also coincides with the ABL stabilization due to the radiative cooling of the surface and
subsequent inhibition of the turbulent vertical mixing. This is why the correlation of NO2 with the traffic was in general low (see Fig. 3)
despite the traffic being the main source of NO3 emission in Madrid.

4.4. Site particularities

Finally, it is worth noting the particularities of the specific area here studied, which corresponds to a specific site in the city of
Madrid. The extrapolation of the results to other cities and, even, to other sites in the city of Madrid, should be done with caution. On
the one hand, the NO5 measurements are close to a street with dense traffic (Castellana street) but can be also affected by some of the
particularities of the specific location of the instruments. On the other hand, the same is applied to sonic anemometers, which can be
more or less affected by the city obstacles depending on the wind direction, stability conditions, etc. All of these aspects are difficult to
be controlled using real measurements. In this sense, more-intense field campaigns with a larger number of sonic anemometers would
be necessary to further explore the microscale differences among the different parts in the city (both vertical and horizontal).

4.5. Turbulent scales involved in the NO, diffusion

The turbulent motions in the lower atmosphere are, by definition, composed of numerous eddies with different spatial scales. In this
sense, the use of high-frequency raw sonic data allows the calculation of the contribution to the total flux, turbulent parameter, or
covariance from each range of temporal scale through the harmonic analysis of the time series. As commented before, we have used the
MRFD technique to focus on the smallest spatial scales that contribute to turbulence. It should be noted that the high-frequency
measurements used to calculate turbulent parameters and fluxes through the eddy-covariance or MRFD methods are eulerian and
do not allow directly calculating eddy sizes. However, the direct measurements are valid to estimate the time scales of the eddies that
can be inferred from the time series analysis.

5. Summary and conclusions

This work presents a fine-scale analysis of the relationships found between the NO, concentration and the wind-turbulence
measured from two sonic anemometers deployed in the city of Madrid during two field campaigns, which were developed in the
frame of the AIRTEC-CM project. One of the sonic was installed very close to the street level, just above where the NO, was measured.
The second one was installed in the same area but over the terrace of a tall building, less perturbed by city obstacles but farther from
the NO; measurements at the surface. The overall objective of the work was to study the differences in the NO, -wind and NO,
-turbulence, as well as to check if the results are conserved at both emplacements during different periods (summer, winter, and a
stable period in winter), paying special attention to the micro and mesoscale meteorological phenomena that could affect the NO4
evolution.

The NO; concentrations observed during the winter field campaign were notably larger than during the summer one. This expected
result was attributed to the higher values of wind in summer, but, especially, to the enhanced turbulence during the daytime in
summer, which favoured the NO; dispersion before the evening calm period, when the NOy maxima are typically observed in the city.
Hence, the enhanced convection during the daytime in summer favoured low afternoon NO, concentration, which also affected the
values reached during the evening transition and first hours of the night.

Although the correlations between NO, and wind or turbulence were similar, a slightly better relationship was found for the
turbulent variables obtained from the sonic located closer to the street, especially for the friction velocity. This result was more evident
during a winter stable period, characterised by high NO5 concentrations during the evening, as also found in other studies (e.g., Yuval
et al., 2020). This suggests that the information from the near-surface turbulence (including the vertical component of the flow) can
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add valuable information for air-quality prediction purposes. It also indicates that the turbulence calculation at the street level is
appropriate, despite the city obstacles around the area where the sonic was installed. The same result was not found when using data
from the Terrace sonic, with slightly better (anti)correlation of NO, with wind speed (except in the stable period), which could indicate
how the turbulence at the Terrace level was somehow de-coupled to the diffusion at the street level.

The comparison of the TKE, u*, and wind speed distributions for different NO, concentration ranges illustrate how the higher
concentrations were associated with very low values of the meteorological variables. In an attempt to establish threshold values of
these variables to be associated with high NO, concentration (higher than 125 ug m~>), we calculated different performance scores.
The results from this analysis showed how the meteorological variables calculated from the Street sonic exhibited a much better skill
for this aim than the variables calculated using the Terrace sonic, especially the TKE at the street level.

Subsequently, the study focuses on the analysis of the synoptically stable period (19-24 Feb 2020), where the highest NO2 con-
centrations were observed. The typical evolution of these days included the evening stabilization (decrease in turbulence and wind
speed) after sunset, leading to the highest NO, concentrations. Conversely, these periods were also characterised by a quick and intense
decrease in NO5 concentration a few hours later due to the appearance of thermally-driven winds that were also favoured under stable
conditions, leading to NOy concentrations that were lower than the ones observed during less-stable days. Hence, in this case, the
complex topography (and heterogeneous terrain) acted towards the pollutant dispersion, unlike other cases in which the topography
favours higher concentrations of pollutants (as happens in cities located in valleys).

Furthermore, from the comparison of the six days of the stable period, we demonstrated how the variability in the NO; maxima
seemed related to the wind and turbulence values observed during the evening, but especially during the afternoon hours, as was also
found during the summer field campaign. Despite that the days of this stable period showed a high correlation of NO, with wind and
turbulence (in absolute values), the fine-scale analysis revealed how the correlations were also very sensitive to some local-mesoscale
phenomena that cause short-lived and unexpected variations in wind speed and turbulence, affecting to the typical evolution of NO,
and the correlations found. In this sense, the specific short-lived phenomena here analysed display some differences with other wind
systems like the typical thermally-driven winds. These differences seemed associated with the characteristics of the wind systems, with
short-lived events composed of smaller scales, weaker winds, and higher levels of turbulence. Although we highlight the possible local
character of this wind system here analysed, it suggests the importance of the correct comprehension of the wind and turbulence fine-
scale structure of the lower layers of the planetary boundary layer to also understand how they affect the pollutants dispersion.
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